HW2, Problem 3*:
Use Dirichlet hyperbola method to show that

S r(n? 4 1) = Srlog(x) + O(a).

n<x

This note presents the different ideas suggested by the students Daniel Klocker, Jiirgen Steininger,
Stefania Ebli and Valerie Roitner for solving this problem.

PROOF: Let
p(d)=#{meZ/dZ:m*>+1=0 (modd)} (1)

denote the number of solutions modulo d of the congruence n? +1 = 0 (mod d). The actual
application of the Dirichlet hyperbola method is only in the first part of the proof, namely in

Claim 1. We have the following identity

ZT(n2+1):2mZ%d)+O Zp(d)

n<x d<z d<z
Proof. We can rewrite }, _, T(n? +1) as
DT =3 > 1=2) > 1=23 > 1
n<z n<z d|n2+1 n<z d<n d<z n<z
dln+1 n?41=0 (mod d)

following from Dirichlet hyperbola method. The factor 2 arises since every divisor d of n? + 1 with
d < [\/ n2 + 1} = n has a complimentary divisor ¢ with dg = n? +1 and ¢ > n and vice versa
(there exists a bijection between the divisors d of n? + 1 with d < n and the divisors d > n.)

Since the condition n? +1 = 0 (mod d) is periodic in n with period d the above sum can be
rewritten as "
23" (Zp(d) + O(p(d))
d<z

where p(d) denotes the number of the solutions of n? + 1 = 0 in Z/dZ. Hence

ZT(nQ—Fl):QxZ@—&—O Zp(d)

n<x d<z d<z

1 Analyses of p(d)

The hardest part of the proof is to understand the function p(d) and the sums ), @ and

> 4<n p(d). Here is where the ideas split and we will present three different methods, the text
following closely the solutions of the students.

1.1 Idea of Valerie

The first method is presented in most consice way, however it is the least elementary of all that
will be given here, requiring some knowledge in algebraic number theory.



The function p(n) is multiplicative in n, while f(n) = 7(n? + 1) is not. From Fermat’s two
square theorem, we know that p(p) = 2 if p = 1 (mod 4) and p(p) = 0 if p = 3 (mod 4). With
Hensel’s lemma p can be computed at prime powers. The multiplicity of p follows from the Chinese
Remainder Theorem.

We now want to estimate the sums

Z@ and Zp(d)

d<zx d<z

Using a result from [1] we get

S P(d) = 65:/%):5 + O(VTlog )
d<z

where P(z) is the number of solutions of the equation n? +bn + ¢ = 0 with A = b? — 4¢ < 0 and
H*(A) is the Hurwitz class number. The Hurwitz class number is defined as

2

H*(A) = S

(&) Z w(A,B,C)’
(A,B,C) reduced
B2_4AC=A

where (A, B,C) is a poistive definite quadratic form Ax? + Bxy + Cy? with the same discrim-
inat A as the equation n? + bn + ¢ and w(A, B,C) is the size of the automorohism group of
the form (A4, B,C). We have that w(A4, A, A) = 6, w(A,0,A) = 4 and for other reduced forms
w(A, B,C) = 2. (The main idea of McKee’s proof is to find an explicit expression for p(d) using
the automorphism group of a quadratic form and then, using this explicit expression, reformulation
> <z P(d) as a nested sum of Mobius functions, which after some changes of inner sums then can
be computed explicitly).

In our case we have the equation n? +1 =0, A = —4 and H*(—4) = 1. Hence

S p(d) =~z + O(Vz log ) = O(x).

2w
d<z

Using summation by parts we get
p(d)
— = —1 o
Z: y 5 logw + (1).

Combining everything we finally get

Z n?+1) =2z Z—Jr(? Zp(d) :%xlog:chO(x).

n<z d<w d<w
1.2 1Idea of Stefania
This method uses the intriguing relation of the function p(d) to the Gauss circle problem.
Define the functions
r(n) #{my €7%: (x,y) = 1 and 22 + o> —n}
counting the proper representations of n as a sum of two squares, and

P(n) =#{(z,y) YEZ?: (2,y) =1,z >0,y >0 and 22 + o> =n}



which counts the proper representations in the first quadrant.

Recall that the Gauss circle problem counts the lattice points in a circle of radius y/z by the

asymptotic formula
Z Z l=mz+0Wx). (2)

n<x x2+y2=n

As the density of coprime integers is 6/72, one expects that the primitive circle problem gives

S rn) = Sa o+ O). 3)

n<x
The main statement importing p(d) in the context of the circle problem is the following

Lemma 1. (Theorem 3.21, [2]) We have r(n) = 4p(n) for every positive integer n. In particular
p(n) = P(n).

Proof. Consider any solution of 22 + y? = n, where n > 0. Of the four solutions (z,y), (—y, ),
(—x,—vy), (y, —x)) exactly one of them has both the first and the second coordinate positive. Thus,
let P(n) be defined as above, we will have r(n) = 4P(n) and we will now prove that p(n) = P(n).
Suppose that n is a given positive integer, we shall exhibit one-to-one correspondence between the
representations z2 + y? = n with 2 > 0, y > 0, (x,5) = 1 and the solutions s of the congruence
52 = —1 (mod n).

