Chapter 4

Integration Techniques

4.1 Transformation of Integrals

We defined the Riemann integral fab f of a function f : [a,b] — R through suprema
and infima of lower and upper Darboux integrals (and through limits of Riemann
sums). While this is a natural concept to begin with, and it can be used to evaluate
a few elementary integrals, for more complex tasks, we need to understand how an
integral transforms under a map. To get to this we need to replace the functional
integrand f : [a,b] — R of the integral f:f by the associated form a = f(z)dx

(Section 2.7), and define
b b b
/a:/ f(a:)dx:/ I

The justification of this more complex concept, the integral of a form, is contained in
the following:

Proposition 4.1.1. Let g : [a,b] — [c,d], ¢ = g(a), d = g(b), be a differentiable
function such that the deriwative g' is Riemann integrable on [a,b]. Then, for any
Riemann integrable form* o on [g(a), g(b)], we have

b g(b)
/ g(a) = / a,
a g(a)

where the integrand on the left-hand side is the pull-back of o by g.

1By definition, a form o = f(z) dx is Riemann integrable if the function f : [a,b] — R is Riemann
integrable.
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182 CHAPTER 4. INTEGRATION TECHNIQUES

PROOF. Letting a = f(x)dz, x € [g(a), g(b)], we have g*(f(x)dz) = f(g(x))g'(z)dx.
The formula above is therefore equivalent to

g9(b)
/ f(g x)dr = fu)du
g9(a)
where we used u = g(x) with generic variables x and u. Let F(x f f(u)du, so
that F'(x) = f(z). Then the formula is a direct consequence of the chain rule

/ 1 - /abF’@(as))g'(x)dx: / (Flg(a)Ydo

g(b)
= F(u)

g(a
g(b

= / F'(u du—/ f(u
g(a)

The formula in Proposition 4.1.1 is usually called the substitution rule, and
the actual use of the formula is termed as integration by substitution. There are
literally a miriad integration problems centered around the substitution rule (along

with the FTA).

We now begin to enlist the integrals of various elementary functions in increasing
complexity.
First, the integral formula for the power function gives the integral of any polynomial
explicitly as

- k —~ k41
apx” dr = —2" +C, ag,ai,...,a, €R.

Second, the integral of a rational function is always an elementary function. This
follows from the partial fraction decomposition of rational functions?, and from the
fact that the integrals of partial fractions are elementary. We 111ustrate this by a few,
somewhat non-standard, examples. We begin with the simplest case of distinct real
roots in the denominator.

Example 4.1.1. For n € Ny, we have

n

/x<$+ 1)6-&-:- (x+n) %Z(_l)k(;&) In|z + k| + C.

k=0

2For a detailed account, see Elements of Mathematics - History and Foundations, Section 9.2.
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Indeed, this is a direct consequence of the partial fraction decomposition

FEESY - @+n) i(_l)k(Z) v i ke

k=0

This latter formula can be derived in the usual way, letting

1 _2": Ay
v(x+1)---(z+n) r+k’

k=0

where the coefficients Ay, k = 0,1,...,n, are to be determined. Eliminating all the
denominators by multiplying through x(z+1) - - - (z4n), and evaluating the obtained
equality on the roots —k, k =0,1,...,n, we obtain

1=Ap(—k) - (=k+1)---(=1)-1-2---(=k +n) = (=1)* A - k!(n — k)!

The stated formula follows.

Remark. The partial fraction decomposition of the previous example can also be
derived inductively by letting ¢(x) = 1/(x(z +1)---(x +n)), v € R, n € Ny, and
noting that it satisfies the inductive formula

1

= (qu-1() = gna(z+1)), z€RneN.

Gn ()

The next example is the case of irreducible quadratic factors:?

/ dx
zt4+1
The usual trick 2% +1 = 2% + 222 +1 — 222 = (22 + 1)? — (v22)? = (22 + V22 +

1)(2? — v/2x 4 1) yields the complete factorization. A simple evaluation gives the
partial fraction decomposition

1 1 V242 1 2z —2
(22 4+ V22 4+ 1)(22 — V22 +1) 422 +2z+1 da2 —\x+1

Using the integral formula

dz 1 T+a
—(m P = Earctan 2 , b>0,

30r, using complex language, two pairs of conjugate complex roots.

Example 4.1.2. Determine
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a simple computation gives

dx V2 24HV2r+1\ V2
/ e ? In (m +T (arctan <\/§x + 1) + arctan (\/§x — 1>>+C.

Oftentimes an integral can be “rationalized;” that is, it can be transformed into
an integral of a rational function, which, in turn, can be integrated by using partial
fractions. The next example is a typical, if somewhat technical, illustration to this.

Example 4.1.3. Determine the integral

/ Jan(z) de.

We first substitute u = y/tan(z); that is, u? = tan(x). This gives 2udu = sec?(z)dx.
Using the Pythagorean identity 1+ tan?(x) = sec?(x), we obtain 2udu/(u*+1) = dz.

With this, we get
/\/t (x)d / 20",
an(x)dr = u.
ut 41
We could proceed as in the previous example, but a simple trick works here better

2 1 2_1
/\/tan(x)dx = /u i du—i—/u du

ut 4+ 1 ut 4+ 1

1+ 1/u? 1—1/u?

u? + 1/u? u? +1/u?

1+ 1/u? 1—1/u?
= / + 1/u du+/ Ju du

(u—1/u)®+2 (u+1/u)?>—2
Substituting v = u — 1/u, resp. w = u + 1/u (and hence dv = (1 + 1/u?)du, resp.
dw = (1 — 1/u?)du), we continue as

[ e [

v2+ 2
—iarcan 2 ! nw_\/§
aEr A € R 1 e R
—iarcan u—1/u 1 nu+1/u—\/§
- () o e
:iarctan Vtan(z) — /cot(x) N 1 In V/tan(z) + \/cot(x) — /2 Lo
V2 V2 2v2 | y/tan(z) + \/cot(z) + /2

The example follows.
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Sometimes there is more emphasis on trigonometry than on rationalization. The
following example illustrates this.
/ dx
1 + sin(z)

It is well-known that all the six trigonometric functions can be expressed as rational
functions of the tangent function with half of the respective angle.* In particular, we
have

Example 4.1.4. Determine

1 —tan®(x/2)

. _ 2tan(z/2)
sin(z) ~tan?(z/2) + 17

= SAMEE and
(w2 + 1 nd cos@)

Hence

/ dz B / dx
1 +sin(z) 1+ 2tan(z/2)/(tan?(z/2) + 1)
_ / tan?(z/2) + 1 I
tan?(z/2) + 2tan(z/2) + 1

B sec?(x/2) . 2 y
B / (tan(z/2) 4+ 1) = / (u+1)2 I

+C,

= +C = 2
w1 ~ tan(z/2) + 1

where we used the substitution u = tan(z/2).

The next example is well-known to be notorious in resisting several standard
methods:

Example 4.1.5. Show that

By the power series expansion of In(1 — z) with radius of convergence p = 1, the
function under the integral sign is defined on (—1, 1), and can be expanded into the
power series

n e ‘,L.nfl

In(1 — x) 1 =
- _ . = < 1.

