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Simultaneous sign change of Fourier-coefficients of two cusp
forms
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Abstract. We consider the simultaneous sign change of Fourier coeffi-
cients of two modular forms with real Fourier coefficients. In an earlier
work, the second author with Sengupta proved that two cusp forms of
different (integral) weights with real algebraic Fourier coefficients have
infinitely many Fourier coefficients of the same as well as opposite sign,
up to the action of a Galois automorphism. In the first part, we strengthen
their result by doing away with the dependency on the Galois conjugacy.
In fact, we extend their result to cusp forms with arbitrary real Fourier
coefficients. Next we consider simultaneous sign change at prime powers
of Fourier coefficients of two integral weight Hecke eigenforms which are
newforms. Finally, we consider an analogous question for Fourier coeffi-
cients of two half-integral weight Hecke eigenforms.
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1. Introduction and statements of the Theorems. Throughout the paper, let
p be a prime number, z € ) be an element of the Poincaré upper-half plane,
and g = e?™%. Also let D be the set of square-free positive integers.

The theme of sign change of Fourier coefficients of modular forms consti-
tutes an interesting active area of research. In a recent work [5], the second
author and Sengupta consider the question of simultaneous sign change of
Fourier coefficients of two cusp forms of different weights with real algebraic
Fourier coefficients. They proved that given two normalized cusp forms f and g
of the same level and different weights with totally real algebraic Fourier coeffi-
cients, there exists a Galois automorphism o such that f¢ and ¢° have infinitely
many Fourier coefficients of the opposite sign. The proof uses Rankin—Selberg
theory, a classical theorem of Landau, and finally the bounded denominator
principle.
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In the first part of this paper, we dispense with the bounded denominator
argument by appealing to an elementary observation about real zeros of Dirich-
let series. This allows us to strengthen their results and remove the dependency
on the action of the absolute Galois group. In fact, removing the arithmetic
component allows us to work with cusp forms having real, not necessarily
algebraic Fourier coefficients. More precisely, we prove the following:

Theorem 1. Let

f(z)=> a(n)g" and g(z):=Y  b(n)g"

n>1 n>1

be non-zero cusp forms of level N and weights 1 < ki < ko respectively. Fur-
ther, let a(n),b(n) be real numbers. If a(1)b(1) # 0, then there exist infinitely
many n such that a(n)b(n) > 0 and infinitely many n such that a(n)b(n) < 0.

As a consequence of Theorem 1, we have the following corollary.

Corollary 2. Let f,g be non-zero cusp forms of level N and weights ki # ko.
Suppose that

f(z) = Z a(n)qg” and g(z):= Z b(n)q™,

n>1 n>1

where a(n),b(n) are complex numbers. If the sequences {R(a(n))}, and
{R(b(n))}n are not identically zero sequences, then there exist infinitely many
n with R{a(n)}R{b(n)} > 0 and there exist infinitely many n such that
R{a(n)}R{b(n)} < 0. An analogous result holds for the imaginary parts of
the Fourier coefficients of f and g.

Remark 1.1. We note that the second author and Sengupta [5] proved that if
f and g have totally real algebraic Fourier coefficients {a(n)} and {b(n)} for
n > 1 with a(1) = 1 = b(1), then there exists an element o of the absolute
Galois group Gal(Q/Q) such that a(n)?b(n)° = 0 for infinitely many n. The
proof in fact is carried out in full detail only in the case a(n)?b(n)? < 0, the
case a(n)?b(n)? > 0 requires an easy additional argument, cf. e.g. the proof of
our Theorem 1.

If we restrict ourselves to normalised Hecke eigenforms which are newforms,
we have the following stronger theorem.

Theorem 3. Let
f(z)=> a(n)qg" and g(z):=>_ b(n)g"

n>1 n>1

be two distinct newforms which are normalized Hecke eigenforms of level
N1, Ny and weights ky,ko > 1 respectively. Then there exists an infinite set
S of primes such that the following holds: For every p € S, the sets

{meN|a(p™)b(p™) >0} and {meN |a(p™)b(p™) <0}

are infinite.



