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HASSE POLYNOMIALS OF L-FUNCTIONS OF CERTAIN EXPONENTIAL
SUMS

CHAO CHEN

ABSTRACT. In this paper, we focus on computing the higher slope Hasse polynomials
of L-functions of certain exponential sums associated to the following family of Laurent

polynomials f(21,...,Tnt1) = D rq GiTnt1 (xz + %) + Gpy1Tne1 + ﬁlﬂ
a; € Fy, i =1,2,...,n+ 1. We find a simple formula for the Hasse polynomial of
the slope one side and study the irreducibility of these Hasse polynomials. We will also
provide a simple form of all the higher slope Hasse polynomials for n = 3, answering an

open question of Zhang and Feng.

, Where

1. INTRODUCTION

Let IF, be the finite field of ¢ elements with characteristic p. For each positive integer
k, let Fx denote the degree k finite extension of [, and sz denote the set of non-zero
elements in IF,. Assume that ¢, is a fixed primitive p-th root of unity in C. For any Laurent
polynomial f(z1,...,2,) € F [zF", ..., 1], the k-th exponential sum associated to f is
defined by,

Si(f) = gt g =123,

fEiGF;k
where Try : Fr — I, is the trace map. In analytic number theory, it’s a classical problem
to give good estimates for archimedean and non-archimedean sizes of S;(f)(1 < k < c0).
To understand the sequence of exponential sums, we usually evaluate the reciprocal roots
or poles of the associated generating L-functions given by,
L(f,T)=exp | Y Si(H7 | € QGIITI
k=1

Deligne’s theorem on the Riemann hypothesis provides general information about the com-
plex valuations of the zeros and poles. Also it’s well known that the roots and poles of
L*(f,T) are ¢-adic units if £ is a prime distinct from p. So the remaining interesting part is
the p-adic valuation of L*(f,T).

In this paper, we study p-adic estimate for the following family of Laurent polynomials
over IF,, denoted by F:

n
1 1
f(r1, 0.0 20 41) = Z ;i Tpy1 (»Tz + —) Tt Q41 Tny1 +
=1 Ty Tn+1
where a; € F, i =1,2,...,n + 1. Evaluating the generating exponential sum associated

to f € F is vital in analytic number theory. For instance, in Iwaniec’s work [Iwa90] on
small eigenvalues of the Laplace-Beltrami operator acting on automorphic functions with
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respect to ['o(p), he improved the lower bound of eigenvalues conjectured by Selberg via
the estimate for S;(f) (f € F).

For non-degenerate Laurent polynomial f € F with n + 1 variables, the associated
L-function L*(f,T)(=Y" is a polynomial of degree 2"*' by Adolphson-Sperber’s theo-
rem [AS89]. To understand the p-adic arithmetic property of L*(f,T"), we compute the
corresponding Newton polygon of L*(f,T)~1", denoted by NP(f). The computation of
NP(f) turns out to be extremely complicated in general, although a standard lower bound
of the Newton polygon is known. Adolphson and Sperber [AS89]] constructed a certain
combinatorial lower bound called the Hodge polygon, the vertices of which are expressed
in terms of Hodge numbers. Compared to NP(f), the corresponding Hodge polygon is
much easier to compute. So the problem is reduced to determining the shape of Hodge
polygon and when the Newton polygon coincides with the corresponding Hodge polygon.

Let @ = (aq,...,a,+1) denote the coefficients of a non-degenerate Laurent polynomial
f € Fand A,, = A(f) denote the Newton polyhedron of f. Based on Wan’s decomposi-
tion theorem [Wan0O4]], Zhang and Feng [ZF14] computed the Hodge polygon HP(A,,) and
proved that this family F is generically ordinary for any prime p, i.e., there exsits a non-
zero polynomial h,(A,)(d@) € Fylaq, ..., ans1] satistfying: if h,(A,,)(@) # 0, the Newton
polygon of L*(f, T)(=1" coincides with its lower bound HP(A,). In Dwork’s terminology,
hy(Ay)(@) is called a Hasse polynomial which is the main object to study in this paper.

Wan provided a general method to directly calculate the Hasse polynomials [Wan04] but
the method becomes insufficient for higher dimensional Newton polyhedrons. Based on
Wan’s method, Zhang and Feng [ZF14] obtained an explicit formula of Hasse polynomials
in low dimensions, i.e., n < 3. Let h,(A,,, < 1) denote the factor of h,(A,,) satisfying: if
hy(An, < 1) # 0, Newton polygon coincides with HP(A,,) for all sides of slope < 1. We
give an explicit formula for h,(A,, < 1) where n € Z>,.