We will do this in three steps. First we define a function from the appropriate pairs (z,y) to
the appropriate residue class s (mod n). Second, we will show that the function is one-to-one.
Third, we prove that the function is onto.

To define the function, suppose that = and y are integers such that 22 +y? = n, z > 0 and
y > 0, and (z,y) = 1. Then (x,n) = 1, so there exists a unique s (mod n) such that xs = y
(mod n). More precisely, if & is chosen so that & = 1 (mod n), then s = Zy (mod n). Since
2?2 = y?m (mod n), on multiplying both sides by 7% we deduce that s> = —1 (mod n).

We now show that our function is one-to-one. Suppose that for i = 1,2 we have n = x? + y?
with ; > 0 y; > 0, (2;,y;) = 1 and 2;8; = y; (mod n). We show that if s = s3 (mod n) then
x1 = x9 and y; = y2. Suppose $1 = Sy (mod n), as r1Y281 = Y1y2 = x2y152 (mod n) it follows
that 1y2 = x2y1 (mod n) since (s;,n) = 1. But 0 < 22 < n so that 0 < z; < \/n and similary
0 < y; < /n. From this inequalities we dedeuce that 0 < z1ys < /n and similary 0 < zoy; < /n.
As these two numbers are congruent modulo n and both lie in the interval [0,n) we can conclude
that 21ys = z2y1. Thus x1|xsy;. But (21,y1) = 1 and (22,y2) = 1, so it follows that x|z and
xo|x1. As the z; are positive we deduce that 21 = x5 and hence y; = y2. This completes the proof
that the function is one-to-one.

To complete the proof we just need to show that our function is onto. That is, for each s such
that s = —1 (mod n) there is a representation 2% + y?> = n with z > 0 and y > 0, (z,y) = 1 and
rs =y (mod n). Suppose that such s is given, then there is an integer ¢ such that (2s)? —4nc = —4.
Thus g(x,y) = nx? + 2szy + cy? is a positive definite binary quadratic form of discriminant —4.
In the proof of Theorem 3.20[2] it is shown that all these forms are equivalent. Thus there is a
matrix M € T that takes the form f(z,y) = 2% + y? to the form g. From definition (3.7a)[2] we
see that m?, +m2, = n and (my1,ma1) = 1 since det(M) = my1mas — miama; = 1. From (3.7b)
we see that s = mqi1mi2 + mai1mas. Hence:

2 2
mi; = Mijp + Mmi1ma1ma2

= —m2,mis + mi1mormas  (mod n) (since m?; = —m2, (mod n))
= —m3ymaz + ma1 (1 + maimaz) (since my1mas — maimys = 1)
= Mma1



In the case my; > 0 and mg; < 0 it is suffices to take z = mq; and y = mg;. In case
these inequalities do not hold, then we take the point (z,y) to be one of the point (—ma1,m11),
(—m11, —ma1), (ma1,mq1). From the congruence mi;s = ma; (mod n), s> = —1 (mod n) we
deduce that —mg1s = mq; (mod n). Thus s = y (mod n) in any of these case. This complete
the proof that r(n) = 4p(n).

O

Equation (2) shows us the asymptotic behaviour of the number of integer points inside a circle
of radius /z. In the following lemma we will find the asymptotic behaviour of integer points (x, y)
inside a circle of radius v/z such that (z,y) = 1, i.e. we will prove (3).

Lemma 2. We have N

6
Q(x) == ;r(n) =+ O(Vzlogz).
In particular

Z P(n) = Z p(n) = %x + O(Vzlogz).

n=1

Proof. From the definition of Q(z) we can write

and

B(x) == Z 1

u,v
1<u?+v?<z

1<d</z u,v
- _f1§u2+v2§x

(u,v)=d

= Z Z 1 Whereu’:g,v’:%

1<d</z u' v’
1§u’2+v’2§x/d2
(u/vvl):]-

- Y (%)

1<d<z

Applying a certain version of the Mébius Inversion Formula to (4) we have

Q)= Y udB(%)

1<d<vz

- 2w ro(Y)) (by (2)
1<d<yz

_ u(d) : 1)

e Al Gy

=%y o(%) +O(Vrlog) (since |V 5 | < Valog)

= gx + O(Vzlogz).



We know that r(n) = 4P(n) = 4p(n), hence

" P() = Y pln) = 5o+ O(Valoga) = O(a)

Corollary 1. We have

3
——= = —logz+ O(1)
n 2T
n<x
Proof. First we will prove that
*. r(n)
n=1

It follows immediately that
p(n) 3
—r =—1 1).
D =g legr +0(1)

n<z

O

Finally we have the tools to prove our asymptotic formula. By Corollary 1 and (5) one easily

sees that 3
Z 7(n? +1) = Zzlogz + O(x).
7r

n<x

1.3 Idea of Daniel and Jiirgen

The proofs of Daniel and Jiirgen are essentially the same, with the difference that Daniel restrains
from the notion for Dirichlet L-series, and rather uses Abel’s inequality for a certain estimate.

