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ABSTRACT. We prove a simple transcendence criterion suitable for function
field arithmetic. We apply it to show the transcendence of special values at
non-zero rational arguments (or more generally, at algebraic arguments which
generate extension of the rational function field with less than ¢ places at
infinity) of the entire hypergeometric functions in the function field (over Fq)
context, and to obtain a new proof of the transcendence of special values
at non-natural p-adic integers of the Carlitz-Goss gamma function. We also
characterize in the balanced case the algebraicity of hypergeometric functions,
giving an analog of the result of F. R. Villegas, based on Beukers-Heckman
results in the classical hypergeometric case.

0. INTRODUCTION

Number theorists study the number fields and the function fields (over finite
fields) together as global fields in view of the strong analogies that exist between
them.

Transcendental number theory originated with Liouville’s result of 1844 (see [17])
that an algebraic irrational cannot be “well approximated” by rationals. K. Mahler
[18] showed in 1949 that Liouville’s theorem holds for function fields over any field,
and also that the Liouville’s inequality is best-possible if the ground field £ is of
positive characteristic p, by considering v = " ¢~?" € k((1/t)), which is algebraic
of degree p, as well as of the approximation exponent p. In particular, naive analog
of Roth’s theorem fails. (See [30, Cha. 9] for a survey of general situation which is
not even conjecturally fully understood yet).

So we need stronger approximations in function fields than in number fields
counterparts to conclude transcendence by Diophantine approximation. On the
other hand, for many naturally occurring quantities in the function field arithmetic
related to Drinfeld modules and Anderson’s ¢-motives, such as periods, special
values of exponential, logarithm, gamma, and zeta functions etc., different tech-
niques that exist (algebraic group techniques, more developed motivic machinery,
automata method, strong diophantine approximation criterion of special kind etc.)
in function fields have been used to prove very powerful results. See [30, Cha. 10,
11] for a survey of older results and [4, 21, 22, 7] for some recent results.

Many quantities of interest that occur naturally in the function field arithmetic
have expansions that are Fy-linear (or closely related to such) so that they are
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2 Transcendence and hypergeometric functions

spread out with only exponents being g-powers. Further, for proof by contradic-
tion assuming algebraicity, we can assume that algebraic equation is also Fy-linear
naturally by looking at the F,-span of the roots as roots of a new equation. This
was used successfully by Wade [33, 34, 35] to prove several transcendence results.

The present work is divided into three parts and organized as follows.

In the first part consisting of Sections 1-4, we first record and prove in Section 1 a
simple but general transcendence criterion (Theorem 1) which is essentially a quan-
titative and generalized version of the Wade’s modification of the classical method.
This is suitable for many naturally occurring quantities of interest in function field
arithmetic. Then in the second section, we give an application of Theorem 1 prov-
ing transcendence of values of hypergeometric function [25, 30] in the function field
arithmetic, in the (non-trivial) entire case, at any non-zero algebraic argument of
degree less than ¢, or more generally, at any non-zero algebraic argument which
generates extension of the rational function field that has less than ¢ places at in-
finity. In this case, it is not yet known whether one can apply the highly successful
period techniques of [4, 21, 22, 7], which when they can be used, often give stronger
algebraic independence results.

In Section 3, independent of all these transcendence methods and criteria, we
characterize directly in the balanced case the algebraicity of these hypergeometric
functions, giving an analog of the result of F. R. Villegas [32] which is based on
Beukers-Heckman [6] results in the classical hypergeometric case.

In Section 4, we prove a few results on algebraicity of the second analog [25, 30]
of hypergeometric functions using the “solitons” of Anderson. (See [4, 30, 27] and
especially [29] for the background on the name and references to Anderson’s work).
These results are partial compared to the complete results for the first kind and we
hope to return to this issue in a future paper. We remark here that in the function
field arithmetic, even when we deal with F,[T], there are typically two analogs of
cyclotomic theories, gamma functions, zeta functions, hypergeometric series etc.
(see [30]), one parametrized by characteristic zero numbers and the other by finite
characteristic numbers.

We now give a brief comparison with the known results in the classical case and
refer to Section 2 for comparison with the known results in the function field case.
The determination of which hypergeometric functions with rational parameters are
algebraic was made by Beukers-Heckman (following Schwartz in the simplest case).
There are also many important results eg., by Siegel, Shidlovsky, Wolfart, Cohen,
Waustholz, Brownawell, Beukers about the description, finiteness or infinitude of the
set of special values which are algebraic when these functions are transcendental.
We refer the reader to the excellent surveys (given at Arizona Winter School 2008
available as lecture notes at the website http://swe.math.arizona.edu) by Beukers
and Tretkoff for more details and references. In particular, in the entire case (in
fact, in much more general setting of E-functions) Beukers [5] gave algebraic in-
dependence results improving the results of Siegel and Shidlovsky, and described
explicitly the finite set of possible algebraic special values in terms of the “denom-
inators of relevant differential equations”. In some sense, the analog [25, 30] of the
differential equation in our setting has no “denominators” at the parameters we
handle and so naive analog (unproved so far) of Beukers result would imply that
their values at non-zero algebraic values should be transcendental. We achieve a
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weaker transcendence result mentioned above, but with more direct approximation
methods.

In the second part (Section 5), we give another application of Theorem 1 by
presenting a new proof of the result [20] (originally proved by automata method)
proving transcendence of the Carlitz-Goss gamma values at non-natural p-adic inte-
gers. Note that the special case giving the transcendence of the values at fractions
treated in [26, 3] by automata method has been vastly generalized to determina-
tion of full algebraic relations between the values at fractions in [7], but the period
method of [4, 21, 7] does not apply to non-fractional p-adic integers.

A preliminary version of Theorem 1 was firstly announced in [41] and many
previously known criteria due to Wade, Spencer, de Mathan, Denis, Hellegouarch,
Laohakosol et al. can be also deduced relatively easily from it by making suitable
choices of multipliers that we record. For many of these, although quite different in
appearance, the proofs are indeed variants of the original proofs as they are based
on the same principles, but are obtained in a uniform way by using Theorem 1.
All these are treated and discussed in the third part (Section 6), just as promised
in [41]. Roughly, Wade’s method is a general technique for proving transcendence,
and each criterion in Diophantine approximation is the mathematical reformulation
of this technique related to a special type of multipliers.

In more detail, to show by Wade’s method the transcendence of a formal power
series a, we often proceed as follows. Firstly, suppose by contradiction that «
satisfies a non-trivial equation, which can be assumed to be IF-linear, by considering
the equation satisfied by elements in the F;-span of the roots. The ¢g-th power being
a nice operation in characteristic p, where ¢ is a power of p, this largely preserves the
arithmetic structure of the coefficients of the original series. Secondly, multiply the
equation by an appropriate polynomial (called multiplier), taking into account this
structure, to obtain I +@ = 0, where [ is a polynomial different from zero, and @ is
a formal power series with negative degrees only. Thus we arrive at a contradiction,
exactly as in many classical proofs, where I and () represent an integer and a proper
fraction respectively. So the main point of each criterion mentioned above consists
just in choosing a special type of “good” multipliers fit for the problem in hand.
Due to the specialty of the chosen multipliers, each criterion cited above has its
limitations. For example, the multipliers for Theorem 8 and Theorem 9 are @,,’s,
but they are not good for Theorem 7, which needs Lg; /L, as its multiplier. It seems
that our Theorem 1 has enough flexibility because it does not impose any stringent
condition on the multipliers, and only has one restriction on the approximation’s
accuracy. Without Theorem 1, it seems hard to show, by any other criterion cited
in the work, the transcendence of values of hypergeometric function treated in
Theorem 2.

Some results of the present work are announced without proof in the Note [31].

1. A NEW DIOPHANTINE CRITERION

Fix p > 2 a prime number and ¢ = p" with w > 1 an integer. Let L. be a valued

field of characteristic p, endowed with a non-archimedean absolute value |-|. Let A
be a subring of L. We denote by K the fraction field of A. For example, one can
take A = F,[T], K = F(T), L = F,((I'')), and |-| = ||, the canonical co-adic

absolute value, where F; is a finite field with ¢ elements.
The following criterion improves and generalizes Theorem 1 in [41].
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Theorem 1. Let a € L. Then « is transcendental over K if and only if there exists
a sequence (um)n>0 in L satisfying the following two conditions:

(1) There ezists a sequence (0n)n>0 of positive real numbers such that
|05 - an| g 571

for all integers n = 0;

(2) For all integers t > 1, there exist t + 1 integers 0 < o9 < - -+ < oy such that
for every (t+1)-tuple (Ao, ..., As) of not all zero elements in A, there exist
an infinite set S C N and t + 1 sequences 8; = (0;(n))n>0 (0 < j < t) of
positive integers increasing to +oo such that for all integers j (0 < j < t)
with A; # 0, we have

|Gnl

$3n—-+00 537'”)
J

= —’—007
where By, is defined by
t
7
ﬁn - Z Ajagj(n).
j=0

Remark: Condition (1) is indeed a definition of (d,),>0. Only Condition (2) is
truly important. It is also worthy to point out that we do not suppose a,, € K,
and in practice we can thus use for example algebraic approximations instead of
rational approximations. In most of our applications, often we need only consider
the simplest case where o; = j and 0;(n) =n —j (0 < j <t).