4See Elements of Mathematics - History and Foundations, Section 11.4.
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By the corollary to Proposition 3.2.1, we can integrate term-by-term on any interval
[0,0], 0 < b < 1, and obtain

/0 ln(l—x /

The crux here is that, by the Weierstrass M-test, the infinite series > -, z"/n?
converges uniformly on the closed interval [0, 1] (Wlth M, =1/n* n € N.) Thus, by
Proposition 1.2.2, this infinite sum is left-continuous at x = 1. This finally gives

Y2

Z / nldx__ n2

"In(1 - "In(1 - b 1 2
/ —n( $)dx = lim —n(l x)d:z: = — lim — = — = —W—,
0 x b—1-J, x b1- L= n —n 6
where we used the Euler sum 7, 1/n* = 7/6.
Example 4.1.6. Show that®
w/2 /2 T
/ In(sin(x)) dx = / In(cos(z)) dx = b In 2.
0 0
First, we have
w/2 /2
/ In(sin(z))dx = lim In(sin(z)) dx
0 a—07t a
w/2 : w/2
= lim In <M> dr + lim In(z) dx.
a—0t J, X a—0t [,

The first integral is finite since lim,_,osin(xz)/x = 1 so that the function f(z) =
In(sin(z)/x), x € (0,7/2] becomes continuous on [0, 7/2] by setting f(0) = 0. We
calculate the second integral as

w/2
: L o2 T (Z)_Z_ '
alir(% i In(x) de = aligl+ [zIn(z) —2]}/" = ) In 5 i alg(l)l+ aln(a).
For the last limit, we have
| 1
lim aln(a) = lim n(a) _ = li /a =— lim a =0.
a—0t a—0t 1/CL a—0t —1/CL2 a—0t

5 Although well-known, this problem was in the William Lowell Putnam Mathematical Competi-
tion, 1953.
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We conclude that our integral is finite.

187

We now use the trigonometric identity sin(2«) = 2sin(«) cos(a), a € R, and calculate

w/2 w/2
/0 In(sin(z)) dx = /0 In(2sin(z/2) cos(x/2)) dx
T w/2 w/2
=5 In2+ /0 In(sin(z/2)) dx + /0 In(cos(x/2)) dx

T w/4 w/4
=5 In2+ 2/ In(sin(u)) du + 2/ In(cos(u)) du,
0 0

where we performed the substitution v = x/2. Finally, performing yet another sub-

stitution v = 7/2 — u in the last integral, we obtain
/4 /4 /2
/ In(cos(u)) du = —/ In(cos(m/2 — v))dv = / In(sin(v)) dv.
0 w/2 w/4
Substituting this into the previous computation, we obtain
/2 T /4 /2
/ In(sin(z)) dx = 5 In2+ 2/ In(sin(u)) du + 2/ In(sin(v)) dv
0 0 /4
T /2
=3 In2 -+ 2/ In(sin(x)) dz.
0

Rearranging, the example follows.
Example 4.1.7. Let 0 < a € R. Show that®

1 T
lim —/ (1 + sin(at))" dt = e
0

z—0t T

By the Euler limit lim, ,,(1 4+ 1/x)* = e, for the integrand we have

a

sin(at)/t
Ve

1i 1 . " 1/t — ( 1 . t 1/ sin(at
tirg%r( + sin(at)) Jim (1 + sin(at))
Hence, FTC II gives
1 xr
lim —/ (14 sin(at))"" dt = lim (1 + sin(az))"* = e
0

z—0t X r—0t

The example follows.

6See the problem (a = 2) in the first William Lowell Putnam Mathematical Competition, 1938.

The right-limit is of technical convenience.
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Example 4.1.8. Show that” the integral

/ T xsinx 2

———dr = —.
o 1+cos?x 4
We make use of the substitution u = m — x with du = —dz, and calculate
/7r rsinx dr — —/O(W—u) sinu = W/W sin u du—/w usin u du.
o l4+cos?x . 1 + cos?u o l+cos?u o 1+ cos?u

where we used sin(m —u) = sin(u) and cos(m —u) = — cos(u). Rearranging, and using
another substitution v = cos(u) with dv = — sin(u), we have

T : T . ] )
rsinx T sin u T dv T . -

S = [ e du= T o
/0 1 + COS2 X * 2 /; 1 + COS2 U u 2 /1' 1 + ,02 2 [ an (U):| -1 4

We finish this section by a well-known non-elementary integral, the arc length of
an ellipse.

Example 4.1.9. We consider the arc length of the ellipse given in standard position
by

.’172 y2
¥+b—2:1, O<b<a,

over an interval [p, ] with —a < p < ¢ < a. We claim that the arc length is given by

u,

\/1—(p/a)? 1 — k22
s(p,q) = ab - —
Vit /(1= u?)(1 - k2u?)
where k? =1 — a?/b%.
The arc length of the graph of a function® f : D — R over [p,q] C D C R is given by

) = | CVIT P de.

We use the equation of the ellipse above with y = f(z) = (b/a)Va? — 22, |z| < a.
Differentiating f(x)? = (b/a)?(a® — 2?), we obtain f(z)f’(x) = —(b/a)?*x. Hence

b2 :L‘2 CL4 + (62 _ a2)x2
2 _
L+ () _1+?a2—x2 N a’(a? — 2?)

"Several examples presented here and below are insipired by and are at the level of “integration
bees” at various universities.
8We assume that f is differentiable and f’ is integrable.
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With this, the arc length integral takes the form

1 [9 at + (b — a?)a?
s(p.q) = - dx
aJp /(@ —2?)(a" + (b — a®)2?)
We now perform the substitution u? = (a? — 2?)/a® (or 22 = a*(1 — u?)) with du =

—xdz/(ava? — x2). We have a* + (b* — a?)x? = a®b*(1 — k*u?), where k? = 1—(a/b)?.

Using these, the desired form above follows.

Remark. The arc length in the example above can be expressed by the elliptic
integral of the second kind:

) sin ¢ /1 — kQ 9 sin ¢ d
E((b,k):/ \/1—k2sin29d9:/ A - .
0 0 V1 —u? o V(1 —u)(1—k2u?)

Exercises

1. Perform the induction to verify the partial fraction decomposition of Example
4.1.1 as indicated in the subsequent remark.

™2 cosz
/ _COST
o l4cos?x

2 \?
/ <1+$6) dzx.

Solution: Use the substitution u = 2® with du = 3z?dz, and partial fractions as

/a%%#deZQ/Hf%ﬁﬂuzé/(1jw‘u+zw)d”

Now use another substitution u = tan(f) with du = sec?(#)df, and obtain

i (- wrar) 3 (o~ ) =00

1

=3 /(1 — cos® 0) df = %/sinQ(G) df = é(& — sin(#) cos()) + C

3
(arctan(u) - ) +C = % (arctan(x?’) B > +C

1+ u? 1426

2. Evaluate the integral

3. Evaluate the integral

| =
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4. Let f: R — R be defined by

o) = /Oxt <1+cos (%)) dt.

Show that f is differentiable everywhere with critical points 0 and 1/((2n + 1)),
n € N.

4.2 Integration by Parts

The product rule for differentials
dlu-v)=v-du-+u-dv

immediately gives the following:

Proposition 4.2.1. We have

b b
/ udv = [uv]z —/ vdu.

Remark. The integration by parts formula above can also be proved by using the
“summation by parts” technique on the respective Riemann sums (Section 2.3).

As an important application of the integration by parts technique, we briefly return
to Taylor series and derive yet another form of the Taylor remainder, the so-called
intergral form of the Taylor remainder, as follows:

Proposition 4.2.2. Let f : D - R, (c—d,c+d) C D,0 < d € R, and = €
(c —d,c+d)\ {c}. Assume that f is differentiable up to order n + 1 and f+V
integrable on the closed interval between x and c. Then, for the Taylor remainder

R, (x) = f(x) — Th(x), we have

z flnt1)
Ro(z) = / fn—!(t)(x—t)”dt.

