Special values of the Hurwitz zeta function
via generalized Cauchy variables

Takahiko Fujita and Yuko Yano

Abstract As a continuation of the work of Bourgade, Fujita, and Yor, we show how to
recover the extension of the Euler formulae concerning some special values of the Hur-
witz zeta function from the product of two, and then N, independent generalized Cauchy
variables. Meanwhile, we consider the ratio of two independent generalized Cauchy vari-
ables and give another proof of the partial fraction expansion of the cotangent function.

1. Introduction

The special value of the Riemann zeta function ¢(2) is well known:

=1 2

(1.1) @@= ="
k 6

k=1
To find the value of this series is known as the Basel problem. The Basel problem
was originally solved by Euler in 1735. Since then many ways to solve the prob-
lem have been proposed. Bourgade, Fujita, and Yor [3] have suggested another
approach to solve the Basel problem and recovered the Euler formulae as below
for the Riemann zeta function in a probabilistic way. We recall the Euler formu-

lae:
1 1 /m\2n+2 Agn
1.2 (17_) M +2 :_(_) _Am
(12) gzz S+ 2) =53 T(2n+2)
for n=0,1,2,.... Here the coefficients A,, stand for the tangent numbers which

appear in the series expansion:
1 A T
(1.3) mzzk—fek, 6] < 5-
k=0
The authors in [3] have discovered that the product of independent Cauchy vari-
ables could be used to solve the Basel problem and the Euler formulae. More
precisely, let C be a Cauchy variable; that is, C has the following probability
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density function:

1 1
Let C be an independent copy of C. Then the density function of |Cé | is given by
4 logx

Since flcél(x) is a probability density function, it holds that

/ f\cé\(x) dr=1,
0

that is,
w2 > logx
1. — = dex.
(1.6) 4 /0 221"
By some basic computation involving Taylor expansions, we have
- 1
the RHS of (1.6) =2 e
¢ RHS of (1.6) ; 2k + 1)
Meanwhile, we have
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therefore we obtain the desired result (1.1). Considering the moment of log|CC]|
or product of N independent Cauchy random variables, we can obtain the Euler
formulae (for the details, see Fujita [5]).

On the other hand, a Cauchy random variable appears as the law of the first
hitting time for planar Brownian motion. Yano, Yano, and Yor [9] have studied
the hitting time of a single point for symmetric a-stable Lévy processes with
indices « € (1,2] and shown the following result.

THEOREM 1.1 ([9, THEOREM 5.3]; SEE ALSO [4, PROPOSITION 1.11])

Let X = (X}) be a symmetric a-stable Lévy process of index « € (1,2], and let X
be an independent copy of X. For a € R, let Tr,y(X) be the first hitting time at
a of X. Then

5 law
(1.9) X(T{a}(X)) = |a\Ca,
where
sin(r/a)  dz
1.1 P = R.
(1.10) (Cq € dx) orja 15[ T E

The authors in [9] call the random variable C, an a-Cauchy random variable.
We note that, in the case a =2, X is Brownian motion (up to a multiplicative
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constant) and Cs is equal in law to the Cauchy random variable, that is, Co e,
We remark that

(1.11) Cof e G

1=y

where v =1/a € [1/2,1), and G, and G, are independent Gamma random
variables with parameters v and 1 —~, respectively (see [9, (2.21)]). Here G, is a
Gamma random variable with parameter a > 0 if it has the following probability
density function:

(1.12) P(G, edz) = 2 te " dx, x>0.

1
I'(a)
REMARK 1.2

In [5], Fujita introduced (m,n)-generalized Cauchy random variables Cy, ,, (m,n €
R with n >m + 1 > 0) which are defined by

_ 2 z™
(1.13) P(Cnpedr)=Cy, , T dz, x>0,
where
(1.14) o sin((m+1)/n)m
) ‘mn —W/n .

The connection between C,, ,, and C, is as follows:

1/(m+1
(115) Cmn lgv (M)l/n: (( qu, )’Y) /(m )lgv |Ca|1/(m+1)
7 gl—(7rL+1)/n gl—»y

where y=(m +1)/n and o =1/7.

In the present paper we consider some generalizations of Bourgade, Fujita, and
Yor’s results. Using the law of the product of two, then NN, independent -
Cauchy random variables, we can obtain the following formulae, which are well-
known generalizations of the Euler formulae concerning some special values of
the Hurwitz zeta function (see, e.g., [1, (6.4.7), (6.4.10)]).

