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Abstract

The tropical analogue of the lemma on the logarithmic derivative is generalised for noncontinuous tropical
meromorphic functions, that is, piecewise linear functions that may have discontinuities. In addition,
two Borel type results are generalised for piecewise continuous functions. With the generalisation of
the tropical analogue of the lemma on the logarithmic derivative, several tropical analogues of Clunie
and Mohon’ko type results are also automatically generalised for noncontinuous tropical meromorphic
functions.
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1. Introduction

In classical Nevanlinna theory, the lemma on the logarithmic derivative states that for
a nonconstant meromorphic function f : C —» C U {co},

m(r, ’%) = o(T(r, )

as r tends to infinity outside an exceptional set of finite linear measure, where

1 27 )
mer.f) = 5 fo log* |£(re")| d6

and T(r, f) is the Nevanlinna characteristic function for f. The lemma on the
logarithmic derivative is an important result that is used to prove several results in
Nevanlinna theory. The most important consequence of the lemma on the logarithmic
derivative is the second main theorem of Nevanlinna theory [2, 6].

Tropical Nevanlinna theory was first introduced in [4], where Halburd and Southall
proved the tropical analogue of the lemma on the logarithmic derivative for finite order
tropical meromorphic functions. Later, the growth condition was improved for func-
tions of hyper-order less than one by Laine and Tohge [8], and for subnormal functions
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by Cao and Zheng [1]. Tropical Nevanlinna theory was extended for noncontinuous
tropical meromorphic functions in [5], where the Poisson—Jensen formula and the
second main theorem were proved for noncontinuous tropical meromorphic functions.

In this paper, we will prove the following version of the tropical analogue of the
lemma on the logarithmic derivative that generalises it for noncontinuous piecewise
linear functions.

THEOREM 1.1. Let f be a piecewise linear function and f.(x) = f(x+c). If the
hyper-order of f is less than one, then

m(r, %@) =o(T(r, f))

holds outside an exceptional set of finite logarithmic measure as r tends to infinity.

By proving the tropical analogue of the lemma on the logarithmic derivative for
noncontinuous piecewise linear functions, several Clunie and Mohon’ko type results
[7, 9] follow with identical proofs to the continuous case for noncontinuous piecewise
linear functions.

2. Basic definitions

The tropical semiring is defined as T = R U {—oo} [10], where addition and multi-
plication are defined by

a®b=max{a,b} and a®b=a+b.

Additive and multiplicative neutral elements are 0, = —co and 1, = 0. Here T is a
semiring, because not all elements have an additive inverse element. For example,
there is no x € T such that 2 & x = 0,. For this reason, subtraction is not defined on the
tropical semiring. Tropical division is defined as a @ b = a — b and exponentiation as
a® = qa for a € R.

In this paper, we will use the notation

flxo+) == lim+ fx) and f(xo—) := lim f(x).

A tropical meromorphic function is defined as a continuous piecewise linear function.
Here we will drop the assumption of continuity and consider piecewise linear functions
that may have discontinuities as in [5]. For piecewise linear functions, we define roots
and poles in the same way as for tropical meromorphic functions [7]. We say that x is
apole of f if

wp(x) = f(x4) = f/(x=) <0
and a root if wy(x) > 0. The multiplicity of a root or a pole of a tropical meromorphic

function f at x is 7¢(x) := |ws(x)|.
For a piecewise linear function f, as in [5], we define

Qp(x) == flx+) = fx-)
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and we say that x # 0 is a positive jump if xQ/(x) >0 and a negative jump if
xQr(x) < 0. If there is a discontinuity at 0, we say that it is a positive jump if f(0) =
max{f(0+), f(0—)} and a negative jump if f(0) = min{f(0+), f(0-)}. We call h(x) =
lws(x)| the height of the jump at x. We then define the jump counting function as

1
Jrfy=5 > hiBy).
B.I<r

where 3, are the negative jumps of f. For a piecewise linear function, we define the
Nevanlinna proximity function as

SO+ f=n"
2 b

where f(x)* = max{f(x), 0}. The Nevanlinna counting function is defined as

m(r, f) =

1 ([ 1
NG = 5 f n(e. fde =5 )" T(b)r = b,).

0 lbyl<r

where n(r, f) counts the poles b, of f in (—r, r) according to their multiplicities. Finally,
the Nevanlinna characteristic function for piecewise linear functions is defined as

T(r, f) :=m(r, f)+ N(r, )+ J(r, f).

