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Bernoulli number identities from quantum field
theory and topological string theory

GERALD V. DUNNE AND CHRISTIAN SCHUBERT

We present a new method for the derivation of convolution identi-
ties for finite sums of products of Bernoulli numbers. Our approach
is motivated by the role of these identities in quantum field theory
and string theory. We first show that the Miki identity and the
Faber—Pandharipande-Zagier (FPZ) identity are closely related,
and give simple unified proofs which naturally yield a new Bernoulli
number convolution identity. We then generalize each of these three
identities into new families of convolution identities depending on a
continuous parameter. We rederive a cubic generalization of Miki’s
identity due to Gessel and obtain a new similar identity general-
izing the FPZ identity. The generalization of the method to the
derivation of convolution identities of arbitrary order is outlined.
We also describe an extension to identities which relate convolu-
tions of Euler and Bernoulli numbers.

1. Introduction: Convolution identities for
Bernoulli numbers

The Bernoulli numbers B,, are defined by the generating function [1]

z > x"
(1.1) bw) = —— :ZB,LE.
n=0
As is well known, the B, play an important role in combinatorics and num-
ber theory, and there exist many combinatorial identities involving these
numbers [2,3]. In the present paper, we will be concerned with the spe-
cial case of convolution identities, which involve finite sums of products of
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Bernoulli numbers. The best known such convolution identity was found
already by Euler (and independently by Ramanujan):

Theorem 1.1 (Euler; Ramanujan). For integer n > 2,

(1.2) z_: ( >BQkBQn 2% = (2n + 1)Bgn.

The proof follows directly from the definition (1.1), noting that the gen-
erating function b(z) satisfies

(1.3) b(z)? = (1 — x)b(x) — 2/ (x).

Equivalently, (1.2) follows by comparing the series expansions of either side
of the trigonometric identity

(1.4) coth?z =1 — (cothz)'.

Many more such identities, involving folded sums of Bernoulli numbers,
have been found since Euler’s work (see, e.g., [4-6]). Most of them are similar
to Euler’s identity (1.2) in the sense that they involve & v rather than B,
itself, as is the case already for the defining formula (1.1). Identltles involving
the B,, themselves, without the factorial denominator, are much rarer. One
such identity was found by Miki in 1978 [7].

Theorem 1.2 (Miki [7]). For integer n > 2,

n—1 —
Boay Bop o BopBop ok (21 Ba,
1. — Hy,.
(1.5) ; )(2n — 2k) Z (2k) 2n—2k:)<2k;>+ n ?

Here H; denotes the ith harmonic number,

‘1
(1.6) m=k
j=1

As is well-known, the harmonic numbers can be alternatively expressed in
terms of the digamma function ¢)(x) = I''(z) /I'(x) and the Euler-Mascheroni
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constant -:
(1.7) Hy =(i+1)+

Miki’s original proof of the identity (1.5) identity is quite involved [7]. A more
elementary proof was given recently by Gessel [8], using two different expres-
sions for the Stirling numbers of the second kind. In Section 2.1, we present
an even simpler proof, based on an appropriate generating function.

In 1998 Faber and Pandharipande [9] found that certain conjectural
relations between Hodge integrals in Gromov—Witten theory [10, 11] (see
also [12]) require the following identity to hold.

Theorem 1.3 (Faber and Pandharipande, with a proof by
Zagier [9]). For integer n > 2,

n—1 n —
B2kBQn 2% 1 BoyBoy—ok (20 Bay,
1. = 2§ 22kDon2k 22
(18) (2k)(2n — 2k) nz (2k) <2k> 2n-l
k:l k=1
B 1—9n 1

A proof of the Faber-Pandharipande—Zagier (FPZ) identity (1.8) was
given by Zagier in an appendix to [9]. Note that the structure of the FPZ
identity (1.8) is similar to Miki’s identity (1.5). We later show (see Theo-
rem 2.1) that this similarity is even more striking if Miki’s identity is written
in a slightly different form.

Apart from pure mathematics, the Bernoulli numbers appear promi-
nently in perturbative quantum field theory. This comes about at a very
basic level [13]: perturbative loop calculations in quantum field theory gen-
erally involve traces of inverse powers of derivatives of functions defined on
a circle. Since the spectrum of the ordinary derivative operator 0p with
periodic boundary conditions consists of the integer numbers, one has

(1.10) r(9p2") Z
k=1
But ((2n) is related to the Bernoulli numbers through Euler’s identity,

(1.11) Boy, = (—1)”+12((2273)2;g(2n).
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The Bernoulli numbers also appear naturally in so-called “effective action”
computations in quantum field theory, a field pioneered by Heisenberg and
Euler and Weisskopf [14].