THEOREM 1.3
Forv€(0,1) and n=0,1,2,..., it holds that

7T27L+2

I'(2n+2)

where ((s,a) stands for the Hurwitz zeta function

o0

1
(1.17) ((s,a)=) ——, 0<a<l,
kz:; (k+a)

and A, (a) are the coefficients of the following series expansion:

1 — A
(1.18) — = %@
sin“(a+6) = K

6%, 0<a+60<m.
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REMARK 1.4
(i) We show the Euler formulae (1.2) from (1.16) when v=1/2.
(ii) Formula (1.16) can be rewritten as

oo 1 ,/T2n+2

(1.19) k;m (k +)2n+2 = F(2n+2)A2"(’W)'

Thus, when n =0, we can see the well-known formula (see, e.g., [2, (1.2.9)])

o0

1 T 2
(1.20) k:z_:oo (k+ )2 - (sin77r> '

Recently Fujita [6] succeeded in giving another proof of the Basel problem and
the Euler formulae: the author considered the ratio of two independent arc-sine
random variables. In the present paper we consider the ratio of two indepen-

dent a-Cauchy random variables. Then we can obtain a simple proof for the
well-known formula for the partial fraction expansion of the cotangent func-
tion:

1 1
(1.21) 7TCOt’)/7T*;+2’yZ k2:_+z(’y+k+7 k)

We note that formula (1.20) can be obtained from (1.21) by differentiating both
sides in 7.

The organization of this paper is as follows. In Section 2, we consider the
product of two independent a-Cauchy random variables. We first show the spe-
cial case of (1.16) for n =0 and then give a proof of Theorem 1.3. In Section 3,
we consider the product of N independent a-Cauchy random variables and give
another proof of Theorem 1.3. In Section 4, we consider the ratio of two indepen-
dent a-Cauchy random variables. We give a new approach to show the partial
fraction expansion of the cotangent function (1.21).

2. Product of two independent o-Cauchy random variables
and some special values of the Hurwitz zeta function
We first present the probability density function of the law of |Caéa\ where C,,

and C, are independent.

PROPOSITION 2.1

Let C,, be an a-Cauchy random variable with o € (1,2], and let Co be an inde-
pendent copy of Co,. Then

(2.1) fie.c. (@) =Ca
where Cyp, = (sin(m/a))/(7/ ).

logx
Cpo—17

x>0,

Proof
Formula (2.1) can be obtained by easy computations as follows. We have
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feata)(®) / Fiea(u f|C|<>

1
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c2 [~ 1 ( 1 1 )d
=— — v
a Jy *—1\14+v v42z°
_ 2 log x

axa_la

which is our desired result.
Using this, we obtain the following result.

THEOREM 2.2 (CF. [5, THEOREM 5.1])
For 0 <y <1, it holds that

(22) @7 +¢@1-9)=(

or equivalently,

2
sin 771') ’
o0

(2:3) Z (k —:7) (51n7r'y7r) 27

k=—o0

which is stated as (1.20) above.

Proof
Since the function f|c el is a probability density function, we have

lo:v
17/ fic.e, (@) do=C2 B

Hence we have

1 /°° log x d
- x
Cg 0 r*—1
1 00
1 1
:/ o8 dx+/ BT da
o z¥—1 1 oz —1

* ze”F 2 e~ (@=Dw
= / ———dz +/ - dw
o l—e o l—e

(by change of variables x = e~ %,y = e~ %)

0o et o] et
— / 2o ?dz § kaaz +/ wcf(ozfl)w dw § kaaw
0 k=0 0 k=0

dv  (by change of variables u® =

v)
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_ Z /oo ze_(ak+1)z dz + Z /00 we_(a(k+1)—1)w dw
0 k=00

=0

1 o o0
- ?(kz_o (k+1/a 2 *2} k+1—1/a) )
Putting vy =1/a € [1/2, 1) we obtain
2.4 + .
24) Z /<:—|—'y kzo k+( 1— sinz(wr)
Equation (2.4) above is symmetric with respect to v =1/2, so that this holds for
every 7 € (0,1). Thus we obtain (2.2). O

Next we show Theorem 1.3 in Section 1 by using the even moments of 1og|CoCu.
Before the proof, we compute the even moments of 1og|CoCo|.

PROPOSITION 2.3

Let Co and Co be independent «-Cauchy random wvariables. Then, for n =0,
1,2,...,

E|(log |Caéa|)2”]
(2.5)

oo

2 1 N !
:C’QF(Zn—FZ){Z (oh+ 12072 +Z @k +1) = 1)2n+2}.

k=0 k=0

This can be obtained easily by using Proposition 2.1, so we omit the details.