From [5, Theorem 2.5], for noncontinuous piecewise linear functions, the Poisson—
Jensen formula is of the form

1
@ = S0 + f(=r) + %(f(r) — f(=r)
r

1 2 1 2
-5 Z T(a,)(r* = la, — xlr — a,x) + o Z 77(by)(r” = |by = xlr = byx)

la,|<r |by|<r
X 1
= S1() + $2(6) = S3(x) + S4(0) = 5-Q(0) = 5(A(x) + B;(x), @1
2r 2
where
X
Si(x) = = B+ D hy(ap)),
2
r -r<p,<0 0<a,<r
X
S0 =2 D e+ . hB)
r —r<a,<0 0<B,<r
1
S@=5( D b)Y )= Y ke = Y )
—r<a,<min{0,x} max{x,0}<a,<r x<a, <0 0<a,<x
1
Sa(x) = 5( DB+ Y hBY = Y h(B) - thw),
—r<B,<min{0,x} max{x,0}<B,<r x<6,<0 0<B,<x
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0 if f is continuous at x,
Ap(x) ={Qf(x)  if fis left-discontinuous at x,
—Q¢(x) if f is right-discontinuous at x
and
0 ifx =0,
By(x) ={-Qf(0) ifx <0,
Qr0) ifx>0.

With the special case of x = 0, we obtain the Jensen formula

I(r,f)=T@r,=f)+ f0).
The order p(f) and hyper-order p,(f) of a piecewise linear function f are defined by

log T loglog T
p(f) = lim sup Og—(r’f) and pZ(f) -— lim sup 0glog (r, f) )
r—ee lOg r r—o0 lOg r

3. Lemma on the logarithmic derivative

To prove Theorem 1.1, we need to prove some results for noncontinuous functions.
We begin by proving a generalised version of [3, Lemma 8.3]. In this version, the
assumption of continuity is replaced with piecewise continuity and the assumption
of nondecreasingness with condition (3.1) below. Note that condition (3.1) implies
nondecreasingness. The proof closely follows the proof of [3, Lemma 8.3] with some
minor changes.

THEOREM 3.1. Let s > 0 and T : [0, 00) — [0, ) be a piecewise continuous function
such that

T(r) < §T(R) (3.1
for all R > r > 0. If the hyper-order of T is strictly less than one, then
T(r+s)=T(r)+ o(T(r))
outside of a set of finite logarithmic measure as r tends to infinity.

PROOF. Let 7 > 0 and assume that the set F,, :={r e R* : T(r + 5) > (1 + n)T(r)} C
[1, o) is of infinite logarithmic measure. Define G : [0, c0) — [0, co) such that G(r) :=
T(r+) for all r € [0, o). Then G(r) is right-continuous at every point and, therefore,

H, ={reR": G(r+s) > (1 +nG(r)}
contains the smallest element rg. Set r, = min{H,, N [r,_; + s, 00)} for all n € N. Then
the sequence {r, },en satisfies 1,41 — 1, > sforalln € N, H, C |, [7, 1, + s] and then

T+l T+l

(I +mG(ry) < G(ry +5) <

G(rp1) <

rn n

G(rps1) (3.2)
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for all n € N. Let € > 0 and suppose that there exists an integer m € N such that
r, = n'*e for all r, > m. Then

rpt+s dt m dt L
f Zf f —+Zlog(1+i)
H,N[1,00) T LA I'n

< Z log(1 + sn 1)) + O(1) < oo,
n=1
which contradicts the assumption that H, N [1, o) has infinite logarithmic measure.
Therefore, the sequence {r,},en has a subsequence {ry}jeiv such that r,, < n}” for all
J € N. By iterating (3.2) along the sequence {r; }jen,

G(ra) = G(r) ]_[( m) = 2261 +

for all j € N. Denote the hyper-order of G by p,. Then we can see that
loglog G(r) _ . log(log G(ro) + n;log(1 + 1) + log ro — log ry,)
———— > limsup

p2 = limsup
r—00 Jj—ooo IOg r’l/
. log(log G(ro) + n;jlog(1 + 1) +logrg — (1 + £)log ny)
> lim sup
o0 (1+¢&)logn;
. log(n;((log G(rp) + logro — (1 + €)logn;)/n; + log(1 + 1)))
= lim sup
e (1 +¢)logn;

_ lim su log n; +log((log G(r) + log ro — (1 + &) logn;)/n; + log(1 + 1))
j_m (1 + &) logn;

1

T l+s
Since the hyper-order of T is less than one and G(r) # T(r) for at most countably
many r, we must have p, < 1. We can now choose € > 0 such that 1 > 1/(1 + &) > p,
which leads to a contradiction. Therefore, H, has finite logarithmic measure. As
a piecewise continuous function, 7" has at most countably many discontinuities, so
that H, and F,, differ at at most countably many points and thus also F), has finite
logarithmic measure. O

The following result is a noncontinuous version of [7, Theorem 3.24].