Proof of Theorem 1.
Assume that « is transcendental over K. For all integers n > 0, set

op=2"", and o, = .
Then for every (¢t + 1)-tuple (Ao, ..., As) of not all zero elements in A, we have
Boi=) Ajal” =) Aja?" #0,
§=0 §=0

for « is transcendental. The conclusion comes directly.

Now we show the sufficiency by contradiction. Suppose that a were algebraic of
degree t over K. Then the t+1 elements o™, 097", ..., a?" are linearly dependent
over K, and thus we can find Ag,...,A; in A, not all zero, such that

t
5= Ajat" =0,
j=0

In the following we shall give two proofs of the sufficiency.
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Proof by Diophantine approximation: For all n > r (n € S), we have
t .
B=8al = D Ajla—agm)"”
j=0

q%
Jmax, | 4] [ = g, (|
A]‘ 750

N

o

J
()

< max |4 d;

0<5<t I
A;#0

N

.
J
max |A;|- max 63-(71)'
OISt USRS
A0

But 8 = 0, thus by Condition (2) of Theorem 1, we obtain

+oo= lim | nl',j < max |4;],
Son—+oo mMax 5g( ) 0 <t
i\n
oyt !
A;#0
which is absurd. So « is transcendental over K. O

Proof by Wade’s method: For all integers n > t, define

o

¢ ¢
Bn = ZAjagj(n)qgj, and J, = ZAj(a — g, n))?’
=0 j=0

So 0 = = B, + Jn. Thus by virtue of Condition (2) of Theorem 1, for 0 < j < ¢
with A; # 0, we have

lim [n]

Son—+oo 65211)
J

In particular 3, # 0 for all sufficiently large n € S. For such an n € S, put

= 4-00.

n 1
F, = g—, and M,, = 6—
Then 0 = M,,8 = 1+ F,,. Furthermore, we also have, for S 3 n — +o0,
t o t q%7
a— g m))? |A;] 6%
R < Y1) @) | g T
2 B 2T

Thus there exists at least an n € S such that | F},| < 1. This is absurd. Consequently
o is transcendental over K. O

Remark: In the case that K = F,(T') and L = F,((T~1)), we can assume Ay # 0
in Theorem 1. For this, it suffices to apply Cartier operators, and proceed as in [1].
Since we need this point in the proof of Theorem 9, we explain this now.

For all integers k (0 < k < ¢), and for all f =357 w(n)T~" € L, define

+oo
(f) = Z u(gn + k)T~ ™.

n=[(no—k)/ql
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The Cartier operator 7 is additive and for all f, g € L, we have 7(fg9) =
Suppose that we have o € L, and A,,..., A; in F,[T] with A, #0 and p >
that

7% (f)g-
1 such

t
Z flj()éqJ =0.
Jj=p

Since 30— T~ *(1e(A,))? = A, # 0, there exists an integer ¢ (0 < £ < ¢) such
that 74(A,) # 0, and

¢ ¢
ZTe(Aj)aqu =7 > Aja? | =0.
j=p Jj=p

Repeating the above procedure, we finally arrive at the case where Ay # 0.

2. APPLICATION I: HYPERGEOMETRIC FUNCTIONS FOR F, [T

We first introduce some notation and quantities which occur in the arithmetic
related to Carlitz module. For motivation and various properties, see [11, 30].

Let C be the topological completion of a fixed algebraic closure of Fy((T71)).
It is topologically complete and algebraically closed, and plays the role of C in our
study. However, unlike C, C, is not locally compact.

For all z € C., set

log [2]o
deg z := log, ||, = Togq

, and v (2) := —deg 2.
Note that v is the oo-adic valuation associated with |-|_, and that degz is just
the usual degree of z if z € F,[T]. Finally we say that o € C is algebraic or
transcendental if « is algebraic or transcendental over F,(T').

For each integer j > 0, put

j—1 J

. i ) K

jl=T" -T, D;= H[] — k|7, and L; = H[k]
k=0 k=1

Then for each integer j > 1, [j] is the product of all the monic prime polynomials
in F,[T] whose degree divides j, and its zeros form the finite field F,;, D; is the
product of all the monic polynomials of degree j in Fy[T], and L; is the least
common multiple of all the polynomials of degree j in F,[T]. Finally we have

Dj = [j]D?—lﬁ and Lj = [j]Ljfl.

All these polynomials [j], D;, and L; are fundamental for the arithmetic on F [T
and also occur in the formulas for Carlitz module structure, and in the expansions
of its exponential, logarithm, etc.

Now let us recall ,. Fy, the hypergeometric function for function fields introduced
in [25]. For motivation, various properties such as solutions of differential-difference
equations, specializations, etc., we refer to [25, 28] and [30, §6.5].

Fix a € Z. For all integers n > 0, define
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pe) ifa>1,
(a)n = (—1)_“_"L:Z7:n if n < —aand a <0,
0 ifn>—-a>0.

For all integers r,s > 0 and for all a;,b; € Z (1 <i<r, 1 < j<s) with b; >0 (so
that there are no zero denominators below), consider the formal power series
+

X (a1)n (@) L

We often denote it by ,Fs(z), when the parameters are well understood.

PFs(ar, ... amby, ... b 2) i=

n=0

Examples. If r = s =0, then we obtain the Carlitz exponential
00 an
oFo(z) = ec(z) = —.
n=0""
Letr=s=p=~CharFy, b =a; +1=2 (1< j <p). Then

n+1

(TFS(Z))Q — A —

n+1

BTSN
2+ Doy (p-1)

where e(cp_l)(z) is the (p — 1)-th derivative of ec(z) with respect to T. For r =0,
s=1, and by = m+ 1, we get the Bessel-Carlitz function

+OO m+n
Zq —m
n=0 m+nt/n

We note that the normalization here is slightly different from that of [10].

If there exists some integer i (1 < ¢ < r) such that a; < 0, then for n > —a;, we
have (a;)n, = 0. In this case ,. Fy is a polynomial in z.
As we are interested in algebraicity and transcendence questions, we avoid this
triviality, and in the following we shall always suppose
O<ar <ar<---<a,and 0< by <by <--- < bg.

By direct calculation, the radius of convergence R of . F satisfies

0 ifr>s+1,
R = q_ Ef=1(ai—1)+2j=1(bj—1) ifr=s + 1,
+o00 ifr<s+1.

If R = 400, then ,.Fy is entire, and not a polynomial by our hypothesis, so by the
classical method of comparing its growth estimates on expanding circles and getting
incompatibility if it is assumed to satisfy a polynomial equation with polynomial
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coefficients (see for example Theorem 5 of [36] for details), we see that .F is a
transcendental function.

We characterize the algebraicity of the functions in the “balanced case” r = s+1
in the next section, and in the next theorem we look at its special values, in the
entire case.

Theorem 2. Let r,s > 0 be integers such that r < s+ 1, and let
O<ar<ar<---<a, and 0 < by <by <--- < by

be integers. Then

is transcendental for all v € Co\{0} algebraic over Fo(T) and such that Fq(T,~)
has less than q places above the infinite place of Fy[T] (In particular, v can be any
non-zero rational or non-zero algebraic of degree less than q).

Proof. Let v € Cxo\{0} be algebraic. Put K = F,(T,~) and let Ok be the integral
closure of Fy[T] in K. We denote by d the number of places of K above the infinite
place of F,[T], and suppose d < g.