Theorem 1.1. Let f(x1,...,2,11) € F be a non-degenerate laurent polynomial with
A, = A(f). When n > 2, a Hasse polynomial of slope at most one side can be taken to
be,

21 2us 20, P—1-2(327 ;)
as ta v Gy )
h An <1 >\ 1 2 n+1 .
p( y = )(CL) Z (/UI!UQ!...Un ) ( -1 _2(21 11]2))'

0<v14.. v, <BFE

vl,...vneZzO
Zhang-Feng’s formula for n = 3 case is very complicated that involves the determinant
of a 4 x 4 matrix whose entries are all polynomials. In this paper, we provide a much
simpler formula for the n = 3 case based on Denef-Loeser’s theorem [DL91]] and the
symmetric property of NP(f), which answers an open question of Zhang and Feng [ZF14].

Theorem 1.2. Forn = 3, let f(xy,...,x4) € F be a non-degenerate Laurent polynomial
with A(f) = As. A Hasse polynomial of A3 can be written as,

a%’tﬂ CL%UQ a§v3 ai 1- 2(21 1 vl)
a — B < a — .
W)@ = (B D@ = Y B
0<v1+uptug<zt VL2 P =1

v1,V2,U3€ZL>0

In particular, NP( f)=HP(As3) if and only if h,(A3)(@) # 0(mod p) where @ is the vector
of coefficients of f.
Furthermore, we are interested in the irreducibility of the Hasse polynomials. For n > 3

and p < 7, we proved that the Hasse polynomial h,(A,, < 1)(@) is irreducible over F,.
Based on this fact, we have the following hypothesis of the irreducibility.
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Conjecture 1.3. Let p be an odd prime and n > 3. Then the Hasse polynomial h,(A,,, <
1)(@) is irreducible over T,

This paper is organized as follows. In section 2, we review some basic definitions, tech-
nical theorems and relevant results including Dwork’s trace formula, Wan’s decomposition
theory and Zhang-Feng’s results. In section 3, we rigorously prove the two theorems con-
cerning explicit formulas of the Hasse polynomials. In section 4, we study the irreducibility
of the Hasse polynomials and provide some open problems.

2. PRELIMINARY

2.1. Rationality of the generating L-function. Let p be a prime and ¢ = p* for some
positive integer a. Let I, be the finite field of ¢ elements with characteristic p and [

denote the degree k finite extension of IF,. For any Laurent polynomial f(xq,...,x,) €
F, [z7!, ..., 2], we define the associated k-th exponential sum as follows,
Si(f) = Y S k=123,
IiGF:k

where (,, is a fixed primitive p-th root of unity in C and Try denotes the trace map from [F »
to If,,.

In analytic number theory, it’s a classical problem to give a good estimate for |S;(f)|. In
order to obtain the absolute values of the exponential sums, we usually study the generating
L-functions. For a Laurent polynomial f € [F, [zF, ..., 2}, the generating L-function is
defined to be,

k

L'(J.T) = exp (Z s;:<f>%) € QG)IT)

By a theorem of Dwork-Bombieri-Grothendieck [Dwo062,Gro68], the generating L-function
is a rational function,

H?il(l —a;T)
12,1 —8T)

where all the reciprocal roots and zeros are non-zero algebraic integers. After taking loga-
rithmic derivatives, we have the formula,

Si) =38 -3 "ak, k=1,23,...

j=1 i=1

L (f,T) =

The formula implies that the zeros and poles of the generating L-function contain critical
information of the exponential sums.

From Deligne’s theorem on Riemann hypothesis [Del80]], the complex absolute values
of reciprocal zeros and poles are bounded as follows,

lai| = /2,185 = ¢%/*,u; € ZN[0,2n],v; € ZN 0, 2n)].

Restricting to non-degenerate Laurent polynomials, Adolphson and Sperber [AS89] showed
that the associated L-function L*(f,7)-V""" is a polynomial of degree n!Vol(A). Here
Vol(A) is the volume of the Newton polyhedron of f and the precise definition of Newton
polyhedron will be given in the next subsection. They also got a sharper estimate for the
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archimedean size of the reciprocal zeros, i.e.,
n!Vol(A) n!Vol(A)
run™ = 3 awr= I a-an),
i=1
where A;(f) € Z[(,] and |a;| < ¢" / 2. For non-archimedean values, Deligne [Del80]
proved that |o; |, = |B;|¢ = 1 when ( is a prime and ¢ # p. So the remaining interesting
part is the p-adic absolute value which will be studied in this paper.

For non-degenerate Laurent polynomials, Adolphson and Sperber proved that the as-
sociated L-function L*(f, T)"V""" is a polynomial over Z[(,]. If we want to calculate
p-adic absolute value of the reciprocal roots of a polynomial, it’s equivalent to determine
its Newton polygon. Adolphson and Sperber [AS89] proved that the Newton polygon
of the associated L-function of a non-degenerate Laurent polynomial lies above a certain
topological or combinatorial lower bound called Hodge polygon and denoted by HP(A)
which depends only on the Newton polyhedron A and is easier to compute. We reduce
the problem to determining the shape of Hodge polygon and when the Newton polygon
coincides with the corresponding Hodge polygon.

