p-ADIC AND COMBINATORIAL PROPERTIES OF MODULAR FORM
COEFFICIENTS

PO-RU LOH AND ROBERT C. RHOADES

ABSTRACT. For two particular classes of elliptic curves, we establish congruences relating the
coefficients of their corresponding modular forms to combinatorial objects. These congruences
resemble a supercongruence for the Apéry numbers conjectured by Beukers and proved by Ahlgren
and Ono in [AO00]. We also consider the trace Trar(I'o(IN),n) of the Hecke operator T}, acting
on the space of cusp forms Sy (I'o(N)). We show that for (n, N) = 1, these traces interpolate
p-adically in the weight aspect.

1. INTRODUCTION AND STATEMENT OF RESULTS

In 1987, Beukers proved a congruence relating the combinatorially defined Apéry numbers (used
in Apéry’s proof of the irrationality of {(3)) to the coefficients of a weight 4 cusp form over T'y(8).
More precisely, define a(n) for n > 1 by

(1.1) f(z) = am)g" =q [J (1 - Q- q"™)",

2miz

. For each n > 1, define the Apéry number

£ (7))

=0

where ¢ := e

Beukers proved that for every odd prime p,

(1.2) A (10;1> =a(p) (mod p),

and further conjectured that this congruence continues to hold modulo p? [Beu87]. This conjecture
was proven in 2000 by Ahlgren and Ono by relating the coefficients a(p) to the number of points on a
certain Calabi-Yau threefold (over F),), expressing this number in terms of a Gaussian hypergeometric
series, and applying p-adic analysis to relate this series to the Apéry number A(p%l) [AO00].

A natural generalization of Beukers’ congruence is to begin with coefficients of other modular
forms, such as the form

(1.3) D e(n)g" = q JJ(1 = ¢")?(1 - ¢*")? € S2(T'0(32)),

Q

and to try to find combinatorial objects C(n) such that

C (p;l> (mod p?)

c(p)
for all primes p > 3.
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While the g-series in (1.3) may appear rather unexceptional, the coefficients of the modular form
so defined are intimately related to the elliptic curve

E: y?*=2°—2a.
Indeed, for primes p > 3, if we define
N(p):==#{(z.y) € Fp:y* =2’ —a} +1,
so that N(p) counts the number of points on E over F, (including the point at infinity), then one
can show that
c(p)=p+1-N(p).

Computing the first few coefficients of the g-series,

Zc(n)q" =q—2q5—3q9+6q13+2q17—q25—10q29—2q37+--- ’

n=1

we compare with the numbers N(p) in Table 1 below.

TABLE 1. Comparison of ¢(p) and N(p) for p < 40.

» |3 5 7 11 13 17 19 23 29 31 37
|0 -2 0 0 6 2 0 0 —10 0 -2
N(p) |4 8 8 12 8 16 20 24 40 32 40

In fact, the above relation is a special case of the following general phenomenon. Define the
Legendre family of elliptic curves

2B1(N): yP =a(e - 1)(z - A)
for integers A # 0, 1. (The curve E considered above corresponds to A = —1.) Letting
2Ni(piA) = #{(2,y) € Fp 1 y® =z — 1)(z = M)} +1
denote the number of points on the reduction of 5 F1(A) modulo p, we define
2a1(p; A) == p+ 1 —2N1(p; A).

Using the Hecke multiplicative relations, we may extend this definition to sa;(n; \) for all n > 1.
Then it is a consequence of a theorem of Diamond and Kramer [DK95] that

(1.4) frlg) = 2a1(n; N)g"

n=1

is a modular form. Their result, in turn, is a special case of the modularity of elliptic curves,
proven through the combined work of Breuil, Conrad, Diamond, Taylor, and Wiles ([TW95], [Wil95],
[BCDTO1], [CDT99)).

Now let ¢ denote the Legendre character modulo p, and let

1 1
1. Hy =14+ +—
(1.5) tg et

denote the n'® harmonic number. We will prove the following Beukers-like congruences.
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Theorem 1.1. Ifp > 5 is prime and A # 0,1 is an integer, then

ar N =00+ 0D (T ) () (142 (e - 1)) Gnoa ),
=0

Remark. When considered only modulo p, this congruence takes the simpler form

(16) () = 6(-1) 3 (+ /) (”2.1)<—A>J‘ (1mod p).

S\ J

Compare (1.6) to the congruence (1.2) of Beukers; both relate modular form coefficients to similar
binomial sums. However, our congruence holds for a one-parameter family of modular forms. We
note that the method that we will use to prove these congruences can be generalized to find congru-
ences modulo p™ for any n. As is to be expected, the calculations become increasingly difficult and
result in more and more complicated formulas.

Thus, for the Legendre family of elliptic curves, we obtain congruences very similar to those of
Beukers involving the Apéry numbers. Noticing the similarity, one might be led to believe that the
coeflicients of all modular forms might satisify similar congruences with sums of products of binomial
coefficients. However, this is not the case, as we see when we consider a second family of modular
forms associated to the elliptic curves

CN: > =a3+ )\,
for integers A # 0. As before, we define M (p; A) to be the number of points on the reduction of C(\)
modulo p, and define
b(p; A) :==p+1—M(p;A).