Set ¢ = max(a,,bs). Then for all integers n > 0 and a > 1, we have

+oo
al)p - (Qr)n n
TFS(fY) ::rFs(ah--~7ar§b1a-~-7bs§7) ::ZD( 1)1) - ( ) 7q

gt (=D

S n+a—1 a1 n+a—1 T

( ) _Dn+a 1 = H []]q = H [J]q .
Jj=1 j=1

In particular, we obtain
deg(a)q[' =¢"" " Vnta—-1)""" "' =(n+a—1)¢""
Set by = 1. For all integers n > 0, we have (bg), = D,,, and then

T ) r ntap—1 “_
n—j
[l = 11 H
k=1
n+a;—1 2+ r n+ap—1 o )
n—j A (r— n—j
= H H H [f](r—k+Da 7
j=1 k=2 j=n+ar_1
s s n+b—1
qZ ql o (I é+n J
=1 l:O =0
+bo— . s n+b;—1 .
— H s+ I II etve L
j=1 I=1j=n+b;_1
For j € Z, put
a(j) = r—k+1, ifar_1 <j<ag—1,
b(j) = S_l+1a ifbl—1<j<b1_17
c(j) = alj)—b(),
)

¢ (j) = max(0,—c(y)),

where by convention, we set ap = b_; = —o0 and a1 = bsy1 = +00.
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From the definition, we obtain immediately
a(j) = b(j) =0, for all integers j > ¢,
() < b(j) <s+1.

Moreover we also have

Z Hk 1 (ar)h ,yq"“'

(0% = pr
0 Dn Hl 1(bl)
+oo n+0—1 )
S U P
n=0 \ j=1

For all integers m > 0, define

r qé m—+£—1
w - szl(ak)m ) qm+2 - H [j]C(j*m)qm+£7j ) ’qu+i
m - 4 14 - )
Dgn H;:l(bl)?n j=1
m
Uy = Z Wns
n=0
Oom = |la—am|,-
In particular, we have
T S
degwm:qu[(r—s—l)erZ (ap — 1) Zblfl + deg ).
k=1 1=1

Then for all integers

S

m><zak—1 sz—l—kdegy)/(s—i—l—r),
k=1 =1

we obtain
—+o0
5m = E Wn, < sup |wn|oo
n=m-+1 0o n2m+1
< sup g0 DN (=) =S, (=) +deg
n>m+1

qqm“”'[(Tfsfl)(m+1)+22:1(akfl)*Zle(bhl)ercg 7]

Fix ¢ > 1 an integer, and Ay, A1,...,A; € Fy[T] not all zero. We denote by p the
least integer such that A, # 0. To simplify the notation, we suppose without loss
of generality p = 0. The general case can be proved similarly and directly but with
much more complicated notation.

For all integers m > t, set

Since a; > 1 and by = 1, we have

a(0) =r and b(0) = s + 1,
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so ¢(0) =r — (s+1) < 0. Since for j > ¢, a(j) = b(j) = 0 and thus also ¢(j) = 0,
we can find a greatest integer jo,

m < jo<m+/{

such that ¢(jo —m) < 0 and ¢(j —m) > 0 for all integers j > jo.

Let f € F4[T] be monic and irreducible of degree jo. Then f depends on jy, thus
on m. We denote by vy the associated f-adic valuation over Fy(T), and extend it
over K. Choose an integer

N >/{+ maxtdegAj

0<j<

such that for all integers m > N, we have v¢(y) = 0.
Fix m > N an integer. For all integers 0 < n < m, we have

n+l—1

. . n+l—j n+4£
v (wa) = op [ J] IV 0
j=1

n+£—1
= 3 G- o) + 4" ()

= (i —n)g" T us([4])

= c(jo—n)g" T,

since ¢(j —n) = 0if j —n > £ (note that m > £, thus 2jo > m + ¢), and f | [j] if
and only if deg f divides j, and in the latter case we have vs([j]) = 1.

If 0 < n < m, then jo+m—n > jo, and thus we have ¢(jo—n) > 0. Consequently,
for all integers 0 < k < m, we have

k
vp (o) = vf <an>

S
> in vy (wn)

— 3 ; n+£—jo
= min c(jo n >0
0<n<k (J )q = Y

and for £ = m, we have

vf (am) = vy (Z wn> = c(jo —m)g" T <0,
n=0

since for all integers 0 < n < m, we have
vy (wy) = c(jo — n)q"“‘j‘J > 0> vf (W) = c(jo — m)qu_j".

As a result, we obtain

t .
v (Bm) =vp | D Ajads i | = vy (Agam) = vy (am) < 0.
j=0
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So B # 0. Let E € Fy[T]\{0} be such that Ey € Ok. Set

m-+£—1
me 1Gm.j : (i +e+i—j
H,, =E? H [7]™7, with G, ; = o Jhax ¢ (j—n)q" 7.
j=1 o<i<t

Note that

1

t t m—l1 q
b = YAt =34 (z wn)
=0 =0 n=0

t m—1l [n+€—1 o .
. - n+e+1l—j n+€+
= > A | I wreme A
=0 n=0 7j=1

Thus H,,0m € Ok \ {0}. Denote by v® (1 <i < d < q) the valuations at infinite
places of K which extend the usual infinite place of F,[T]. Then by the product
formula, we obtain immediately

d

> v (HpfBn) <0.

i=1

But v (3,,) (1 < i < d) is bounded below independently of m, so there exists a
constant ¢ > 0 such that for all sufficiently large integers m, we have

Voo (Bm) < ddeg Hy, + ¢ < (¢ — 1)deg Hy + ¢,

where v, is the valuation corresponding to C.
Fix 0 <1 < t. For all integers

1< <m—t—log,
we have j < m — [, and
(s+1—-r)g" > (s+ 1)@,
However by definition, for all integers n > j, we have
c(j—n)=a(j—n)—b(j—n)=r—(s+1) <0.

Soc¢ (j—n)=s+1—r, and then

max ¢ (j —n)g" T
og<n<m—1
= max | max ¢ (j —n)¢" !, max ¢ (j —n)g" !
o<n<g j<n<m—l1

= max ( max ¢ (j—n)g" T (s +1— T)qu)
o<n<g

= (s+1—r)gmt,
for we have ¢~ (j —n) < s+ 1 (0 <n < j). In conclusion, we obtain
— (s n-+L0+1 m+L . s+1
max ¢ (j—n)g =(s+1-7r)g""" for 1 <j<m—t-—log,

o<n<m—I s+1—r
oIt
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On the other hand, if j > m —t — log, s-ﬁiw then

max ¢ (j—n)¢"t < max (s +1)g" T = (s 4+ 1)¢g™ T
og<n<m—1 os<n<m—1
0<I<t 0<I<t

By combining the above two inequalities, finally we obtain

Uoo(ﬁm) < (q_ 1) degHm+c

m—+£—1
= (¢g—1) | ¢g™*tdegE + Z max ¢ (j—n)¢"TH | +¢
1 os<n<m—I
1= 0<I<t
+1
< —1 m+-£ des E 1— m+-£ —t—1 87
(g ){q egE+(s+1-r)g m 8y

+1
g™+ (£ 4+t +1log, —
e < i +qus+1—7“>}+c

< <q—1>qm+f(degE+<s+1—r><m—t>
s+1
+(s+1)(£+1t) +rlog, S+17”) +c,

and then for all integers 0 < j < t, we have, when m — 400,

Voo (Bm) + qj logq 6m7j

+1
< (q—l)q’”*f(degE+<s+1—r>m+<s+1><f+t>+“°gqSj_l_r)“

g (deg’y +(r—s—1)(m—-j+1)+ Z(ak -1)— Z(bz - 1))
=1

k=1
~ =" (s+1—-7r)m — —o0,

which just means

lim m";'oo = 400
m——+o0 5;17'1_]'
So (,Fs (’y))qlZ (and thus , Fs(7y)) is transcendental, by virtue of Theorem 1. O

As a direct consequence of Theorem 2 (see examples of specializations at the
beginning of this Section), we obtain the following Theorem.

Theorem 3. For all algebraic v € Coo\{0} as in the Theorem above, all the ec (),

6(6{)_1)(’}/), and Jm(y) are transcendental, where m > 0 is an integer.

Remarks: (1) For ec(v) and Jp, (), this is a special case (where 7 is restricted
as in our theorem) of the known result (where v is allowed to be any non-zero
algebraic). But for e(g_l)(v), it is stronger than the known result by L. Denis [9]
where v was assumed rational. Also note that since the derivative of an algebraic
element is algebraic, we are proving the transcendence of the lower derivatives also,
and that higher derivatives are zero as we are in characteristic p.

(2) It is interesting to note that the original proof of L. I. Wade [33] for e relied
heavily on the functional equation satisfied by ec which defines the Carlitz module
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structure, and the proofs of L. Denis [10] for J,, or [8] for e(cl)(fy) were based on
the difference equations satisfied by them which define a t-module structure and
gave in fact algebraic independence. Indeed all the three proofs used implicitly
or explicitly the ideas of Drinfeld modules and the classical procedure to prove
the transcendence or algebraic independence over an algebraic group. However, it
seems difficult to apply these techniques in the case of the hypergeometric function.

