APPENDIX. THE MELLIN TRANSFORM
AND RELATED ANALYTIC TECHNIQUES

D. ZAGIER

1. THE GENERALIZED MELLIN TRANSFORMATION

The Mellin transformation is a basic tool for analyzing the behavior of many important functions
in mathematics and mathematical physics, such as the zeta functions occurring in number theory
and in connection with various spectral problems. We describe it first in its simplest form and then
explain how this basic definition can be extended to a much wider class of functions, important
for many applications.

Let ¢(t) be a function on the positive real axis ¢ > 0 which is reasonably smooth (actually,
continuous or even piecewise continuous would be enough) and decays rapidly at both 0 and oo,
i.e., the function t4(t) is bounded on R for any A € R. Then the integral

B(s) = / oyttt 1)

converges for any complex value of s and defines a holomorphic function of s called the Mellin
transform of ¢(s). The following small table, in which a denotes a complex number and A a
positive real number, shows how ¢(s) changes when () is modified in various simple ways:

e(Xt)  tp(t) p(t) o) @' (t) @)
AT0(s) @ls+a) Ap(Als) @(=s) (1—s)@(s—1)

We also mention, although we will not use it in the sequel, that the function ¢(¢) can be recovered
from its Mellin transform by the inverse Mellin transformation formula

t) = — 5(s)t5d
o(t) S o(s) s,

where C' is any real number. (That this is independent of C' follows from Cauchy’s formula.)

However, most functions which we encounter in practise are not very small at both zero and
infinity. If we assume that ¢(t) is of rapid decay at infinity but grows like t = for some real number
A as t — 0, then the integral (1) converges and defines a holomorphic function only in the right
half-plane R(s) > A. Similarly, if ¢(t) is of rapid decay at zero but grows like ¢t~ at infinity
for some real number B, then ¢(s) makes sense and is holomorphic only in the left half-plane
R(s) < B, while if (t) has polynomial growth at both ends, say like t=# at 0 and like t =% at oo
with A < B, then ¢(s) is holomorphic only in the strip A < R(s) < B. But it turns out that in
many cases the function ¢(¢) has a meromorphic extension to a larger half-plane or strip than the
one in which the original integral (1) converges, or even to the whole complex plane. Moreover,
this extended Mellin transform can sometimes be defined even in cases where A > B, in which
case the integral (1) does not converge for any value of s at all.
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Let us start with the frequently occurring case where ¢(t) is of rapid decay at infinity and is
C™ at zero, i.e., it has an asymptotic expansion ¢(t) ~ > 7~ a,t™ as t — 0. (Recall that this
means that the difference p(t) — Zg;ol a,t" is O(tV) as t — 0 for any integer N > 0; it is not
required that the series ) a,t™ be convergent for any positive ¢.) Then for s with R(s) > 0 and

any positive integer N the integral (1) converges and can be decomposed as follows:
1 oo
3(s) = /0 o) 1L dt + /1 o)t dt
— /1 <(p(t) — szant”> 57 dt + NEII In_ | /Oo et)t*dt.
0 0 —n + s 1

The first integral on the right converges in the larger half-plane R(s) > —N and the second for all
s € C, so we deduce that ¢(s) has a meromorphic continuation to R(s) > —N with simple poles

of residue a,, at s = —n (n =0,..., N — 1) and no other singularities. Since this holds for every n,
it follows that the Mellin transform ¢(s) in fact has a meromorphic continuation to all of C with
simple poles of residue a, at s = —n (n = 0,1,2,...) and no other poles. The same argument

shows that, more generally, if ¢(¢) is of rapid decay at infinity and has an asymptotic expansion
oo
plt) ~ Y a;t% (t = 0) (3)
j=1

as t tends to zero, where the «; are real numbers tending to +o00 as j — oo or complex num-
bers with real parts tending to infinity, then the function ¢(s) defined by the integral (1) for
R(s) > —min; RN(;) has a meromorphic extension to all of C with simple poles of residue a;
at s = —a; (j = 1,2,...) and no other poles. Yet more generally, we can allow terms of the
form t*(logt)™ with A € C and m € Z>¢ in the asymptotic expansion of ¢(t) at ¢ = 0 and
each such term contributes a pole with principal part (—1)™m!/(s + a)™*! at s = —a, because

Jo 1ot log t)™ dt = (8/da)™ [ 1o+~ dt = (—1)™m!/ (o + s)™*1 for R(s + a) > 0.

By exactly the same considerations, or by replacing ¢(t) by ¢(t~1), we find that if p(t) is of
rapid decay (faster than any power of ¢) as ¢ — 0 but has an asymptotic expansion of the form

o(t) ~ i by, t7 (t — o0) (4)
k=1

at infinity, where now the exponents §; are complex numbers whose real parts tend to —oo, then
the function @(s), originally defined by (1) in a left half-plane R(s) < — maxy R(Bk), extends
meromorphically to the whole complex s-plane with simple poles of residue —b; at s = —(; and
no other poles. (More generally, again as before, we can allow terms byt%*(logt)™ in (3) which
then produce poles with principal parts (—1)"**1ng! b /(s + Bx)™+! at s = —B.)