In the special case A = 1, the corresponding modular form is
(1.7) S b(mg" = q [ (1 - a™)* € $2(To(36)).
n=1 n=1

It was difficult to obtain congruences mod p™ for n > 3 for the modular forms (1.4) associated
to the Legendre family of elliptic curves, and for the form (1.1) from Beukers’ conjecture. For the
family of curves C'(\), however, we are able to obtain congruences modulo any power of p with little
more effort than it takes to establish a congruence modulo p.

Theorem 1.2. Let p be a prime.
(1) If p £ 1 (mod 6), then b(p; A) = 0.
(2) If p=1 (mod 6), then

b(p; A) = (5((;__11))//36> AP=D/6 - (mod p),

and for n > 2,

(5(11"—1)/6) ) B ((p”:zfl)ﬂ) I
b(p; N) = o AWy S m AR (mod p).
( (pr=1=1)/3 ) ((p”*lfl)/fi)

Remark. As a consequence of (2), we obtain the result that when p 1 A,

b(p;A) #0 (mod p) for p=1 (mod 6).
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The specific examples of modular forms that we have presented thus far, (1.1), (1.3), and (1.7),
belong to the spaces of cusp forms
S4(F0(8)), SQ(FQ(32)), and SQ(F0(36)),

respectively. Each of these spaces is in fact 1-dimensional. As a result, each of the given forms f is
(trivially) an eigenform of the Hecke algebra over its space. For weight 2k cusp forms over I'o(N),
this algebra is generated by the operators T}, o5, defined by

<i a(ﬂ)tJ")

n=1

= Z(a(pn) +p2k71a(n/p))qna

Tp 2k n=1

for p 4+ N. (In the above formula, a(r) is understood to be zero when r ¢ Z.) Thus, when f is
normalized to have leading term g, the eigenvalue of the n*" Hecke operator equals the coefficient of
q" in the g-series expansion of f.

Over a 1-dimensional space, these considerations may seem like much ado about nothing. (Or
perhaps that would be so over a 0-dimensional space.) For general spaces Sax(I'o(V)) of cusp forms
of weight 2k and level N, however, the machinery of the Hecke operators becomes a valuable tool.
Indeed, for fixed N, the dimension of S (T'o(N)) grows approximately linearly as k — oco. On
the other hand, it is not clear at the outset how to find, in the general case, even a single form in
Sak(To(N)) with integer coefficients.

In our prior examples, we obtained congruences for modular form coefficients by counting points
on elliptic curves (or in the proof of the Beukers supercongruence, by counting points on a variety
over a higher-dimensional space). Thus, our forms had integer coefficients by construction. One
might ask, then, whether it is possible to find integer-coefficient modular forms without an explicit
relation to points on a variety.

The Hecke operators provide one way to produce such forms. One can define the Petersson scalar
product on Sax(To(V)), under which the Hecke operators form a commutative algebra of hermitian
operators. It follows that the space So([g(NN)) has a basis of normalized forms fi, ..., f4, each of
which is a simultaneous eigenform of Ts(n) for all n [Lan95, Ch. I].

In the second half of this paper, we consider the trace form

Frirny ==fi+- -+ fa.

Then, defining Trox(Io(N),n) to be the trace of the n'® Hecke operator Thi(n) on Sor(T'o(N)), we
have

o0
Frear,n(2) = Z Trok(To(N),n)g".
n=1

One can show that each eigenvalue of the Hecke operators Thi(n) is an algebraic integer, and fur-
thermore, the simultaneous eigenforms f1,..., fq can be partitioned into sets of Galois conjugates.
It follows that the trace form Fr.(a; n) has integer coefficients, for any choice of k£ and N.

It will be more convenient, however, for us to consider the similar form

(1.8) Founi= Y Trop(To(N),n)g"
(n,N)=1

which has nonzero coefficients only at n coprime to the level N. While this form is no longer modular
over Soi,(I'g(IN)), it is obtained from Fry(ax,ny Vvia twisting by the trivial character with conductor
N; hence, it is still modular over at least I'o(N?) [Kob93, Prop II1.17(b)].
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Having found a family of modular forms with integer coefficients, we now ask whether it is possible
to find congruences among their coefficients. As an example, recall that for £ > 2, the Eisenstein
series Foy is a modular form of weight 2k over SL(2,Z), given by

where By, are the Bernoulli numbers and oy,—1(n) := >y, d™~! for m > 1. Recall that an odd
prime p is defined to be regular if p does not divide the numerator of any of Bg, By, ..., Bp_3. For

regular primes p, it follows from the Kummer congruences [IR90, §15.2] that Eyj is p-integral for all
k, and if

2k =2k" (mod (p—1)p"),
then
(1.9) Fop = Eopy (mod p™ ).

In other words, the Es; are a natural family of modular forms that can be p-adically interpolated
in the weight aspect.
Motivated by the above congruences, we find the following theorem.

Theorem 1.3. Let p > 5 be a prime, and let v be a nonnegative integer. If k,k' > r and

(1.10) 2k =2k (mod (p* — 1)p"),
then
(1.11) Fop,n = Fopr,y (mod p").

Furthermore, if (n,N) =1 and n is not a quadratic residue mod p, then
(1.12) Trog(To(N),n) = Trop (To(N),n) (mod p"1).

The two key ingredients in the proof of the p-adic interpolation of Eo; are the Kummer congru-
ences and Fuler’s theorem. In our proof of Theorem 1.3, the Eichler-Selberg trace formula takes
the place of the Kummer congruences, and we extend Euler-type arguments to p-adically consider
powers of algebraic integers.