(3) In the function field case setting of Drinfeld modules and higher dimensional
t-motives, Jing Yu [37] introduced an analog of E-functions, called E,-functions.
He proved an analog of Schneider-Lang result for them, which implies in particular,
that given a finite extension L of F,(T'), a transcendental E,-function takes values
outside L for the arguments in L except for finitely many possible exceptions. We
note here that our hypergeometric functions in the entire case are Fy-functions.
This can be deduced by checking all the conditions in the definition of E,-functions
by straight manipulations from our explicit formula. In more details, we use the
estimates for deg w,, and for degrees of denominators, and the divisibility properties
[30, 4.13] of D; (in particular, that it is a good analog of factorial of ¢* making the
multinomial coefficients integral). Thus Jing Yu’s result complements our result,
neither implying the other.

3. CHARACTERIZATION OF THE ALGEBRAIC FUNCTIONS IN THE BALANCED CASE

For the balanced case r = s + 1, we have the following theorem.

Theorem 4. Let r,s > 0 be integers such that r = s+ 1, and let
O<ar<as<---<a, and 0 < by <by <--- < by

be integers. With the notation as above, the following properties are equivalent:

(1) For all integers j (1 < j <), we have a; = bj_1;
For all j € Z, we have ¢(j) = 0;
£

)
(2)
(3) (T s(ar, ... ar;b1,. .., bs; )q F,[T)[=];
4) »

S Z
Fy(ay,...,am by, ... ,bs7 z) is an algebraic function.
Proof. Note that our formula for the hypergeometric function coefficient shows that

(2) is equivalent to (3).
(1)=(2): From the definitions, we have

c(j) = aj) =b(G) =1 -k +1,

where ax—1 < j<b—1< a1 —1,thusk—1<!+1and so ¢(j) > 0.
(2)=(1): le 1 < i <rand j = a;. By definition, we have a(j) < r —¢. Thus

b(j) = a(j) — c(j) <a(j) <7 —i.

So by definition again, we obtain a; = j > bs_y(jy = bs—ryi = bi—1.
(2)= (4): Note that for all integers n > 0 and 1 < k < n, we have

alk—n)=r, and b(k —n) =s+1,
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and thus ¢(k —n) = 0. Then

[Thy (ar)d "ﬁl[ Jeli=man e nﬁl[ ="+
Py aepe— J = J
2 H;:l(bl)% j=1 j=n+1
n4+f—1 I~ -1 ) .
_ H (an+e - anJerj)C(J ) _ H (an+e - thJ)c(J)
j=n+1 J=1

which is a sum of 2Z§;é () terms of the form :I:qunHJrh, with k, h > 0 bounded.

So (,Fs (z))qe is a finite Fy[T]-linear combination of the formal power series

= £ 12
gk(z) — Zqun+,an+ )
n=0

However we have

q = kqn+1+l qn+1+l = kqn+€ qn+f kql qZ
(gr(2))2=>_T z =TT = g (z) TR

n=0 n=1
Then g (z) is an algebraic function, and so is ,Fs(z).

(4)= (3): By definitions of (a), and ¢, we see that (TFS(Z))qe e F,(D)[[=]].
To show that the coeflicients are polynomials rather than rational functions, we
proceed as in [32] and notice that by argument as in Eisenstein theorem, there is
a € F,[T]\ {0} such that a™ times the n-th coefficient is integral (i.e., a polynomial
in T'). Next we use the results due to L. Carlitz that D,, and L,, are the product
and least common multiple of all monic polynomials of degree n respectively (see
eg. [30, §2.5]). The expression of the coefficients in terms of D,’s and L,’s now
shows that if the coefficients are not integral, then for large n, the denominator of
the coefficient of 27" will be divisible by a prime of degree (note [30, p. 14] that
there are primes of every degree n) larger than the degree of a and thus cannot
be cancelled by multiplication by any power of a, contradicting the integrality
mentioned above.

Another way to see this implication is to use the characterization of algebraic
functions proved independently by H. Sharif and C. Woodcock [23] and by T. Harase
[12] generalizing the automata criterion of Christol (see also [2]). Indeed we only
need the following special case of their criterion (see [39, Theorem 4]):

Let Fo(T) be the algebraic closure of Fo(T) in Cs, and u = (u(n))n>o be a
sequence with terms in Fy(T'). Then the formal power series ZZEOO u(n)z4" is al-

gebraic over Fo(T)(z) if and only if the Fy(T')-vector space generated the family of
sequences (ul/q’c (n+ k))n>0 (k € N) has a finite dimension over F,(T).

Assume that ,.F5(z) is an algebraic function. For all integers n > 0, set

r qz n+l—1 ) e
u(n) = gkzls(ak)nqz _ H [j]c(‘]fn)q +e .
D, Hl:l(bl)n j=1

Then by the above result, the F (T')-vector space generated by the family of se-
quences (ul/qk (n + k))n>0 (k € N) is of finite dimension. Thus there exists an
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integer t > 1 such that for all integers k > 0, we can find Ay ; € Fo(T) (0<j <)
such that

t
ut/e" (n+k)= ZAk,j’Uzl/qJ (n+j), for all integers n > 0.
§=0

For all integers n > 1, let f,, € F,[T] be a fixed monic and irreducible polynomial of
degree n. We denote by v, the associated f,-adic valuation over Fy(T"), and then

extend it over F,(T'). If (TFS(Z))q/Z € Fq[T)[[2]], then Jjo € Z (1 < jo < £ —1) such
that ¢(jo) < 0. Fix k > t+£¢—jo. Note that fn4x4j, | [m] if and only if deg frikj,
divides m, and in the latter case vy, yr+j,([m]) = 1. Thus for all integers n > 0,

Vnthtgo (u(n + k) = c(jo)g" ™, and vppprjo(u(n +4)) =0(0 < j < t),

) =
But for all integers j (0 < j < t), if A ; # 0, then v, 4544, (A, ;) = 0 for all large
integers n, and then

: —jo— k . J .
0> c(jo)a" ™ 7F = vorrjo (/7 (04 K)) > min vy (Ayut/? (n+ ) = 0.

O\ <X
Absurd. So we must have (,,Fs(z))qz e F,[T][[~]]. O

Remarks: (1) Unlike the classical hypergeometric specializations of interest at
rational arguments a;, b5, this hypergeometric function is defined only at the integral
arguments. But ¢ = p* with p > 2 a prime and w > 1 an integer, then we can
extend the definition of the hypergeometric function to rational arguments with
denominators dividing w (as suggested in [25, p. 226], but not published) as follows:
As L. Carlitz noticed, the definition

[n]:=T9" —T

for an integer n can be extended by the same formula to n now being a rational
with denominator dividing w. Now extend the definition of D,, for n rational with
denominator dividing w by the formula

fn]—1 |
D, = H [n_j]q

Jj=0

and use the same formula for (a), and the hypergeometric functions with now
arguments being such rationals. They still satisfy the hypergeometric equations,
there are some interesting specializations, and characterization of algebraic func-
tions among them is now an open question, which we hope to address in future.

(2) As explained in [25, 28, 30], the hypergeometric function satisfies the analog
of Gauss differential equation [30, p. 229] where the analogs of operators zd/dz and
zd/dz+a are the operators A and A, respectively, in these references. A. Kochubei
[14] has suggested using the interpretation A, = A —[—a] mentioned in [30, p. 229]
and [28, p. 46]. He considers this as A|_,) instead and redefines for a € Cc,
A, = A — a and solves the corresponding Gauss equation to get a hypergeometric
function with parameters a € C,, specializing to the one considered above when
the parameters are of special form [—a]. This looses some analogies that we have,
but retains some other properties after this reinterpretation (see [14]). This is
another direction in which the study can be pursued.
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4. THE SECOND ANALOG OF HYPERGEOMETRIC FUNCTIONS IN FUNCTION FIELD
ARITHMETIC

In [25, 30], there is another analog of hypergeometric functions ,.Fs defined
(called the second analog there) where the arguments are in C, a priori. For these
analogs, (a), := ey(a) :=[[(a — f), with f running over all polynomials of degree
less than n. Note that this is zero for large n, when a itself is a polynomial, so that
the bad or trivial cases now are when a € F,[T]. So we focus on a’s which are in
Fq(T) \ Fq[T]. Question now is for what such parameters do we get an algebraic
function. Let us start with some simple facts and collect some tools.