2.2. Newton polygon and Hodge polygon. Let f(xy,...x,) = Z}']:1 a;z"7 be a Laurent
polynomial with a; € F; and V; = (vyj,...,vs;) € Z". The Newton polyhedron of f,
denoted by A(f), is defined to be the convex closure in R" generated by the origin and
the lattice points V; (1 < j < J). If 6 denotes a subset of A(f), then the restriction of f
to 6 is defined to be f° = Zvj s a;x"7. Generally, we require Laurent polynomials to be
non-degenerate defined as follows.

Definition 2.1. A Laurent polynomial f is called non-degenerate if for each closed face d

of A(f) of arbitrary dimension which doesn’t contain the origin, the n partial derivatives,
afe
8—x1, ceey ax

For any non-degenerate Laurent polynomial f in n variables, Adolphson and Sperber’s
theorem [AS89]] shows that the associated L-function is of the following form,
n!Vol(A) nIVol(A)

L*(f,7)" Z AHT = J[ (- aT)

i=1

} have no common zeros with 1 . .. x,, # 0 over F,,.

where A;(f) € Z[(,) and |a;| < ¢™/2. Deligne’s integrality theorem implies that the p-adic
absolute values of reciprocal roots are given by |a;|, = ¢~"* where r; € Q N [0,n]. For
simplicity, we normalize p-adic absolute value to be |¢|, = g~ . We can use g-adic Newton
polygon to get more information of the g-adic absolute values of zeros since the shape of
Newton polygon will provide the valuation information of all the reciprocal roots of the
polynomial. Define the g-adic Newton polygon as follows.

Definition 2.2. Let g(T) = Y1 b;T" € 1+ TQ,[T) where Q,, is the algebraic closure of
Q,. The g-adic Newton polygon of g(T') is defined to be the lower convex closure of the set
of points {(k,ord,(by))|k = 0,1,...,n} in R2

Here ord, denotes the standard g-adic ordinal on @p where the valuation is normalized
to be ord,(¢) = 1. The following lemma [Kob84] relates the g-adic Newton polygon to
g-adic valuation of reciprocal roots.

Lemma 2.3. In the above notation, let g(T') = (1—a;T) ... (1—a,T) be the factorization
of g(T') in terms of reciprocal roots o; € Q. Let \; = ord ;. If X is a slope of the q-adic
Newton polygon with horizontal length |, then precisely | of the \; are equal to \.
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For a given Laurent polynomial f in n variables, let NP(f) denote the g-adic Newton
polygon of L*(f,T)-V""" and let A denote the Newton polyhedron A(f) € R". Define
C'(A) to be the cone generated by A in R™. For any point u € R", the weight function w(u)
is defined to be the smallest non-negative real number ¢ such that u € ¢A and w(u) = oo
if such ¢ doesn’t exist. Generally we have w(Z") C ﬁZZO U {400}, where D = D(A)
is the least common multiple of denominators of weights of lattice points on all the co-
dimentional 1 faces of A. Let

Wath) = # {u € 2w - 5 }

be the number of lattice points in Z" with weight &£/ D. Then define the Hodge polygon of
a given polyhedron A as follows.

Definition 2.4. The Hodge polygon HP(A) of A is the lower convex polygon in R? with
vertices (0,0) and

k k
1
Pk:<§ HA(m)’E E mHA(m)>,k:O,1,...,nD

where Ha(k) = Y1 o(=1)'(")Wa(k —iD), k=0,1,...,nD.

That is, HP(A) is a polygon starting from origin (0,0) with a slope k/D side of
horizontal length HA (k) for k = 0,1,...,nD. The vertex Py is called a break point if
Ha(k+1) #0wherek=1,2,...,nD — 1.

Here the horizontal length H (k) represents the number of lattice points of weight k/D
in a certain fundamental domain corresponding to a basis of the p-adic cohomology space
used to compute the L-function. Adolphson and Sperber [AS89] proved that Hx (k) coin-
cides with the usual Hodge number in the toric hypersurface case in which case D = 1.
Thus this lower bound is called the Hodge polygon.

2.3. Hasse domain and Hasse polynomial. For a fixed n-dimensional integral polytope
A C R" containing origin, let NV,(A) be the parameter space of Laurent polynomials g
defined over F, with A(g) = A. Then N, (A) is a smooth affine variety over F,. Let
M, (A) be the subset of NV,(A) consisting of all non-degenerate Laurent polynomials. By
the definition of non-degeneracy, M, (A) is a Zariski open smooth affine subset of N,(A)
which is the complement of a certain discriminant locus. Also M, (A) is non-empty for
p sufficiently large, i,e, p > n!Vol(A). Then it’s natural to consider how Newton polygon
NP(f) varies as f varies in M, (A). Grothendieck specialization theorem [Wan0O] implies
there is a lower bound for the Newton polygon of L*(f,T)"1""" for f € M,(A) and
the lower bound is attained for polynomials in some Zariski open dense subset of M,,(A).
Define the generic Newton polygon to be

GNP(A,p) = fier/l\ftp NP(f).
Based on Adolphson and Sperber’s theorem [AS89], we have the following inequalities.
Proposition 2.5. For every prime p and | € M,(A), we have
NP(f) > GNP(A,p) > HP(A).
Furthermore, the endpoints of NP(f) and NP(A) coincide.