Remark. For N =1, Theorem 1.3 shows that the trace forms on SL(2,Z) interpolate p-adically (no
twisting is necessary in this case, because (n,1) = 1 for all n). We also know that the Eisenstein
series of weight (p? — 1)p" satisfies

Ep2_1)pr =1 (mod p")
by (1.9), with 2k = (p> — 1)p” and 2k’ = 0. It follows that the map

w : Sop, — S2k+(p2—1)pra f = E(p2—1)prf

is an injection that preserves coefficients mod p”. While ¢ does not take eigenforms of Sy to
eigenforms of Sop (p2_1),-—the images are only “eigenforms mod p"”—it is nonetheless true that
the eigenvalues of each Hecke operator T), in weight 2k are reproduced in weight 2k + (p?> — 1)p”. In
this context, our theorem tells us that the complementary eigenvalues not obtained in this manner
“cancel out” mod p” when summed to obtain the trace.
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Remark. At first glance, Theorem 1.3 may seem rather divorced from our previous theorems that
proved congruences involving “combinatorial numbers.” But in fact, it is possible to reformulate
Theorem 1.3 in such a way, using expressions for the trace formula proven in [FOP04]. For example,
[FOP04, Thm 1.1] shows

k—1
(1.13) TI‘Q;C(F()(’?), 2) - _9_ Z (k +r— 1) (_Q)k_T_l.

2r
r=0

In general, these expressions will be more complicated, however, and will involve o F} classical hy-
pergeometric functions, defined by

(1.14) 2F1<“ lc’ |x> ;:g)(a)n(”)".ﬂ,

(O)n n!
where
(8)n i =8(s+1)---(s+n—1).

Note that in the specific cases that we consider, these series are actually finite, and hence are
polynomials.

For brevity, we content ourselves with the special case (1.13), which provides a nice illustration
of our result. Taking p = 5, Table 2 gives Trox(I'9(7),2) (mod 25) for 2k = 24t +6, ¢t =1,...,15.
Observe that because 2 is not a quadratic residue mod 5, congruence of 2k and 2k’ mod p? — 1 = 24
is enough to obtain agreement of traces mod 5, as claimed in the second statement of Theorem 1.3;
congruence mod 120 gives agreement mod 25. It is worth pointing out that a priori, it is not at all
clear that the binomial sum on the right side of (1.13) should satisfy such congruences!

TABLE 2. Traces of To on Sax(I'o(7)).

2k [[30 54 78 102 126 ] 150 174 108 222 246 | 270 204
Trop || 14 4 10 9 24 | 14 4 19 9 24 | 14 4

Finally, note that this example also illustrates that our result is tight—that is, in general, the
congruence condition (1.10) cannot be weakened if (1.12) is to hold, and likewise with (1.11).

We pause now to give a brief outline of the remainder of the paper. In section 2, we introduce
the p-adic Gamma function, Gauss and Jacobi sums, and Gaussian hypergeometric series, ending
the section by evaluating one such series mod p?. Section 3 contains the proofs of Theorems 1.1 and
1.2. In section 4 we state the Eichler-Selberg trace formula and perform a few calculations, which
we use in Section 5 to prove Theorem 1.3.

2. PRELIMINARIES

In this section we develop the background material that will be needed to prove Theorems 1.1
and 1.2. Our plan of attack is analogous to that of [AOQ00]. First, we relate the number of points on
each elliptic curve under consideration to a character sum. Second, we express the character sums
in terms of the p-adic Gamma function, via the Gross-Koblitz formula. Finally, we use the methods
of p-adic analysis to evaluate these expressions modulo powers of p, producing combinatorial objects
similar to the Apéry numbers.

It turns out that the expressions involving character sums that we obtain in the case of the
Legendre family of elliptic curves belong to the broader class of Gaussian hypergeometric series (not
to be confused with the classical o F} functions defined earlier in (1.14)). We therefore end this
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section by introducing that formalism and evaluating one such series modulo p?; we will use this
evaluation in the section 3.

2.1. The p-adic gamma function. For an introduction to p-adic analysis, the reader can consult
[Kob84]. Here we will outline the properties of the p-adic gamma function, I',,, which will be useful
in the proofs of Theorems 1.1 and 1.2. Let Z,,Q, and C, be as usual. Then I'j, is defined on Z,, by

Tp(n) = (-1)" [ 4. forneN,
j<n,plj
and
Ip(z) := lim T'p(n), for x € Z,.

In the limit above we may choose any sequence of integers n that approaches x p-adically. We note
in particular that

(2.1) Tpy(n+1)=(=1)""nl, for0<n<p-1.
We have the following properties of I'y, for all x € Z,:
Fp(o) = L
Lp(—z+1) { x if v € )
Ip(—x) -1 if x € pZy;

Lp(x) € Zj.
;From the above two statements, it is easy to see that for positive integers n,
(=p)"/*) - n/p]!

(22) () =
Additionally, I', satisfies the functional equation
(2.3) Tp(z)lp(1—2)=(-1)%, forz € Z,,
where xg € {1,2,...,p} satisfies g = 2 (mod p). In particular, it follows that
(2.4) Dy(3)% = (-2 = (1),
It is also known that for z,y € Z, and n > 1,
(2.5) z=y (modp") = T,y(z)=TpH(y) (modp").

We will find this property to be especially useful.
We turn now to the derivative of the p-adic gamma function. In [AO00] Ahlgren and Ono deduce
several properties of F; and the logarithmic derivative

Glz) = ?zg;

We summarize the results we will use below.