Vol. 105 (2015) Sign changes 415

A crucial ingredient in the proof of the above theorem is a result of D.
Ramakrishnan which asserts that a normalised Hecke eigenform f which is
a newform of weight &, level IV, and trivial character with Hecke eigenvalues
a(p) for (p, N) = 1, is determined up to a quadratic twist by the knowledge
of a(p)? for all primes p in a set of sufficiently large density (see Section 2 for
the exact statement).

In a recent work [9], Kowalski, Lau, Soundararajan, and Wu have shown
that a newform f is uniquely determined by the signs of the sequence {a(p)}
as p varies over any set of prime numbers of Dirichlet density one. Recall that
a set A of primes has Dirichlet density a real number « if and only if

1
ZpeA p°

1
s—1

— K
log

when s — 1. In this context, see also the papers by Matomiéki [12] and Pribitkin
[16].

Finally, we consider the simultaneous sign change of Fourier coefficients
of two half-integral weight newforms. The question of sign change of Fourier
coefficients of a single half-integral weight newform has already been studied
in [1] (see also [4,8]). In order to state our result, we shall need to introduce
notations and definitions.

Let N,k > 1 be integers and 1) be a Dirichlet character modulo 4N. Then
the space of cusp forms of weight k+1/2 for the congruence subgroup I'o(4N)
with character ¢ is denoted by Sj1/2(4N,%). When k = 1, we shall work only
with the orthogonal complement (with respect to the Petersson scalar prod-
uct) of the subspace of S3,5(4N,1)) generated by the unary theta functions.
The space Si41/2(4N, 1) is mapped to the space of integer weight cusp forms
Sox(2N,4?) under the Shimura liftings (see [14,18] for further details). More
precisely, for any f € Sj1/2(4N,%) with a Fourier expansion

f(Z) _ Z a(n)qn7 q= e27riz
n>1
and any t € D, let
2
o k—1 n
A(n) := ;wtw(d)d a (d2t>

where 9, y denotes the character

—1)k¢
(@) = vt (S
Then by the works of Shimura [18] and Niwa [14], it is known that the series

F(z)= Y A(n)g"

n>1

is an element in Sai(2N,1?). It is also known that when N is odd and

square-free and 2 = 1, there is a Hecke invariant subspace Sk“fi"/Q(élN ) C
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Sk+1/2(4N, 1) consisting of “newforms” which the Hecke operators isomorphi-
cally map onto the space of newforms S,}°V(2N) C S2x(2N) under a suitable
linear combination of the Shimura lifts (see [6,7,11]). In this set-up, we have
the following:

Theorem 4. Suppose that ky,ko > 1 are distinct natural numbers, N1, No are
odd square-free natural numbers, and ¥1,vs are real characters modulo 4N,
and 4 N5 respectively. Suppose that

f(z) =Y a(n)g" € S, 15 (4N1, 1)

n>1
and g(z) = Z b(n)g" € 5307 j2(4N2, 12)
n>1

are Hecke eigenforms. If the Fourier coefficients satisfy a(n),b(n) € R for
all n > 1 and there exists a natural number t € D with a(t)b(t) # 0, then
there exists an infinite set S of primes such that for any p € S, the sequence
{a(tp*™)b(tp®™) }men has both positive and negative sign infinitely often.

Remark 1.2. One can prove similar results in the context of the plus space
[7,8]. We leave this to the reader.

2. Intermediate Lemmas and Theorem. In order to prove the theorems, we
need the following lemmas.

Lemma 5. Let s € C and

R(s) := Z a(n)

n>1

be a Dirichlet series with real coefficients. Assume further that a, > 0 or
an <0 for alln. If R has a real zero o in the region of convergence, then R is
identically zero.

Proof of Lemma 5. The lemma follows from noting that

a

a(n) >0 or a(n) <0 and Z (Z) =0 implies that a(n)=0.
n

n>1

Lemma 6. Let s € C and a(n) € R. For m > 1, consider the Dirichlet polyno-
mial

1<n<m
If R(s) has infinitely many real zeros, then R is identically zero.
Proof of Lemma 6. Suppose that R is not identically zero. Since R has infinitely
many zeros, we may assume that a(m) # 0 with m > 2. Further the set of

real zeros of R cannot be bounded by the identity theorem for holomorphic
functions. For any real zero r of R(s), one has

—a(l)=a(2)27"+ -+ a(m)m™".
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We let |r| — oco. By hypothesis, a(1),...,a(m) are real numbers and hence if
r — —o00, then

—a(l) =m™" <a(2) <2> et a(m)> — +00

m

depending on the sign of a(m), a contradiction. On the other hand, if r — 400,
a(1) = 0 and then we can work with a(2) and so on.