Definition 2.6. A Laurent polynomial f is called ordinary if NP(f) = HP(A). The family
M, (A) is called generically ordinary if GNP(A, p)=HP(A).
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Let H,(A) = {g € M,(A)[NP(g) = HP(A)} be the subset of M,(A) contain-
ing non-degenerate ordinary Laurent polynomials, which is called the Hasse domain in
Dwork’s terminology. Similarly, let H,(A, < k) = {9 € M,(A)| NP(g) = HP(A) for
all sides of slopes < k/D} and H,(A, k) = {g € M,(A)|NP(g) = HP(A) for the slope
k/D side}. It’s easy to check that #,(A), H,(A, < k) and H,(A, k) are Zariski-open sub-
sets of M,,(A) (possibly empty). A basic question is whether 7,(A) is empty or not. If
H,(A) = @, then GNP(A, p) > HP(A) which implies M,,(A) is not generically ordinary.
In this case, every Laurent polynomial in M,,(A) is not ordinary.

Let @ denote the coefficients of f € M, (A). If H,(A) is not empty, there exists a non-
zero polynomial h,(A)(@) € F,ld] such that if the coefficients of f € M, (A) satisfying
hy(A)(@) # 0, then NP(f) = HP(A). So we have the following proposition.

Proposition 2.7. If H,(A) is not empty, then H,(A) is Zariski dense in M,(A) and the
complement of H,(A) is a hypersurface determined by a non-zero polynomial h,(A) over
IF, which is called a Hasse polynomial with respect to A.

Similarly, let h,(A, k) be a Hasse polynomial of slope k/D side and let h,(A, < k)
be a Hasse polynomial of all sides with slope < k/D. For a non-degenerate Laurent
polynomial f with A(f) = A, Hasse polynomials determine the amount of coincidence
between NP(f) and HP(A).

2.4. Dwork’s trace formula. Let p be a prime and ¢ = p® for some positive integer a. Let
Q, be the field of p-adic numbers and €2 be the completion of Q,. Pick a fixed primitive
p-th root of unity in €2, denoted by (,. In Q,((,), choose a fixed element 7 satistying

o0

p™ 1
ZL =0 and ord,m = ——.
" p—1

m=0

By Krasner’s lemma, it’s easy to check Q,(7) = @,((,). Let K be an unramified extension
of Q, of degree a and (2, be the compositum of Q,(¢,) and K.

/\
\/—1

Lift the Frobenius automorphism = — 2 of Gal(F,/IF,) to a generator 7 of Gal(K/Q,)
and extend it to €2, by requiring 7(7) = 7. For the primitive (¢ — 1)-th root of unity (,_1,
we have 7((,-1) = (/.

Let £,(t) be the Artin-Hasse exponential series:

E,(t) = exp <i Z—:) = i Amt™.
m=0

m=0

Based on Dwork’s lemma, it’s easy to check that the coefficients of E,(¢) are p-adic inte-
gers, i.e., E,(t) € Z,[[z]]. After simple calculation, we have

\ _{;., if0<m<p—1,

m,—|— (mp) ifp<m<2p—1.
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In Dwork’s terminology, a splitting function 6(¢) is defined to be,
0(t) = E(rt) = > Apm™t™,
m=0

Note that 6(1) is a primitive p-th root of unity that can be identified with ¢, in 2.

Consider a Laurent polynomial f € F, [z, 25!, . .., z2!] given by

rn
J
N " Y
f—g a;x’?
Jj=1

where V; € Z" and a; € F;. Let a; be the Teichmiiller lifting of a; in (2 satisfying af = a;.
Let

J
F(f.0) = [Jolase™) = 3 Byt
Jj=1 rezZn
with coefficients given by
J
2.1 F.(f) = Z(H )\uja;fj)ﬂm-f—...-&-uJ
u j=1

where the sum is over all the solutions of the following linear system

J
ZU]“/]' =T U € ZZO
j=1
and ), is m-th coefficient of the Artin-Hasse exponential series F,(?).
Let A be the Newton polyhedron of f and L(A) = Z"NC(A) be the set of lattice points
in the closed cone generated by origin and A. Recall that for a given point » € R", the
weight function is defined to be

J J
w(r) := inf {Zuj\ ZUJVJ =7, u; € R>0} :
[

Then let A;(f) be an infinite matrix whose rows and columns are indexed by the lattice
points in L(A) with respect to the weights:

(22) Al (f) = (ar,s(f)) = (Fpsfr<f)7TW(T)7W(S)>

where 7, s € L(A). In Dwork’s terminology, A; (f) is called the infinite semilinear Frobe-
nius matrix.