Now we can use these ideas to define ¢(s) for functions which are not small either at 0 or at oo,
even when the integral (1) does not converge for any value of s. We simply assume that ¢(t) is
a smooth (or continuous) function on (0,00) which has asymptotic expansions of the forms (3)
and (4) at zero and infinity, respectively. (Again, we could allow more general terms with powers
of logt in the expansions, as already explained, but the corresponding modifications are easy and
for simplicity of expression we will assume expansions purely in powers of ¢.) For convenience we
assume that the numbering s such that R(a1) < R(ae) < --- and (1) > R(B2) > ---. Then, for
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any T' > 0 (formerly we took T" = 1, but the extra freedom of being able to choose any value of T
will be very useful later) we define two “half-Mellin transforms” @<r(s) and @>7(s) by

T
Fer(s) = / st tdt (R(s) > —R(n)),

Forls) = [ Towetde (R(s) < —R()).

T
Just as before, we see that for each integer J > 1 the function <7 (s) extends by the formula

T J J
s

7] = t) — § 4% ) 57 dt E —1 sty

SOST(S) /0 <‘P( ) p Q; ) + pa sty

to the half-plane R(s) > —R(ay+1) and hence, letting J — oo, that <p(s) is a meromorphic
function of s with simple poles of residue a; at s = —a; (j = 1,2,...) and no other poles.
Similarly, ¢>7(s) extends to a meromorphic function whose only poles are simple ones of residue
—by at s = — . We now define

o(s) = p<r(s) + o=1(s). (43)
This is a meromorphic function of s and is independent of the choice of T, since the effect of

changing T to T" is simply to add the everywhere holomorphic function fTT pt)t* =L dt to p<r(s)
and subtract the same function from @>7(s), not affecting the sum of their analytic continuations.

In summary, if ¢(t) is a function of ¢ with asymptotic expansions as a sum of powers of ¢ (or of
powers of ¢ multiplied by integral powers of logt) at both zero and infinity, then we can define in a
canonical way a Mellin transform ¢(s) which is meromorphic in the entire s-plane and whose poles
reflect directly the coefficients in the asymptotic expansions of (). This definition is consistent
with and has the same properties (2) as the original definition (1). We end this section by giving
two simple examples, while Sections 2 and 3 will give further applications of the method.

Example 1. Let p(t) = t*, where « is a complex number. Then ¢ has an asymptotic expansion (3)
at 0 with a single term oy = «, a3 = 1, and an asymptotic expansion (4) at oo with a single term
f1 = a, by = 1. We immediately find that g<r(s) = T57%/(s + «) for (s + a) > 0 and
o>r(s) = =T57*/(s + ) for R(s + @) < 0, so that, although the original Mellin transform
integral (1) does not converge for any value of s, the function ¢(s) defined as the sum of the
meromorphic continuations of ¢<7(s) and ¢>r(s) makes sense, is independent of 7', and in fact is
identically zero. More generally, we find that ¢(s) = 0 whenever ¢(t) is a finite linear combination
of functions of the form ¢t*log™ t with a € C, m € Z>o. (These are exactly the functions whose
images @y (t) = ¢(At) under the action of the multiplicative group Ry span a finite-dimensional
space.) In particular, we see that the generalized Mellin transformation is no longer injective.

Example 2. Let ¢(t) = e*. Here the integral (1) converges for R(s) > 0 and defines Euler’s

gamma-function I'(s). From the fact that ¢(t) is of rapid decay at infinity and has the asymptotic
(here even convergent) expansion Y .- (—t)"/n! at zero, we deduce that I'(s) = @(s) has a mero-
morphic continuation to all s with a simple pole of residue (—1)"/n! at s = —n (n = 0,1,...)
and no other poles. Of course, in this special case these well-known properties can also be de-
duced from the functional equation I'(s + 1) = sI'(s) (proved for R(s) > 0 by integration by
parts in the integral defining I'(s)), N applications of which gives the meromorphic extension
I'(s)=s1(s+1)"t--(s+ N —1)"'TI'(s + N) of I'(s) to the half-plane R(s) > —N.

From the first of the properties listed in (2), we find the following formula, which we will use
many times:

plt) = e = Bs) = THA (A>0). (5)
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2. DIRICHLET SERIES AND THEIR SPECIAL VALUES

In this section we look at functions () for which the Mellin transform defined in Section 1 is
related to a Dirichlet series. The key formula is (5), because it allows us to convert Dirichlet series
into exponential series, which are much simpler.

Example 3. Define p(t) for t > 0 by ¢(t) = 1/(e* —1). This function is of rapid decay at infinity
and has an asymptotic expansion (actually convergent for ¢ < 2)

1 1 B, .,
e—1 2 £ :Zorlt (©)
t — — e r=
+ 5 + G +
with certain rational coefficients By = 1, By = —%, By, = %, ... called Bernoulli numbers. From

the results of Section 1 we know that the Mellin transform ¢(s), originally defined for R(s) > 1
by the integral (1), has a meromorphic continuation to all s with simple poles of residue B, /r!
at s =1—7 (r =0,1,2,...). On the other hand, since ¢! > 1 for ¢t > 0, we can expand ¢(t)
as a geometric series e~! 4 72! 4 73 4 ... so (5) gives (first in the region of convergence)

o(s) = I'(s)((s), where

o
1
(s) = Y o (R(s) > 1) (7)
m=1
is the Riemann zeta function. Since I'(s), as we have seen is also meromorphic, with simple poles
of residue (—1)"/n! at non-positive integral arguments s = —n and no other poles, and since
I'(s) (as is well-known and easily proved) never vanishes, we deduce that ((s) has a meromorphic
continuation to all s with a unique simple pole of residue 1/T'(1) = 1 at s = 1 and that its values at
non-positive integral arguments are rational numbers expressible in terms of the Bernoulli numbers:

C(=n) = (=1)" Bt1 (n=0,1,2,...). (8)

Example 4. To approach ((s) in another way, we choose for ¢(t) the theta function

o) = Y e (t>0). (9)

(The factor 7 in the exponent has been included for later convenience.) We can write this out as
I(t) = 1+ 2™ 4 274 ..o (10)

and since the generalized Mellin transform of the function 1 is identically 0 by Example 1, we
deduce from (5) that ¢(s) = 2(*(2s), where

C*(s) = 72 D(s/2)¢(s). (11)

To obtain the analytic properties of ((s) from the results of Section 1, we need the asymptotics of
¥(t) at zero and infinity. They follow immediately from the following famous result, due to Jacobi:
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Proposition 1. The function ¥(t) satisfies the functional equation

! 19(1) (t>0). (12)

Proof. Formula (12) is a special case of the Poisson summation formula, which says that

Y ) = > fn) (13)

neZ neZ

for any sufficiently well-behaved (i.e., smooth and small at infinity) function f : R — C, where
fly) = ffooo f(x)e2™®Y dx is the Fourier transform of f. (To prove this, note that the function

2mimax

F(x) =), cz f(n+x) is periodic with period 1, so has a Fourier expansion F(z) = ), cne

with ¢, = fol F(z)e=2mmzdy = f(—m). Now set = 0.) Now consider the function f,(z) =

2 . . .
e~ ™% Tts Fourier transform is given by

fily) = / e~ k2miay . e‘”yQ/t/ e~ Tt @riy/® g \%fl/t(y)»

where ¢ > 0 is the constant ¢ = ffooo e dy. Applying (13) with f = f; therefore gives ¥(t) =
ct=/29(1/t), and taking ¢t = 1 in this formula gives ¢ = 1 and proves equation (12). [

Now we find from (10) that 1J(¢) has the asymptotic expansions 9(t) = 1+O(t~ V) as t — co and
I(t) =t71/2 + O(tN) as t — 0, where N > 0 is arbitrary. It follows from the results of Section 1
that its Mellin transform 5(8) has a meromorphic extension to all s with simple poles of residue 1
and —1 at s = 1/2 and s = 0, respectively, and no other poles. From the formula (*(s) = %5(8/2)
we deduce that the function (*(s) defined in (11) is meromorphic having simple poles of residue 1
and 0 at s = 1 and s = 0 and no other poles and hence (using once again that I'(s) has simple
poles at non-positive integers and never vanishes) that ((s) itself is holomorphic except for a single
pole of residue 1 at s = 1 and vanishes at negative even arguments s = —2, —4,.... This is weaker
than (8), which gives a formula for {(s) at all non-positive arguments (and also shows the vanishing
at negative even integers because it is an exercise to deduce from the definition (6) that B, vanishes
for odd r > 1). The advantage of the second approach to ((s) is that from equation (12) and the

properties of Mellin transforms listed in (2) we immediately deduce the famous functional equation
C(l=s) = (1 -5 (14)

of the Riemann zeta-function which was discovered (for integer values # 0, 1 of s) by Euler in 1749
and proved (for all complex values # 0, 1 of s) by Riemann in 1859 by just this argument.

We next generalize the method of Example 3. Consider a generalized Dirichlet series

L(s) = Zcm At (15)

where the A, are real numbers satisfying 0 < A1 < Ay < --- and growing at least as fast as some
positive power of m. (This is an ordinary Dirichlet series if A,, = m for all m.) Assume that
the series converges for at least one value sy of s. Then it automatically converges in a half-plane
(for instance, if A\, = m then the fact that ¢,, = O(m?®°) implies convergence in the half-plane
R(s) > R(so) + 1) and the associated exponential series

p(t) = Y cme ! (t > 0), (16)

converges for all positive values of t. We then have:
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Proposition 2. Let L(s) be a generalized Dirichlet series as in (15), convergent somewhere, and
assume that the function (t) defined by (16) has an asymptotic expansion of the form

oo
p(t) ~ Y ant” (t = 0). (17)
n=—1
ast — 0. Then L(s) has a meromorphic continuation to all s, with a simple pole of residue a_y
at s =1 and no other singularities, and its values at non-positive integers are given by

L(—n) = (-1)"nla, (n=0,1,2,...). (18)

Proof. The function ¢(t) is of rapid decay at infinity and has the asymptotic expansion (17) at
zero, so by the results of Section 1 we know that its Mellin transform ¢(s) extends meromorphically
to all s, with simple poles of residue a,, at s = —n (n = —1, 0, 1,...). On the other hand, ¢(s) is
equal to I'(s)L(s) by formula (5), and we know that I'(s) has simple poles of residue (—1)"n! at
s=-n(n=0,1,...), has no other zeros or poles, and equals 1 at s = 1. The result follows. [

Example 5. Consider the Dirichlet series defined by

1 1 1
I - - R 1). 19
o) = & -t o (R(s) > 1) (19)
Here the function defined by (16) is given by
1 1
— -t _ —3t _5t_...: =
pll) = e ¢ te et +et 2 cosht

(geometric series). The asymptotic expansion of this function at ¢ = 0 has the form

1/2 I & t"
t) = = = E, —
o) = T A 2;) n!
where the coefficients EFyg = 1, Fh, =0, E5 = —1, ... are certain integers called the Euler numbers.