In [15,16], the present authors found that Miki’s identity arises naturally
in a certain computation in perturbative quantum field theory. Specifically,
it arises in the course of the calculation of the two-loop effective Lagrangian
for quantum electrodynamics in a constant background self-dual field. This
calculation was done using two different integral representations. It turned
out that both representations yield a result for the coefficients of the weak
field expansion of this effective Lagrangian which involve a convolution of
Bernoulli numbers, and that what is needed to show the equivalence of both
results is precisely Miki’s identity (1.5). Since the two integral representa-
tions used are related by a simple coordinate transformation, this actually
yields a new, and quite straightforward, proof of Miki’s identity. This proof
will be given in Section 2.1. The simplicity of the approach presented here
suggests a number of generalizations of these two identities, some of which
are presented in Sections 3 to 5. It is straightforward to verify these identities
explicitly using symbolic computer programs, and we have performed such
checks for these identities for various values of n. Further generalizations are
outlined in the conclusions.

2. Simple generating function proofs of Miki and FPZ
identities

In this section we present simple unified proofs of the Miki and FPZ identities
based on generating functions.

2.1. Generating function proof of Miki’s identity

Consider the generating function

(2.1) W) = () —ln:U—l—%.

This function plays an important role in the quantum field theory compu-
tations in [15,16]. From the asymptotic (large x) expansion of the digamma
function [1] it follows that

o0

(2.2) IO P

k=1
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Thus for the square of 1, one finds

00 n—1 k;B X
9 Bk Ban—2
o3 S it L

Thus, we see that the [¢(z)]? is the generating function for the left-hand
side of Miki’s identity (1.5). We prove Miki’s identity by comparing (2.3)
with the square of the following integral representation [see Equation 1.7.2

(25) in [17]] of ¥ (x):
(2.4) D) = — /0 " ds ez <coths - 1) .

S

We break this comparison into three straightforward lemmas.

Lemma 2.1.1.

(2.5)

[@(@r - /OOO d;/ye—%y /01 du {—11+ 2 <cothy — ;)l (Cothyu _ ylu>
- [u <cothyu _ w) - (cothy _ y)} } '

Proof. Squaring (2.4) we find

(2.6) / ds/ ds' e~ 2o(s+s)

1 1 1
X {cothscoth s — ( coths’ + - coth s) + }
s s

ss’

Now, using the trigonometric identity
(2.7) coth scoth s’ = coth(s + s') (coth s + coth s') -1,

together with the symmetry s < s/, and the transformation of variables!

8/

2.8 — s+ -
(2.8) y=s+s, U o

In quantum field theory terms, this change of variables corresponds to a change
from a Feynman parameter integral (see, e.g., [18]) to a worldline parameter inte-
gral [19].
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it is straightforward to show that [1)()]? can be rewritten as in Lemma 2.1.1.
Note that the change of variables (2.8) introduces a Jacobian factor of y. O

Our proof of Miki’s identity follows by evaluating the asymptotic expan-
sions of the integrals appearing on the RHS of (2.5).

Lemma 2.1.2.
0 1 1 1

(2.9) 2/ dyye_%y/ du (cothy — ) <cothyu — )

0 Y yu

n—1
Z Z BoyBap—ok 2n
xzn )(2n — 2k) \2k /)

Proof. The u integral is elementary:

! 1 1 inh
(2.10) / du <coth yu — ) =—In (sm y) .
0 yu ) )

After an integration by parts, the remaining y integral takes the form

oo 3 h
(2.11) 21’/ dy e 1n? <smy> .
0 Y

The asymptotic expansion of the y integral is obtained using the Taylor
expansion [1]

inh > 92k—1p
(2.12) In <smy> — Z 7%3;%,
k=1

Yy k(2k)!
which directly yields the result (2.9) after performing the y integration. [

Lemma 2.1.3.