Proof of Theorem 1.3
For peR,p>0, and « € (1,2], we have

Gi/a \P/@ sin(m/ )
26 E Ca p - E ~ =
(2.6) (ICal] [( 1_1/0) } sin((p+ 1)7/a)
by (1.11). Here the second identity of (2.6) is obtained from
1 o _ I'(a+b)
2.7 E[Gb) = / 2Pt e dor = 2.
>0 9ol = 1) Jy I
Thus we obtain
R ; 2
2. Elerlos|Calall — B0, Co0[P] = _ sin(r/a) '
(28) & ) [CaCal’] (sin((p—l—l)ﬂ'/a))
By the series expansion (1.18), we have
plog CaCal) _ (g T\2§ Ak(/@) (pm\k
(2.9) Ele ] (sma> > (a) .
On the other hand, we have
(2.10) E[eploglca@al]: k' E[log|CuCal*].

k=0
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We note that E[eplogwaéa'] is analytic in p € (=1, — 1) by (2.8). Combining
(2.10) with (2.9), we obtain
. . mN\2/m\2" T
(2.11) El(logleaCal®] = (sin2) (2) " Azu (D).
Together with Proposition 2.3 this implies

oo

1 > 1
(ak+ 122 kZ:O (a(k+ 1) — 122

“rmrm(a) A ()

(2.12) k=0

and hence we obtain

oo oo

1 1 p2n+2
(2.13) kZ:O (k 4 y)2n+2 * kz::o (k+1—7)22 " T(2n+2) Azn(ym),
where vy =1/a €[1/2,1). We note that
(2.14) A (1 =)m) = (=1)* Ax (ym),
so that (2.13) is symmetric with respect to v=1/2. Therefore the desired result
is obtained. g

3. Product of N independent a-Cauchy random variables
and another proof of Theorem 1.3

In this section we present the density function of the product of NV independent
a-Cauchy random variables, which is a generalization of [3, Proposition 2], and
then we give another proof of Theorem 1.3.

PROPOSITION 3.1
For N=0,1,2,..., one has

fan1(x) = fiow ey, ()

N2V OV 1 B log a2
:(5) (QN)!1+$akl:[l<( - )+(2k1)2>, x> 0.

For N=1,2,..., one has
fZN(:E) = f|c((xl)~<-C&2N)\(x)

T\2N-2 O3V logx YT'//alogay?
() e () e, w0

k=1

Proof

The results follow by induction on N. For N =0, fi(z) is precisely the density
function of the absolute value of an a-Cauchy random variable. For N =1, fo(x)
has been computed in Theorem 2.1.
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We recall formula (2.6):
sin(7/a)

BlCel") = G+ fa)

Consequently, for N € N, we have

Ellce -] = (%)N

_ CN(E)N (sin e lm 1)”)_N
*\a o
Differentiating twice (3.3) in p, we have

E[jcVe? -..cM P {loglcVe® .. .C&N)|}2]

(3.3)

(3.4) = CN (W)NHN(N + 1)( in L—i_ 1)7T)7(N+2) (cos (p —;l)ﬂ)Q
( >N+2 (si (p+1)m )
(T (ot Dy =+
s e (a) N(N +1) ( - )

—-cv (g) N—HN2 (sin L —;1>7T> -

[

By (3.3), we have

N(N+1),

(36)  (35)=—c

Blle -+~ cM 2] = N (Z) Bliegd el

and hence we have

B[C) N+ )

C? 2
_ G W@ ... o) We@ o)
(3.7) N(N_H){E[\Ca c?...cMP{loglce® .. ¢}
2(TV greW ..o p
+ N2 (Z) Bl e},
that is,

(3.9) /OmefNH(a;)dx:N(ﬁ—al)(g)z/()mxp<(@)2+zv2>fw)dx

By uniqueness of the Mellin transform, we obtain

39 el = o (5) ((F2) 487 o),

which completes the proof. O

Now we give another proof of Theorem 1.3 by using formula (3.2). We start with
the following recurrence relation for the Hurwitz zeta function.
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PROPOSITION 3.2

Let v € (1,2], and let N € N. Let pn i, and qn i be the coefficients in the following
expansion, respectively:

N

(3.10) H x+ (25)? Zkax
N

(3.11) H z+ (2 —1)? Zqux

Then

. N
(SHE%?S!V . > B ensin{o(onen L sc(env21-1))

(3.12)
=1,
and
(sin(m /)M L g S (—1)F (1)

(2N)! ] 7T2JZL+1 2n)!{k2_0<(k F1/a)2nH + (k+1—1ja) )}
(3.13) =

=1.
Proof

We first show (3.12). We have

(3.14) 1=/ fanga(z

72N 2N N alogx

(3.15) = oINON £ 1)1 / fie.c. ‘ H (( ) (Qn)2> dz
72N 2N N alogz 2n

(3.16) = aQN IN + 1) / f\c . \ Z ( ) dx
72N 2N on oo .