Before we state the next theorem, which plays an important role throughout
the paper, we need to introduce more notations. For every pair of natural
numbers N,k > 2, the space of newforms of weight k, level N is denoted by
S°%(N). For a normalised Hecke eigenform

f(z) =Y a(n)q" € S (N),
n>1

and for s € C with R(s) > 1, let us set for p{ N

Laag), o= (1-2) (12 Bp) oy

P P
where o, and a, are non-zero algebraic integers satisfying a(p) = a,, + @, and
lay| = p*~ /2. We now state the following theorem of D. Ramakrishnan (see
[3], [17]) which will play an important role in proving Theorems 3 and 4.

Theorem 7 (Ramakrishnan [17]). Let
f(z):=) aln)g" € §7“(N1) and  g(z):= ) b(n)g" € S;2°"(Ns)
n>1 n>1
be normalised Hecke eigenforms such that for all primes p outside a set M of
Dirichlet density §(M) < {5, we have
Ly(Ad(f), s) = Lp(Ad(g), s).
Then ki = ko and for all primes p co-prime to N1 Na, we have a(p) = x(p)b(p),
where x 1s a Dirichlet character of conductor N dividing N1 Ns.

Finally, we shall be frequently using a classical theorem of Landau which
asserts that a Dirichlet series with non-negative coefficients has a singularity
on the real line at its abscissa of convergence (see page 16 of [13], for instance).

3. Proof of Theorem 1 and Corollary 2. Proof of Theorem 1. By given hypoth-
esis, we have a(1)b(1) # 0. First we will show that there exists infinitely many
n such that

a(n)b(n)

a(1)b(1)
Without loss of generality, we can assume that

a(1)b(1) > 0 (2)

as otherwise we can replace f by —f. If Equation (1) is not true, then there
exists an ng € N such that

< 0. (1)

a(n)b(n) >0 (3)
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for all n > ng. Set M := Hpgno D,

fi(z) = Z a(n)¢”, and ¢1(z):= Z b(n)q".

n>1 n>1
(n,M)=1 (n,M)=1
Then f; and g; are cusp forms of level N M? and weights k; and ks respectively.
For s € C with ®(s) > 1, the Rankin—Selberg L-function of f; and g is defined
by

Rpgls) = 3 2mbtn),

nS
n>1
(n,M)=1

For R(s) > 1, set

Ly 9. (8) = Cvnrz(25 — (k1 + k2) + 2) Ry, g, (5) 1= Z c(n)n”?,

where

() =[] @=p)¢(s).

p|NM?

It follows from (2) and (3) that ¢(n) > 0 for all n > 1. It is known (see [10, p.
144] also [5, p. 3565]) that

(2m) 2T (s)T'(s — k1 + 1)Ly, g, (5)

is entire, hence Ly, 4, (s) is also entire. By Landau’s Theorem it therefore
follows that the Dirichlet series Ly, ¢, (s) converges everywhere. Since Ly, 4, (5)
has real zeros (coming from the poles of the I'-factors), by Lemma 5, we have
that ¢(n) = 0 for all n > 1. This contradicts the assumption that a(1)b(1) # 0
and hence completes the proof of (1).

In order to complete the proof of the theorem, we need to show that there
exist infinitely many n such that

a(n)b(n)

4
(1) W
It is sufficient to assume that a(1)b(1) > 0. We then have to show that there
exist infinitely many n such that a(n)b(n) > 0. If not, then a(n)b(n) < 0 for

all n large. Note that a(n)b(n) can not be equal to zero for almost all n. For
in this case >, a(n)b(n)n~* is a Dirichlet polynomial and the function

a

(27) "2 T ()T (s — k1 + 1)Cn (25 — (ky + ko) + 2) Z

is entire. The presence of the double I'-factors ensures that )~ a(n)b(n)n™*° has
infinitely many real zeros, and hence by Lemma 6, we find that a(1)b(1) = 0 a
contradiction. Hence we can choose a natural number d such that a(d)b(d) <
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Consider

fa(z) == Z a(nd)q™ = Z A(n)g"

n>1 n>1
and  go(z) == Z b(nd)q" = Z B(n)q".
n>1 n>1

Then f5 and go are non-zero cusp forms of level dN and weights &y and ks
respectively (see[15, p. 28]). Since