It follows from the proposition that the function L4(s) has a holomorphic continuation to all s and
that Ly(—n) = E, /2 for all n > 0. (We can omit the factor (—1)" because E,, = 0 for n odd.)
The same method works for any Dirichlet series of the form > >, x(m)m™ with coefficients
x(m) which are periodic of some period (here 4), the most important case being that of Dirichlet
L-series, where the coefficients x(m) also satisfy x(mimso) = x(m1)x(ms) for all m; and mso.

Example 6. As a final example, consider the Hurwitz zeta function, defined by

— 1
C(S7a) = Z m (CL > 07 ?]%(3) > 0) . (20)
n=0
—at
Here p(t) = .00 je~(n+a)t = %. But for any = we have the expansion
—e
ea:t = Bn(.%') n

n=0

where the B,,(z) are the Bernoulli polynomials

B, (z) = En: (:‘) By 2™ (22)

r=0
(Bo(z) =1, Bi(z) =2 — 3, Bo(x) =a* —x+ §, ... ). We deduce that ((s,a) has a meromorphic
continuation in s with a simple pole of residue 1 (independent of a) at s = 1, and, generalizing (8),
that its values at non-positive integers are given by
Byt1(a)
(s, n) = — Dol

p (n=0,1,2,...). (23)



3. APPLICATION: THE CASIMIR EFFECT

In the study of the Casimir effect, described in Chapter 6 of this book, one encounters the
“function” defined by the series

F(\) = =21 > VE2+m2+ 2, (24)

L, m,n€Z

where )\ is a positive real variable; the factor —27 here has been included for later convenience.
Of course the series is divergent. There are several natural questions:

A. How can F()\) be defined rigorously?
B. How can F'(\) be computed effectively for a given A > 07
C. How does F(\) behave asymptotically as A — 0 and as A — oo ?

(For the analysis of the Casimir effect, it is the asymptotics at A — oo which are important.) Using
the ideas explained in the previous two sections, we will show that the answers are as follows:

A. For complex s with R(s) > 3, define

Zhs) = S ! (A>0, s€C, R(s) > 2) (25)
’ (£2 +m2 + A\2n2)s ’ ’ 2
l,m,n€EZ
(the prime on the summation sign means that the term (¢,m,n) = (0,0,0) is to be omitted), a
so-called Epstein zeta function. Then Z(\,s) has a meromorphic continuation to all s, with a
simple pole of residue 27 /X at s = 3/2 and no other poles, and satisfies the functional equation

Z°0s) = 1 7750 5 5) (26)
where
Z*(\,s) == 7w °T(s) Z(\,8). (27)
Then one makes sense of (24) by setting F(\) = Z*(X\,—1). (Note that 7!/2I'(—1) = —2m.)
B. The value of the function F'(\) is given for any positive real number 7" by
F(\) = \% g’%,:n V-1 (7T(£2 + m? + \*n?)) + % 2 WQ(%@? +m?+A7%n%), (28)

where the sums are taken over all triples (£,m,n) € Z* and the functions 7-1(x) and y2(z) are

defined by the formulas
* dt
_ —xt
v_1i(x) = /1 e 5 (x >0) (29)

2

(a variant of the error function) and

1 1, _ )
(—+—2)em ifx >0,
() = T (30)

respectively. Since both y_1 () and y2(x) are O(e™") as ¢ — oo, formula (28) makes F'(A) rapidly

computable. More precisely, if we choose T = A~2/3 then there are (uniformly in \) only O(M3/2)
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terms in the two sums in (28) for which the arguments of ~y_ 1 oryg are < M, so that a relatively
small number of terms suffices to compute F'(\) to high precision. Here are some sample values:

t F(t)

1 6.21115704963445320831277821363781739171176675371 . . .
5 1.74490666842235054522002968176940979179901592336 . . . (31)
1 1.67507382139216375677378965854995727774709002078 . . .

2 3.19240228274691182863701405594738286405890947611 . . .
10 220.762287791317835036587359031113282945900247337 . . .

Each of these numbers was computed independently using (28) for several different values of T
The fact that the answers agreed to the precision given, even though the individual terms of the
sums are completely different, gives a high degree of confidence in the correctness of the theoretical
and numerical calculations.

Of course we could also use the functional equation (26) to give a much simpler convergent
series expansion for F'(\) than (28), namely

Py = Lzl = Xy ! (32)
DY AN g2 (A202 + X\2m?2 +n2)2’

,ym,n

but this formula would be useful for practical purposes because of the slow convergence: summing
over |€|, m|, |n|] < N involves O(N?) terms and gives an error of the order of 1/N, so that we
would need some 10'° terms to achieve even three digits of precision.

C. The value of F(\) is given for small A by

PO = % A4 T+ 0pe) (A= 0) (33)
and for large A by

F(\) = Z;x’* + O+ O(VAe ™) (A — o) (34)
where C' = 1— g+ 9= —- - = L4(2) (with Ly as in (19)) is Catalan’s constant and ¢’ = 2¢(3)La(3).

