Chapter 5

The Dirichlet series and Perron’s
formula

Throughout this chapter. The letter s denotes a complex variable. The real numbers
o and t are implicitly defined by s = o + it.

5.1 Convergence of Dirichlet series

Recall the definition of Dirichlet series:

Definition 5.1 (Dirichlet Series). Let f be an arithmetic functions. The Dirichlet
series associated with f is the function D(f;s) of the complex variable s defined by

D(f;s) = Z@ (5.1)

for those s where the series (El!) is convergent.

Theorem 5.1. Let D(f;s) be a Dirichlet series and let op € R. If D(f;s0) is
absolutely convergent for some sy € C with Re sy = 0g, then it converges absolutely
and uniformly in the closed half-plane

{s € C : Res > 0gg}.

Proof. Since for any s with Re s > oy,

Fo)| | fm)| _ | £ )
ns — | poo NS0 )
the desired conclusion follows by the Weierstrass criterion. O
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Definition 5.2 (Abscissa of absolute convergence). Let D(f;s) be a Dirichlet series.
Define the abscissa of absolute convergence of D(f;s) by

o, =inf{oc € R : D(f;0) is absolutely convergent} .

That is to say, D(f;s) is absolutely convergent for Res > o, and is not absolutely
convergent for Res < g,. By convention we allow o, = F00.

Example 5.1. The abscissa of absolute convergence of ((s) = D(1;s) iso, = 1. By
Proposition @, the o, of D(T;s) is 1.

In Chapter 2, we have discussed the relationship between Dirichlet series and
Dirichlet convolutions. In practice, we need to consider the derivative of a Dirichlet
series. So we need the following convergence theorems.

Theorem 5.2. Suppose that f, g and h are arithmetic functions such that h = fxg.
If both D(f;s) and D(g;s) are absolutely convergent at any given point s, then so is
D(h; s). Moreover, we have

D(h;s) = D(f;s)D(g;s).

Proof. For any x > 1, we have

h(n) f(m)g(d) ' f(m) g9(d)
N = JANVINT |« SN EASYS )
nzgx ns %z (md)s | — W% ms dgzx ds
Let x — +o00 and the desired conclusion follows. ]

Corollary 5.3. Let f be a completely multiplicative function. Then D(f;s) # 0 in
Res > o, and

L a0
D(f;s) “—= n°

In particular, the Riemann zeta function ((s) # 0 in the half-plane Re s > 1.
Proof. By Theorem @, we have

f7H ) = p(n) f(n)

where f~!(n) denote the Dirichlet inverse of f(n). Moreover, since |u(n)| < 1, the
series

i p(n)f(n)

is also absolutely and uniformly convergent in any closed half-plane in Res > o,.
The desired result follows from Theorem p.2. O
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Theorem 5.4. Suppose that D(f;s) is a Dirichlet series with the abscissa of absolute
convergence o,. Then for any s € C with Re s > o,, we have

d =, f(n)logn
&D(fss)z—;Tg-

That is, we can termwise calculate the derivative of D(f;s).

Proof. Since logn <. n® for any € > 0, we see that

i f(n)logn
nS
n=1
is absolutely and uniformly convergent in any closed half-plane in Res > o,. The

desired result follows from the Weierstrass criterion. L]

Remark. In fact, since f(n)/n® is holomorphic as a function in s, we can directly
get the conclusion of Theorem by complex analysis.

Example 5.2. For Res > 1, we have

1 )
C(s) 2 n

and

L=y

Moreover, these two Dirichlet series are absolutely convergent in Res > 1.

n=1

5.2 Dirichlet series associated with multiplicative
functions

Formally, if f is a multiplicative function, by the fundamental theorem of arithmetic,
we can write

D<f;s>=zf§:>:H<H%+%@+...>.

We give a rigorous proof of this fact.
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Lemma 5.5. If
Z lan| < oo,
n=1

then the product

o0

[T +an

n=1

converges. Moreover, the product converges to 0 if and only if one of its factors is 0.