PrRoOOF. We use induction with repect to n € Ny. For n = 0, by the FTC I, we have

Ro(z) = f(x) — f(c) = / " P,
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For the general induction step n = n + 1, n € Ny, we use integration by parts (with
uw= fOE)/(n+ 1) and v = —(z — t)"*1), and calculate

Ro(z) — /xw(x—t)”dt
(n+1) z z £(n+2)
[

(n+1)!
_ f(nﬂ)(c) n+1 xf(nJrQ)(t) _ p\ntl
= eI [ e o
Fe

- m(x — )"+ Ry (2).

The proposition follows.

We finish this section by a cadre of somewhat challenging integrals. Our first
example is well-known. It is termed as Dirichlet integral, and is usually derived
by using more advanced techniques (such as contour integrals on the complex plane).
As usual we insist on elementary methods.

Example 4.2.1. Show that

/00 —Sin(x)dx = lim /R —Sin(x)dx .

First, the integrand, the function under the integral sign, is continuous everywhere
except at 0, where it has a removable discontinuity. Since lim,_,¢sin(z)/z = 1, we
remove this singularity by setting this function equal to 1 at 0. Now the integrand is
continuous everywhere and hence integrable.

Second, we claim that the improper integral converges; that is, the limit

R R -
lim/ sin(x) d:zc:/ sin(x )d + lim / sin(x) s
R—oo [ X 0 xz R—oo Jq X

exists;? where we split off the finite portion over [0, 1] for convenience. For the last
limit, we use integration by parts via u = 1/x and dv = sin(z)dz (and hence du =
—dx/x? and v = — cos(x)), and obtain

ZRMCMZ {—W}R—/lRwdm:—MnLcosl—/lR%dm

T T 2 R T2

(nH)ﬂ(sin(x)/x) dx and

nm

9 Another proof is by splitting the integral into the infinite series Yool
use the alternating series test; see also Section 4.7.
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Letting R — oo, we have limg_,o cos(R)/R = 0, and the last integral is absolutely
convergent since, by comparison, we have

/ dr < / d—f =1.
1 1 T
The claim follows.

(Warning: The original integral is not absolutely convergent: [ |sin(z)|/z dz >

Yo fn(:H)ﬂ |sin(z)|dz/(nm) = (2/7) - > 7 1/n = 00.)

The crux of this example is to estimate the transformed integral

/(2"“)”/2 sin(z) g /”/2 sin((2n + 1)t) "
——dx = -~ 7 ,
0 0

x t

cos(x)

X

n € N,

(via the substitution x = (2n + 1)t) by using the Lagrange identity'°

3

1 sin((2n+ 1)t)
oht) = —= 4 =T
2 cos2ht) = =5 + im0

To do this, we denote

/2 L /2 L
0 0

t sin(t)
Clearly e
/ SI0(2) 4 — lim SI0) g i 1,
0 €T n—oo [, €T n—00

On the other hand, integrating both sides of the Langrange identity above, we have

i/ T 1
Z/ cos(2kt)dt = ——+ =J,, né€N.
—~ Jo 4 2

Since each term in the sum on the left-hand side vanishes, we obtain

Jn:g, n € N.

We now calculate the difference

I — I, = /;/2 (L - }) sin((2n + 1)t) dt

sin(t) ¢

_ ! /0 " (l ) ) cos((2n + 1)) dt,

2n+1 2 sin®(t)

10See Elements of Mathematics - History and Foundations, Exercise 11.3.6.
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where we performed integration by parts with 1/sin(¢)—1/t = v and sin((2n+1)t)dt =
dv. Note that the boundary terms vanish since

1 1\ cos((2n+ 1)) 1, LN,
[ _— = — 1m _ - =
sin(t) t 2n +1 0 2n +1t=0 \sin(t) ¢

(See Example 2.2.6.) Note also that, in the last integral above, the difference is the
parentheses has removable discontinuity at 0, since

. 1 cos(t) 1

lim | - — — = —.

=0 \t?2  sin®(¢) 6
(See Example 2.2.7.) Since the last integral is bounded as n — oo, we conclude that
lim,, o0 (J,, — I,) = 0, or equivalently

lim [,, = lim J,.
n—oo n—oo

Putting these together, we arrive at the following:

/ wdzz lim I, = lim Jn:g.
0

x n—00 n—oo

The example follows.

Example 4.2.2. Derive the formula

* n t _ - n—kn! k
/Ot -edt—[Z(—l) e

k=0

ce” 4+ (=1)""nl, n e N

Letting v = t" and v = e!, we use integration by parts:

/t"-etdt:/ t”d(et):[t"-et]g—/ etd(t”)zx-efc—n/ et dt,
0 0 0 0

since d(e?) = et dt and d(t") = nt" "' dt as forms. Letting F,(z) denote the integral
on the left-hand side, this gives the inductive formula

E.(x)=2"-¢"—nE, 1(zr), néeN,

and Ey(z) = e — 1. To derive the stated formula we now use induction with respect
to n € Ny. Since the formula clearly holds for n = 0, we need only to perform the
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general induction step n — 1 = n, n € N. We have

E.(z) = 2" -e"—nE,1(x)

n—1
—1)!
= a"-e"—n Z(—l)”_k_l(nk—') : xk] e —n(=1)"(n—1)!
k=0 '
S k0 k 1
= 2" e+ (—1)"~ e " + (=1)"*'n!
k=0 ’
" !
= [Z(—l)"’“% k| et 4 (=1)"Hinl
k=0 ’

The induction is complete, and the formula follows.

Example 4.2.3. Show that

! n!
“(1 "der =(-1)"———m——, -1 R Np.
[ @y e = ()1 —1<aeR nen,

We have the inductive formula for the integral'

2 (In(z))" n

a+1 _a+1

/ 2%(In(2))" de = / 2*(In(2))" ' dz, > 0.

Indeed, this is a simple application of integration by parts with v = (In(x))™ and
dv = z°dz. We then have du = n(In(z))"!/x - dv and v = 2™ /(a + 1), and the
formula follows.

Applying this formula inductively, we obtain

n
xa—i—l

n! &
a+1 kZ:O(_l)k (n—k)l(a+ 1)k (In(z))™" + C,

/x“(ln(aﬁ))”d:ﬁ =
x>0 —1<aeR, neNj.

For the corresponding definite integral over [0, 1] we need to evaluate all boundary
terms (z = 0, 1) on the right-hand side. All terms in the sum have vanishing right-
limit at 0. Indeed, for 0 < b € R and m € N, we have the inductive formula
(In(x))™ I m(In(z))" - 1/z  m

: b m o 1 Ty b m—1
:z:lig)lﬂL v (IH(LU)) N 171i>I(I)1+ 1/[L’b - z—0t —b/l‘b'H a b 171i>I(I)1+ o (111(17)) ’

"The only restriction for the validity of this formula is a # —1. (See Example 4.3.1 in the next
session.) For a = —1, we have [(In(z))"dz/z = (In(z))"**/(n + 1) + C, n # —1; and, finally,
[ dz/(zIn(z)) = In(In(z)) + C.
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Applying this m times, the claim follows.
Finally, all terms but the last (k = n) in the sum vanish at z = 1.
The example follows.

The next example can be found in Euler’s works:

Example 4.2.4. Show that
1 1
/ sin(In(x)) P
o In(z) 4

Removing the singularity at 0, we have the power series expansion

2n

SlIl >
€R,
=2 -1 2n+1 Y

n=0

(with radius of convergence p = 00). Hence

sin( ln > )" !
l 2n
/0 / 2n+ Z 2n—|—1 / n™(z) dz,

where the interchange of the sum and the (improper integral) is allowed due to uniform
convergence of the power series expansion above on closed intervals (Proposition
3.2.1). By Example 4.2.3 just shown, we have

1
/ In"(z)dx = (—=1)"n!, n € N,.
0

Substituting, we obtain

Here the last equality follows from the elementary integral

‘ — (=D,
t = nt2n dt = ~ L g 0<a<1
arctan(z) /0 T / EO 1t <z<l1,

upon substituting z = 1, and noting Abel’s theorem on power series (Proposition
2.3.3).