The values obtained for A = .1 and A = 10 by retaining only the first two terms in equations (33)
or (34), respectively, are

F(.1) ~ 6.21115704963445320831277821232521083463423480852 ,
F(10) ~ 220.762287791317835036587358989193358212711493834 ,

extremely close to the exact values for these two numbers given above.
Let us now prove each of these assertions.

A. From (5) and the fact that the generalized Mellin transform of the constant function 1 vanishes,
we deduce that the function Z*(\,s) defined by (27) equals the Mellin transform @(s) of the
function
al) = D eI = 2o\ (A £>0),
£, m,neL
where J(t) is the theta series defined in (9). The functional equation (12) of ¥(¢) implies the
functional equation @) (t) = A‘lt_B/zgol/)\(t_l) of px(t), and the meromorphic continuation, de-

scription of poles and funcctional equation (26) of Z*(s) then follow as in Example 4 above.
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B. Since the function ¢(t) = @i (t) equals 1 to all orders in t as ¢ — oo and (by virtue of its func-
tional equation) equals A"1t73/2 to all orders in t as t — 0, the two pieces of the decomposition (r%)
of its Mellin transform are given by

_ o0 a T
Przr(s) = / (pa(t) = 1) hdt — — (35)
T
and . 1 ]
> _1,- o AT T2
Pr<r(s) = /0 (oa(t) = A1) et dt + ——5—
2

respectively. Using the functional equation of ¢ (t), we see that these are exchanged when we
replace ), s and T by A7 1, % — s and T~ !, respectively (again making the functional equation of
Z*(\, s) = @a(s) evident), so we only have to study @x >7(s). Substituting the definition of ¢y (t)
into (35), we find
- s X\ T°
ox>7(s) =T Z fys(ﬂT(€2 +m? +)\2n2)) -5
L,m,n

where 7,(z), essentially the incomplete gamma function, is defined for z > 0 by

vs(z) = / t5 et qt (x>0).
1

The extra term —7/s in this formula can be omitted if we drop the prime from the summation
signs and define the value of 7,(0) as —1/s (which is indeed the limiting value of v,(z) as © — 0
if R(s) < 1). The final result, with this convention for 7,(0), is therefore

75\ s) = T° ) 3 (7T(* +m? + Xn?)) + [SH%—S, A= AL T T

Lm,m

The special case s = —% gives the expansion (28).

C. The leading term in the expansion of F'(\) when A is very big or very small can be obtained
from equation (32): if A is small then the dominating terms in (32) are those with n = 0, so
F()\) is asymptotically equal to 7=2\7! Z’e,m(ﬁ2 +m?)™2 = 4772 (2)L4(2)A7! (here we have
used that %Z/&m(ﬁ +m?)7% is the Dedekind zeta function of the field Q(i), which factors as
((s) times Ly(s)), while for large A the dominating terms are those with £ = m = 0 and we get
F()\) ~2772¢(4)A3. To get a more precise estimate, we use equation (28).

Consider first the case A — 0, and choose T in (28) so that T — oo, A>T — 0. (The best
choice will turn out to be T'= A71.) Then in view of the exponential decay vs(z) = O(z~1e™™*)
of vs(x) when  — oo, we find that the only terms in (28) which are not exponentially small are
those with (¢,m) = (0,0) in the first sum and those with n = 0 in the second one. Hence

FQA) = \/1T [fl()‘QT) + O(; § e m) .Ze—m%n?)]

l,m n
1 1 2 2 2 /y2
+ W |:f2(T) + O(Ze—ﬂ(é +m*)/T | )\ZTZ/ e~ /A T):|
£,m n
1 11 1 e
- ﬁfl(AQT)jL WfQ(T) +O(W€ T 4 e ™A T>, (36)
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where

g) = 27—1/2(775”2): fa(e) = Z 72(W€(£2+m2))-

neZ £, meZ
From the definition (29) and the functional equation of J(x) we find (for € small)
1/e

hie) = [T o = vE [ g = vE [ o
= \1@ + \@/01/8(0(;5)—1) de = % + ﬁ(? + O(e‘”/€)>,

since
* > [ 2 = 1 T
Y x)—1)dx = 2 / e~ gy = 2 - = .
[ o@-va =23 [ 2y -3
Similarly, noting the exceptional case x = 0 in the definition (30) of ~2(x), we find

fa(e) + % = /loot (V(et)> —1)dt = ;/:Ox (9(x)* — 1) dx

_ ;(/ﬂwx(ﬁ(xf—l)dfc - /Os(l—x—i-O(e”/”))dm)

where this time we have used

o 2 _ ! > —7'r(£2+m2)m _ i ! 1 _ i
/0 z(9(z)* —1)dz = ;ﬂA xe dr = = ezm: ErmdE ~ (2)L4(2) .

)

Inserting these formulas into (36), we find

o it

1
Axf
1 [20
+/\T2[3
2C

= T 2 —)\ + O(W e ™+ Ae—“/VT).

fmf T + O(AWTe ™/ T)]

1
T2 _ T —nT —nT —m/N2T
+ O(e )} +O(/\T26 + e

(Note how the two non-exponentially small terms which depend on T' cancel, as they have to.)
Taking T'= 1/ gives (33).