(2.13)

—z/ooodyye—%y/ol du {y(ll_u) [u <cothyu— y‘L) — <cothy— ;)}}

oo

1 B
NZxQn 2”



Bernoulli number identities from quantum field theory 231

Proof. First, consider the u integral. We use the Taylor expansion of the
coth function [1],

2.14 thy = -~ 2 Boi,
(2.14) y co y—kZ_O @

for both coth yu and cothy. The u integral becomes elementary:

(2.15) /1 ” [u (coth yu — yiu) — (cothy — 5)}
0

(1—u)
B 22n 2n—1 1 2n_1
Z 2n / du (u )
1 0 1—wu

B 2271 2n—1
-y By,

Doing the y integral we obtain the result of Lemma 2.1.3. 0

Miki’s identity (1.5) is then proved by comparing the results of Lem-
mas 2.1.1 to 2.1.3 with (2.3).

We conclude this section on Miki’s identity by remarking that in the
proof of Lemma 2.1.2, the partial integration in y leading to (2.11) is not
essential. If, instead, one does the y integral directly using (2.14) and (2.12),
one arrives at a slightly different version of Miki’s identity:

Theorem 2.1 (Modified form of Miki’s identity). For integer n > 2,

n—1 n—l
Bog Ban 2k BogBop 2k (21 Bop
2.16 e P 220 o
(2.16) 21 2k)(2n — 2k) n; (2k) <2k:>+ n o’
_1 z”: BaBan—ak (2n an Bon
n 2k)  \2k =t

k=1

where we have used Hoy = Hop 1 + %, and By = 1.

Comment 2.1.1. This last form (2.16) of Miki’s identity brings out most
clearly the similarity to the FPZ identity (1.8).
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2.2. Generating function proof of the FPZ identity

To prove the FPZ identity we use, instead of L/NJ(.’L‘), the generating function
¥ (x) defined by

(2.17) Y(z) =9 (x + ;) —Inz.

The large 2 expansion of 1(z) is

. o~ By, 1
(2.18) Bla)~ = o

k=1
where By, was defined in (1.9). The expansion (2.18) follows from the corre-

sponding expansion (2.2) for 1/;(1'), using the “doubling” identity [1] for the
1 function,

1 1 1
(2.19) Y(2x) = iw(x) + §w (:c + 2) +In2.
Thus, the square of 1(z) is the generating function for the left-hand side of

the FPZ identity (1.8):

n—1

B ok Ban—ok
(2k)(2n — 2k)°

(2.20) i

n:2 k:l

The generating function for the RHS of the FPZ identity is obtained by
squaring the following integral representation for ¢(x):

_ o0 1 1
(221) w(fﬂ) = —/0' ds e_QIS <51nhs — 3) .

Lemma 2.2.1.

0 1
n 2 —2x 1 1
(2.22)  [¢(2)]" = 2/0 dyye y/o du {sinhy (coth Yu — yu>

_y(ll—U) [u (Sinlllyu - 1/1U> - <Sin1hy N ;)]}
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Proof. Squaring the integral representation (2.21), using the trigonometric
identity

1 _ coth(s) 4 coth(s’)

(2.23) sinh(s)sinh(s’)  sinh(s+s')

and the symmetry under s < s, it follows that

(2.24)

- 2 o > 1 —2(s+s")z 1 ! _l
[¢(2)] —2/0 ds/o ds' e 25t {sinh(s—i—s’) (coth(s) s’>

1 L1 11
s \sinh(s +s') s+s sinh(s') s/ ][°

Applying the transformation of variables (2.8), we obtain (2.22). O

Our proof of the FPZ identity now follows by evaluating the asymptotic
expansions of the integrals appearing on the RHS of (2.22).

Lemma 2.2.2.
> —2x ! 1 1
(2.25) 2 dyye ™ | du < — cothyu — —
0 0 sinh y yu
= 11 zn: BoyBan—ai, (2n
= atn (2k) 2k /)"

Proof. The proof is almost identical to the proof of Lemma 2.1.2, but in
doing the y integral we use an asymptotic expansion of 1/sinhy rather than
cothy. This has the effect of replacing one of the Bernoulli number factors
Bo,,—ok by Boy_ak, and also of changing the upper limit of the & summation

from (n — 1) to n. O
Lemma 2.2.3.
(2.26)

o0 1 1 1 1 1 1
9 d —2zy d R i
Jo o [ (s [« () ~ (o =)

NZ ! BQnH2n 1-

x2n

Proof. The proof is almost identical to the proof of Lemma 2.1.3, except we
use the asymptotic expansion of 1/sinhy rather than (cothy — 7), which
has the effect of replacing Ba,, by Bay,. O
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The FPZ identity (1.8) is then proved by comparing the results of Lem-
mas 2.2.1 to 2.2.3 with (2.20). Note that the n =1 terms on the RHSs
of (2.25) and (2.26) cancel, permitting the comparison with (2.20).