By Dwork’s trace formula, we can identify the associated L-function with a product of
Fredholm determinants,

L(f,7)" =[] det (1 - Tq"Aa(f))(fl)i(?)
i=0
where A,(f) = A; A7 --- AT""" is the infinite linear Frobenius matrix.

Based on the fact that ord, F,.(f) > z:frl) , we have the estimate

w(ps —r) +w(r) —w(s)
p—1

ord,(ars(f)) = > w(s).
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Let £ be an element in (2 satisfying ¢¥ = 7P~1. Then A, (f) can be written in the following
block form,

Ao Ao - 52:1401'

A A - Ay
A(f) = f R E

A A - Ay

where the block Aj; is a p-adic integral Wa (i) x Wa (i) matrix and Wa (i) = #{u €
Z'w(u) = 5}

Definition 2.8. Let P(A) be a polygon in R? with vertices (0,0) and

k k
Ll
(; Wa(i), & ;ZWA@)> L k=0,1,2,...

Generally, P(A) is identified with the chain level version of Hodge bound which is the
lower bound of the Newton polygon. Based on the block form of A;(f), we have the
following result.

Proposition 2.9. Let f be a Laurent polynomial with A(f) = A, then

(1) The p-adic Newton polygon of det(I — T'A;(f)) lies above P(A).
(2) The g-adic Newton polygon of det(I — T'A,(f)) lies above P(A).

2.5. General method for computing Hasse polynomials. In this subsection, we use the
same notations as the previous subsection and provide a standard way to compute a Hasse
polynomial which represents the ordinary property of a given non-degenerate Laurent poly-
nomial. The following theorem relates the ordinary property of f to the p-adic Newton
polygon of det(I — T A;(f)).

Theorem 2.10 ( [WanO4])). Let f be a Laurent polynomial of n variables with A = A(f).
Assume that the L-function L*(f, T)"V""" is a polynomial. Then
(1) NP(f) = HP(A) if and only if the q-adic Newton polygon of det(I — T A,(f))
coincides with its lower bound P(A) if and only if the p-adic Newton polygon of
det(I — T Ay(f)) coincides with its lower bound P(A).
(2) NP(f) coincides with HP(A) for all sides with slopes < k/D if and only if the
p-adic Newton polygon of det(I — T'A1(f)) computed with respect to p coincides
with P(A) for the sides with slopes < k/D.

Recall that the Hasse domain #H,(A) = {g € M,(A)|NP(g) = HP(A)} is a Zariski
open subset of M, (A). If H,(A) is not empty, its complement is a hypersurface de-
termined by Hasse polynomial h,(A). Similarly, h,(A, k) defines the complement of
Hy(A k) = {g € M,(A)|NP(g) = HP(A) for slope-k/D side}. Let det(I — A;(f))
=> 0 ¢;T7. Newton polygon of det(I — A;(f)) computed with respect to p is the lower
convex closure of {(j,ord,(c;)) | K =0,1,...}. Let (4, P(4, 7)) be a point on P(A) for
J € Z>o. By Proposition , we have ord,(c;) > P(A,j). Let j' = Zf:o Wa(i). From
the block form of A;(f), it’s easy to check that

AOO AOI e AOk

A.l() A.11 T ‘A.lk + 51—1—2;6:0 iWa(i) | U

le = ng:o ZWA(Z)det j

AkO Akl Akk
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where u; is a p-adic integer and ¥ = —p. So ord,(c;) > & Z?:o iWa(i) = P(A,j)
and ord,(c; ) = P(A, j') if and only if

AOO AOI e AOk
Ay Ay - A

2.3) ho(A k) i=det | 0 T 120 mod p.
AkO Akl T Akk

Consequently, we have the following formula for computing the Hasse polynomial,

nD
(2.4) hp(A) =[] hw(A B).
k=0

2.6. Wan’s facial decomposition theorem and Zhang-Feng’s result. Wan develops some
decomposition theorems to simplify the computation by decomposing the polyhedron A
to small pieces [Wan04]. We will use the following facial decomposition to compute the
Hasse polynomial.

Theorem 2.11 (Facial Decomposition Theorem [Wan93|]). Let f be a non-degenerate Lau-
rent polynomial over F,. Assume A(f) = A is n-dimensional and 1, . .., 0y, are all the
co-dimension 1 faces of A\ which don’t contain the origin. Let f% denote the restriction of
f to 6;. Then f is ordinary if and only if f% is ordinary for 1 < i < h.

Moreover for positive integer k, the Newton polygon of det(I —T'A1(f)) coincides with
its lower bound at the k-th vertex if and only if the Newton polygon of det(I —T A, (d;, %))
coincides with its lower bound at the k-th vertex forv =1, ..., h.