The integral in the next example is commonly called the “sophomore’s dream.”
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Example 4.2.5. Show that

1 oo
/ x Cdr = g n "
0 n=1

Note that 7% = e7*™(®) 1z > 0, and it is extended to 0 (with value e® = 1)using the
right-limit lim,_,o+ 2 In(xz) = 0. Note, in addition, that the negative sign is due to the
fact that In(z) < 0 for 0 < z < 1.

Using the Taylor series of the natural exponential function (centered at 0), we obtain

e 2 SEEE el

n=0

Since the function f : [0,1] — R defined by f(x) = —zIn(x), 0 < = < 1, and f(0) = 0,
is continuous, this series converges uniformly on [0, 1]. Applying Proposition 2.1.9
with f,(x) = (=1)"2"(In(z))"/n!, 0 <z <1, and f,(0) =0, n € Ny, we obtain

/Olg;—fdx ~ / (h;(! il
_n! /O 2 (In(2))" da

(n+1 yrtl Zn ’

where we used the result of the previous example.
The example follows.

M

n=0

Mg

3
Il
=)

History. The formula in the previous example was dicovered by Johann Bernoulli in 1697, and
we essentially followed the classical proof by intergration by parts (and filled the gaps of Bernoulli’s
proof such as the boundary behavior at 0). See also the modern account by Dunham.? Due to its
beauty and simplicity, it was termed the “sophomore’s dream” by Borwein, Bailey, and Girgensohn.!3
See also Exercise 5 at the end of this section. This is in contrast to the “freshman’s dream,” the
erroneous formula (a+b)™ = a™ +b™ which, however, is true for a,b € Z when reduced to (mod n).

This is due to the elementary number theoretical fact that n | (Z) fork=1,2,...,n—1.

2Dunham, W. The calculus gallery, masterpieces from Newton to Lebesgue, Princeton Univ.
Press, pp. 46-51.

13See Borwein, J., Bailey, D.H. and Girgensohn, R., Ezperimentation in mathematics: computa-
tional paths to discovery, (2004) 4, 44.
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Example 4.2.6. Evaluate the integrall4

w/2 w/2
W, = / sin”(x) = / cos"(z)dx, n € Ny.
0 0

The last equality is because of the identity sin(x) = cos(7/2—x). It is therefore enough
to consider the sine integral. We have W, = 7/2 and W; = 1. Monotonicity of the
integral gives W,, > W, .1, n € Ny. We derive an inductive formula for W,,, n € N. For

2 < n € N, we use integration by parts with the casting u = sin" !z and v = — cos z;
and hence du = d(sin" ' z) = (n—1)sin" 2?2 -cosz dr and dv = —d(cosz) = sinx dz.
We obtain
/2 /o w/2
/ sin"(z)de = — [sin" "2 cos x}g +(n—1) / cos® - sin" ? w dx
0 0
/2
= (n—1) / (1 —sin?x)sin" 2 x dx
0
w/2 w/2
= (n—1) / sin"?xdr — (n—1) / sin” x dz.
0 0
This gives

1
W, ="

Wn_g, 2 S n € N.

Splitting the even and odd cases, and using this formula inductively, for n € N, we
arrive at the following

/2 1-3-5---(2n—1) (2n)! =
2 /0 ST T 6 (2n) 921 (nl)2 2

/2 2-4---(2n) 22 (n!)?
Wn - in2nt! d = = ‘ .
21 /0 T TS s i) (2n+ D)

ﬂ-_
5 =

Exercises

1. Derive the pair of integral formulas

—am - e .

/e sin(bx)dxr = N (asin(bx) + bcos(bx))
. e )

/e cos(br)dx = R (acos(bx) — bsin(bx)) .

14This is sometimes called the Wallis integral in honor of John Wallis (1626 —1703); see Section
4.11.
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Solution: Use integration by parts twice.

00 1.2 00 2
/ sin 2(3;) " :/ sin(z) de.
0 Z 0 Z

Solution: Perform integration by parts via sin*(z) = u and dx/x? = dv.

2. Show that

3. Determine

oo L1 2 1
/ sin(vz? + 1) cos(z) .
0 2+ 1
Solution: Write the integral as
1 /OO sin(va? +1—z) +sin(vVa? + 1+ z)
0

2 2 +1

dz.
2

Split this into two integrals, and use the substitutions V2?2 + 1 F z = t to convert
them to fol sin(t)dt/t and [ sin(t)dt/t. Finally, use Example 2.6.1.

/ sin™!' z dx.

Solution: Let z = sin(f); then dx = cos(f)df, and the integral transforms into
[0 -cos(f)df. Finally, use integration by parts.

4. Determine the integral

5. Derive the “other sophomore’s dream”:
1
/ ¥ dr = — Z(—n)_”.
0

6. Use the “generating function technique” to derive the formula in Example 4.2.2

as follows. Let
T T (s+1)z __ 1
/ et el dt = / et g = e—’ r,s € R.
0 0 1+s

Expand all expressions in s in power series, integrate, and compare the coeffficients
of the powers of s.

7. Derive the integral formulas

! on g 22(n!)? Yode 0 (2n—2) m
/0 (L —a?)tde = 5oy and /0 (1—a22)n  222((n—1)1)22
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Solution: For the first integral, substitute x = cos(f); for the second, x = tan(f).

8. Use Abel’s summation in parts in Section 2.3 to derive the formula

n—1 n
Z Ak(karl - bk) = Anbn - Ambm - Z bk(Ak - Ak*1)> n>m, mnec N>
k=m+1 k=m+1

where (Ag)}_,, and (bg)}_,, are finite sequences. Given a closed interval [a,b], let
x = (Tm,...,T,) be a partition of [a,b] with a = x,, and b = x,,. Define Ay = f(xy)
and by = g(zg), k =m,...,n, where f, g : [a,b] — R are two functions. Rewrite the

formula above as

i f(xk)g(xk—i-l) — g<xk)(xk+1—xk) _ [fg]z_ Z faw) — f(xk_ﬁg(xk)(xk—a?kq)-

Thp1 — T Tp — Tj
k=m+1 k1 ™ Sk kot 1 k — Tk—1

Finally, interpret this as a discrete version (with Riemann sums) of the intergration
by parts formula.

4.3 Improper Integrals

A variation on the theme of Example 4.2.3 is the following:

Example 4.3.1. We have

< (In(x))" n!
———dr = ——— N, 1 R.
/1 por T (a—l)"“’ nelN, 1 <ac

We first perform the substitution u = In(z) and obtain

% (] n oo
/ ( n(:z:)) dr = / une—(a—l)u du.
1 ¢ 0

Second, integration by parts (with obvious roles) gives

/00 ure—@ D gy — /OO u el gy,
0 a—1Jy

where the boundary terms vanish:

1
a—1

[ure=@ ¥ =0, neN, 1<aeR.

Now, a simple induction completes the proof.
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We begin with this section with the following simple result:

Proposition 4.3.1. Let f : [a,00) — R be bounded on [a,o0) and integrable on every
closed subinterval [a,b], b > a, and let g : [a,00) — R with absolutely convergent
improper integral [ g(x)dz. Then [ f(z)g(x)dx is absolutely convergent.