3. A new convolution identity

The similarity between the proofs and forms of the Miki and FPZ identities
immediately suggests a new identity, in which on the left-hand side the Bs,
and By, are mixed. As is clear from Section 2, such an identity could be
derived using the generating function 1;(37) ¥(x), and comparing its summa-
tion and integral representations. However, there is another, even simpler,
way to derive this mixed identity. Note that the two generating functions
Y(x) and (z) are related via the ¢ function doubling identity (2.19) as:

(3.1) P(z) +¢(x) = 2¢(22).

Thus, it follows that

- - 2 - 12 _
(3.2) 20(@) b(x) = 4 [d(22)] " — [(@)] — [0(@)]*.
A new Bernoulli convolution identity emerges by using the asymptotic
expansions (2.2) and (2.18) for the left-hand side of (3.2), and the asymptotic
expansions of the squares of the integral representations (2.4) and (2.21) of
¥ (z) and 9 (), respectively, on the RHS. All necessary results for the squares
of the relevant integral representations are contained in Lemmas 2.1.1

to 2.1.3 and 2.2.1 to 2.2.3. To express the result in a symmetrical form,
we use the modified form of Miki’s identity in (2.16).

Theorem 3.1. For integer n > 2:
(3.3)

= BoBon_ak 1 = BogBop—op (20 (1 —22k-1 1 Bay
Sl 1S Bl () (1) Uy
p (2k)(2n —2k) n p (2k) 2k 22n—1 n 22n

Proof. The generating function for the left-hand side is given by half the
left-hand side of (3.2). The RHS is obtained by using Miki’s identity in the
form (2.16) for the squares of ¢, and the FPZ identity (1.8) for the square
of 9. Simple algebra then leads to the form in (3.3). O
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4. Three infinite families of convolution identities

The use of the generating functions 1/;(x) and 9 (z) to prove the Miki and
FPZ identities, as well as the new “crossed” identity (3.3) in Theorem 3.1,
immediately leads to natural generalizations of each type of identity.

4.1. Generalization of Miki’s Identity

To derive a generalization of Miki’s identity, consider the pt derivative of
the generating function 1 (z). This has the large z asymptotic expansion:

(4.1) 0 () ~ p“ZBQ” 2””) s
T

This function also has the following integral representation:

o0
(4.2) PP (z) = (2)p/ dse™ %S gP (coths - i) .
0

We can use this integral representation to extend the definition of 1®) (x) to
non-integer values of p; for this extrapolation the expansion (4.1) continues
to hold, as can be seen by using (2.14) under the integral in (4.2). Thus,
in the following let p denote an arbitrary non-negative number. We can
derive new identities, for any such p, by squaring these two representations
of 1p(®) (x), and then comparing, just as was done (for p = 0) to prove Miki’s
identity. The proof proceeds in a very similar manner.

Lemma 4.1.1.
o) n—1
~ 2 1 BQkBgn_Qk F(Qk? + p)F(Qn — 2k + p)
4.3) 9@ ~
(43) ["‘” <”3)] ZQ 22n+2p ; (2k)(2n — 2k)  T(2k)T(2n — 2k)
Proof. follows from (4.1). O
Lemma 4.1.2.

oo 1
(4.4) w(p) (x)}2 = 22p/0 dy y*P 1 e2"’”y/O duuP (1 —u)P

9 {_1+2 (cothy_ ;) <cothyu_ ylu)
et o)
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Proof. Square the integral representation (4.2), change variables from s and
s’ to y and u, as in (2.8), and regroup terms as in the proof of Lemma 2.1.1.
Note that the argument about symmetrizing with respect to s and s’ still
holds because the extra factors in the integrand appear as (ss')? = y?PuP
(1 —u)P. O

Now consider each of the three terms appearing on the RHS of (4.4).