From the definition, we see that (fa), = 0(a), for 0 € F; and (a), = (a +1i)n
for large n where ¢ € F,[T].

(i) So for algebraicity question at rational parameters, we can ignore integral
translations and sign (in F}) changes.

(i) Since (a), is now additive (see [30, p. 45]) in a, if ,Fs(a,a:;b;;2) and
+Fs(a',a;;bj; z) are algebraic, then so is . Fy(a + a’,a;;b;; 2).

In the balanced case, the coefficient of 24" is a monomial in terms of the form
(a)n/Dyn. These terms are described by specializations of “two variable” algebraic
functions called solitons by G. W. Anderson [4, 27, 29, 25, 30]. We recall the
relevant results now.

First we note special cases [27, p. 309]: with (, being the primitive (i.e., a

generator of A-sub-module giving) Carlitz a-torsion, for a € F,[T], we have
n+1

(i) (1/T)n/Dp = =1/(=T) @ =D/~ = —¢7/¢8"

(iv) (1/T?),,/ Dy, = ((p2 C%RH —C%ZHCT)/C%QRH. We write this as ad?"" +bct" ",
with a = (7, b= (72, ¢ = 1/a. Note d = —b/a>.

More generally, we have Anderson’s formula:

(v) (@)n/Dp = ozgn B;, for some algebraic «; and ; and with ¢ running from
1 to the degree of the denominator of a (cy, ; are explicit in the original theorem
of Anderson (see [30, Theorem 8.4.4]), but we do not need the explicit form right

now). We write (q‘i) for (a)n /Dy, because of the analogy with binomial coefficients
(see [30, §4.14]).

Theorem 5. (1) The function 1Fy(a/b;; z) is algebraic if a/b is a proper fraction.

(2) If s11Fs(aj;bs; 2) is algebraic, then syoFsy1(aj,a;b;,b;2) is algebraic, where
a is a proper fraction and b is a proper fraction with denominator of degree one.

(3) If s1F(ar, - ,asp1501, - ,bs, 2) and p 1 Fral, -+ ag 450, -+ b5 2) are
algebraic, then syryoFsiry1(an,al;b;, b, c; z) is algebraic if ¢ is fraction with degree
one denominator.

(4) If you stay in the balanced case, you can add or remove parameters having
degree one denominators retaining algebraicity. In other words, if s41Fs(a;;b;; 2) is
algebraic, and a,b (as41,bs respectively) are fractions with degree one denominators,
then s1oFsr1(aj,a;b;,b;2) (sFs—1(aj;;b;; z) respectively) is algebraic.

Proof. We know [30, p. 234] that 1Fo(a/b;;2) = ec(§logo(z)) is an algebraic
function F'(z), since it satisfies polynomial equation Cy(F(z)) = C,(z), where C' is
the Carlitz module with log. the corresponding logarithm. This implies part (1).

By (iii) (with T replaced by degree one prime T'+c¢, ¢ € Fy, as Fy[T] = F, [T +¢])
and by (v), the part (2) follows because of the following: If f(z) = 3 f,29" is
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algebraic, then
Z fn(a)n/Dnzqn = Zﬁzf(alz)

is algebraic.

By the result of Furstenburg, Harase, Sharif-Woodcock [23, 12, 2], we know that
Hadamard products of algebraic functions are algebraic, so that we can combine
two algebraic parameter sets, while adding or removing fractions with degree one
denominators using (iii), to keep the balanced case hypergeometric form. This gives
part (3).

The last part again follows from (iii), with T replaced by degree one prime. O

Corollary 1. Any function s11Fs(ai;b;; z), with a; being any proper fractions and
b; being fractions with denominators of degree one, is algebraic.

Remark: In contrast to the situation in the last section, the algebraicity is not
equivalent to the integrality in this case, as we can see by using fractions 1/(T'— f)’s,
f € Fg, in numerator and denominators and using (iii).

Theorem 6. (1) The function o F1(1/T,1/T;1/T?; 2) is transcendental.

(2) The function g1 F,(1)T, (1T +1)/T3, - (0,7 +1)/T31/T?,--- ,1/T?; z)
is transcendental, where we denote the elements in Fy by 61,...,6,.

(3) Whenq = 2, 441 F4(1/T?, (01T+1)/T3,- -+ (0, T+1)/T31/T?% --- |1/T%2) =
o F1(1/T? +1/T3,1/T3;1)T?% 2) and o F1(1/T3,1/T3;1/T?; 2) are algebraic.

(4) When q =2, 2 F1(1/T?1/T;1/(T+1)%;2) and 2 F1(1/T2,1/T?;1/(T+1)?; 2)
are transcendental.

Proof. By simple manipulation using (iii) and (iv), the function in (1) reduces to
oo

CIZ“ (Z/C%z)qn
Z (Cr/Cr2)T" " = (Cr/Cr2)

Cr2 =

which is seen to be transcendental by comparison to

NIt
2F1(1,1;2,2)7 = Z T 1)
n=0
which is transcendental by Theorem 4. This proves (1). ’

Note that > fnz?" is algebraic if and only if Zaﬁqn fnz?" is algebraic, where
a, ( are non-zero algebraic. We shall write such a relation between the sequence of
coefficients of these series by = equivalence.

The sequence of coefficients of 24" of the function in part (2) is

1/T?
1\ Dy Tes, (07 + 10100 (4F)
N (1/T?)n (1/T2>”’
qn—l
which is easily seen, using (iii), (iv) and the definition of (a),, to be = equivalent
to

n+

(1/T2) q4 1 b qn+1

@ qr . @ a + 0c¢

(T T) (1/T2 )q - (T T) aqdqn+1 + chqn+1 .
qn—l
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Subtracting off (77" — T')/a?~" (which is a sequence of coefficients in an algebraic
series) and using b/a = —d/c, we are left with

(19" —T) (=b+bat" D™ (19 -T)
a?=Y(a2da" " 4+ bica" ) T ((d/e)" — (d/c))e’

Put © = d/c. Now using Carlitz module torsion definitions, we see that 9 — x =
1/T. Hence our quantity becomes
T (1T —1/T7") _ (27 —2) — (27 —2)7" 1

= =—14-—.
n+1l .Tq $qn+1 _ xq (an _ x)q,1

xrd

The corresponding function is seen to be transcendental by comparison to the func-
tion ¢ Fy—1(1,---,1;2,--- ,2;2), which in turn is transcendental by Theorem 4. This
proves (2).

When ¢ = 2, by the calculation above in case of part (3), we reduce to the
coefficient
ad?"" + bt

ad?™ + bcd"
Subtracting off (72" 4 T)(c*" + d*") corresponding to an algebraic function, we
reduce to

(T +T)(a+0b)(cd)®  (T* +T) 1/T* +1/T

= = =1 2" .
add™ + bcd™ add™ + bcd™ 2" +x Tt A

(17" ~T)

The corresponding function is algebraic by comparison to 1Fy(2;;2) dealt in Theo-
rem 4 (with T replaced by x). The algebraicity of the second function then follows
by part (1) of Theorem 5 and (ii). This proves (3).

Let F' denote the first function in (4). Let x = (p2/T and y = {(p41)2/(T + 1).
Then 22 + 2 = 1/T and y? +y = 1/(T + 1). By (iv), we see just as before that the
coefficient f(n) (ignoring ({;,IT) using = and (iii) as before) of 29" in F is

z+z2" T +1)T? + -+ 1/T%
y+y2t (T HD)+ 1) (T+1)2 4+ +1/(T+1)2"

Let

n

P,=Y"T""% and Q.= (T+1)¥ ¥ =P,(T +1).
j=0 §=0

If F were algebraic, then as in the proof of Theorem 4, the Fo(7')-vector space
k
generated by the sequences ((f(n + k;)) 1/2 ) . (k € N) would be of finite dimen-
n

sion, and thus there exists some integer d > 1 such that for all integers k > 0, we
can find Ay ; € Fo(T) (0 < j < d) with

(f(n + k))l/zk = ZA’“ (f(n + i))1/2 , for all integers n > 0,

1=0

which just means that we have

n 1/2)C d n+i 1/Qi
(T+1)2 o . P7l+k? :ZAk’ (T+1)2 ’ . Pn-l-i
T2"+k Qn+k — )t T2n+z QnJri
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In particular, for all integers n > 0,

d
Priat1 o A2d+1 Py
Guvart ~ 2 Y000\ s
n—+1

Qn+d+1 i—0

gd+1—i

Using the analog [15] of the Dirichlet theorem on primes in arithmetic progressions,
we see that there are primes of large enough degree which are congruent to one
modulo (T + 1)2, but not congruent to one modulo T2. Using the definition of
(a), for a = 1/T?, we see that P, = (T?"~'/D,)[][b, where b runs through the
polynomials congruent to one modulo T? and of degree at most n + 1. We thus get
existence of primes p, 441 dividing Q4441 but coprime with P, 4441 such that
deg p,, goes to co with n. For all integers 0 < 7 < d, we have