Proposition 2.1. Let p > 5 be a prime. If xy € Z,, and z € pZ,, we have

(2.6) I (z0 4 2) =T (x0) (mod p)

and

(2.7) Lp(xo + 2) = Tp(x0) + 2T (z0)  (mod p?).
Also,

G(x) € Zy, foraxe€Z,,
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and if x € Ly,

(2.8) Gz +1) - Gz) = ~.

T

2.2. Gauss and Jacobi Sums. Let p be an odd prime. We extend multiplicative characters x of
F) to I, by setting x(0) := 0. Thus, by “a character of F),,” we mean “the extension to F, of a
character of F,;.” As before, let ¢ denote the quadratic character. Also, let € denote the trivial
character. Of course, these characters depend on the prime p, but since the prime will always be
clear from context, we suppress the p-dependence for notational convenience.

Let m € C, be a fixed root of

(2.9) 2Pt +p =0,

and let ¢, be the unique p-th root of unity in C, such that (, = 1 + 7 (mod 72). Then for any
character x : F, — C,,, we define the Gauss sum

g() =Y x(@)¢r.
=0

The Jacobi sum for a pair of characters x1, x2 is defined by

T(xix2) == ) xi(@)xa(1 — ).
=0

In the following proposition, we list a few well-known properties of Gauss and Jacobi sums that will
be of use.

Proposition 2.2. Let x, x1, and x2 be characters of F,,, and let € denote the trivial character. Then
(1) 90)9(x) = x(=1)p.
(2) If x1 and x2 are not both trivial, but x1x2 = €, then J(x1,x2) = —x1(—1).

(3) If xaxze # €, then J(x1,x2) = %.

Using properties (1) and (2), it is easy to deduce that
(2.10) 9(0)* =¢(-1)p and J(4,¢)* = 1.

Recall that Z,, contains all (p — 1) roots of unity. Thus, there exists a primitive (multiplicative)
character w : Fp, — Z, satistying w(z) = x (mod p) for all x = 0,1,...,p — 1; w is called the
Teichmiiller character. It is not hard to show that
(2.11) w@)=2"  (mod p")
for all n > 1.

Finally, the vehicle that we will use to convert Gauss sums to expressions in I', is the celebrated
Gross-Koblitz formula [GKT9].

Theorem 2.3 (Gross-Koblitz).
J
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2.3. Gaussian hypergeometric series. If A and B are two characters of F,, then we define the
normalized Jacobi sum (g) by

(g) =80 54 ZA B(1-x)

As in Greene [Gre87], for characters Ay, Ay,...,A, and By, ..., B, we define the Gaussian hyper-
geometric series over I, by

F (Ao, Ay, .., A, ZL’) — p <AOX> (A1X)<Anx>x($)
ntlsn By, ..., B, Tp—1 —\ X Bix B, x ’

where the sum runs over all characters x of IF,.
We will only consider the case in which A; = ¢ for all ¢ and B; = € for all j, so we ease notation

by writing
w1 Fo(2) :=n+1Fn( ¢, b, ..., @ |x>.

€ ..., €

Recall that we defined H,, to be partial sums of the harmonic series (1.5). With this notation, we
prove the following congruence for ,,+1F, ().

Theorem 2.4. Let n be odd, | = (n+1)/2, and p prime with p > 5. Then

_¢(I)pn"+an (JC)
e p—1 N7 S N
= (p+1)j§_:0<2j+3> (;) (—1)ilgi (1+(n+ 1)jp (le —Hj)) (mod p?).

We begin with a useful lemma.
Lemma 2.5. For primes p > 5, for 0 < j < % we have
Ly(3 +5)° ( +J‘) () ,
=g = , > ) (=1 g(—1)  (mod p?).
PorE= (7)) erteey moa i)
Proof. Following the proof of [AO00, Lemma 7.2], we apply (2.1) to write

(%)) - s e

We now apply the functional equation (2.3) to write

L,(3+5+2) _Fp(§+j+g)rp(§+j—g)(_l)%ﬂ,rg
Lp(1+7)2Tp(3 —Jj +5) Ip(1+5)? ’
Applying the Taylor expansion (2.7),
L+ + DG+ -8 = (O +5)+ B +3) (T4 +9) - B4 +9)
= [y(3+75)° (modp?),
and substituting ¢(—1) = (—1)®~1/2 gives the desired congruence. O

Proof of Theorem 2.4. Using the relation

(-0
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derived from properties of Jacobi sums, we obtain

=i, 5 () - ) - ()

x X x X x X

where we use the fact that n 4+ 1 is even in the final equality. Using the definition of the normalized
Jacobi sum and parts (2) and (3) of Proposition 2.2, we have

nt1Fn(x == 12 (6.0 N (~)" )
=]ﬁz T, 0™ X()
- 1 n L g n+1g<X)n+1 -
Cpt(p—1) #2)7(9.9) ++g% g(px)nt! x()
_ 1 N n+1 g n+1 n+1 .
e G +§¢ (@)
_ 1 g n+1 n+1 .
CpMp-1) 2% ¢X”1 x(e)
N 1 r _ n+1 g n+1 r
el CORICEURaD B pe e

X#®

where we used (2.10) to replace g(¢)? in the last equation. The next step in the proof is to represent
the characters in terms of the Teichmiiller character and then apply the Gross-Koblitz formula (2.12)
to introduce the p-adic gamma function. We have:

p"(p—1) nt1Fn(z)