The proof of (34) is completely analogous. From (28) and the exponential decay of v, (z) we get

1 1 1 1 —7A2T 1 —n/T
F(A) = ﬁfa(T) + Wﬂ(ﬁ) + O()\2T5/2 € T T ¢ / )

as A — 0o, where T — 0 with AT — oo and where f3(¢) are f4(¢) are defined by

f3(e) = D vmapme(@®+m?), fule) = ) qe(men?)

L, mEZL nez
10



This time we find the expansions

2 2 2
fa(e) = ga_l + C'eV2 407, fule) = %5—2 — 55—1/2 + O(y/ee ™*)
for £ small, the non-exponentially small terms which depend on T again cancel, and taking 7' = 1/

to make the error as small as possible we obtain (34). The details are left to the reader.

As a final comment, we mention that the constants C' and C’ occurring in (33) and (34) can
be evaluated rapidly by the same method as in B, with 9¥(¢)? instead of 9(¢)29(\t), using the fact
that the Dirichlet series 4¢(s)L4(s) is the Mellin transform of 9(¢)2. Their numeical values are

C = 0.915965594177219015054603514932384110774149374281672134 - - - |
C' = 1.437745544887643506932003436389999650184840340379933997 - - - .

4. ASYMPTOTICS OF SUMS OF THE FORM Y f(nt)

In this section we describe an extremely useful, and not sufficiently well known, asymptotic
formula for functions given by expansions of the form

g(t) = f() + f(2t) + f(38) + -+, (37)

where f : (0,00) — C is a smooth function of sufficiently rapid decay to ensure the convergence
of the series (say f(t) = O(t717¢) as t — c0) and having a known asymptotic expansion at ¢t = 0.
In the simplest situation, we assume that f has a power series expansion (which may be only
asymptotic rather than convergent, i.e. f need only be differentiable rather than analytic at the
origin)

£(t) ~ ibn " (t = 0). (38)
n=0

First, let us try to guess what the answer should be. On the one hand we can argue a la
Euler, simply substituting the expansion (38) into (37) and interchanging the order of summation,
without worrying about convergence problems. This gives

o

g(t) ~ D) by (mt) =) by (Zm") "= by ((—n)t". (39)
n=0 n=0

m=1n=0 m=1

Of course this calculation is meaningless, since not only is the interchange of summation not per-
mitted, but each of the interior sums ) ~m" is divergent. Nevertheless, we know from Section 2,
and Euler knew non-rigorously in 1749, that the numbers ((—n) do make sense and are certain
rational numbers given by equation (8), so that at least the final expression in (39) makes sense
as a formal power series. Alternatively, we can proceed a la Riemann and consider (37) for ¢ small
as 1/t times an approximation to the integral

Iy = /0 T ryt. (40)

This suggests instead that the correct asymptotic expansion of g(¢) near 0 should be given by

oty ~ 2 o), (41)

11



and indeed this formula is true, by the very definition of Riemann integrals as limits of sums, if
we interpret the symbol of asymptotic equality “~” in its weak sense, as saying simply that the
ratio of the expressions on its left and right tends to 1 as ¢t — 0. However, we are using “~” in
its strong sense, where g(t) ~ >_, axt* means that the difference between g( ) and the ﬁnlte sum
Saccaat? is O(tY) as t — 0 for any value of C, no matter how large. In this stronger sense,
neither (39) nor (41) gives the correct asymptotic development of g. Remarkably enough, however,

their sum does give the right answer:

Proposition 3. Let f be a C function on the positive real line which has the asymptotic devel-
opment (38) at the origin and, rogether with all its derivatives, is of rapid decay at infinity. Then
the function g(t) defined by (37) has the asymptotic development

oo

I B,
gt~f+z H—" (42)

as t — 0, where Iy is defined by equation (40).

Remark. The relationship of Proposition 3 to the discussion of the Mellin transform in §§1-3 is
very easy to describe. Suppose for simplicity that f(¢) is of rapid decay as t — oo. Then (38)
implies that the Mellin transform f(s), defined for R(s) > 0 as Jo° f(t)t*~1dt, has a meromorphic
continuation to all s with simple poles of reside b, at s = —n (n = 0,1, 2,...) and with no
other singularities. But the transformation rules (2) of the Mellin transform imply that the Mellin
transform §(s) of g(t) equals ¢(s)f(s), so it has (at most) simple poles of residue f(1) = Iyats=1
and residue ((—n)b, at s=—n (n =20, 1, 2,...). Since g(t) is small at infinity, it follows that, if
g(t) has an asymptotic expansion as ¢ — 0 of the form ), a;t* (or even >, a;t% (logt)™/), then
this expansion is necessarily given by eq. (42).

Proof. We begin by describing the Euler-Maclaurin summation formula. To state it, we need
the Bernoulli polynomials B, (z), which can be described by the generating function (22), by
the explicit formula (23) in terms of Bernoulli numbers, or, most beautiful, by the property that
f;“ B, (z)dz = a™ for every a. (It is easy to see that there is only one polynomial B, (z) with
this property for each n.) From any of these definitions we can deduce without difficulty that
B! (r) = nB,,_1(z) and that B, (z + 1) — B,(z) = na" L.