Consider the following family of Laurent polynomials over finite field F:

1

Tn41

- 1
f(@e, . ) = 21 @i Tp41 (Iz + $_1> + Apy1Tpy1 +
where a; € F}, i = 1,2,...,n 4 1. Then A(f) is a polyhedron in R"™" and let A, =
A(f). Based on Wan’s decomposition theorem [Wan93], Zhang and Feng [ZF14] gave the
following results.

Theorem 2.12 ( [ZF14]). Let f be a Laurent polynomial in that family with A,, = A(f).

(1) Then f is non-degenerate if and only if +2a, + 2as ... £ 2a, + a, 11 # 0, i.e.,
My(An) ={a € Fpttay - - angr [T(£201 £+ 205 . .. £ 2a, + ans1) # 0}

(2) If f € M,(A,), the associated L-function L*(f,T) V" is a polynomial of degree
2t e, (n+ 1)IVol(A,) = 2"+,

(3) The Hodge polygon HP(A,) is a lower convex polygon in R? with vertices (0,0)

and
b n+1 F n+1
E E =0,1,... 1
( ( m )7 m( m ))71{: 07 b ?n+ )

m=0 m=0

i.e., D=1and Hp,(m) = ("Zl)form =0,1,...,n+ 1L
That is, the Hodge polygon HP(A,) € R? consists of n + 2 line segments
starting from initial point (0,0) and has sides of increasing slopes, i.e., the j-th

segment has slope 7 — 1 with horizontal length (?fll) j=1...,n+2.
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(4) This family is generically ordinary for any prime p, i.e., there exsits a non-zero
polynomial h,(A,)(d@) € Fplay, ..., ant1] satisfying: if hy,(A,)(d@) # 0, the New-
ton polygon of L*(f,T) V" coincides with its lower bound HP(A,,).

Theorem 2.13 ( [ZF14]). Notations as above.

(1) When n = 2, a Hasse polynomial can be taken to be
2111 2uy p—1—2(vi4wv2)

hy(A2)(ay, as, az) = Z (v110))2 (; — ?i —2(v1 + v9))!

0<v +v2 <251
v1,v2€Z>0

where d = (a1, az, as) € M,(Ay).
(2) When n = 3, a Hasse polynomial can be taken to be
201 2vg 2v3 ap—1—2(v1+v2+v3)

h(As)(@) =T@ Y T

o) 1
0<vi+vptvs< 2t <U1 e ) (p 2(1)1 e U3))

v1,v2,03€ZL>0

where d = (a1, as, as, as) € My(A3) and T'(@) is the determinant of a 4 x 4 matrix
whose entries are all polynomials.

3. PROOF OF MAIN THEOREMS
In this section, we give the proof of our main theorem.

Theorem 3.1. For n > 2. Let f be a non-degenerate laurent polynomial defined as

1
f($17-~~7$n+1 Za Tn+1 (%

Tn+1
where a; € F},i=1,2,...,n+ 1. ForAn = A(f), we have

1
) + Gp41Tpe1 +

Z

G.1)
201 202 v, P—1=2(301, vi)
aiay’”? .. atra
hy(An, < 1)(@) = > L2 n_ntl
p(&n, < 1)(@) (vilvg! o v )2(p—1=2(vy + 2+ ...+ v,))!

0<v14. Fvp <BFE
’Ul,n-UnEZZo

where @ = (a1, ..., an+1) € My(A,).

Proof. 1f we restrict f to the co-dimensional 1 face d, : x,, 11 = 1, we will get the following
new Laurent polynomial

“ 1
g=1rf flxr, . o Tpsa) E ;T (% + -

) + Ap1Tn41

i=1 '

From Theorem [2.11] and Zhang-Feng’s calculation [ZF14]], we know that f is ordinary if
and only if ¢ is ordinary, i.e., NP(f) coincides with its lower bound at the k-th vertex if and
only if NP(g) coincides with its lower bound at the k-th vertex.

Let A, A(f) and A}, = A(g). To obtain h,(A,, < 1), it suffices to compute
hy(AL, < 1) From formula (2.1 - and 2.3),
Ao Am

hy(A],, < 1) = hy(A],,1) = det (Am A11> mod p.

where Agg = 1 and Ayp = (0,0,...,0)”. So h,(Al,< 1) = detA;; mod p. Based on
Zhang and Feng’s calculation [ZF14]], Wa, (1) = 2n + 1. So Ay, is a matrix of size (2n +
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1) x (2n+1). For simplicity, we enumerate the vertices of A/ . Let V; = (1,0,0,...,0,1),
Vo = (-1,0,0,...,0,1), V3 = (0,1,0,...,0,1), ..., Vo, = (0,0,...,0,—1,1), Vo, 1 =
(0,0,...,0,1). If the vertices are suitably arranged, A;; is a lower triangular matrix of the
following form,