Lemma 4.1.3.
00 1 2
- “(p+1)

_92p 2p+1 —2zy D1 — 0 \P ~o —
(4.5) 2 /0 dyy e /0 duuP (1 —u) T
Proof. immediate. O
Lemma 4.1.4.
(4.6)

> ! 1 1

22p+1/ dy y*P Tt e2"’“"y/ duuP (1 —u)P (cothy - > <coth yu — >
0 0 Y yu

n—1

1 Z BogBan—2r I'(2k + p)T'(2n + 2p)
T .

~2T'(p+1)
(P + 7122 2n+2p 2k)!(2n — 2k)! T(2p+2k+1)

Proof. First, consider the u integral:

(4.7) /01 duuP(1 —u)? <coth yu — 1)

YU
B 22n 2n—1 1

—Z 2n / duuQ”“’*l(l—u)p
0

B Z Bon 22" 1T(p+ 1)0(p+ 2n)
IF'2p+2n+1)

Now doing the y integral we obtain:
(4.8)

B2,22" T(p+ 1)I'(p + 2n) [ _ 1
22p+1 n / d 2p+2n —2zxy thy — =
Z . Tpt+antl) J, Y€ oMYy

ot B9, 22" T( p + DT(p + 2n) o= Bor2%* T'(2p + 2n + 2k)
Z n)! T'(2p+2n+1) (2k)!  (2x)2pt2n+2k

k=1

from which Lemma 4.1.4 follows. O
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Lemma 4.1.5.

oo 1
(4.9) — 2%+l / dy y*P ! e_QIy/ duuP(1 —u)P
0 0

A (o) = (om0 )]

o0
1 32r2n+2p
vy b Bl zﬁmw
n=2

(2n

Proof. First, consider the u integral:

(4.10) /01 duuP(1 — u)P~! {u (cothyu — y1u> — <cothy - ;)}

o0
B 22n 2n—1 1
~ Z Ll duuP(1 — )P~ (u2" -1)
(2n)! 0

n=1
oo 2n
B2 22ny2n—1
NZWZﬂ(F‘*”%P"‘U,

n=1 k=1

where ((p, q) is the Euler beta function. Doing the y integral we obtain the
result of Lemma 4.1.5. O

We are now ready to state the generalization of Miki’s identity:

Theorem 4.1. For any p > 0, and for integer n > 2:

—_

n—

B ok Ban—or T'(2k +p)I'(2n — 2k + p)

(4.11) )(2n —2k)  L(2k)T(2n — 2k)

k:l

3

+ Z BQkBQn 2% (2]6 + p)F(2n + 2p)
Fip (2K)!(2n — 2k)] T(2p+ 2k + 1)

1
BgnF(Qn + 2p
(2n)!

2n—1

+2 Zﬁp+kp+1)

Proof. Follows by comparing the result of Lemma 4.1.1 with those of
Lemmas 4.1.2 to 4.1.5. 0

Comment 4.1.1. When p = 0 we recover from Theorem 4.1 Miki’s identity
in the form of Theorem 2.1.
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Comment 4.1.2. When p =1 we obtain from Theorem 4.1 a convolu-

tion identity which just involves the Bernoulli numbers themselves on the
left-hand side: forn > 2,

" - on + 2
4.12 Boi.Boy o) = ——— BorBo,, 2nBoy,,.
( ) ; 2k D2n—2k n+1k_1 2k Don 2k<2k+2> + 2nboy

4.2. Generalization of the FPZ Identity

To derive a generalization of the FPZ identity, consider the pth derivative
of the generating function ¢ (x). This has the large z asymptotic expansion:

(413) @(p)( p+1 Z B2’n 2n + p x2i+p )

This function also has the following integral representation:

(4.14) PP (z) = —(—2)P /0 " dse2ms g ( N 1).

sinhs s

As in the Miki case, we can use (4.14) to define ¢)(P)(z) for non-integer p.
We can then derive new identities, for any positive p, by squaring these two
representations of &(p)(x), and then comparing, just as was done (for p = 0)
to prove the FPZ identity. The proof proceeds in a very similar manner.

Lemma 4.2.1.
(4.15)
o] n—1 = =
_ 2 1 BopBon—or T'(2k +p)T'(2n — 2k + p)
(») N 2k-D2n—2k

7)) HZ; 2247 Z (2k)(2n—2k)  T@KT(2n—2k)
Proof. follows from (4.13). O
Lemma 4.2.2.