Proof. Since ), |a,| is convergent, we have |a,| < 1/2 for sufficiently large n.
Without loss of generality, we can assume this property holds for all n. We define
log z by the usual power series, and this logarithm satisfies the property that

1+ z=-exp(log(l+2)), |z <1

Then we have

H(l + a,) = exp (Z log(1 + an)> :

n=1

So it suffices to prove that
N
Z log(1 + ay)
n=1
is convergent. By the power series expansion, we see that
[log(1 + 2)| < 2[¢|
for |z| < 1/2. Since ) 7, |a,| is convergent, we obtain the desired conclusion.  [J

Theorem 5.6. Let f be a multiplicative function and let s be a complex number. If
D(f;s) is absolutely convergent, then

s =3 1) 52)

p k=

[e=]

Furthermore, if f is completely multiplicative, the equation (@) takes the simpler

" oo =TI (1- @)

» p
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Proof. Since D(f;s) is absolutely convergent and

oo

we see from Lemma @ that the product

I3 20 -1 13 27

p k=0 p

)

is convergent. Let Pt (n) denote the largest prime factor of n. The inequality

ST - = TPsy

p<z k=0 Pt(n)>z n>x

fn)

implies (@) by letting  — +o0.
If f is completely multiplicative, then we have

f@h) _ <f(p))k.

pks ps

- (1— f}gf))_l.

Note that since D(f;s) is absolutely convergent, we must have |f(p)/p®| < 1. O

So we have

p

g; f(i)

Corollary 5.7 (Euler product). For Res > 1, we have the following Euler product
formula for the Riemann zeta function:

5.3 Perron’s formula

Let f(s) be a funtion in complex variable and let ¢ € R. Denote

c+iT
/f(s)ds: lim f(s)ds.
(c)

T—~+o00 c—iT
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Lemma 5.8. For any ¢ > 0, we have

x> 1,

/—ds- , 0<z <,
i
1/2, z=1.

We omit the proof since we will soon prove a quantitative version of this lemma.

Theorem 5.9 (Perron’s formula). Let D(f;s) be a Dirichlet series. Then for any
c > o, and any non-integer x > 1, we have

xr
> ) = 5 /( D(fi) s

n<x

“Proof”. Exchanging the integral and the sum, we obtain that

2L7rz' (C)D(f;s ? " 2mi /(c ;__d _Zf <2m /c) (%)séds>.

By Theorem @, the integral in the last sum is
1 A 1, n<u,
-— <—> —ds =
2mi Jg \n/ s 0, n>ux.
Note that since z ¢ Z, n = x could not happen. The desired conclusion follows. [

One may notice that the first step is not rigorous in our “proof”. We have two
ways to overcome this problem. One is to use the Laplace transform, which is left
as an exercise. The other is to truncate the integral and obtain an estimate of the
form

OEF=Y D) ds| = or i (1), (5.3)

Letting T' — +o00, we obtain Perron’s formula. However, in the application of
Perron’s formula, we need to truncate the integral. So anyway, we need to give an
effective version of Perron’s formula.
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5.4 Effective Perron formula

Lemma 5.10. Define the function §(x) by (not the arithmetic function 0 defined in
Chapter 2)

(1,  z>1,
d(x)=41/2, z=1,
L0, O0<z <.

Then for any ¢ >0, T'> 2 and x > 0, we have

( 1
O(zmin(1,——— ||, z#1,
1 c+iT s T|10gl‘|

— T ds= (x) +

2t Jo_ir S 1
O\ = =1
o(7), :

Proof. We first assume 0 < x < 1. We move the integration to the horizontal
segment s = a =91 with ¢ < a < 0o getting

L [etTgs ds < 1 /Oo Ao < x¢
— —ds< = 27 do € ——.
27t Jo_ip S T ). T|log x|

If we move the integration to the right arc of the circle |s| = |c 4 ¢T| then we get

1 c+iT xs

— —ds < z°
21t Jo_ir S
So we prove the case 0 < x < 1.

For x > 1, the proof is similar. But we should move the integration to the left
horizontal segment and the left arc of the circle. The pole at s = 0 contributes the
residue 1.

Finally, for x = 1, we have

L™ Ly L (log(e i7) ~ tog(e - )
— —ds = — (log(c+¢T") —log(c — i
omi )i s i 8 &

1
= —arctan

T
T 1/02%,7"2

1 1
—54‘0(?)
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Theorem 5.11 (Effective Perron formula). Let D(f;s) be a Dirichlet series with o,
the abscissa of absolutely convergence. For x > 2 and o > o,, define

Aw = x|, Bl) =3 LW

z/2<n<3x/2

Then forT > 2, ¢ > 0, and x > 2 with x = N + 1/2 for some N € Z, we have
I '’ rA(x)log x 2¢B(c)
= — D(f;8)—ds+ O | ————— oOl———=).
> 7t o [ Dt as o (FHRET) o (219
Proof. By Lemma , we have