N —j\n+1 p—2 —j\n+1
nt1 g(@?)nt ; nt1 g@’)" j
= )+ (¢p(—1 2 ———— I (z) + (p(—1 2 — W (z
olo) + (00 F 3 E @+ 'S Y B )
— j=rtt
p=3
— b+ (gb(—l)p)% 2 Fp(ﬁ)n-’_l J(x)
= -
(—m' 7 ) (55 + 1)nt1
p—2 T (L)nJrl
B nil o p-lipig p\p—1 j
+(6(-1p) T (—x"T) e )
]:pTl P\p—1 2
. 3 Ty (L )t p=2 (L)t
= 6@+ ()Y T @ e Y @) )
j=0 " P\p—1 j_p;rl P\p— 2
where the last statement was obtained by substituting 7?~! = —p from (2.9). Notice that we broke

the sum into two pieces. In the first sum we wrote ¢ = w® /2 while in the second sum we
used ¢ = w P~Y/2 This was necessary because the Gross-Koblitz formula (2.12) only holds for
0<j<p-2
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Now recalling that I'y(z) € ZX for all 2 € Z,, we see that the second term vanishes modulo p?,
leaving

. i1 2 F;D(p% n+1 ;
P aFula) = 0+ (o)) E Y ) mod g
n+1pTilrp l_% et r
= of@)+ (1) Y < ((j_ T))M (),

replacing j by (p — 1)/2 — j. By (2.5), T'p(x) = Tp(y) (mod p?) if z = y (mod p?); thus, since
=L =p 41 (mod p?),

444 p)ntt

(147 + jp)~tt w7 (@) (mod %),

P 1) eaFa(e) = 000) + (-0(-1) Fo) 3 12

Observe that from (2.4), Ty(3)? = —¢(—1), and clearly I',(1)? = 1. It follows that the “extra” term
@(x) corresponds to the summand j = 0 and can be assimilated into the sum:

+j + jp)"tt

) med )

(2.13) P (p—1) ni1Fu(z) = ¢($)(—¢(_1))%1 Z 11: ((
i=0

We now apply p-adic analysis to the I',-quotient in the summand, using (2.7) from Proposition
2.1:

Loz +i+ip)" (T3 +4)

Lp(1+j 4 jp)tt (Tp(1+ )

(mod p?)

- ))+ (L (1 + Dp{G S + ) — G+ )},
where G(z) is the logarithmic derivative of I',(z). Using the equation (2.8) along with the congruence
(2.6), it is not hard to show that
G(3+74) = G(1+j) = Hppna ;= Hy  (mod p),
which is [AO00, Eq. 7.3]. Hence,
Lp(3 +4+ )" Lp(3 +4)"*

= . B o ) 2
(147 4gp)ntt  — Tp(l44)nHt (1+ (n +1)7p (H”Tlﬂ HJ)) (mod p”)

n+1

< (gl et )

from Lemma 2.5. Applying this in (2.13), we have, after some cancellation,

p'(p—1) nr1Fn(w)

p—1 1

_1+j> <p%1)l( D (14 0+ 0jp (Hega g = Hy) )™ (@) (mod p?),
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where we have written | = (n 4 1)/2.
Finally, applying (2.11) to obtain

wi(z)=2"7 (modp) and w¥(z)=z"F (mod p?),

and multiplying through by ¢(z)(p + 1), we obtain the claimed congruence. O

3. PROOFS OF THEOREMS 1.1 AND 1.2

Proof of Theorem 1.1. We have

2a1(p;A) = p+1—2Ni(p;A)
= p-— Z(1+¢(I(I*1)(I*>\)))
z€lF,

= —¢(N) D d(2)d(1 - 2)d(1 - A""x).

By [Gre87, §3], this sum can be converted into a hypergeometric sum:

201(p;A) = —¢(=N)p-2Fi(A7)
p—1
2 sp—1 . p—1
S t+I1\ (=5 j .
= o003 (7N (T ) e (1 in (Ha, - 1)) nod ),
=0
where the second equivalence follows from Theorem 2.4. O

Turning to the proof of Theorem 1.2, we first give a simple lemma.

Lemma 3.1. Let a and b be positive integers such that

la/p] + [b/p] = [(a+b)/p].

Then
Lp(—a)lp(-b) _ (")
Ty(—a—b) (Herorre)

Proof. The lemma follows immediately by substituting (2.2) in each I', term and cancelling powers
of —p. O

Proof of Theorem 1.2. We first deal with the case p Z 1 (mod 6). In this case, it suffices to observe
that the map z — 23 is a bijection on F,. Hence, as  runs through a complete system of residues
modulo p, 2* + X\ does the same. Because there are an equal number of quadratic residues and
nonresidues modulo p, it follows that M (p; A\) = p+ 1 and b(p; \) = 0.