_ 2 1
(4.16) [W) (x)} = 92p+1 / y2PH1 o= 2ay / duuP(1 — u)P
0 0

X L th
cothyu — — —_—
sinh y Y yu y(l —u)

el D (Y
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Proof. Square the integral representation (4.14), change variables from s and
s’ to y and u, and regroup terms as in the proof of Lemma 2.2.1. ]

Now consider each of the two terms appearing on the RHS of (4.16).
Lemma 4.2.3.
(4.17)

o 1
1 1
92p+1 / dy y*P e_%y/ duuP (1 — u)? { . (COth yu — ) }
. 0 sinh y yu

1~ ByBon-ar T'(2k+p)T(2n+ 2p)
~20(p+ 1 .
(p+ )nzl 22+ ; (2k)!(2n — 2k)! T(2p+ 2k + 1)

Proof. The proof is almost identical to the proof of Lemma 4.1.4, but in
doing the y integral we use an asymptotic expansion of 1/sinhy rather than
cothy — % This has the effect of replacing one of the Bernoulli number
factors Ba,_or by Ban_ok, and also of changing the upper limit of the k

summation from (n — 1) to n. O
Lemma 4.2.4.
o9 1
(4.18) — 2%l / dy y*P L e 22y / duuP(1 —u)P
0 0

. {y(ll—U) [u <Sinfllyu N ylu) - (Sinlhy - ;ﬂ}

- _

1 Boul'(2n + 2p)

N22x2n+2p n( Zﬁp—i—kzﬂ— 1).
n=2

Proof. The proof is almost identical to the proof of Lemma 4.1.5, except we
use the asymptotic expansion of 1/sinhy rather than cothy. g

We are now ready to state the generalization of the FPZ identity:

Theorem 4.2. For any p > 0, and for integer n > 2:

—_

n—

B2szn ok L'(2k +p)I'(2n — 2k + p)

(4.19) )(2n —2k)  D(2k)[(2n — 2k)

k:l

3

BopBon_or  T(2k + p)T(2n + 2
p+1z okBon—or  T'(2k + p)I'(2n + 2p)
22 (2k)I(2n— 2K) T(2p+2k + 1)
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By, I'(2n + 2p nl

I ) > Blp+kp+1)
’ k=1

Proof. Follows by comparing the result of Lemma 4.2.1 with those of Lem-
mas 4.2.2 to 4.2.4. [l

Comment 4.2.1. When p = 0 we recover from Theorem 4.2 the FPZ iden-
tity (1.8).

Comment 4.2.2. When p =1 we obtain from Theorem 4.2 a convolution

identity which just involves the Bernoulli numbers themselves on the left-
hand side: form > 1,

i 1 on + 2
4.20 BopBoy o = —— BopBs,, 2nBo,,.
(4.20) ; 2k Bon—ok RSP 2k Ban 2k<2k+2)+ nBay,

4.3. Generalization of Theorem 3.1

To generalize Theorem 3.1, we differentiate p times the relation (3.1) con-
necting the two generating functions ¢ (z) and ¢ (x). This leads to

(4.21) BP(2) + 60 () = 227150 (22).

This relation also holds true for non-integer positive p, as can be easily seen
using the integral representations (4.2), (4.14) for ¥® and ¢® and the
trigonometric identity

(4.22) coth(s) +

sinlll(s) = coth (;) '

Squaring the relation (4.21) we obtain

Lemma 4.3.1.

4.23) 200 () 9P (z) = 2242 [J}(l))@x)r _ [J,@) (x)r _ [¢<p> (x)r

(p > 0). This brings us to
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Theorem 4.3. For any p > 0, and for integer n > 2:

(4.24)
z_: BopBop_or, T'(2k + p)I'(2n — 2k + p)
£~ (2k)(2n—2k) T (2k)T(2n — 2k)
2. BoBonor (1—22"1\ D(2k + p)T(2n + 2p)
=2T 1
b+ )kzzl (2k)!(2n — 2k)! < 92n-1 T(2p + 2k + 1)
2n—1
B, I'(2n + 2p)
(2n)122n1 Z Blp+k,p+1).

Proof. The proof follows by taking the product of the expansions of the two
functions on the left-hand side of Lemma 4.3.1, and comparing with the
expansions of the squares of the integral representations of the three terms
appearing on the RHS of Lemma 4.3.1, using the results of Theorems 4.1
and 4.2. ]

Comment 4.3.1. When p = 0 we recover the identity in Theorem 3.1.

Comment 4.3.2. When p =1 we obtain from Theorem 4.3 a convolution
identity which just involves the Bernoulli numbers themselves on the left-
hand side: for n > 1,

1— 221\ /on 42
(4.25) ZB%Bgn 2k = 723% 2n—2k ( 92n—1 > <2k + 2>

B2n
+(2n—1)— 52
Comment 4.3.3. Note that in all the above the positiveness condition on p
was used only to avoid singularities. Theorems 4.1 to 4.3 actually hold true
also for negative p as long as none of the I'-factors on either side becomes
singular.