A(1)B(1) = a(d)b(d) < 0,
by (1), we have A(n)B(n) > 0 for infinitely many n. This proves our claim.
Proof of Corollary 2. For a cusp form h(z) := >, -, c¢(n)q", let h7 denote

the cusp form h7(z) := >, -, ¢(n)q". Consider the non-zero cusp forms

F::fJ;f and G::gzg

of level N and weights ki and ko respectively with real Fourier coefficients.
Now if we apply Theorem 1 to F' and G, we see that there exist infinitely many
n such that R(a(n))R(b(n)) = 0.

Similarly, one can apply Theorem 1 to
f=r

5 and G:= %
to get the desired result for the imaginary part of the Fourier coefficients of f
and g.

F =

4. Simultaneous sign change at prime powers. In this section, we discuss the
simultaneous sign change of Fourier coefficients of Hecke eigenforms which are
newforms at prime powers.

Proof of Theorem 3. For any prime p { N1 No, we define

Fys) = 3 MR,

m=0

Since f and g are normalised Hecke eigenforms, we have

i a(p™) _ 1

— (1= app=*)(1 — dpp*)

= b(p™) 1
d = _
an Z pms (1 _ ﬁpp_s)(l _ ﬁpp—s)’

where ap,dp,ﬁp,Bp are non-zero algebraic integers such that a(p) = «, +
Ap, lap| = p*1=1/2 and b(p) = By + By, |By| = p¥2~1/2. Then F,(s) can be
written as (see [2, p. 73] for instance)

m=0

1— pk1+k2—2p—25

(1 - apﬁpp_s)(l - O71761)1)_3)(1 - O‘pﬁipp_s)(l - &pﬁpp_s) .

Fp(s) =
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Now consider the following set

A:={p|opfy R and a,f, € R}.

For every p € A, p { N1 N3, F,(s) has no real poles. However, F},(s) has complex
poles and hence is not entire. Indeed, the degree of the numerator as a polyno-
mial in p~* is 2 and that of the denominator is 4. Then by Landau’s Theorem,
for each such prime p, there are infinitely many m; such that a(p™)b(p™*) > 0
and infinitely many mg such that a(p™2)b(p™?) < 0. Thus if A is infinite, we
are done.

Suppose now that A is finite. Then F,(s) has real poles for almost all
primes. If F),(s) has a real pole, then either a,3, € R or @,3, € R, that is,

% _ Dy
a By
% _ By
or afz—ﬁp. (5)

Recall

Qp Qp

Ly(Ad(g), s) := (1 - gzp_s) h ( - gﬁp‘s)_l (1—-p~*)~2

Using (5), we see that for almost all primes, we have

Ly(Ad(f), s) = Lp(Ad(g), s).

Then by Theorem 7, we have k := k1 = ks and a(p) = x(p)b(p) for all primes
(p, N1 N2) = 1. Here  is a character of conductor N dividing Ny No. Note that
we have x2 = 1 as a(p), b(p) are real numbers. Further, by the multiplicity one
theorem (see page 30 of [15]), one has

for a set T' of primes of positive density.

If x is trivial, that is, a(p) = b(p) for almost all primes p, then again by
the multiplicity one theorem, we have f = g, a contradiction. Now suppose
that x is quadratic. Then a(p) = £b(p) for almost all primes p. Further, by
the multiplicity one theorem, there is an infinite subset S C T of primes such
that a(p) = —b(p) # 0.
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Fix a prime p € S. Then a(p) = —b(p) # 0 and
m m o 1
Z alp™)X™ = 1—a(p)X +pr-1X2 (6)
1
1+b(p)X + pF—1X2
> b (=X)"
m>0

= > (=D)"bp™)X™.

m>0

Hence a(p™) = b(p™) for all even natural numbers m > 1 and a(p™) = —b(p™)
for all odd natural numbers m > 1. If

a(p™) = =b(p™) =0
for all but finitely many odd m > 1, then

Yo a@™X™ =Y a™)(=X)" = Y ap™)X™ (7)

m>0 m>0 m=>0
- - m odd

is a polynomial. But the left hand side of (7) is equal to
1 1
1—a(p)X +p"1X2 1+a(p)X +pk-1X2
This forces that 1 —a(p)X +p* "1 X2 = 14a(p) X +p* ! X? which implies that
a(p) = 0, a contradiction. Hence for any p € S, there exist infinitely many odd
natural numbers m > 1 such that
a(p™) = =b(p™) #0, thatis, a(p™)b(p™) <O0.