Now assume p = 1 (mod 6). As before, let w denote the Teichmiiller character. Let y3 = w(®~1)/3
denote one of the characters of order 3; note that such a character exists because of the condition
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on p. Then we may express M (p; \) as follows:

MpiA) =1 = #{y*=2"+)}
= Z#{y2zr}-#{x3zr—)\}
ref,

= D (@) + (xa(r = X) +Xa(r = A) + 1)

T

= > () +D)(xsA—71) +xX5(A—1) +1)

T

= p+o(A Zgbr)\ Yx3(1—7rA~t Z(br)\ X3 (1 —rA™h)
= p+oxz(A\)J (¢»X3)+¢X3( )J (6, X3)-
Therefore,
b(p;\) = p+1-M(p;))
= —ox3(N)J(d,X3) — ox3(N)J (b, x3)
o n9@g(xs) 9(¢)g(x3)
= %0 9(6X3) x(%) 9(éxs)
w(P—l)/Q w(P—l)/3 w(P—l)/Q 52(10—1)/3

= —W:;(A)g( g(wsu)ag—(l)/fs) ! _¢X3(A)g< g(w<3)g—(1>/6) !
e DT (3) Ip(5)T5(3)
= ¢X3()\)I?T%)3*¢X3(>\)p I‘QP(%) 2

by the Gross-Koblitz formula (2.12). Using the functional equation (2.3) on the factor I',(2) in the
second term, we obtain

1 1 1
b = v B g D
pl6

Expressing all characters in terms of the Teichmiiller character,
X5 = w®=D/6  and bxs = W3P—1)/6

We may now use (2.11) to obtain the congruence

Lp(3)Tp(3) L 1pn_ Tp(3)  spn1_no2
(3.1) b(p; \) = 2 P32 \s (=P ) gy S PR2L ASC"T P (mod ph).
Ty(3) Ty(3)T5(5)

Observe that

() =0 (55)

and likewise for the other I'y(x) in (3.1). It is then easy to verify that Lemma 3.1 applies with
a= (p" —1)/2, b= (p" —1)/3 in the first term, and a = (p"~! —1)/3, b = (p"~! — 1)/6 in the
second term, completing the proof of the theorem. ([
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4. THE EICHLER-SELBERG TRACE FORMULA

We give the version of the Eichler-Selberg trace formula for Troy (I'g(N), n) due to Hijikata [HPS89,
Thm 2.2] and reformulated in [FOP04] and [Rou]. Fix k, N, and n. Let
E = {s€Z]|s*—4n <0},
H = {se€Z|3teZ" s*—4n=1*}.

For s € EUH, let to be the largest positive integer such that #3 | (s* —4n). Define t = ¢(s) according
to

. { to 1f (s? —4n)/t3 = (mod 4),
T\ to/2 if (s —4n)/td = (mod 4).

Next, for s € EU H, let y and 7 be the roots of the quadratic 22 — sz +n = 0, and set
2k—1 _ —2k—1

% = ifserR,
(4.1 als, kn) := min{llz;yyl}%_1 if s € H.
Assume now that N and n are coprime. If n is a perfect square, let
(4.2) 5(k,N,n) :=n*~ 12’“ NH 1+1/6) —nk~ 1? [[parce, N),
(N ¢N

where the products are taken over primes ¢ dividing N, and par(¢, N) are integers given explicitly
in [HPS89, §2]. If n is not a perfect square, let 5(k, N,n) := 0.

Theorem 4.1. If N and n are positive coprime integers, and k > 1, then

Trop(Do(N),n) = 6(k, N,n) — > al(s,k,n) Y b(s, f,n) [[ e(s. £, N,n, 0)

s€EUH Flt(s) (N

where b(s, f,n) are rational numbers and c(s, f, N,n, ) are integers independent of k. The product
is taken over primes { dividing N, as usual.

The numbers b(s, f,n) and c(s, f, N,n,£) are given explicitly in [HPS89, §2]. In the following
lemma, we record the properties of these numbers that we will need.

Lemma 4.2.
(1) If s € E, then b(s, f,n) has denominator at most 3.

(2) If s € H, then t(s) = v/s? — 4n and
(43) b(sv /s 77,) - %@(t/f)7

where ¢ denotes the Euler ¢-function.

(3) Suppose s € H and ¢ | N is a fixed odd prime. Let v := ordy(N), a := ord,(t), and
d = ord,(t/f).
(a) If visodd, v =2p + 1, then

2 if d =0,
c(s, fyN,n,0) = 20242041 if 1 <d<p,
20° ifd>p+1.
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(b) If v is even, v = 2p, then

2 if d =0,

204 4 2¢-1 if1<d<p-1,
0+ 2¢r—1 if d = p,

0° 4 gr—1 ifd>p+1.

C(S,f,N,?LK) =

Proof. [HPS89] proves part (2) of our lemma and shows that the denominator of b(s, f,n) is either
2 or half the order of the unit group of an imaginary quadratic field. The only possible orders are 2,
4, and 6, which proves (1). Part (3) of our lemma follows from Case A of [HPS89, Lemma 2.5]. O

Although the trace formula is complicated, we must keep in mind that we seek only to prove a
p-adic statement about Trog(To(IV),n) as k varies, with N and n remaining fixed. In particular,
Lemma 4.2 implies the following corollary.

Corollary 4.3. For p > 5, the term

(44) D(SaNan) = Zb(s,f,n)Hc(s,f,N,n,E)
flt(s) LN

is a p-adic integer, independent of k.

We will therefore be able to ignore this factor, provided that we can show that a(s, k,n) can be
p-adically interpolated in the way we want. It turns out that we will be able to do so in the case
s € E. For s € H, however, the denominator |y — 7| of a(s, k,n) poses a problem, and we must be
more careful.

