MELLIN TRANSFORM AND RIEMANN ZETA FUNCTION

CINDY TAGARIS

Definiton
00 1 T+4100
Define g(s) = M{f}(s) = / f(t)t*"1dt and f is recoverable: f(x) = 2/ x%g(s)dx.
0 T Je—ico
Note: We need to restrict s to values where the integral will converge. We have g(s) exists

if/ |f(2)]2*"'dz is bounded for some & > 0. And f(x) will have ¢ > k.
Examples
(1) The T function is defined I'(s) = / et 1de.

0
Immediately, we see that I'(s) = M{f}(s) where f(t) = e’
Notice this analytically continues I' to C except at s =0,—1,—-2,....
Aside: T" has some nice properties that we will be utilizing later:

(s +1) = I(s) r (;) - /x.

(2) Let f(z) = 6%1 And let Re(s) > 1.

M{f}(s) = /Oooxs—l LI

et —1

00 oo
= / xsflze*mdx
0 n=1
oo 00
= Z/ e dy
n=1 0
Set: nzx =t dt =ndx
o] o) s—1
-2 () e
1 0 n n
oo 00
= Zn_s/ ts~letdt
n=1 0

= C(s)L(s).
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Properties
Note: There are many interesting properties of the Mellin transform, but we will only cover
a few of interest.

(1) M{f(ax)} /faa: Yzt lde = a” / MA{f}(s)

Example: Let f(t) =e * ¢ >0, f(ct) = e
We already know that ./\/l{f}( ) =T'(s). So, we anticipate M{f(ct)}(s) = ¢ °T'(s).

M{e_Ct}(S) — / e—ctts—lg
0

t
u = ct = du = cdt

e (-
= ¢ ° /00 e “utdu
0

— T(s).
@) M f@)s) = [ f@ata e = [ ) e = M{F@) s+ a)
@ M{11 ()} -mu@ia-o.

Recall

The theta function: 6(t Z e mn’ ) > 0) has properties:
(1) 0(t) = \}ie 1) . The proof will use Poisson and Fourier transforms.

2) ‘H(t) T <eT o> 0= 0() <t
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Idea:

We are going to relate 6 and (. In particular, there is a relationship between the Riemann
Zeta function and the Mellin transform of the Theta function. This relationship (along
with the functional equation for the Theta function) will provide insight on the Riemann
Zeta function. In particular, we will get a functional equation and meromorphic continu-
uation for the Riemann Zeta function.

Theorem

o0
Let ((s) = Z for Re(s) > 1. We have that  extends analytically onto C except for a
n=1

simple pole at s = 1 with Residue of 1. And if we define A(s) = 72 I’ (g) ¢(s), then we

obtain the functional equation: A(s) = A(s—1). In particular, {(s) satisfies the functional
equation

Proof

Define

[e.e]
Note that 0(t) — 1 =2 Z e~ ™"t 5 0 at oo = the integral converges.
n=1

Also, since 0(t) < t%l, the second integral will converge, as well.
Let Re(s) > 1 and focus on the second integral:

Lo dt Loy de Loy de 2
/t29(t)—/ “1:/ £30(t)— — .
0 t 0 t 0 t 8—1
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o °° v s dt ! 2, dt 2
= 2 e Tt t’— 2 tre ™t
o(s) / e / + Z/ ’ Cs—1

2

sdt 2
— 9 —7rn2tt “
Z/ +s+1—s

S
Letting ¢ — mn?,s — 2 and using the Scaling property previously discussed:

L) = S DI (D) 4+
Tols) = n Syt
2 i 2) T s T 15
n=1
oo
—s 1 1
= ZWTn_SF(f)+*+
2 S 1-—s
n=1

= 72 ()T <2> +o+ 1:3

We already established the 1ntegrals making up ¢ were convegent so for all s such that
Re(s) > 1, we have that ¢ is entire with respect to s. Thus, we have meromorphic contin-

uuation: ) )
vt (Bo(s) - L -
s 1—s)
2
s 1
Moreover, 72, ?7 ¢(s) are entire so the poles of  are simple and at s =0, 1.
2)

Consider the pole at s =0:
We have I’ (g) s in the denominator. Replace I <§> §=2 (;) r (%) =2r (g + 1) # 0
as s — 0. So, we have fixed this.

Next, consider the pole at s =1:
To find the residue, we consider

E 1
lim (s — 1)— <1—1— ! >: LA

s—1 S
r(3)
2
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Finally, we need to establish the functional equation:

1 1 1 . 1
Let A(s) = §¢(S) - T Since 5 and — .
just need to show that ¢(s) = ¢(1 — s).

1
Recall the functional equation for 6. Then, switch the bounds on ¢ from t — n After a

are invariant replacing s - 1 — s, we

little work, we obtain:

o = [ 00) )% 0 ) )3

— /Olt_zs (ﬁe(t)—l)(jJr/loot? (ﬂ@(t)—ﬁ)%
- /Oltl? (9@)—\2)(?+/100t1?(9(t)_1)‘1t

This completes the proof of the functional equation and, thus, the theorem.

Remark

In a similar way, one can obtain analytic continuuation and functional equations for more
general series by inserting Dirichlet characters. Furthermore, the Mellin transform extends
to C easily, i.e. one could define the Mellin transform for the C case, as well, taking the
integral to ioo.