1 c+iT s o0 1 c+iT \s ds
ot | DUt =0 (5 [ () )
=Y fn)+O0(R)

n<x

where

S i)
=22 T oglam)]

n=1

We divide the sum into three parts:

o £ (n)]
R=x Z + Z + Z Tne |log(x/n)|

n<z/2 x/2<n<3z/2 n>3z/2

For n < z/2 or n > 3z/2, we have
log %[ > 10g2 > 1.
n

So the first sum and the third sum are bounded by

a [f(m)] _ «°B(c)
TY2Z T2 (e ST
n<z/2 n>3x/2

For /2 < n < 3zx/2, 1/|log(x/n)| could be large. So we should consider its contri-
bution. Recall that = N + 1/2. We divide the sum into

2.t

z/2<n<N  N+1<n<3z/2
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The treatment of these two sums are the same, so we only deal with the latter one.
For N +1 < n < 3z/2, we have

x n r—n n—x
llog—’ =log — = log (1 + —) >
n x x x
So
: ()] rA(x) 1 2A@)loge
’ Z Tne|log(x/n)| < Z n_z S T '
N+1<n<3z/2 N+1<n<3z/2
The same estimate holds for
c |f(n)]
L Z c ’
ojremey L1 [log(z/n)]
Combining all the above, we get the desired conclusion. [

5.5 The expression of i (z)

Now we would like to deduce a integral expression of ¢)(x) via Perron’s formula. First
we need to know the behaviour of {(s) near s = 1.

Lemma 5.12. For k > 0 and Res > 1, we have

(9(s) = % 1 O((1og 2Js])t)

where the implies constant depends only on k.

Proof. Let ¢ = Res. Let X > 2 be a large parameter specified later. By the
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Euler-Maclaurin summation formula (Theorem @), we have

(1)) = 5 Loen)”

nS
n=1
1 k +00 1 k X)(1 X k
B DL gl T PRIES 2
= ns ¥ us Xs
B oo () k(log u)k_1u5_12— su*~(log u)k du
X u=s
1 k +o0 1 k 1 X k
oy st T g (Lo X0
= ns ¥ us XO'
+o0 1 k—1 1 k
po [ e bl )
x uUJrl
1 k +o00 1 k +o00 1 k
_ - (ogn) +/ (log w) ds+0(|s|/ (ogul) du)
= ns ¥ us ¥ u’t
+o00 1 k 1 k X 1 k
:/ (log u) d8+z(ogn) _/ (logu)®
1 uS = nS 1 uS

400 (logu)k
+0 (|s\/x = du) :

By repeatedly using partial integration, we obtain that

/+°° (log u)k ds — k /+°° (log u)k=1 doeenn k! /+°° ds _ k!
1 1 1

u® s—1 u® (s — 1)k us (s — 1)k

It is the desired main term. Since ¢ = Res > 1, we have

(log ”)k k 1 k+1
g - log X E — log X .
s < (log X) - < (log X)

n<X n<X

Clearly, the same estimate holds for

X 1 k
/ (ogu)™ .
1 u?
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Finally, we have

+oo (10g u)k 1 400 L L
/ = du = —;/ (log u)" du

X X
(log X )* N 1 /+°° (logu)*—1

p 1
oX° o Jx uot

(log X)* = [+ (logu)**
Tx ), e

du

<
X

(log X)*

< X

As a summary of the above argument, we obtain that

) = o (14 1) gog )

Taking X = 2[s|, we obtain the desired conclusion. ]

Corollary 5.13. For 1 < o < 2, we have

(o) 1

Clo) o—1
Proof. By Lemma , for 1 < o < 2, we have

+0(1).

Therefore, we have

]

Theorem 5.14. Let © > 2 be such that xt = N + 1/2 for some N € Z. Then for
T>2andc=1+1/logx, we have

v = Sam =g [ (-4 Taeeo (TR,

n<x
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Proof. We apply Theorem for —('(s)/¢(s). Let A(z) and B(o) be as in Theorem
H.11. We have

Ax) = xﬂglagxp |A(n)| < logx.
By Corollary , we have
B(c) = B(1+1/logz) =logz + O(1) < log z.
So we have

zA(z)logx < zlog? x
T T

and

T T ST
By Theorem , we obtain the desired result. [

2°B(c) exB(c) _xlogx
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