Qa—;-

2d+1—i

Qnidr1 — Qs = (T+1)

2n+d+1 _21171'

Denote by v, the @,44+1-valuation extended over Fo(T'). Then for all large integers
N, Pnt+d+1 does not divide Q4—;, and so it does not divide @Q,; either. Thus
Un(@Qnti) =0 (0 < i < d). We can also suppose v, (Agy1i) =0 (0 < i< d). Then

P d P 2d+17'i

n+d d+1 n+i

-1 =2 —on(@nyar1) = vn (++1> = Un <Z A (Q:) )
i=0 nor

Qn+d+1

2d+l—i
. d+1 P, .. X .
> min v, | A7, it = min 29", (P,4;) > 0.
<d P\ Qnti 0<i<d

This contradiction proves that F' is transcendental. The same argument shows that
the second function in (4) (whose coefficients lead to the same denominator but the
square of the numerator) is also transcendental. ]

Remarks: (1) Our results so far are consistent with the statement (with naive
analogy with Theorem 4) that if .F, (with r = s+ 1) is an algebraic function, then
the degree of the denominator of a; is at least the degree of the denominator of
bj_1 (or b;), when arranged in order. But the last part of Theorem 6 shows that
degree equalities can still lead to transcendental functions in contrast.

(2) Some transcendence results are already known in the entire case. For exam-
ple, 0Fo(2) = ec(z) = 1F1(a;a;2). Some more examples follow from Theorem 2
and connections between the two analogs (for some special parameters and with
change of variables) mentioned in the proofs above.

(3) In [6] monodromy techniques are used to understand the algebraicity issue
in the classical case. We have proceeded differently above, but it is plausible that
Berkovitch’s new non-archimedean monodromy techniques, once sufficiently devel-
oped, might solve in future the algebraicity issue in our case in a way parallel to
the classical case.

5. APPLICATION II: THE CARLITZ-GOSS GAMMA VALUES

For all integers j > 0, put

D; = Dj/Td D5,
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Then |D; — 1|OO = ¢ @D for all j > 1. Hence D; tends to 1 in F,((T~1))
when j goes to +oo. So for all p-adic integer n € Z, with

+oo
n:anqj 0<n;<qg—-1),
§=0

the following infinite product

“+o00 k
II(n) := HD]»] = kEI-Poo | Dy’
J=0 Jj=0
converges in F,((T1)). This is the Carlitz-Goss factorial function (See [11, 30].
The gamma function can be defined by translating the argument by one, as in
the classical case). See [11, 30] for various properties such as functional equations,
interpolations at finite primes, relations to periods and Gauss sums, etc.

If n € N, one sees at once II(n) € F,(T). By automata theory, M. Mendes France
and J.-Y. Yao showed in [20] that II(n) is algebraic over Fy(T) if and only if n € N
(see [20, 40] and [30, Cha. 10, 11] for a quick review about this subject). By an
argument of J.-P. Allouche [3], this result is a corollary of Theorem 7 below, which
is a special case of Theorem 2 in [16] and can be deduced from Theorem 2 in [40],
proved by Wade’s method.

Theorem 7. Let u = (u(m))m>1 be a sequence in F, which is not ultimately zero.
Then the following formal power series

is transcendental over Fy(T).

Proof. For all integers n > 1, set

o :;u[%)’

from which we obtain at once

= u(m)‘ 1
O]

|a — | =
e m=n+1 [m] m>2n+1 [m”oo
= sup ¢4 =¢ 7",
m2>2n+1

where the last term will be denoted by d,,.
Let 7 > 1 be an integer, and let Ay, ..., A, in F,(T) with A, # 0. Up to taking
a g-th power, we can always choose the parity of r so that the following set

S={neN|n>r+degA, and u(2n —r) # 0}
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is infinite. For all integersn > 1,0< j <r,and 1 < s < r —j, put

Bn = Z Akagf,w

k=0
Lq" Lq" r 2n+r—k u(m)
o, = —2n n+r = —2n A ’
Ln52+ an k Z [m] 7"
k=0 m=1
r—s—j—1
r—s—i r—s—k—1
Bnjs = (—1)F+ H[S + i) “[2n+s]? - Lgn k—27
k=0 i
Tl g 4 L2T +s+j—1
On /,S = —1 r—s—j+l + .q7757l N cimiin s v el ],_
»Js ( ) 21;!) [8 7’] [2n+s]q]
Toor 2n
L3 U(m)
Lgn 1

r—s k _
ZA’“Z 2n+s)2n+s]" 79 I,
s=1

Bn,k:,s
+2Ak; u(2n + s) I
Qn = H,—1I,
Then by Lemma 4.1 in [33] (see also [40]), we obtain

r—1 r—j
ZAJZU 2n—|—5 ’]’ .
7=0 =1

TL

From now on, we assume n € S. Then 2n —r > n, and L,[2n — 7] | Lg;_r
For k > 1, [k] divides [2k] = [k]7" + [k]. So L,[k]¢" | L% for 0 < j < r and
1 < k < 2n. Indeed if £ is the greatest mteger such that 2k < 2n, then 2°k > n,
and L,[2k]7" | LY. Now Ly[2n — 1] | L2n ko for 0 <k <r—s—j—1,since in
this case ¢" > 2 and k + 2 < r. Thus

Lo2n—7] | Bnjs (0<j<r1<s<r—7),

from which we deduce I,, € F,[T], and we have

I, = Lg:z Z k(]l;) (mod [2n — 7))

_ o, L8 k)

= ATL—: Z T (mod [2n — 1)),
k=1

since Ly, [k]7 | LG, [2n —7r] | Lap, and ¢" — ¢/ > 1for 0 < j <.
Let k be an integer such that 1 < k # 2n — r < 2n. Then we have
n L2n
|—aund[n—7"]|—7
(k] (%]
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and thus Ly, [2n — 7][k]? | Lg;, for we have ¢" > 2. As a result, we obtain

Lg; u(2n —r)

I, = A ——
" "L, [2n—r]7

(mod [2n —7])

» L
= u(2n—r)A,. L2 % (mod [2n — 1)),
n

since for all integers k > 1, we have
[2n —r 4+ k] = [k] (mod [2n — r]).

Therefore I,, # 0 for we have u(2n —r) # 0, and n > deg 4,.
Let j, s be two integers satisfying 0 < j <rand 1 < s <7 —j. Then

LY .
deg 2n77’+5+J7.1
L, [2n + s]¢
q7-+1 (q2n—7»+s+j—1 _ 1) q (qn _ 1) "
- —q
q—1 q—1
n
—1
_ald" =1 — —oo (as n — +00).
q—1
So there exists an integer N > 0 such that for all integers n > N, every term of @,
is of negative degree. Hence for all n € S with n > N, we obtain

deg H,, = deg(Q,, + I,) = deg I, > 0,

which implies immediately that we have

L4 q (qn _ 1) qr—i-l (q2n _ 1)
d > —deg 222 = — )
eg ﬂ2n+7 eg Ln q-— 1 q— 1

Finally for all integers 0 < v < r, we have, for § 3 n — +o0,

q (qn - 1) _ qr+1 <q2n B ]‘) _|_ q2n+r+1

deg ﬁ2n+r - qv logq 62n+r—v 2

q—1 q—1
s el
qg—1
Consequently « is transcendental over Fy(T") by virtue of Theorem 1. ([

6. APPLICATION III: SOME CLASSICAL TRANSCENDENCE CRITERIA

In this section we show that many classical and well-known transcendence criteria
are indeed special case of our criterion Theorem 1, just as promised in [41].

Let K be a fixed field of characteristic p, and let A € K[T] be monic and
irreducible. For each P € K[T|\{0}, we denote by va(P) the greatest integer
n > 0 such that P is divisible by A™ in K[T]. By convention, we put va(0) = +o0.
Then we extend va over K(T) by setting

A (P/Q) = va(P) —va(Q),

for all P,@Q € K[T] with Q # 0, and we call it the A-adic valuation on K(T).
For all P,@ € KI[T] with Q # 0, we define
_ qfvoc(P/Q),

0se(P/Q) = deg(Q) — deg(P), and ‘g‘
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and we call v and || respectively the oo-adic valuation and the co-adic absolute
value on K (T). Finally we denote by K ((T~1!)) the topological completion of K (T')
relative to |-, and we set dega = —v(a), for all « € K((T71)).