VY2n+1 ‘/1 ‘/2 e VVQn
Vont1 * 0 0o - 0
Vi * * 0 .- 0
Ap= V2 * Kook e 0 = (bij)1<ij<on+1-
So hy(Al,<1) =detA;; mod p= ]_[2”+1 bgr, mod p. By formula and 1}

1
b1 = ;F(O,...,O,p—l)(g)
1 1 1 2u1 v, P—1-2(327_; i)

_ Z .. ai’t...a"a
0<v1+... v, <BSE (Ul!)Q (Un!)Q (p -1- 2(2?:1 Ui))' ! " i
hS T UnS 5
U1,v2,...vn€Z2§

and

1 —1 o Q.
a? if 1 = 2k,
(3.2) b= @D E
- 1)% if1 =2k +1,

where 1 < k < n. Since a; € F* and ord ((p 1),) = 0, we can conclude b;;(i > 2) are
trivial factors for the Hasse polynomlal So we proved the following equation,

hp(Ana S 1) = hP(A,m S 1)
2 \2 2 2y 2 20, P—1=2(327 vi)
= ) NN, LX Ny eaias” L alha) 2imav
0SZ?:1U7;SP%
'Ul,’U27---’Un€ZZO

2v1 2vg vy, P—1-2( ?:1111')
1 1 aj'ay”...a)ma,

= Wi)2 " ()2 (p—1—=2(v1 + ... +vp))!

n o p—1
0370 vt
V1,V2,...Un€Z >0

O

In the second part of this section, we will give a formula of the Hasse polynomial &, (As3)
which is much simpler compared to Zhang and Feng’s result [ZF14], stated in Theorem
[2.13] Before proving the formula, we introduce a lemma which will be used in the proof.
This lemma follows from Denef-Loeser’s weight formula [DL91].

Lemma 3.2. Let f € F [z}, ... xt'] be a non-degenerate Laurent polynomial. Assume
that the Newton polyhedron of f is an n-dimensional polytope in R", denoted by A. If the
origin is an interior point of A, then the associated L-function is purely of weight n, i.e.,

n!Vol(A)

(0" = J[ 1-aT)

i=1

where |o;| = ¢"%,i=0,1,...,n!Vol(A).
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Then we have the following formula based on the symmetric property of the Newton
polygons of L-functions derived from Lemma[3.2]

Theorem 3.3. Forn = 3, let f(x1,...,x4) € F be a non-degenerate Laurent polynomial
with Ag = A(f). A Hasse polynomial of A3 can be written as,

a%ulagvg a§v3 ai—1—2(25’:1 ;)
hp(A3)(@) = hy(Az, < 1)(@) =
P P Z (v1lvglug!)2(p — 1 — 2(2?:1 v;))!

0<v1 v vs< St
v1,V2,V3€Z>0

where @ = (ay, az, ag, ag) € My(As3).
In particular, NP( f)=HP(A3) if and only if h,(A3, < 1)(a@) # 0(mod p) where d is the
vector of coefficients of f.

Proof. When n = 3, the non-degenerate Laurent polynomial is given by

3
1 1
f(x1, 20, 3, 24) = ;%374 <l’z + x_) + asr4 + T

[ 4

where a; € Fj,i = 1,2, 3,4. From Theorem , HP(A) has 6 vertices (0,0), (1,0), (5,4),
(11,16), (15, 28) and (16, 32).

(16, 32)
(]

30
(15, 28)
()

25

20

(11, 16)
[

-5 0 5 10 15 20

FIGURE 1. Hodge polygon HP(As3)

We know that NP( f) coincides with HP(A) at the k-th vertex if and only if NP(g) coincides
with HP(A') at the k-th vertex. In addition, h,(A’,0) = detAyy = 1 # 0(mod p) which
shows that NP(g) always pass through (1,0). So NP(f) coincides with HP(A) at the first
break point (1,0).

We claim that NP(f) is symmetric, i.e., if NP(f) has a side of a slope s with the

Similar to the proof of Theorem letg =" | airy(2;+ L) +aszgand A = A(g).
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horizontal length [, if and only if it has a side of slope n 4+ 1 — s with the same horizontal
length /5, s =0,1,...,n 4+ 1. Recall that

L(1.T) = esp(Y Si() )

where S;(f) =" Trf(T1nit) Thep

L'(=f,T) = exp (Z s;‘(—f)%k) = (AT,

By Lemma 3.2, this family of L-functions is purely of weight n + 1, i.e.,

2n+1

L(f0) " = 110 - a1

=1
where |o;| = ¢™+1/2. So we have

27L+1 2n+1

(-1 = [[a-ar) =[] (1 - qle) .

i=1 =1

From Lemma 1.3, we know that NP( f) has a line segment of slope s with horizontal length
ls if and only if NP(— f) has a line segment of slope n + 1 — s with length /. In addition,
it’s easy to check that NP(f)=NP(—f). Consequently, we have the symmetric property:
NP(f) has a side of slope s with the horizontal length [ if and only if it also has a side of
slope n + 1 — s with the same horizontal length [,.