THEOREM 3.2. Let f be a piecewise linear function. Then for all a > 1, as r tends to
infinity,

16 1
m(r, 752 00) < XL L (rar+ e, /) + 17O/

S Crtlca-
+Jr+c,H—-Jor—c, )+Jr+c,—f)—Jr—c,—f)+ O().
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PROOF. Suppose that p > r +|c| and x € [-r,r]. Denote by a,,b,,a,,B, the roots,
poles, positive and negative jumps of f in [—p, p]. By the Poisson—Jensen formula,

fx+o)-fx)= i(f(p)—f(—p))

+ 2i Z (a)((la, —x = c| = la, — xp + cay)

layl<p
1
-5 Z 7(by)((1by — x = c[ = |by — x)p + cby)
[byl<p
c c
(X B+ Y )+ D hrat Y b))
P -p<B,<0 0<a,<p P —p<a,<0 0<B,<p
1
D IR COEID YT D YR CA L S 1 )
@, €(xx+c]N(=0,0] @, €[x,x+c)N[0,00) @, €[x,x+c)N(=00,0] a, €(x,x+c]N[0,00)
1
o D IS R Y 7175 P S ItV:S Y S 17:8)
Bye(x,x+c]N(—00,0] ByElxx+c)N[0,00) ByElx.x+c)N(—00,0] Bye(x,x+c]N[0,00)
c 1
- ZQf(O) - E(Af(x +¢) = Ap(x) + By(x + ¢) — By(x)).
By the definition of Ay,
DB+ Y k) Y )+ D he(B)
-p<B,<0 0<a,<p —p<a,<0 0<B,<p
= D B+ DL Qe+ Y. -Qua)+ ). -QuB)
-p<p,<0 0<a,<p —p<a,<0 0<B,<p
=~( X @@+ Y 26)
|%|SP 1By1<p

By combining terms and by the definition of &y,

Z hy(a,) - Z he(ay,) + Z h(a,) — Z hy(ar,)

@, €(x,x+c]N(=00,0] @, €[x,x+c)N[0,00) @, €[x,x+c)N(=00,0] @, €(x,x+c]N[0,00)
=2 > e - D h@) =2 D e+ D hy(ay)
@, €[x,x+c]N(=00,0] @, €{x,x+c}iN(=00,0] a,€[x,x+c]N[0,00) a, €{x,x+c}N[0,00)
==2 > Qe+ Y Qe
a,€lx,x+c] a, €{x.x+c}

Similarly, for the negative jumps,
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LD R S 1/:5 D S 117: D Y 1 1:5

Bre(xx+c]N(=00,0] Byelx.x+c)N[0,00) Byelxx+c)N(=00,0] Bye(xx+c]N[0,00)
2 Y aw- Y e
Brelxx+c] Breixx+c}

By combining these equations,
fer+0) = £ = = (fp) = f=p)
0

+ 2L Z T(a)((la, — x = c| = la, — xDp + ca,)

|uu|<p
1
= = > w(b)(by — x = c| = by, = xD)p + cby)
2
[byl<p
S5 DICICARDIEITS)
la|<p |,8v|</7
1
- ) Qe+ 5 D @)= D B+ D B
au€lrxtc] @y €lxx+c} Brelxx+c] Byelx.x+c}

- %Qf(O) - %(Af(x +¢) = Apx) + B(x + ¢) — By(x)).

By taking the proximity function on both sides and by the proof of [7, Theorem 3.23],
1
mr. fx+.0) = @) S 6l 0, /) + mio. =)+ 1o, ) + nip, =)

+m(r ——( Z Q@)+ Y. QB ))

,|<p 18.1<p
enlr—( Y Q@)+ Y, 26
@ €lxx+c) Brelx,x+c]
1 1
+m(r,5 Z Qf(%))+m(r,§ Z Qf(ﬁv))
@, €{xx+c} Brelx.x+c}

N m(r, —ig 1(0) - %(Af(x +0)—Ap) + By(x + ) — Bf(x))).