In a similar way, if we consider »:, ~,a(p™)X™ + 37 ~qa(p™)(—X)™ and
argue as before, we can show that for any p € S, we have a(p™) = b(p™) # 0,

that is, a(p™)b(p™) > 0 for infinitely many even natural numbers m > 1. This
completes the proof of the theorem.

5. Simultaneous sign changes for half-integral weight modular forms. Through-
out the section, we assume that Ny, Ny are odd, square-free natural numbers,
and 1,19 are real Dirichlet characters modulo 4N; and 4N, respectively.
Suppose that

f €8 24N, ¢1)  and g € 527 )5 (4N2, ¥)

are newforms with real Fourier coefficients with a(¢)b(t) # 0 for some t €
D. Here we study simultaneous sign changes of Fourier coeflicients of these
forms. As mentioned in the introduction, these newforms f and g correspond
to newforms

F(z)=> A(n)¢" and G(z) =) B(n)q"
n=1

respectively in the spaces Sy°" (2N1) and Sy)°" (2N2). Now we proceed to
the proof of Theorem 4.
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Proof of Theorem /. For odd primes p with (p, NyN3) = 1, the newforms
[ and g are eigenfunctions of T'(p®) with eigenvalues )\, and v, respectively.
Hence the corresponding integral weight newforms F' and G are eigenfunctions
of the Hecke operators T'(p) with eigenvalues A\, and +y, respectively. Since
Y3 =1 =12, the eigenvalues \, and v, are real. By hypothesis, there exists a
natural number ¢ € D such that a(t)b(t) # 0.

Further, for s € C with R(s) > 1, one has

Z a(tp2m) a(t) 1- wt7N1 (p)pklilis
pms 1— )\pp—s + p2k1—1—25

m>0

b(tp*™) 1 — N, (p)p*2
d =b(t 2
an Z pms ( )1 _ ’)’pp_s + p2k2—1—23 ’

m>0

where 1 n, denotes the character

—1)kit
e, (d) = i(d) (( ) ) -
Write
L= App ™ 217172 = (1= app™®)(1 — app™®)
and 1—ypp~?° 4 pPhe—1=2s = (1= Bpp™*)(1 = Bpp™®),

where ay, + @, = Ay, By + By, = 7, and oy, = p?*171 3,3, = p?k271 Now
consider

a(tp®™)b(tp®™)
Tp(s) =D —me
m>0
Using partial fractions, we see that

a(b(OH () )

(1= pBpp=*)(1 = apBypp=*)(1 — apBpp=*)(1 — @ Bpp~*)’
where H is a polynomial of degree < 3. Again T,(s) has poles and hence is
not entire. Now consider the set

X ={p|apbp €R and a,6, € R}.

For every p € X, T),(s) has no real poles and hence by Landau’s Theorem, the
sequence {a(tp?™)b(tp®™)},, has infinitely many sign changes. Thus, if X is
infinite, we are done. Suppose not. Now for any p € X,pt2N;N,, and s € C,
we have L,(Ad(F/a(t)), s) = L,(Ad(G/b(t)), s). Recall

Tp(s) =

LAd(F/a(0). 9) = (1- a_pp-s)_l (1-2) T,

LG, o) = (1- gp) (1- Zp) (1= )2

But then by Theorem 7, we have 2k; = 2ks, a contradiction. This completes
the proof of Theorem 4.



Vol. 105 (2015) Sign changes 423

Acknowledgements. The authors would like to thank the referee for a careful
reading of an earlier version of the paper. Part of the work of the first author
was supported by a DAE number theory grant and a SERB grant. Finally, this
work was finalised when the first and the third author were visiting France
under the ALGANT Scholar Scheme and the MODULI exchange program. It
is their pleasure to acknowledge the same.