Since NP(f) is symmetric, NP(f) coincides with HP(A) at the k-th vertex if and only
if they coincide at the (n + 1 — k)-th vertex. For n = 3, NP(f) and HP(A) share the same
end points (0,0) and (16,32). As proved in Theorem 3.1, we know that NP(f) matches
HP(A) at point (1,0). By the symmetric property of NP(f), (15,28) is a also break point
on NP(f). So NP(f)=HP(A) if and only if NP(f) passes through (5,4) if and only if
hp(A, < 1) £ O(mod p).

0J

4. IRREDUCIBILITY OF HASSE POLYNOMIAL AND OPEN PROBLEMS

In this section, we focus on the irreducibility of h,(A,, < 1). Recall that a Laurent
polynomial f is defined as

- 1 1
flxr, o o) = E AiTpy1 (xz + —> + p41Tpy1 +
=1 X Tn+1
where a; € Fi, i =1,2,...,n+ 1. Let A, = A(f). From previous sections, we know

its Hasse polynomial of slope one side h,(A,, < 1) for n > 2 is given by the following
formula,

2v1 ,2v2 U, p—1-2(37 vi)
ai™az” .. azma
BAn<h = % 1 % On O
p(An, < 1) (vilve! v 2(p—1 =200, wi)!

0<vr 4. v <ESE
vl,...anZZO

To study the irreducibility of a polynomial, we first consider the following lemma.
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Lemma 4.1. Assume n > 3. Let P" denote the projective n-space over I?p and H be zero
locus of a homogeneous polynomial h in P", i.e., H = Z(h). Let Sing(H) denote the set
of singular points of H. If dim(Sing(H ))< n — 3, then h is irreducible over IF,.

Proof. We give a simple proof by contradiction. Assume A is reducible and h = hiho
where hy, hy € Fy[z1, ..., 2,41]. To get Sing(H), we compute

oh  Ohy Ohs
wherei = 1,2,...,n+ 1. So Z(hy, hs) C Sing(H). Combining dim(Z(hq, he)) > n — 2
and dim(Sing(H))< n — 3, we have n — 2 < dim(Z(hy, h2)) < n — 3 which leads to a
contraction. m

ha

Let’s first compute p = 3,5 and 7 as three simple examples.

Example 4.2. For p = 3, we have h3(A,,< 1) = af +aj + ... + a2 + ja2 ;. Since
Sing(H) = @ inP", h3(A,, < 1) = a? + a} + ...+ a’ + 1a?,, is irreducible over F; for
n > 2.

Example 4.3. Suppose p = 5 and n > 2. Then hs(A,,, < 1) is irreducible over Fs.

Proof. When 4n + 1 # 0 mod 5, Sing(H )= in P" which means hs(A,, < 1) is irre-

ducible. When 4n + 1 = 0 mod 5, we have Sing(hs(A,, < 1))={[2:2:...:2:1]}. In
this case, n > 5 and dim(Sing(H))= 0 < n — 3. By the previous lemma, h5(A,, < 1) is
irreducible F5. O

Example 4.4. For p = 7and n > 3, hy(A,, < 1) is irreducible over F.

Proof. Since h7(A,,, < 1) is very complicated, we first consider n = 3 and then generalize
ton > 3. In P3, it’s easy to check that Sing(h7(As, < 1))={[a; : as : a3 : a4] |2a7 =
203 = 2a3 = a2} U{[0:0: a3 : as]lda? = a2} U{[0 : ag : 0 : a4] |[4a3 = a3} U
{laz : 0 : 0 : a4]|4a? = a3}. So dim(Sing(H))= 0 < n — 3 for n = 3 which means
h7(As, < 1) is irreducible over F-.

For n > 3, we prove by contradiction. Assume n > 4, then we have h;(A,, < 1) =
hn(ay,as, as, ag) mod(as, ..., any1). If hy(A,, < 1) is reducible over Fr, i.e., hy(A,, <
1) = gnln, then h,, = gul, mod(as, . . ., a,,1) which means h,, is reducible. From formula
(3.1), h7(An, < 1) = hy(As, < 1) mod(as, . .., apy1). Since hr(As, < 1) is proved to be
irreducible over [F;, this leads to a contradiction. O

Based on these examples, we give our hypothesis.

Conjecture 4.5. Assume n > 3. Let p be an odd prime and f be a Laurent polynomial in
that family with A,, = A(f). The Hasse polynomial of the slope one side h,(A,, < 1) is
irreducible over IF),

To prove the conjecture, it’s sufficient to check if h,(Asz, < 1)() is irreducible over F,.
For the proving of the conjecture, we leave it as an open problem.
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