PROOF. Let M > 0 be a bound for f on [a,00); that is, |f(z)| < M, x > a. By
assumption, the restriction f|[a,b] to any interval [a,b], b > a, is integrable. By
Proposition 3.1.7 (5) and (3), |f| and |f]| |g| are integable on [a,b]. We have

| 1f@a@ldz = [ 1@ lgta)lde < 0 [ lgo)]de

Letting b — oo, we obtain that [ |f(x)g(x)|dz < oo, and hence [ f(z)g(z) dx is
absolutely convergent.

Next we state Abel’s theorem on improper integrals as follows:

Proposition 4.3.2. Let f : [a,00) — R with convergent improper integral faoo f(x)dx.
Let g : [a,00) — R be bounded and monotonic. Then faoo f(z)g(z)dx is convergent.

Proor. First, note that, being bounded and monotonic, g is integrable over any
finite interval [b,c], a < b < c. Since f is also integrable on [b, |, the second mean
value theorem on integrals (Section 3.1) gives

/bcf<x>g<:c /f )i + glc /f

for some ¢y € [b,¢]. We denote M = supy, ) |g|- Since [ f(z)dz is convergent, by
the Cauchy criterion of convergence, for every 0 < € € R, there exists a < N € R

such that .
/ f(z)dx
b

Keeping N < b < ¢, we now estimate

= ‘g(b) /CO f(z)dz + g(c) /cf(x) dx

x)dx

€
—, N<b<e
<o <b<c

x) dx <M—+M——e.

+1g(c) i

By the Cauchy criterion for convergence, the integral [ f(z)g(z) dz converges.

Dirichlet’s theorem on improper integrals is the following:
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Proposition 4.3.3. Let f : [a,00) — R be such that, for allb > a, f is integrable on
la,b] and ‘fabf(x) d:v’ < M, for some M (independent of b). Let g : [a,00) — R be

bounded and monotonic, and lim,_,o g(x) = 0. Then [ f(x)g(x) dx is convergent.
PROOF. Since g is bounded and monotonic on [a,c0), it is integrable on any subin-

terval [a,b]. Also f is integrable on [a,b]. As in the previous proof, by the second
mean value theorem, we have

[ et e = o) [ s e+ gte) [ e

for some ¢y € [b,c]. Let 0 < e € R, and 0 < N € R such that |g(z)| < ¢/(4M) for

x> N. For N < b < ¢, we estimate
‘ dx| = b K d ’ d
/b f(@)g(x) dz| = |g(b)] / f() dz / /() de

€ €
< S omy -Sonm—-e
=M Tt o ¢

+lg(c)l

Once again, Cauchy’s criterion finishes the proof.

Remark. There is a close relationship between Abel’s test for convergence for series
(Proposition 2.3.1) and Abel’s theorem on improper integrals (Proposition 4.3.2), as
well as the analogous results of Dirichlet (Propositions 2.3.2 and 4.3.3). This will be
exhibited in the first Euler-Maclaurin formula in Section 4.16.

Example 4.3.2. Let s > 0. Show that

o -
sin(z
(@) 4
1 x®
is convergent.

Letting f(z) = sin(z) and g(z) = 1/2°, x > 1, s > 0, the conditions of Dirichlet’s
theorem are satisfied since

/lb sin(x) dx

The example follows.

Example 4.3.3. Show that

= Jcos(1) —cos(b)| <2, 1<beR.

= |~ leos(a)]}

/ sin(2?) dw
1
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is convergent.
Letting f(z) = 2xsin(z?) and g(x) = 1/(2z), © > 1, the conditions of Dirichlet’s
theorem are satisfied since

b
/ 2z sin(2?) dx
1

The example follows.

= )— [cos(xQ)ﬁ‘ = |cos(1) — cos(b?)| <2, 1<beR.

Exercises
1. Show that o
/ sin(z) arctan(zx) dx
0 x
exists.

2. Prove Dirichlet’s theorem via integration by parts assuming that ¢ is differentiable,
and ¢’ is integrable (on every integval la,b], a < b), using the following steps. (1) Let
F : [a,00) — R be defined by F(z f f(u) du, and use integration by parts to
show that

b b
/ f(x)g(x)dx = / F'(z)g(x)dz = F(b)g(b) + / F(x)(—¢'(x))dz, a<b,
where —¢’ > 0. (2) Derive the estimate

x)dz| < Mg(b) + M(g(a) — g(b).

(3) Finally, let b — oc.

3. Prove Abel’s theorem along the lines of the previous exercise for ¢ differentiable
and ¢’ integrable.

4.4 Parametric Integrals

In this section we introduce the technique of interchanging differentiation and inte-
gration of a parametric integral (an integral depending on a parameter). This was
one of the favorite methods of Feynman; and for this reason, is is sometimes termed
as the "Feynman’s trick;” a slight misnomer as this method is much older.'®

15For the proofs of the results here, see Lewin, J.W., Some applications of the bounded convergence
theorem for an introductory course on analysis, Amer. Math. Monthly, 94, 10 (December 1987) 988-
993.
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Proposition 4.4.1. Let I C R be an open interval, and f : [a,b] x I — R a function

such that, for every t € I, the integral fabf(x,t) dx exists. Let ty € I, and assume
that, for every x € [a,b], the derivative (df /dt)(z,ty) exists, and, as a function of
x € [a,b], it is integrable on [a,b]; that is, the integral ff(df/dt)(x,to) dx also exists.

If
flz,t) — f(x,ty)
sup ro—

d b
E/a f(z,t)dx )

PROOF. By our assumptions, for a sequence (,)nen with lim, . t, = to, we have
the pointwise limit

lim f(xa tn) - f(a:a tO) df
n—00 t, — to Cdt

‘me[a,b],tg%tel}<oo

then, we have

—(x,ty), x € la,b],

where all the particpating functions as well as the limit are integrable on [a,b]. In
addition, by the assumption on the supremum, we also have

‘fl’t f(x7t0>
tn — 1o

<M, z¢€lab], neN,

with some 0 < M € R. We are now in the position to apply Arzela’s bounded
convergence theorem (Section 3.2), and conclude

d [ [P f(,tn) do — [7 f(x,to) da
— | flz,t)dx lim =2 2
dt /

Nn—00 t, — to

_ /f:vt xtg)d
n%oo t, — to

_ / li £ @otn) = f<“0>dx:/abﬁ(x,to)dx.

n—00 t, — to dt

t=to

The proposition follows.

Corollary. Let I C R be an open interval, and f : [a,b] x I — R a function
such that, for every t € I, the integral fabf(x,t) dx exists. Assume that, for every
(x,t) € [a,b] x I, the derivative (df /dt)(x,t) ezists, and the integral fab(df/dt)(x,t) dx
also exists. If

g

w,t)\ <M, (nt)elabxT,
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for some M € R then, for everyt € I, we have

d [? b d
%/a f(x,t)d:c—/a %f(:c,t)dm.

Applying Arzela’s dominated convergence theorem instead of the bounded con-
vergence theorem, we obtain the analogous result for improper integrals:

Proposition 4.4.2. Let I C R be an open interval, and f : [a,00) X I — R a
function such that, for everyt € I, the improper integral faoo f(z,t)dz exists. Assume
that, for every (x,t) € [a,00) x I, the derivative (df /dt)(z,t) exists, and the integral
faoo(df/dt)(x, t) dx also exists. If there is an improper integrable function g : [a, c0) —
R such that

daf

dt

then, for every t € I, we have

d [~ >~ d
a/a f(x,t)d:c:/a af(:c,t)daz.