Now let f be a smooth function on the positive reals. Integration by parts and the fact that
B1(0) = 3 = —B1(0) but By41(1) = By41(0) = By for n > 2 gives

/f(n) da; _ / f(n+1) n+1( )d n { l[f( )+f(1)] if n =0,

+1)! Ban [fO0(1) = f(0)]  ifn > 1

and hence, by induction on IV,

1 1 N— n 1 B
[ t@ris = 5is0) §:j ELE =m0+ (- [0 P da
for every integer N > 1. Replacing f(x) by f(z +m —1) and summing over m = 1,2,..., M gives

M [0 N :
| tare = T Y o + LG8 Z ST an - o)
m=1 n=1
" _
(z)

+ Y [ R e (43)
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where By (r) = By (x — [z]). This is the Euler-Maclaurin summation formula.

Now assume that f and each of its derivatives is of rapid decay at infinity, so that [, |f™)(z)|da
converges. Since By (z) is periodic and hence bounded, we can let M — oo in (43) to get

3 fon )= [ e d“Z ElBs p) - (0¥ [ %) 3 e,

m=1

Replacing f(z) by f(tx) and then x by z/t with ¢ > 0 changes this formula to

if(mt) = / flx)dx + Z "+1 f(n)( 0)¢" N - 1/ FN () BN(J:/t) .

The last integral is bounded as t — 0 with N fixed for the same reason as before, so the final term
is On(tN=1). Substituting (™ (0) = n!b, from (38), we get the desired asymptotic formula (42).
O

Before giving examples of Proposition 3, we mention three extensions to more general sums.

1. First, instead of (37) we can look at shifted sums of the form g(t) = >"7-_, f((m + a)t), where
a > 0. Here the “Riemann Ansatz” and the “Euler Ansatz” predict Iyt~ and Y~ b, ((—n, a)t"
for the asymptotic expansion of g, and again the correct answer is the sum of these two:

(%S)
n+1

~ 44

3 film +a +z t142) (44)

(cf. equation (23)). The proof is similar to that of Proposition 3 and will be omitted. By taking
rational values of a in (44) and forming suitable linear combinations, we can use this formula to
give the asymptotic development of > ., x(m)f(mt) as t — 0 for any periodic function x(m),
such as a Dirichlet character. -

2. Next, we can allow non-integral exponents of ¢ in (38). If the expansion of f(t) at the
origin contains terms byt* with arbitrary real numbers A > —1 (or complex numbers with real
part greater than —1), then the formula for g need only be modified by adding the corresponding
terms by((—A)t*. Terms with A < —1 are not interesting since they can simply be subtracted
from f(t), since the sum ) by, (mt)A then converges absolutely. The limiting case A = —1 is of
interest because it occurs in various applications. Here the answer (proved most easily by taking
one function, like t~te~!, which has a 1/t singularity at the origin and for which Y f(mt) can be
computed exactly) is

dobatr = > f(mt) ~ <b_1log—|—lf> ZbAC —t)*,  (45)
m=1

A>—1 A>—1

where I; = [Z(f(t) —b_1e"/t)dt.

3. Finally, we can also allow terms of the form #*(log¢)” in the expansion of f(t), the corre-
sponding contribution to g(¢) being simply the nth derivative with respect to A of ((—=A)t}, e.g. a

1 1
term t* log n in the expansion of f(t) at 0 leads to a term ¢* ({(—X) log n +¢’(—A)) in the expansion
at 0 of g(¢). In particular, using the known value ¢'(0) = —1 log(2m) we find

1 —, . > b
f(t)NblogtJr;)bnt = mz::lfmt ~7—71 +;)b< . (46)
13



We end by giving four examples—two easy and two harder—to illustrate how these asymptotic
formulas work.

Example 1. Take f(t) = e~ with A > 0. This function is smooth, small at infinity, and has
an expansion (38) at t = 0 with b, = (—\)"/n!. The integral Iy equals 1/X. Hence (42) gives

X Ba : . e :
g(t) ~ N + ngo ﬁ (At)™ as the asymptotic expansion of g(t) = mZ:1 flmt) = ol
accordance with the definition (6) of the Bernoulli numbers.

Example 2. Now take f(t) = e™" with A > 0. This function is again smooth and small at
infinity, and has an expansion (38) at t = 0 with by, = (—\)"/n! and b,, = 0 for n odd. Since all
Bernoulli numbers with odd indices > 1 vanish, the asymptotic expansion in (42) breaks off after
two terms, and we find g(t) = I/t —1/2 + O(tY) for all N, with I; = \/m/4X. In this case, of
course, we know much more, because g(t) is simply % (J(A\t?/7) — 1) with 9(¢) as in eq. (9), and
therefore equation (12) gives the much more precise statement g(t) = Iy/t—1/2+0 (t‘le_wz/)‘tz).
The same applies to any function f(¢) whose expansion at ¢ = 0 has only even powers of ¢. For such
a function, the expansion (42) collapses to g(t) ~ I/t — by/2, but this is always just a weakening
of the Poisson summation formula (13), because we can extend f(t) by f(¢) = f(|t|) to a smooth
even function on the real line and use (14) to get the exact formula

2(0) + 1(0) = 3 fut) = + S Flnt) = 2L+

nez neg¢

H—\l\')

and the smoothness of f implies that the function f(y) decays at infinity more rapidly than any
negative power of y. The right way to think of Proposition 3 is therefore as a replacement for
the Poisson summation formula when one is confronted with a sum over only positive integers
rather than a sum over all of Z. Such sums are very much harder to study than sums over all
integers—just think of the special values of the Riemann zeta function, where the numbers ((2k)
can be obtained in closed form because they can be written as %Z/nEZ n~", while the numbers
¢(2k 4 1), which cannot be reduced to sums over all of Z in this way, are not known exactly.