5. Higher order convolution identities

In the recent [8], Gessel shows the existence of an infinite tower of convo-
lution identities involving multiple products of Bernoulli numbers, of which
Miki’s identity (1.5) is just the lowest order one. He also explicitly obtains
the next element of this series, a triple product identity:
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Theorem 5.1 ([8], equation (4)). For integer n > 3,

Z By Boy Bom, Z By, Boy By, 2n
(5.1) (2K)2D)(2m) 4~ (2k)(20)(2m) <2k, 21, 2m>
k+l4+m=n k:,lltzlzfln

n—1
2n\ DBop By, 2k
Hs, —_— =
+3H, kz <2k> (2k)(2n — 2k)

Bsy, 9 3 5\ DBan-2
Ho o220 _ _ 2 b
+6Hmas, ( 2"+4> (2n — 2)
Here
2n—1
1 H,
5.2 H = — = — .
(5:2) a2 Z ij ( Lo |+ 1)
1<i<j<2n =1

In our present approach, it is clear how to construct generalizations of the
Miki and FPZ identities involving N-fold products of Bernoulli
numbers:

(1) Take the Nth power of ¢)(x) (resp. ¢ (z)). The expansions (2.2)
(resp. (2.18)) generate the N — 1-fold convolution on the left-hand
side of the identity,

o0

(5.3) > x%

n=N SN ki=n  i=1

ky,ko,...,kn>1

BQk

(with B; replaced by B; in the FPZ case).
(2) Use (2.4) (resp. (2.21)) to rewrite

(54) (1/;(15‘))]\[ = / dSl/ d52 .. / dSN 672‘%(81+52+"'+3N)
0 0 0

« lf[l (coth(si) - Sl)

1

in the FPZ case).

(with coth replaced by Siih

3) Use trigonometric identities together with the symmetry of the inte-
g

grand under permutations of the variables {s1,...,sx} to rewrite the

integrand in such a way that only the combinations s; + so + - -+ + sy,



Bernoulli number identities from quantum field theory 243

Sog+ 83+ -+ Sn,...,SN—1 1+ SN, SN appear as arguments oftrigono—
metric functions (it is easy to see that this is always possible).

(4) Perform the transformation of variables from {s1,...,sy} to {y,ui,
ug,...,uN—1} where

(5.5) Yy=281+82+---+8yN
uM:5M+1+SM+2+"'+$N’ M=1,... N-1.
S1+ 82+ -+ SN

The Jacobi factor of this transformation is y¥=1.

(5) Use the Taylor expansions (2.14),(2.12) to do all integrals.

Let us carry this through explicitly for the case N = 3. In the Miki case,
after step 3 one finds

Lemma 5.1.

(5.6) (J}(x))g B / d81/ d32/ dsg e~ 2x(s1+5253)
0 0 0

6 s
X {60123023C3 +— [0123 - 23023] C3
51 5123
6 S 6 |1 S
+ —Ci23 {023 - 303} + — [ <C123 - 23023)
So S93 s9 | 81 5123
1 s 4
- (Cl23 - 303)] —3C3 —2C123 — } .
512 5123 5123

Here for compactness we have introduced the abbreviations

1
(5.7) 893 = S2 + 83, S123 = S1 + S2 + S3, C() = COth(S(.)) — %

Moreover, we have already combined terms in a way which facilitates the
evaluation of the integrals (in particular, it avoids the appearance of spurious
singularities).

After the transformation (5.5) the integrals can be done in a way which
is completely analogous to the IV = 2 case treated in Section 2. The result
is a slight modified form of the identity (5.1),
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Theorem 5.2 (Modified form of Gessel’s identity). For integern > 3,

By BauBom 3 BowBoBom (21
68 > Goaam = 2 M(Qk,2l,2m>

k+l4+m=n k+l4+m=n
kyl,m>1 kyl,m>1
3 "1 /on\ By B
3 2k Bon—ak
e ; (%) 2k)
Bay, 9 3 9\ Bon—2
GH. - ( _2 7)7.
FOMam2s P M e — o)

Comment 5.1. The somewhat different form of the RHS compared to (5.1)
is due to the same type of ambiguity (regarding integrations-by-parts) which
was mentioned already at the end of Section 2.1.