Remark. This proposition, with obvious modifications, holds for any improper inte-
gral, including finite intervals where the integrand is undefined at an end-point.

(l‘,t)‘ <g(x), (z,t)€ a,00) %I,

In Section 3.1 we briefly noted the so-called Leibniz integral rule. A more
general form of this rule also holds for parametric integrals as follows. Given an open
interval I C R, let f : [ag, bo] xI — R be a continuous function such that the derivative
df /dt, t € I, is also continuous on [ag, by] X I. Let a,b: I — R be two differentiable
functions defined on an open interval I C R such that ay < a(t) < b(t) < by, t € 1.
Then we have

d oo b(t) g
— [, 1) dw = f(b(2), )V'(t) = f(alt),t)d(t) +/ — [z, t)dz, tel.
dt J o aty dt
For the proof, we define g : I — R by
b(t)
g(t) = flz,t)dx, tel.

a(t)
The left-hand side of the formula above is ¢'(t), t € I. For a fixed t € I, we let
0 # h € R be such that ¢t + h € I. Using Proposition 3.1.5, we now calculate
b(t+h) b(t)

st+h) =g = [ flatemydo- [ ftde
a(t+h) a(t)
a(t+h) b(t) b(t+h)
—— [ e [ (ftn — S0y dos [ fweenyde
a(t) a(t) b(t)
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The MVT I for integrals asserts that

a(t+h)
/(t) flx,t+h)de = (a(t +h) —a(t)) f(c(t), t + h),

for some c(t) between a(t) and a(t + h). Similarly, we have

b(t+h)
/ flz,t+h)de = (b(t+ h) —b(t)) f(d(t),t + h),
b(t)

for some d(t) between b(t) and b(t + h). Substituting these, and dividing by 0 # h,
we obtain

glt+h)—g(t) _  alt+h)—a(t) O fx,t+h) — fla,t)
. = h fle(t), t+h) +/m) N dx
+ (Hh) O et b+ ).

Letting A — 0, and using contmulty, we obtain

b(t) £( .
7 = —d (D) f(alt),t) + 1im [ LR = St

) :
h=0 Jon) h de 4+ b'(t) f(b(t),t), tel.

By the Arzela bounded convergence theorem (Section 3.2), the limit and the integral
can be intechanged. The general Leibniz integral rule follows.

We close this section by a few examples.

Example 4.4.1. Show that

oo —tx _ ,—(t+a)x
/ c ¢ dlen(1+%>, £>0, t> —a.
0

T

Differentiating both sides with respect to ¢, and noting that the differentiation can
be interchanged by integration (Proposition 4.4.2), we have

d o eft:v o 67(t+a)x de —tx —e
— dz :/
dt J, x 0 dt x

0 (3] e—tx e—(t-i—a)x o0
= —/ e dy + / etz gy — [ } [ ]
0 0 t+a |,

B 1+ 1 _d1 t+a __1n<1+g>
ot t+4a dt t dt t)

Thus, the right- and left-hand sides of the formula to be proved have equal derivatives,
and hence they differ by a constant. On the other hand, this constant must be zero
since both sides tend to zero as t — co. The example follows.

—(t+a)x

dx
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Example 4.4.2. Show that
/ e dx = ﬁ
O 2

For brevity, we denote this improper integral by I. We let F' : (0,00) — R be the
parametric integral defined by

oo o —t(1+z?)
0 1+

o)

Clearly, F(0) = [arctan(z)];” = 7/2; in particular, F'(t) exists for all t > 0 as it is
decreasing with lim;_,., F/(t) = 0 (since 0 < F(t) < e 'F(0), t > 0.)

We wish to calculate the derivative F'(t), t > 0 by differentiating under the integral
sign. We define f : [0,00) x (0,00) — R by f(z,t) = e 0+ /(1 4+ 22), x,t >
0. Letting € > 0, all the assumptions of Proposition 4.4.2 hold for f restricted to
[0,00) x (€,0); namely, we have

‘Z_i =MD < e g >,

and the function on the right-hand side is integrable on [0, 00). Applying Proposition
4.4.2, for t > €, we calculate
00 d 00 ) o} 9 —t
F'(t) = —f(x,t) dr = —/ e~ tFT) gy = —e_t/ e " dy = —e—I,
o dt 0 0 Vit

where, in the last equality, we used the substitution u = v/tx. Since this holds for all
e > 0, this formula is valid for all t > 0.
Working backwards, by the FTC II, we have

e ® *° 2
F(t):I-/ ds:Zl/ e du, t>0,
VL] Vit

where, in the last equality, we used the substitution u* = s. Letting ¢ — 0 (as both
sides are continuous at 0), we obtain F'(0) = 7/2 = 2I%. The example follows.

History. In probability theory, the normal distribution is defined by the probability density
function )
z—p\2
ez (57") , zeR.
oV2m

Here o is called the standard deviation and p the variance. A simple substitution in the integral

in the example above shows that the integral of this function over the entire R = (—o00, 00) is equal
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to 1. The probability of a random variable to be in an interval (a,b) is equal to the integral of
this function over (a,b) (where a = —oo and b = oo are also allowed). In his Doctrine of chances,
the French mathematician Abraham de Moivre (1667 —1754) observed first that probabilities of
discretely generated random variables (e.g. rolling a die or flipping a coin) can be approximated by
what he called the “curve of errors,” that is, the normal distribution. This observation was elevated
to what was the first version of the central limit theorem by Pierre Simon Laplace in his Théorie
analitique des probabilités published in 1812. The integral of the normal distribution is nowadays
called the Gauss-Laplace-Poisson integral. Gauss, in his study of the errors made in astronomical
observations, over half a century after de Moivre in 1809, developed his law of observational error,
a 2-parameter family of normal distributions. He himself attributed the invention of the normal
distribution to Laplace and Poisson. It is sometimes contemplated that the fact that de Moivre’s
name receded to oblivion in this matter may had something to do with the fact that he was a

hugenot, an immigrant of difficult position in French society of the time.!6

Example 4.4.3. ' Determine

Hn(1
/de,
0

1+ 22

We let F': (0,00) — R be the parametric integral defined by

In(1 + tz)
F(t) = —=d t > 0.
®) /0 14 22 o -

As in the previous example, we wish to calculate F'(t) by differentiating under the
integral sign. Clearly, all the assumptions of the corollary to Proposition 4.4.1 hold.
(The derivative (d/dt)(In(1 + tx)/(1 + 2?)) = z/((1 + tz)(1 + %)) is bounded for
0 <z <1andt>0.) Differentiating (under the integral sign), we obtain

, ! xdz
F(t):/o i+t =Y

The integrand can be decomposed into partial fractions (with respect to z) as

T t T+t

(1)1 +2)  (+0)(1+i)  (1+O(11a2)

16For a more complete story, see Stahl, S., The evolution of the normal distribution, Mathematics
Magazine, Vol. 79, No. 2, (April 2006) 96-113.

"This was a problem in the William Lowell Putnam Mathematical Competition, 2005. For
another solution, see Math. Magazine, 79 (2006) 76-79.
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Integrating, we obtain

t b d 1 ! t
F'(t) = — / 4 / T g
1+ )y 1+t 1+ ), 1422
In(14+¢) In(2) 1 LT t
1+¢2 2 1+¢2 41+

This gives

"In(1 + z) In(2) T
F(t) =— —=d ——= arctan(¢ —In(1 +t%).
(1) /0 e T+ 5 arcan()+8n( +t%)

Evaluating at ¢ = 1 and rearranging, we arrive at

F(1) :/0 lnl(lJr—z;;)dx = Tn(2).