Example 3. As our next example, we consider the function
oo
= Zak,l(n)q” (0<g<1),
n=1

where k is an integer greater than 1 and o;_1(n) denotes the sum of the (k — 1)st powers of the
divisors of a natural number n. In the theory of modular forms, it is shown that if k is even and
larger than 2, then gj satisfies the functional equation

Bk — 27 (_1)k/2 Bk — 4T
~r + 9 gr(e72m) = p _%+gk(62/t) (k=4,6,8,...; t>0).

—27Tt)

In particular, gx(e has the terminating asymptotic expansion

B B
gr(e™2™) = —(=1)F2ZE ek 4 ZE 4 o) (VN > 0) (47)
2k 2k
as t — 0 in these cases. Let us see how Proposition 3 permits us to recover this asymptotic formula
using without knowing the modularity, and at the same time tells us why (47) fails for kK = 2 or
k odd and what replaces it in those cases.

14



We first note that

oo o0 m
) = S (Tt = S ) = 3ot
n=1 m‘n =1
and hence that g; can be written after a change of variables in the form
1 o tk*l
o(€™) = 5= Z:: w(mt) felt) = 5
The function f = fj satisfies the hypotheses of Proposition 3, with integral
e’} tk71 oo
Iy = / ——dt = / et e ) dt = (k—1)1¢(k)
o e —1 0
00 13T
and with Taylor expansion f(t) = > —'tT+k_2 at zero. Proposition 3 therefore gives
r=0 T
—t (k—1)!I((k) - rak Br Bryg—1 .4
~ -1 — t—0). 48
ge(e™) o U T e (t —0) (48)

If £ is even and > 4, then all products B, B,yr_1 with r # 1 vanish, since r and r + k — 1 have
opposite parity and all odd-index Bernoulli numbers except B are zero. Thereofre only two terms
of (48) survive, and replacing ¢ by 27t and using the well-known formula for (k) in terms of By,
we recover (47). If k = 2, then the argument is the same except that now the r = 0 term also gives
a non-zero contribution, so that we find

1 1 1
= — — — + — + 0(t") (VN > 0),

—27t
) 242 4t 24

92(6

instead of (47), in accordance with the known near-modularity property of go. Finally, if k is odd
then we still get an explicit asymptotic formula with rational coefficients, but it now no longer
terminates. Thus for k = 3 we find the expansion

() 2((3) 1 N t N t3 N to N t7 N
et~ _
9 t3 12¢t 1440 = 181440 = 7257600 = 159667200

as t — 0, even though g has no modularity properties in this case. We leave it as an exercise to the
reader to calculate the corresponding expansion when k& = 1, where one has to use equation (45)
instead of equation (42).

Example 4. As our final example, consider the function

1
1

m=1

the generating power series of the partition function. To study the behavior of the partition
function, we need to know how P(q) blows up as g approaches 1 from below (or, more generally,
any root of unity from within the unit circle). Here again the known modularity properties of the
function P(q) imply the non-trivial functional equation

™12 P72 = \/fem/12t p(e 2T/ (t > 0),
15



from which one immediately obtains the asymptotic expansion

1
+ Zlogt — —t + O(tY) (VN > 0). (49)

g P(e) = 157 + 3 12

To obtain this formula without knowing anything about the modularity of P, we observe that
log P(e™") has the form Y, f(mt) with f(t) = —log(l — e™*). This function is small at
infinity, has integral Iy = ((2) (as one sees by integrating by parts once and then calculating as in
Example 2), and has an asymptotic development

oo

1 B
t) ~ log= — m_n

as one sees easily by differentiating once. Hence equation (47) applies and gives

N 2 1 t > B, Bnii
log P B o~ 2 —log — — 1" t".
8 (6 ) t +20g27r ;( ) n-nln+1

Again all terms except for the first in the sum on the right vanish because n and n+1 have opposite
parity, and replacing ¢ by 27t and using ((2) = 72/6 we recover (49). The same method using (44)
with rational values of a lets us compute the exact asymptotics of P(q) as g approaches any root
of unity, recovering precisely the same result as that given by the modularity. Moreover, just as
in the case of Example 2 for k odd, the method applies even when modularity fails. For example,
if we define

pw = Il goggm (<.

a generating function that occurs in connection with the theory of plane partitions, then an analysis
like the one just given for P(q), but now with f(¢) = —tlog(l — e~"), produces the complete
asymptotic expansion

(t —0)

2 4
Py(e7!) = ct'/?? 3/ (1 _ ! Lt )

2880 12902400
with ¢ = e¢'(=1) = 0.847536694 - - - , and using (46) one can get the expansion of Py(ae™?) for any
root of unity a. Furthermore, for reasons similar to those which applied to g with k£ even, one

finds that the corresponding expansions for the logarithm of P3(q) = [](1 — q")*”z when ¢ tends
to a root of unity are terminating, even though there are no modularity properties in this case.

Warning. Equations numbering have to be checked, e.g., two egs. (5), one now changed to (43).
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