Since the quantity below inside the proximity function is constant with respect to x,

. ——( > Q)+ Y Q6)) = (— —( > Qa+ Y 6))

ul— vl— ‘ul— vl_

D QB

Iw [<p 1Bv1<p
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<O X 2@+ Y 6

lel<p ByI<p
= 2.1+ 0.~
0

By the definition of the proximity function,

m(r,—( > e+ Y Qf(ﬁy)))

aﬂe[x,m] prelxrc]

Z Qpla)+ Y Qf(ﬂv))++%( > Q)+ Y 26)

€lr,r+c] Byelr,r+c] au€[—r,—r+c] Bvel—r,—r+c]

Q@)+ - /B,
Z 3

a,€lr,r+c] Byelr,r+c]

1 1
oo @l ) 1B

au€[-r,—r+c] By€l—r,—r+c]

1 1
52 @ilvs Y 1B

ay€lr—c,r+c] ByElr—c,r+c]

1 1
tso D, e+ ) 1B

=J(r -:“ce,[fr) C— ;(;] -, f)+J(r ivec[, :}) r—JrCJ](r -c,—f).
The remaining terms are constant almost everywhere, so overall,
m(r, f(x +¢) = f(x))
< Wl(=(mt0. )+ mp. =)+ 500,01+ 570=D) + o )+ 160, =1)
+Jr+c, )=Jr—c. /)+Jr+c,—f)=Jr—c,—f)+ O().

+

IA
N —

IA

We may choose p = l(cy + 1)(r + |c|]) < a(r + |c|). Now by [7, Lemma 3.21],

4
n(p, f) + n(p,—f) < —ﬁ(T(a(r+ lcD), ) + T(a(r + Icl), =)

Since 1/(a + 1) < 2/(a — 1), the Jensen formula implies that
m(r, f(x +¢) — f(x)

2
< |c|(m<na<r T le). ) + T(ar + e, —f)))

e |(i1 i Tt + I )+ T(a(r + kel f)))

+Jr+c, )-Jor—-c, /H+Jr+c,—f)—JF—c,—f)+O(1)
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16]c| | (O)l
= a—-1r+ |C|(T(a(r+ e £+ 2 )
+Jr+c, f)-Jor—c, )+Jr+c,—f)-Jr—c,—f)+ O(). O

The following result is a generalisation of [2, Theorem 3.3.1]. It replaces the
assumption of continuity with piecewise continuity.

THEOREM 3.3. Let F(r) be a positive, nondecreasing and piecewise continuous
function defined for ry < r < oo, and let ¢(r) be a positive, nondecreasing, continuous
function defined for ro < r < oo, and assume that F(r) > e for r > ry. Let £(x) be a
positive, nondecreasing, continuous function defined for e < x < oco. Let C > 1 be a
constant and let E be the subset of [ry, ) defined by

¢(r)
E(F(r)

E:{re[rO,OO):F(r+ )ZCF(r)}.

Then for all R < oo,

f i<L+LfF(R+) dx
Eniro.R] (1) — &(e)  log C J, x&(x)

PROOF. Define G(r) := F(r+) for all r € [ry, o) so that F(r) = G(r) outside the set of
discontinuities of F. Define

¢(r)
£(G(r)

We can now find the smallest element in £ and thus we can prove the theorem for G(r)
and E by following the steps of the proof of [2, Theorem 3.3.1]. Then we can conclude
that the statement holds also for the function F(r), since it differs from G(r) only at
countably many points. |

E = {r € [rg, ) : G(r+ )2 CG(r)}.

Now we have all the tools to prove Theorem 1.1.

PROOF OF THEOREM 1.1. To apply Theorem 3.3, define ¢(r) := r,&(x) := (logx)”g

and
¢(r + |cl) 1
— 1 — 1 ‘
= (r + [cDET(r + cl, 1)) + Qog T(r+ I F)+
By Theorem 3.2,
fx+o 16lc] 1 )
(r’ f(x) ®) = ida- I(T(a’(’”f lel), f) + T)
+Jr+e, f)=Jr—c, )+Jr+ce,—f)=Jr—c,—f)+01)
- e £ O)
= o T+l 1) (Ttatr +1e). /) + 257

+Jr+c, )-Jr—c, +Jr+c,—f)—Jr—c,—f)+ O(1)
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outside of an exceptional set of finite logarithmic measure. To proceed, fix £ > 0 so that
(02(f) +&)(1+&) <1 -7 for some y< 1. Then, since (log T(r + |c|, ) < (r +|c])'?,

(log T(r + Icl, f)'**

<@+l -0
r+|c|

as r approaches to infinity. For the term

B r+|c|
T(a(r+lc)), f) = T(r +|c| + TogTr + |c|,f))1+5’f)

above, we may apply Theorem 3.3 to conclude that
T(a(r + ), f) < CT(r + Icl, f)
outside an exceptional set of finite logarithmic measure, and further by Theorem 3.1,
T(a(r +Ic]), f) < CT(r, f)
and

Jor+ce, )-Jr—c, HH+Jr+c,—f)—Jr—c,—f)=0(T(r, f))

as r tends to infinity outside an exceptional set of finite logarithmic measure. Therefore,
outside an exceptional set of finite logarithmic measure,

(r, fx+c¢)

®) < 32C(r + )T (r, ) + o(T(r, f)) = o(T(r, f)). O
)
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