Motivated by Wade’s method and some considerations for Diophantine approx-
imation in positive characteristic, B. de Mathan proved in [19] a very powerful
transcendence criterion, which has many interesting applications in the study of
transcendence of formal power series arising from the Carlitz module. Inspired by
this result and automata theory but ignorant of Theorem 8 below, the third author
gave in [38] a series of transcendence criteria, including a particular one, which had
an important application in the study of the automaticity of the partial quotients
of the formal power series of Baum-Sweet.

Much more generally, L. Denis established in [9] the following criterion which also
has many other interesting applications, for example, the proof of the transcendence
of the special values at non-zero rational arguments of the Bessel-Carlitz function.

Theorem 8. Let o € K((T1)). Suppose that there exist two sequences (Py)n>0
and (Qn)n>o0 i K[T]\{0} satisfying the following four conditions:
(1) For all integers n > 1, 3 A, € K[T)] such that Q,, = A, QL _,;
(2) There exist two real numbers ca,c3 > 0 such that for all integers n > 1,
deg(Ay) < cadeg(Any1) + c3;

(3) There exist a real number ¢; > 0 and a sequence (t,)n>0 of real numbers
bounded below by a constant n > 0 such that for all integers n > 0,

A
|@nloe
(4) For every (r+1)-tuple (Ao, ..., ,.) of elements not all zeros in K[T], there

exist an infinite set S of integers n such that
—1

Cp = APy + AN P+ + AN AL - AZ THPq
is different from zero, and for all couple of integers v, T = 0,

deg Cp, + (tn—p — 1) deg Qn
1m
S3n—+00 ty—r(deg Ay, + 1)

= +4-00.

Then o is transcendental over K(T).

The present version of condition (3) corrects a minor error (which did not alter
any applications) in [9].

Proof. Let r > 1 be an integer, and let Ay, ..., A, be elements in K[T] with 4, # 0.
For all integers n > 0, we define

a '—& Pp— Cl
T T Qaly
qj
A;j n>=r),
Z (@2) w=n
Cr = BnQn = APy + AN PL + o+ A A AL AT PT ().

By Condition (2) of Theorem 8, we have for all integers n > 1,
deg A, < codegAyqq + c3,
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from which we deduce immediately, for all integers j > 1,
Jj—1 i
. ) ) 1)J
deg A, < chdegApyj + <Z cé) c3 < chdeg Apyj + @ c3.
i=0 2

Notice also that for all integers n,v (n > v > 0),

v—1 )
q’  _ q’
n—uv Q’ﬂ/ H Anfj'
j=0
So we have

v—1

qv deg Qn—’u = deg Qn - Z qj deg An—j

§=0
v—1 :
e 1)
> degQu -3¢ (cgdegAn " (02“63>
j=0 @
= dean — Ay degAn — by,
where we set
v—1 v—1 .
j (q(c2 + 1))
Ay = c2)?, and b, = — 7 c3.
;(q 2) jgo s 3

Then we obtain

Voo (Qn/Cn Q813 7)

deg Cp, + q"tn— deg Qp oy — deg @,

degCy, + (tn—v — 1) deg Qp, — ty—r(a, deg Ay, + by)

deg Cp, + (tn—vp — 1) deg @, — dytpn—o(deg Ay, + 1),

with d,, = max(a,, by). So we have, by noting that t,_,(degA, +1) > t,,—p 20,

Voo (Qn/CaQB 177
deg Cp, + (tn—y — 1) deg Q,, — dptp—o(deg Ay + 1)
" tn—o(deg Ay + 1)
deg Cp, + (tn—n — 1) deg @y,
tn—o(deg Ay + 1)
Finally by Condition (4) of Theorem 8, we obtain

. q tn—wy __
S3vlzli>n+oo UOO(Q”/CnQn—U ) - +OO’

ARV

=

— nd,.

which is equivalent to say

: @
SBrILliI}Jroo ‘ﬁn| /5n—v = +o00.

So «a is transcendental over K (T'), by virtue of Theorem 1. O

In a manner quite different from that of L. Denis, Y. Hellegouarch [13] obtained
the following criterion which also generalizes the result of B. de Mathan [19].

Theorem 9. Let F, be the finite field with q elements. Let oo € Fo((T1)). Suppose
that there exist two sequences (Pp)n>0 and (Qn)n>0 of non-zero elements in F [T
satisfying the following three conditions:
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(1) For all integers n > 1, there exists A,, € Fy[T] such that Q,, = AnQ?:l,
where (Sp)n>0 s a bounded sequence of positive integers;
(2) There exist some normalized absolute values |-|,, # ||, such that for all

tegers i = 1,
|P" ‘n

(a) limy,— 400 PRSP = 400 and lim,_, 4o |Py|,, =0,
n—i |y
respectively
| Pr/Qnly,

(b) limp— oo Po /i = +oo.
(3) For all integers n > 0, |Qna — Py

(a) For all integers h,k,£ >0,

< &y, where (e,)n>0 satisfies

~Gnpet sng)
H S+1)(n—>—|—oo),

en = 0 (IAnsnl o [Pasel

respectively
(b) For all integers h,k > 1, €, =0 <|An+h|;ok> (n — +00).

Then o is transcendental over Fy(T').

This version corrects some minor errors in [13].

Y. Hellegouarch presented in [13] many interesting applications of his criterion,
in particular a new proof of the result of [26] about the transcendence of the special
values of Carlitz-Goss gamma function at some non-zero rational arguments, proved
initially by automata theory.

Proof. Let r > 1 be an integer, and Ay, ..., A, € F,[T] not all zero. We denote by p
the least integer such that A, # 0. To simplify the notation, we suppose p = 0. The
general case can be proved similarly and directly but with much more complicated
notation. Moreover just like what was explained in the Remark following the proof
of Theorem 1, the general case can also be reduced easily to the special case p =0
with the help of Cartier operators.

For all integers n,i (n > ¢ > 1), define

N(n,i) = 8p+ -+ Sp—it1-

By convention, we set n(n,0) = 0. Since (s, )n>0 is bounded, then there exists an
infinite set S of integers n > r such that the (r + 1)-tuple

(n(n, 0),n(n,1),...,n(n, r))

is equal to a constant (og,01,...,0.).
For each integer n > 0, put
P, 5 €n
Oy 1= —, =
R
ZA (Q ) ;o Chn=0,Qn €Fy[T] (n>7).
n—j

In particular, for all integers n € S, we have

E:A (an>f§

According to the statement of Theorem 9, we should distinguish two cases.
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In Case (a), we obtain, from Condition (2.a) of Theorem 9 and the fact that the
absolute value ||, is bounded on F,[T7], that

P\’
Qndy <an>

for all sufficiently large integers n. Consequently

n(n,35)

max
1<j<r

= max
1<j<r

A Pqn(n 29) HAqn(n 21) < |A0Pn|n

n

Note that the sequence (|Agl,)n>0 only takes a finite number of values, and that
all the absolute values (except the co-adic one) over F,[T] are bounded by 1. Then
by the product formula of absolute values, we can find a constant ¢ > 0 such that

_c
Pal,”

n

for all sufficiently large integers n.
Recall that for all integers n > 0, we have 0, = €,/ |Qn|.,. Then

P,
a— "

Q@n
Now by Condition (3.a) of Theorem 9, we have, for all integers h, k, ¢ > 0,

< O

oo

—(Sptet - sny1)
‘. (|An+h| Prcdl ) (n — +o0).

Hence for all integers v, h, k > 0
Lk _ —n(nw)
s =0 (Ml L1 0 o0)

In particular, by choosing appropriately h, k > 0, we obtain

(n,v) (n,i)
—o<|P| 1H\A‘l”

> (n — 400),

and thus,
qy(n ,v) C
lim inf |6ﬂ(br|“,) —  liminf |@n—vls (‘n:)’b'oo
Son—-+oo 5‘1” S3n——+o00 |Q | qﬂ
nloo En—v
-1
. 1) vl g1
> Cn1—1>r—ir-1c>o Cn—v |P| H|A |<>o
=0
= —o0.