Exercises

1. Use Example 4.4.1 to derive the integral

oo ,—x _ ,—tx
/ idx:ln(t), 0<teR
0 T

Solution: Change the variable from z to tx.

4.5 Double Integrals and Fubini’s Theorem

The concept of double integral of a function is a natural extension of that of the
integral (in a single variable). While this topic belongs to multivariate calculus, in
rare instances the double integral is a powerful tool in deriving some statements in
single variable calculus and real analysis. In this section we give a rapid course on
this discussing only matters that are absolutely necessary for future developments.

A rectangle R in the plane R? is the (Cartesian) product of two intervals. A
closed, resp. open, rectangle is the product of two closed, resp. open, intervals. If
the boundary needs to be specified, we let R = [a,b] X [¢,d], resp. R = (a,b) x (¢, d),
denote a generic closed, resp. open, rectangle. Finally, note that (u,v) € R is an
interior point of R if it is contained in an open rectangle that, itself, is contained in
R. Equivalently, (u — dp,u + dg) X (v — 0, v + ) C R for some §y > 0. Finally, a
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function f : R — R is continous on R if it is continuous at every point of R.
The concepts of limit superior, limit inferior, limit, and continuity of a function
f R — R at a point are completely analogous to their one variable counterparts.
We only note here that f : R — R is continuous at an interior point (u,v) € R if, for
every € > 0, there exists 0 < § < g such that [z —u| < § and |y — v| < § imply'®
|f(xz,y)— f(u,v)| < e. Finally, f is continuous at a boundary point (u,v) € R if there
exists a function f : Ry — R with Ry = (u — dg,u + ) X (v — dg,v + ) which is
continuous at (u,v) € Ry such that we have f|gnr, = f|rnr,. The basic properties
of continuous functions in one variable naturally extend to our multivariate setting.

Let R = [a,b]x[c,d],a < b, c < d, a,b,c,d € R. A partition of R is a pair (x; y) of
partitions & = (zg, x1,...,x,) € l(a,b) and y = (vo, Y1, - --,Ym) € H(c,d), n,m € N.
Geometrically, a partition can be viewed as being composed of the subrectangles
Rij = [zi—1, 2] X [yj—1,y], i =1,...,nand j = 1,...,m. The set of all partitions
of R are denoted by TI(a, b; c,d). The usual concept of refinement and its properties
extend from one variable to this setting.

Let f : [a,b] x [¢,d] — R be a bounded real function. For a partition (x,y) €
[I(a, b; ¢, d) as above. we define the lower, resp. upper Darboux sums of f as

n m

ZZ — Ti— 1 yj 1) inffv
=1 j=1
resp.
ZZ i — @i-1)(Y; — Yj—1) - sup f.
=1 j=1 Rij
With these, we define the upper, resp. lower Darboux integrals'® of f by
I, = sup S.(x,y), resp. I = inf Si(x,y).
f (z,y)€ll(a,b;c,d) f d (z,y)€ll(a,b;c,d) /

By the monotonicity property of the Darboux sums, the supremum and infimum exist,
and we have

(Sf(a: Y) ) I, < I; (§ gf(zc,y)), (z,y) € (a,b;c,d).

We say that a bounded function f : [a,b] X [¢,d] — R is Darboux integrable,
or simply integrable, if equality holds; that is, if we have I, = Tf. In this case, this
common value is called the (Darboux) integral of f : [a,b] x [¢,d] — R, and it is
denoted by [, f = f[a,b]x[c,d} f.

18The customary condition \/(z — u)2 + (y — v)2 < § is clearly equivalent to this. Our emphasis
here is on rectangles.
YThese are also called upper, resp. lower Riemann integrals.
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As in single variable, a simple but useful criterion of integrability is the following:

Proposition 4.5.1. A bounded function f : [a,b] X [c,d] — R is integrable if and only
if, for any € > 0, there exists a partition (x,y) € Il(a,b;c,d) such that Sy(x,y) —
ﬁf(ma y) <€

As in the single variable case, we have:

Proposition 4.5.2. A continuous function f : [a,b] X [c,d] — R is integrable.

The main result in this section is Fubini’s theorem on iterated integrals:

Proposition 4.5.3. Let f : [a,b] X [¢,d] — R be an integrable function, and assume
that, for any x € [a,b], the function y — f(z,y), y € [c,d], is integrable, and that
T fcdf(x, y)dy, z € [a,b], defines an integrable function on |a,b]. Then, we have

Joion® = [ ([ 1) as

Remark. The integrand on the left-hand side is not written in the differential form
/ »J(7,y)dx A dy as this would require an introduction of the concept of differential
2-forms on R?. Some authors also use the double integral sign | [ instead of a single
J. The right-hand side is often called an iterated integral. We usually suppress
the parentheses when there is no danger of confusion.

PROOF OF PROPOSITION 4.5.3. Let (x,y) € Il(a,b;c,d) be a partition with @ =
(xo,21,...,2,) € I(a,b) and y = (yo,y1,---,ym) € H(c,d), n,m € N. We let
Rij = [wi—1, 2 X [yj—1,y;], i = 1,...,n, j = 1,...,m, be the respective subrectangles.
We start with

i}?ffg flz,y) <supf, (z,y)€ Ry, i=1...,n, j=1,...,m.
ij Ri]‘

By assumption, the function x — f(x,y), y € [c, d], is integrable on [c, d], and hence

it is also integrable on any subinterval of [c, d] (Proposition 3.1.5). Thus, integrating

the inequalities above over [y;_1,y;], 7 = 1,...,m, we obtain

Yj
(45 = y;-1)inf f < / flz,y)dy < (y; — yj—1)sup f,
ij Yj—1 .

)

SL’E[Qli,l,l’i],’l'z1,...,7’L,j:1,...,m.

Summing over with respect to j = 1,...,m, and using Proposition 3.1.5 again, we
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get

m

> ygllnff</ffvy SZ —yj-1)sup f, x € [z, @], i =1,...,n.

=1 i

By assumption, the function z +— fcd f(z,y)dy, x € [a,b], is integrable. Integrating

over [x;_1,x;], i = 1,...,n, again by Proposition 3.1.5, for i = 1,...,n, we have

> (@i —ai)( yylmff</ /fxy SZ i —xi1)(y; — yj-1) sup f.
Jj=1 j=1 ij
Summing over with respect to j = 1,...,m, and using Proposition 3.1.5 for the last

time, we get

n m

YD) DERTIIEIINGEEY By WIERIITIIES 9p gt ) S

=1 j=1 =1 j=1

Using Darboux sums, this can be written as

b pd
§f(a:,y)§//f(x,y)dydxggf(a:,y).

Since the partition (z,y) € I(a, b; ¢, d) was arbitrary, we arrive at

b d
lfﬁ//f(x,y)dydaféff'

By assumption, f is integrable. This means that [, = Yf = f[a b e f. The proof is
complete.

Remark. The assumptions in the Fubini theorem can be compactly expressed as the
integrals

/fxy dy for all = € [a, D]

//fxydydx

exist.
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Corollary. Let f : [a,b] X [¢,d] — R be an integrable function, and assume that the
following integrals exist

/df(x,y) dy for all x € [a,b],

/fxy dx for ally € [c,d,

//fxydyd:r;

/ / f(z,y) dx dy.
Then, we have

(/[abx[cd] )//fxydydx_//fﬂiydxdy

Note that, by Proposition 4.5.2, all assumptions of Proposition 4.5.3 and the
subsequent corollary hold if f : [a,b] — R is continuous.

Remark. Note that the corollary above automatically extends to improper integrals.