For the remainder of this section, assume k, N,n, and s € H are all fixed, with ¢t = /52 — 4n.
Then (4.4) takes the form

D(s) =Y _b(f) [ e(£:0),
fle (N
which, upon using (4.3) to rewrite b(f), gives
2D(s) = Y ot/ 1) [[ e, 0)-
flt ny

Now, observe that in Lemma 4.2, the values of ¢(f,¢) depend only on ordy(f). Hence, by the
multiplicativity of ¢, we have the decomposition

(4.5) 2D(s) = [ D'(al0),0),

(N
where

@ o(he(ed 0 it N
4.6 D'(a,l) := 23*0@( ' : ’
(4.6) (@) {zd_owd) if 01 N,

with a := orde(t) as in the statement of the lemma.
We make use of this result to prove the following lemma.

Lemma 4.4. Let s € H. Then for odd primes ¢,
D(s,N,n)

— € Zy.
ly — 7l
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Proof. By definition, |y — | is the difference of the roots of the quadratic 2 — sz +n = 0, so we

have
ly—7l =Vs2—4n =t.

Thus, we are to prove ordy(D(s, N,n)) > ord(t).

In the case £ { ¢, this is trivial. Assume then that a := ord(¢) > 1. By the decomposition (4.5),
it suffices to show that ord,(D’(a,f)) > a. If £1 N, we are in the second case of (4.6), and we easily
obtain

D/(a7£) = Z Sp(gd) =0,
d=0
precisely as wanted. Otherwise,
D'(a,0) =Y o(th)e(t* 4, 0),
d=0

and we must use the formulas for ¢(f,£) given in Lemma 4.2, considering a few cases.
(1) visodd, v =2p+1.
(a) 1 <a<p. Then
D'(a,0) = (1) 2+ > ()20 + 20771 =24 " 2(£24 — 2472) = 2%,
d=1 d=1
giving ordy(D’(a,f)) = 2a > a.
(b) p+1 <a. Then

a

D'(a,t) = D'(p0)+ ) ()20
d=p+1
= 2774 Y 2P — ey = et
d=p+1
giving ord,(D'(a,?)) = a+p > a.
(2) vis even, v = 2p.
(a) 1 <a < p—1. Then the situation is the same as case (i) above.
(b) a = p. Then
D(a,l) = D'(p—1,0)+ ()t +20°)
20272 4 20 4 (PP 202072 = 2 4 (P,
giving ord,(D’(a,l)) =2p—1> p = a.
(¢) p+1<a. Then

D'(a,t) = D'(p,0)+ Y w()(tr+e7h)
d=p+1
= g2 4 g2r-1 Z (gd+p,gd+p72) :ga+p+ga+pfl,
d=p+1

giving ordy(D'(a,f)) =a+p—1> a.
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5. PROOF OoF THEOREM 1.3
In order to proceed systematically, it is useful to begin by introducing some terminology.

Definition 5.1. Let p be an odd prime and f : N — @p. We say that f interpolates (p-adically) if
for all positive integers r, and k, k' > r,

(5.1) k=K (mod i(p*—1)p") = ordy(f(k)— f(K')) >
Under this definition, it is easy to see that the following two propositions hold.

Proposition 5.2. The set of functions f that interpolate p-adically form a ring R, (under the usual
pointwise addition and multiplication).

Proposition 5.3. The polynomial ring Zy[k] is a subring of R,.
With a little more work, we next show that certain exponential functions also interpolate.
Lemma 5.4. For b € Z,, the function
Jk) =0+
belongs to R,.

Proof. Fix r > 1. Suppose first that ord,(b) > 1. Then for all k¥ > r, we have ord,(f(k)) > r, and
the claim holds trivially.

Otherwise, ord,(b) = 0. Abusing notation slightly by writing b also for the projection of b in
Zy/p" Ly, we have

be T/ )" = @/5T),
which has order ¢(p"); hence,
b?®) =1 (mod p").
Since (p") = (p — 1)p"~! divides the desired period % (p? — 1)p", the result follows. O

Lemma 5.5. For a a root of a monic quadratic with coefficients in Z,, the function
F() = 0!
belongs to R,,.

Proof. Fix r > 1. If a € Z,, then f(k) = a*~1.a*"1.a € R, by applying Lemma 5.4. Otherwise,
L := Q,[a] is a quadratic extension of Q,. Arguing along the same lines as in the proof of the previous
lemma, we first consider the case ord,(a) > 3. Again, for all k > r, we have ord,(f(k)) > r, and
the claim holds trivially.

We are left with the case ord,(a) = 0, so L is an unramified extension of Z,. Denote by O, its
ring of integers, and let p = pOp denote the unique maximal ideal of Op. Then the residue field
Or/p = TFp2, and hence (abusing notation again)

o€ (Oufp)* =T,
which has order p? — 1. It follows that
o lelt p.
We claim that for n > 1,
(5.2) rel+p" = aPel+pth
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Indeed, it suffices to write x = 1+ 2'p" for some ' € O, and then apply the binomial expansion to
2P. By successive application of (5.2), we thus obtain

(5.3) a® P e oyt
and the result follows since

k =k (mod %(102 —1)p") =  P*-1p |2k - k).

We are now prepared to prove that the trace formula interpolates.

Theorem 5.6. Fix positive coprime integers N and n. Then (as a function of k), Trop(To(N),n) €
Ry for all primes p > 5.

Proof. The trace formula (Theorem 4.1) gives

Trop(Do(N),n) = 6(k, N,n) — > a(s, k,n)D(s, N,n),
se EUH

with D(s, N,n) defined in (4.4). Note that the sets E and H are independent of k, so it suffices to
show that & and all terms of the sum interpolate.