(3.17) = m ( ) pN,n/O (log ) f|caéa|(-r) dx

N
7T2NC2N

B - )\ 2n A on
(3.18) m%(;) pN,nE[(10g|CaCa|) ]

Proposition 2.3 implies

2N (12N +2 N
«

)\ 2n
a2NT2(2N + 1) 2 (?) PNl (2n+2)
n=0

(3.18) =
(3.19)

o0

1 = 1
. {;;J CIESEER Dhev e s }

k=0
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 (sin(m/a)2V 2 X py,
QN +1)! = 2ni2

I'(2n+2)
(3.20)

oo

X{Zm*;{) k;—l—l—l/a 2n+2}

and hence we obtain the desired result.
Similarly equation (3.13) is proved by the fact that

(321) / f2N+1(I) dr=1.
0
We complete the proof. O

To prove Theorem 1.3, we should show

(sin(r/a))2VN+2 &

We recall the following relations for the function f(#)=1/sin?6:

5 d?
(3.23) {jl:[l((zy) + =) JO) = Cn+ 11f0)
(see equation in [3, p. 77] in the case where t =2). Thus we have
N . 1 2N+2
(3.24) T;)pN,nAQn(a) =(2N+ 1)!(m) )

and hence we obtain (3.22) by induction on N. Therefore we have proved Theo-
rem 1.3.

REMARK 3.3
Recall the relations for the function g(#) =1/sin6:

(3.25) (TI(5- 17+ ) Joto) = ntotoy

Jj=1

(see equation in [3, p. 77] in the case where ¢ = 1); thus we obtain

- (—1)* (=1)* _omrtt
(3.26) ;;)((’” Va2t T lari- 1/a)2n+1> = Tan o) (&)

where AS" are the coefficients of the following series expansion:

(3.27) ! —iA(l)()ek 0<a+6<
' sin(a+9)_k:0 k! “ ™

by the same steps.
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4, Ratio of two independent a-Cauchy random variables
and the partial fraction expansion of the cotangent function

Considering the ratio of two independent a-Cauchy random variables gives the
partial fraction expansion of the cotangent function.

PROPOSITION 4.1

Let C,, and éa be independent a-Cauchy random variables. Then

—tan(m/a) 1 — 222

(4.1) fiearea = —ray " ga—1 - *>0
Proof
For 0 <z <1, we have

1 1

udu

ficasea (@) :/O f\ca\(“)f\éa\(“z)“duzci/o T+ a1+ (uz)e

2 oo 1
_ &/ (o) a gy (by change of variables u® = v)
a Jo l+vl4ovze

2 e8]
:%;/ v(z/a)—2(#_ 1 )dv
a l—zx ), 14+vze 14w

2 2 2 a—2 1
- @r<1 - (=- 1))r<— e
«a @ @ 1—z«
e T x*2 -1
o sin((2/a) - )7 1— a2
1 (sin(ﬁ/oz))2 v |
a\ (7/a) —2sin(r/a) cos(r/a) 1—z®
—tan(m/a) 2472 -1
@2r)/a  1—z>
For x > 1, the desired result can be obtained immediately from the result for
0 < z < 1 by change of variables. O

Now it holds that

o0
(4.2) 1:/0 fie. e (@) da.
Then we have
2 1 Oz—2_1 1 _ a—2 1 a—2_1
wy [ e, e,
—tan(w/a) o l—av 1 ze—1 0
that is,

(m/a)  [tao2-1 .
(4.4) s _/0 Ll

—tan(m/« 1—z>
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We can compute the right-hand side of (4.4) as follows:
the RHS of (4.4)

(4.5)
oo e—(a—Z)y -1
- / We_y dy (by change of variables x =e™Y)

o —
(4.6) :/ (e=(@= Dy _e7v) dyZe*kay

0 k=0

[ (@l )y _ (kD)
(4.7) = / (em (D= — omlakry) qy

1

4 =3 (= - )
(4.8) Z (k+1)—1 ak+1

(4.9) V;J(wri—yk—lm)’

where vy =1/a € (1/2,1). The equation

s = 1 1
110 LI < R
( ) — tanymw = k+1—v k47~

is symmetric with respect to v =1/2, so that it holds for every v € (0,1/2) U
(1/2,1). Thus we obtain

T 1 =
(4.11) tanym - v kzl(fwr k kz)
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