References

[1] J. H. BRUINIER AND W. KOHNEN, Sign changes of coefficients of half-integral
weight modular forms, In: Modular forms on Schiermonnikoong (eds. B. Edix-
hoven et. al.), 57-66, Cambridge Univ. Press, 2008.

[2] D. Bump, Automorphic forms and representations, Cambridge Studies in
Advanced Mathematics 55, Cambridge University Press, Cambridge, 1998.

[3] W. DUKE AND E. KOWALSKI, A problem of Linnik for elliptic curves and mean-
value estimates for automorphic representations, With an appendix by Dinakar
Ramakrishnan, Invent. Math. 139 (2000), 1-39.

[4] I. INAM AND G. WIESE, Equidistribution of signs for modular eigenforms of
half-integral weight, Arch. Math. 101 (2013), 331-339.

[5] W. KOHNEN AND J. SENGUPTA, Signs of Fourier coefficients of two cusp forms
of different weights, Proc. AMS 137 (2009), 3563-3567.

[6] W. KOHNEN, Modular forms of half-integral weight on I'g(4), Math. Ann. 248
(1980), 249-266.

[7] W. KOHNEN, Newforms of half-integral weight, J. Reine Angew. Math. 333
(1982), 32-72.

[8] W. KOHNEN, A short note on Fourier coefficients of half-integral weight modular
forms, Int. J. Number Theory 6 (2010), 1255-1259.

[9] E. KOwALSKI, Y.-K LAU, K. SOUNDARARAJAN, AND J. WU, On modular signs,
Math. Proc. Cambridge Philos. Soc. 149 (2010), 389-411.

[10] W. C. W. L1, L-series of Rankin type and their functional equations, Math.
Ann. 244 (1979), 135-166.

[11] M. MANICKAM, B. RAMAKRISHNAN, AND T.C.VASUDEVAN, On the theory of
newforms of half-integral weight, J. Number Theory 34 (1990), 210-224.

[12] K. MATOMAKI, On signs of Fourier coefficients of cusp forms, Math. Proc. Cam-
bridge Philos. Soc. 152 (2012), 207-222.

[13] H. MONTGOMERY AND R. VAUGHAN, Multiplicative number theory. I. Classical
theory, Cambridge Studies in Advanced Mathematics 97, Cambridge University
Press, Cambridge, 2007.

[14] S. N1wa, Modular forms of half-integral weight and the integral of certain theta-
functions, Nagoya Math. J. 56 (1975), 147-161.

[15] K. ONO, The web of modularity: arithmetic of the coefficients of modular forms
and g¢-series, CBMS, vol. 102, Amer. Math. Soc., 2004.

[16] W. PRIBITKIN, On the oscillatory behavior of certain arithmetic functions asso-
ciated with automorphic forms, J. Number Theory 131 (2011), 2047-2060.



424 S. GUN ET AL. Arch. Math.

[17] D. RAMAKRISHNAN, Recovering modular forms from squares, Invent. Math. 139
(2000), 29-39, Appendix of [3].

[18] G. SHIMURA, On modular forms of half integral weight, Ann. of Math (2) 97
(1973), 440-481.

SaNorr GUN

Institute of Mathematical Sciences,
C.I.T Campus, Taramani,

Chennai 600 113,

India

e-mail: sanoli@imsc.res.in

WINFRIED KOHNEN

Mathematisches Institut der Universitat,
INF 288, 69120 Heidelberg,

Germany

e-mail: winfriedOmathi.uni-heidelberg.de

PurusoTTAM RATH

Chennai Mathematical Institute,
Plot No H1, SIPCOT IT Park,
Padur PO, Siruseri 603103,
Tamil Nadu, India

e-mail: rath@cmi.res.in

Received: 24 May 2015



	Simultaneous sign change of Fourier-coefficients of two cusp forms
	Abstract
	1. Introduction and statements of the Theorems
	2. Intermediate Lemmas and Theorem
	3. Proof of Theorem 1 and Corollary 2
	4. Simultaneous sign change at prime powers
	5. Simultaneous sign changes for half-integral weight modular forms
	Acknowledgements
	References