Proving that & € R, requires nothing more than looking back at its definition and applying the
lemmas we have already proven. In the case that n is not a perfect square, ¢ is identically zero and
there is nothing to prove. Otherwise, & is given by (4.2). Then each of the terms

1 vn 1
N 1+1 -— I | N 2k — 1
12 ( + /6)7 9 paT(Z7 ); k 5 and n
LN 2N

interpolate. The first two are constants (with respect to k) in Z, because p t 12. The third belongs
to R, by Proposition 5.3, and the fourth by Lemma 5.4. Therefore, & € R,,.

We now consider the terms a(s,k,n)D(s, N,n). Recalling the definition (4.1) of a(s,k,n), we
see that there are two cases to consider, depending on whether s falls in ¥ or H. The case s € H
is easier. The key here is that Lemma 4.4 ensures that any powers of p dividing the denominator
ly — 7| of a(s, k,n) are cancelled by D(s, N,n). Thus, it is enough to prove that the remaining term
min{|y|,[7/}**~* € R,. Noting that y,7 € Z for s € H, so that min{|y|, [y|} is a fixed positive
integer, this is given to us by Lemma 5.5.

We are left with s € E, which requires more work. Here, we simply discard the constant factor
D(s,N,n) € Z,, leaving us to prove

!/
(5.4) a'(k): =7 € Ryp.

First, suppose p := min{ord,(y),ord,(y)} > 1. Then z := y/p and Z := y/p are the roots of the
monic quadratic 2% — Sx+ 15 € Lz, so

R 52k=1 _ %2k71
z2—7Z
But the latter fraction is a symmetric polynomial in z and Z, hence is an integer. It follows that
ord,(a’'(k)) > 2k — 2 > r for all k, giving o’ € R,, trivially.

Now, note that 2u is a nonnegative integer because y and 7 belong to a quadratic extension of
Z,. Thus, we are left to consider the cases 1 = % and p = 0.
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In the case p = 3, we must have ord,(y) = ord,(y) =
From s = y + 7, n = y¥, we obtain ord,(s) > 1, ord,(n)

ordy(y — ) = %ordp((y - §)2) = %ordp(s2 —4n) = %

Therefore, ord,(a’(k)) > %(2k — 2) > r for all k, and again o’ € R,, trivially.

We are left with the case p = 0. Without loss of generality, let ord,(y) = 0. If ord,(y —7) =0 as
well, then we may ignore the denominator of a’(k) and apply Lemma 5.5 to show that y2*—1, 72*~1 ¢
Rp, from which o’ € R,, follows immediately.

Suppose finally that v := ord,(y —y) > 0. Then ord,(y) = 0 as well. Also, v € Z as the extension
L := Q,[y] is unramified. (Note: it is possible that the “extension” L is in fact just Q,, but we need
not distinguish the two cases.) Letting Op, denote the integer ring of L and p denote its maximal
ideal as before, we have

%, because y and 7y are Galois conjugates.
= 1. Hence,

y+p' =g+ = glyeltp”
Applying (5.2) repeatedly, we obtain
7P e 14 prt
It follows that for 2k = 2k’ (mod (p? — 1)p"),

y2h1 g2kl Y2kl gkl <y2k’72k/y2k/_2k)
(55) — = — (mod pr)
y—vy Y-y
2k'—1 _ —2k'—1
= e PP
y—y
2k’ —1 _ =2k'—1
= % (mod p"),
y—y
the last congruence holding because
y2k72k:’ c1l ‘HJT

by (5.3) from Lemma 5.5. We have thus shown that (5.4) holds in all cases, completing the proof of
the theorem. 0

Proof of Theorem 1.3. The first claim of the theorem is simply a rewording of the interpolation
theorem we have just proven. The second claim is that for values of n coprime to the level N, n not
a quadratic residue mod p, the interpolation holds with one additional factor of p in the result. The
reason is that the full strength of the condition 2k = 2k’ (mod (p? — 1)p”) is rarely used; for most
of our arguments, p"~! is enough. In fact, the only place in which the congruence mod p” is needed
is in (5.5).

This occurs in the context of analyzing the term a(s, k,n) for s € E such that ord,(y) = ord, () =
0, ord,(y — ) > 0. Then we have

ord,(n) = ord,(yy) =0 and ord,(s* — 4n) = ord,((y —7)?) > 0,

ie., s> —4n = 0 (mod p). Since p is odd, it follows that n = ($)? (mod p) is a quadratic residue

mod p if (5.5) is ever applied. O

Remark. Although we stated and proved Theorem 1.3 for primes p > 5, a similar result holds for
p = 3, and we expect the same is true of p = 2. For p = 3, the results of Theorem 1.3 hold if we
require an extra factor of 3 in the congruence condition on 2k and 2k’. The reason is not hard to see:
from Lemma 4.2, the numbers b(s, f,n) are allowed to have a single factor of 3 in their denominators,
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and likewise we must take into account the 12 in the denominator of the first term of &(k, N,n).
These are the only changes that occur, however.

The case p = 2 is somewhat different. In this case, the formulas for c(s, f, N,n,¢) given in
Lemma 4.2 change, and hence more casework would be required to obtain an analogue of Corollary
4.3. Because proving such a result would not substantially increase our understanding, we opt not
to carry out the additional computations.
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