So « is transcendental over Fy(T), by virtue of Theorem 1.
In Case (b), we deduce from Condition (2.b) of Theorem 9 that

n(n,j)
P, \1? P,
4 (Qn ) < ‘Aan
n—j n

for all sufficiently large integers n. Consequently

|Cn‘n = |Qnﬁn|n = ‘AOPHLL 7& 07

max
1<gsr

n
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and C,, # 0. So |Cy|,, = 1, for all sufficiently large integers n. Now for all v > 0,
by choosing approprlately h k > 0 in Condition (3.b) of Theorem 9, we obtain
(n,v) =, )
n(n,v n(n,i
fpy =0 (H A Ioo> (n — +00),
i=0
and thus
n(n v)
lim inf |Bn| > liminf M
Son—+oo 6q7](n V) S3n—+o0 |Q | qn(n )
n—uv Nloo En—v
-1
B ) qn(n,v) ) B
=0
Once again by Theorem 1, we obtain that « is transcendental over F,(T). O

More generally, for a fixed integer » > 1, we denote by A = KI[T1,...,T,/]
the integral domain of polynomials in T7,...,7T,, with coefficients in K, and by
K = K(Ty,...,T,,) the fraction field of A. For all polynomials F' € A, we write
deg F' for the total degree of F', and define, for all P,Q € A with @ # 0,

deg P/Q)) qdengdegQ.

ol

The topological completion of K relative to |-|  is noted Ku

The following result intersects Theorem 1 in [16], and generalizes slightly the
criterion of S. M. Spencer, Jr. (which generalizes in turn Wade’s criterion [33]),
proved by Wade’s method in [24].

Theorem 10. Let (Gn)n>0 be a sequence in A\{0} such that G | G,,11 in A for
all integers n > 0. Let (Bp)n>o0 be a sequence not ultimately zero in A. Suppose
that there exists a sequence of real numbers (dy,)n>0 satisfying

(1) dp — 400 (n — +00),

(2) max(deg Bpn+1,0) < (¢ — 1)hng"™ — dny1q™ ™, for all integers n > 0,

(3) dpner — by + hyu—yr >, for alln = n(r) and r > 1, with n > 0 a constant,

Z
where hy, = deg G,,/q"™ for all integers n > 0. Then the following series

+oo

is transcendental over the field K.

Proof. Let r > 1 be an integer, and Ag,..., A, in A not all zero. Without loss of
generality, we suppose Ay # 0. Indeed if ¢ is the least integer such that A, # 0,
we can study a4 in the place of o by noting that a?” also satisfies the hypotheses
of our theorem. However we can also work directly with «, but the notation will
become much heavier and we should replace Ay by A, everywhere.
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For all integers n > 0, put
n B
An+1 = Gn-‘rl/qup Qn = G’ru Pn = Qn Z —L

Qp 1= Op 1= qv(nJrl)’

@7 J
E:A (Qn])q (n>r).

Then A,41, P, € A, Qn+1 = Ap11Q%, and Q. 0, € A, since G | G471 in A for
all integers n > 0. .
Firstly notice that the above series a converges in K. Indeed for n — +o0,
deg(B,/G,) = degB, —degG, < (¢—1)degG,—1 —dnq¢" — deg G,
< —degGpo1 —dnq" — —00.
So we have |B,, /G|, — 0 (n — +00).
Secondly notice that (hy,)n>0 is increasing since G% | G,,41 for all n > 0.
For all integers n > 1, set v(n) = max(deg B,,0) — deg G,,. Then (v(n))n>o is
ultimately decreasing. Indeed for all large integers n,
vin) —v(n+1) > degGpy1 —degG, — max(deg By+1,0)
> deg Gn+1 - deg Gn - (q - 1) deg Gn + dn+1qn+1
> d +1q"+1 0,

since G4 | Gyy1, deg Byy1 < (¢ — 1) deg Gy, — dp1q™ Y, and d,, 1 — +o0.
As a result, we obtain, for all large integers n,

P, = B
’a - — = Z =z < sup
Qn ) j=n+1 J - jzn+1
Let S be the set of all integers n > r such that 3, # 0. We distinguish below
two different cases.
Case I: the set S is finite. Then 3 p > r such that G, =0 for all n > p, i.e.

B; .
E] < sup qu(]) — qv(n+1) — 5n.
Jlo Jz2ntl

(1) 0= QuBn = AoPu+ AALPY |+t A AN AT PY

For all integers ¢,7 (¢ > j > 1), put

i o
AiJ‘ = HA?L l, and Ai,i+1 =1.

J+1

Then A, ; = Gi/Gj_ " , and we have

degA;; = Z(JFZ (¢'hi — d'hi—1) = ' (hi — hj_1).
=3
—Jj+1

Notice also that we have A;; = A; Aj 1.

Now Relation (1) becomes

for 1 <I<j<.

(2) Z AiAn,n—H-ngii = 07
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from which we obtain AgP,, =0 (mod A,.). So A, = Ay, | AP, for all n > p.
Multiplying both sides of (2) by A{, we get

(3) AFFIP, 4+ ANy (AgPct)" + 3 Ay i1 ALPE =0,
i=2
Hence A, 51 | A(1)+an forall n > p+ 1 since A,,_1 | AgP,—1. Now multiplying
both sides of (3) by Agz, we obtain
2

AT Py b LA (AT P1)® 4 ASALA -1 (Ao Po2)?

3 Ahp i AZTOPE L = 0,
=3

Therefore A, ,,—2 | Aé+q+q2 P, for all n > p + 2, since we have

1+
Ap_1n—2| Ay "Py_1, and Ay | AgPpo.
gt

By induction, we obtain finally A, ,—; | A, " P, for all n > i+ p. In particular,

gn—p+l_q

we obtain A, , | A, ' P, foralln > p. So
gn—p+l_q
H,:=A, ©" P,/A,,<€A.
Note that for all integers n > p + 1,

n—1

n
B; B;
P, =Qn ! =B, Gn J =B, An Gn_ a1 P,_q.
Q ; G, + j}zoj G + A (Gn1) !

Thus we have

B, =P, — AnGZill-Pnfl =P, - G/(Jqf—ll)q"prnAq71 P,_1.

n—1,p

gn—Pt1l_q

Multiplying both sides of this relation by A, ' , we get

7qn_p+171 n—p _ n—
Ay T By = AgH,—AY G AT A H
n—p —1)g" P
= Ay (Ho— a6, ),
Pty
for A, , = AAL_, ,- Therefore A, , | A, ' By,

Let E be the set of all integers n such that B;,, # 0. Then F is infinite and for
all integers n > p+ 1 in E, we have

q’ﬂ*ﬂJrl _ 1

deg B, > degA,,— deg Ag

qg—1

n—p+1 _ 1
= ¢"(hy—hyy) — 2 deg Ao.

However by hypothesis, we also have

deg B, < (¢ — 1)q"*1hn_1 —dnq".
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Consequently we obtain
qn—p+1 -1

1 desdo < (o 1)g" 1 = dpg"

q"(hn = hp-1) =
< ¢"hp-1 —dng”,
which implies immediately
dyp + (hp — hn—1) — hp—1 < deg(Ag) < +oo.

But h, > hpo1 and d, — 400 (n — +00). Thus we arrive at a contradiction.
Hence, Case I cannot hold and S is infinite.
Case II: the set S is infinite. Let 0 < j < r be an integer. For n — 400,

Pv(n—j+1)+degQ,

¢’ [max(deg B,—j+1,0) — deg G—j 1] + deg Gy,

(= Dhn—jq" —dn—j114" ™ =" ha_j1 + ¢"ha,

= " (dnjr1 = o+ hoji1) = (@ = D¢ (hy = hj)

< _qn-l—ln — —00.

N

Therefore, for all integers 0 < j < r, we have

. J . J i deg Q
lim 67 = lim ¢¥v(n—itHdes@n —
n— oo |Qn|oo n=j n—-o0o 4

But deg(Q,0,) = 0 for all integers n € S. So

|ﬂ71:1|oo — +OO,
S3n—+oo §T
n—j
and thus « is transcendental over K by Theorem 1. O

Remark: V. Laohakosol et al. obtained five criteria in [16] by Wade’s method,
which generalizes respectively the five classical results of L. I. Wade [33, 34, 35].
Although apparently all of them are quite different from Theorem 1, they can
however be deduced from the latter. These five results can be divided into two
classes. The first class contains the first, the fourth, and the fifth criterion, of
which all the involved formal power series converge relatively quickly, and thus are
easy to treat. The second class consists of the second, and the third criterion.
This time the formal power series in question converge rather slowly, and thus are
difficult to settle down. Since the underlying ideas are the same and to avoid some
technical and routine verifications, we have only established by Theorem 1 some
special cases (see Theorem 10 and Theorem 7) of the first two criteria in [16], leaving
the reader to check the rest. See also [41] for the last two criteria.
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