The FPZ case is again similar, though slightly more complicated. After
step three one finds that the integrand can be written in the following way,

Lemma 5.2.

(5.9)

_ 3 oo 00 0o

(w(x)) :/ dSl/ d52/ dss o—27(s1+s2+53)
0 0 0

6 6
x {65123C23C3 +— [5123 - 823523} C3 + —Si23 {023 - 836’3}
51 $123 52 523

6 1 S923 1 S3 4
+— [ <5123 - S23> - — <5123 — ——953 || — 25123 — —
s2 | 81 5123 512 5123 5123

6 6
+ 7[023 — 323]03 + [023 — So3 — C3 + 53]}

5123 525123
Here we have used one more abbreviation,
1 1
(5.10) Sy =
¢ Slnh(S(.)) 5()

Theorem 5.3 (Cubic generalization of the FPZ identity). For
integer n > 3,

Boy By B 3 Boy By B 2
(5.11) Z ( 2k D21 D2m Z 2k 2] Qm( n >

L (2k)(20)(2m) 2n L (2k)(20) \2k,21,2m
) et _
3 2n\ BopBap ok
Z Ho, ek AnT AR
BT D <2k;> (2k)

k=1
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B
n22< ) 2 (Ban—2k — Ban-—o1)

3
t3, 5 Hap—1(Ban — Ban)
B 2n—1 -
+ 6Hop 2 ;n 1 Mm—2-

Note again the similarity with the Miki case, (5.8).

Comment 5.2. [t would be straightforward to extend both (5.8) and (5.11)
to continuous families of identities along the lines of Section 4.

6. Conclusions

The method presented here allows one to derive, with relatively little effort,
convolution identities for Bernoulli numbers of the quadratic type as well as
higher order ones. Clearly we have not been able here to explore all its ram-
ifications. For example, it should be possible to derive “mixed” identities
such as (3.3) also at the cubic or higher level. Another possible direction
is to use other generating functions to generate related identities involv-
ing the Euler numbers. The simplest such case comes from considering the
generating function

(6.1) g(x)—/ ds e 2 sech s
0

Then it follows that

&0 _ 9., Incoshy
2 2o9 | dye v Y
(62 o) =2 [ aye i R,
from which one finds
(63
BorBon—ok (o1 ) 2k—1< on—2k—1) (21
;E% oFon o = n; 3 (2 1)2 1-2 ) o )

(n > 1). Clearly one can generate many other such identities relating convolutions
of Euler numbers to convolutions of Bernoulli numbers.
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We conclude by emphasizing again that the types of generating functions
and identities discussed here show up naturally in perturbative quantum field
theory computations at the second-order (or “two loop”) level [15,16,20].
We expect related multiple convolution identities of higher order to play
a similar role for higher-loop contributions to the effective Lagrangian in
quantum electrodynamics beyond the two-loop level. The higher order FPZ-
type identities might correspond to new relations between Hodge integrals
and thus be of relevance for topological quantum field theory and string
theory.

Note added (January 2013): This paper was submitted to the arXiv
in June 2004, as http://arxiv.org/abs/math/0406610 but was delayed in
publication review. Since then some related work citing our preprint has
appeared: In [21] a method based on generating functions, similar to the
one introduced here, was used to derive a convolution identity for Bernoulli
polynomials that generalizes both Miki’s identity (1.5) and the FPZ iden-
tity (1.8). It was also outlined how to use the same method to generalize
Theorem 4.1 to the (univariate) polynomial level. In [22] this convolution
identity was further generalized to a bivariate one. In the same paper, it was
noted that our (4.12) had already been stated as a conjecture by Matiyase-
vich in 1997 [23], and a bivariate polynomial generalization of this identity
was obtained, too. In [24] Theorem 4.1 was further generalized to the bivari-
ate polynomial level, and the bivariate quadratic convolution identity of [22]
was generalized to a family of multivariate multiple convolution identities
for Bernoulli polynomials at any order (at the cubic level those presumably
also relate to the identities of Section 5, although no such claim was made
in [24]). In [25] a modification of our generating function ¢ was pointed out
that may lead to another type of generalization of Miki’s identity. Finally,
in [26] the known vanishing of a certain type of one-loop amplitudes in
N =4 Super—Yang—Mills theory was used to derive yet another type of
quadratic convolution identities involving Bernoulli numbers, not obviously
related to any of the above. These results further strengthen the case for an
ubiquitous role of Bernoulli number identities in perturbative quantum field
theory.
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