Later this will become clearer.

First consider the function |u(n)|, where p is the Mobius function, i.e. this is the square-
counting function which is 1 if n is squrefree and 0 otherwise. Also consider the multiplicative

function x : N — C defined by

1 ifn=1 (mod 4)
x(n)=4¢ -1 ifn=3 (mod 4)
0 otherwise.

The basic steps in the analyses of p(d) and the sums from Claim 1 involving this function are:

1. Show p is multiplicative and compute p(p®) for all primes p.

2. Show p = |u| * x, where x denotes Dirichlet convolution of arithmetic functions.



3. Estimate z |(n)], Z Iu(nn)l ) ZX(H) and Z@
n<zx nz

n<lz n<zx

4. Estimate Z@ and Zp(n)

n<z n<x

First we note that p(1) = 1,p(2) = 1 and p(2¥) = 0 for k > 2. By the first supplement for
quadratic residues we know for primes p:

(p) = 2, ifp=4n+1
PPI=N0, ifp=dn+3

By Hensel’s Lemma we get for every solution of a> = —1 (mod p) a solution of a®> = —1 (mod p*)
for k > 2. Therefore we get for prime powers also

& 2, ifp=4n—+1
p(p") = :
0, ifp=4n+3

Claim 2. Let p be the Mobius function. Then we have

pld) =Y |u(a)x(b) = |ul = x(d).

ab=d

Proof. By the Chinese Remainder Theorem p(d) is multiplicative, but not strongly multiplicative.
Obviously by definition (1) p(d) < d, so the Dirichlet series D, is absolutely convergent for Re(s) >
2 (its absolute convergence abscissa is 1 but we will not pursue this here). Therefore for Re(s) > 2
we can write

,o(n):H<1+p(p)+p(p2)+._.>

s S 2s
= . p p
2 2
:<1+P§j)H<1+f’<f)+p(§j+...)
p>2 p p
2 2
=(1+27) ] <1+S+28+ )
p=4n+1 p p
1 k
=(1+27°) 1+2Z(S> -2
p=4n+1 k>0

By multiplication of Dirichlet series we get

p(d) = |p@)lx (2) = > |ula)|x(d). m

ald ab=d



So we see that Zd<z old) D ab<a |“(aa)| @. Therefore we should look closer at the sums

Engw “Lnn)l and anw XSL")

Claim 3. Let {(s) be the Riemann zeta function. Then we have:

> uin logf)” + o)

Proof. From the lecture (14.11. Claim4) we know that >, . |u(n)| = 75 + O(y/z). Using Abel
transformation we get

> u(n)|=

n<lz

S+ [ Sl ) a

=i(<é>+0<ﬁ>>+/f(<é> o)
o @) g [ rero (] )
=1§ég)c+0(1). 0

We define the Dirichlet L-series at 1 as

L(1,X):Z@.

So when we want to calculate _, X(n ) we can express it as L(1,x) plus an error term.
Claim 4. We have
x(n 1
Z L(1,x)+0O
x
n<x

Proof. Let A(x) := 3", ., x(n). By definition of x it follows that |A(z)| < 1, so we have A(z) =
O(1) for every x. We know that

:ZM+ZM

n<zx n>x

So it remains to show that 53 _ X — O(2). Using Abel transformation we get

n>r n

> @ = A(y)i - A(m)% + /:A(t)tlzdt

r<n<y

So we get
1
lim Z X = & =0 <) ,
y—o0 n T
r<n<y n>x
since the limit doesn’t depend on y. O
Leibniz showed that R
T
L ]. == — - — = — = —
(1,x) 3Tzt T
so Claim 4 reads as .
Yy A =7r+0(>
n 4
n<z



Daniel’s proof differs from Jiirgen’s only at this last claim, more precisely in its proof, which he
does using Abel’s inequality. Note that mentioning Dirichlet L-function is not really necessary for
the proof, but we rather use it for a comfortable notation.

Further we know that ¢(2) = 72/6. Putting this together we can find now an expression for
Zn<z @Z

Claim 5. We have

Proof. Using the claims before we get

o) = ()] x(8)
D D

n<z ab<z
_ 3 @)l 5~ x0)
a b
a<lx b<Z

Il
7 N
| e
3|0
~| K
+
S
—~
- B
~
~
1
+
a
/N
8e
SN—
SN—

:%log:z:wLO(l). O

Claim 1 states that >, __ T(n?+1) =2z Dd<e @ +0 (ngx p(d)). Finally we need to look
at >4, p(d). This is not hard, because from Claim 2 and the fact that ‘anx X(n)’ < 1 follows

dopd) =" lu@] Y x(b) =Y u@)]o(1) = O(x).

d<zx a<zx b< 2 a<zx

Putting all together we get the result:
9 3
E T(n®+1) =2x Py logz+O(1) | + O(x)
T
n<x

= §srslogx + O(x).
7T
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