As a final note, all considerations in this section directly extend to multivariate
functions f : [a1,b1] X -+ X [a,,b,] = R, 2<neN.
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4.6 The Gamma Function

In this introductory section we define the gamma function, show that it is analytic ev-
erywhere except having simple poles at non-positive integers, and derive its functional
equation.

We define the gamma function I' : (0,00) — R by the integral

We first show that the integral is absolutely convergent, so that the gamma function
is well-defined. Let ¢ > 0. We first split the integral:

1 oo
I(t) = / v le " d + / e " dr.
0 1

We estimate the first integral as

1 1 l,t 1 1
/ e dr < / e = [—] = — < o0.
0 0 t 0 t

For the second integral, letting t < m, m € N, we estimate

o *  dx m)!
e de < m) = )
1 , oaxmTtHl om— ¢

where we used e* > 2™/m!, x > 0, m € N. Absolute convergence of the integral
follows for any ¢ > 0.

Example 4.6.1. Let —1 <a € R and 0 < b,c € R. Show that

o0 atl
/ tae—btc dt = I ( c )
0

platl)/c . o

The substitution z = b-t° and bc-t°~dt = dx transforms the integral on the left-hand

side into - . -
tle = ——— / gletb/e=le=e qgq.
/0v blat+D)/c . 0

The example now follows from the definition of the gamma function.

A related special case of the example above is the improper integral

! I'(b+1)
a b
/0 z%(—1In(x)) dx——(a EEk —1<a,beR,
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where, in the last integral, we first need to perform the substitution u = — In(z).
For a, b integers, comparing this with the integral of Example 4.3.1, we obtain

I'n+1)=n!, neN.

History. It was for this last property that the gamma function was introduced by Leonhard Euler
in 1729; that is, to extend the factorial to non-integer values. This question was raised earlier by
Daniel Bernoulli and Euler’s friend, Christian Goldbach. In a letter to Goldbach dated in October
6, 1729, Bernoulli gave the extension as the limit

n
. ey
nlggo<n+1+ ) V= z €R\N,

along with several numerical examples. Within a few days later, once again in a letter to Goldbach,
Euler gave his first extension as the infinite product

o0

1 T(n+1)* (1+1/n)"
1) R\N.
e+ 13 - H S wer)

For x = N, N € Ny, by inner cancellations, the infinite product reduces to the value N!. Moreover,

for x = 1/2, it gives
242 e
(1/2 =
(1/2+1) E n+1/2 \/1 32. 52 f

where we used the Wallis product formula (Section 4.8; see also below). The appearance of w

provided Euler a hint to look for a suitable integral expression. He soon arrived at the formula

= fol(fln(z))t*1 dx, t > 0; and this appears in a letter?? to Goldbach, in January 8, 1730.
Performing the change of variables u = —In(z) (as above) we obtain the integral that we adopted
in our definition. It was termed as the Eulerian integral of the second kind by Legendre in his
Ezercises de Calcul Intégral, 1. (1817) p. 221 (as opposed to the Eulerian integral of the first
kind defining the beta function; see below in Section 4.11). The use of I" for the gamma function
is due to Legendre in 1814. For a detailed history of the Gamma function, see Godefroy, M.,
La fonction Gamma; Théorie, Histoire, Bibliographie, Gauthier-Villars, Paris (1901). For a more
modern account, see Artin, E., The Gamma Function, New York, Holt, Rinehart and Winston 1964,
and Dover 2015.

Remark. By Example 4.4.2, we have

I'(1/2) = /—dx—Q/ e du = /7,
0

20Both results submitted to the St. Petersburg Academy on November 28, 1729, under the title
De progressionibus transcendentibus seu quarum termini generales algebraice dari nequeunt. See also
Fuss, N. Correspondance Mathématique et Physique de Quelques Célebrés Géomeétres du X VIIIE™e
siecle, 1, Saint-Pétersburg, 1843.
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where we used the substitution v = v/ (and du = dz/(2+/z)). (Note that this will
also be a special numerical case of Euler’s reflection formula in Proposition 4.9.1.)

We now turn to the study of the derivatives of the gamma function. As before,
we split the defining integral as

1 00
I(t) = / " le " dx —I—/ g le " dr, t>0.
0 1

We wish to apply Proposition 4.4.2 which would allow differentiation (d/dt) under
the integral sign. We define f : (0,00) x (0,00) — R by f(x,t) = 2"~ le™®, z,t > 0.
For n € N, differentiating n times, we obtain

d"f

%(x, t) =2 te *(In(z))", x,t>0.

For the first integral, 0 < x < 1, we estimate

af
dtr

(a:,t)‘ < 27 (—=In(z))", t>0.

The function on the right-hand side of this inequality is (improperly) integrable on
[0, 1]; in fact, by Example 4.2.3, we have

1 !
/ o= 1In(x))" dv = e Ny, t>0.
0

tnt+l ’

Letting € > 0, and applying this to ¢ € (e,00), by the remark following Proposition
4.4.2, differentiation under the integral sign is allowed. We obtain

a [t

1
— | ale " dr = / e (In(x))" da.
™ Jo 0

Since € > 0 is arbitrary, this formula holds for any ¢ > 0.
For the second integral, z > 1, we let t +n < m, m € N. We estimate

dar f

df 2 (In(z))" _ m'(ln(:v))" < m!
dtm

rm ' pm—t+l — xm—n—t—l—l’

(z, t)’ < 27 le™(In(z))" < m!

where we used e* > 2 /m!, x > 0, m € N. Since the functions here are (improperly)
integrable over [1, 00), Proposition 4.4.2 applies. We obtain

[

— o le ™ dy = / 7" te ™ (In(x))" dz.
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Putting these together, we obtain that the gamma function is differentiable up to any
order, and we have

r® () = / o te " (In(z))" dz, t > 0.
0

To estimate the growth rate of D™ (¢), ¢ > 0, in n € N, we need to refine the upper
bound for the second integral above. We fix 1 < b € R, and assume 0 < ¢t < b. With
this, we choose 0 < K € R such that

<t < Ke?, x>1

Y

or equivalently
et < Ke_x/z, x> 1.

For x > 1,t > 0, and n € N, we then have the estimate

27l (In(z))" < Ke*/*(In(x))" < K 2" n! (@)n,

where we also employed the inequality e*/? > (z/2)"/n!, * > 0, n € Ny. With this,
assuming 2 < n € N, we return to the second integral as

/ 7 le ™ (In(x))" do < K 2" n!/ In(x) de < K2" ) < K2"nl
1 1 (n— 1)+

xz

where we used Example 4.3.1 (with @ = n), and the trivial inequality n! < 2(n—1)"1,
2<neN.
Finally, putting this together with the previous estimate of the first integral, we obtain

|
™ (1) < t% + K2l 2<neN,

where the constant K > 0 depends on the upper bound b of ¢ > 0. In particular, for
any fixed t > 0, there exists C' > 0 such that

r™t) <c"*'nl, neN.
We obtain that I' is analytic on (0,00) (Section 2.4).

The formula I'(n + 1) = n!, n € Ny, obtained previously actually holds for non-
integer values, and its is known as the functional equation for the gamma func-
tion:

[(t+1)=tI'(t), t>0.
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Indeed, a simple integration by parts in the parametric integral for I'(t + 1) (with
2t =w and e *dx = dv) gives

I't+1) = / rle " dr = [—xte_ﬂ;o +t/ o le ™ dr = tD(t), t>0.
0 0

Inductively, we have
Ft+n)=tlt+1)---(t+n—-1I{F), t>0, neN
In particular, I'(1/2) = /7 derived above gives

['(1/2+n)= <2n)!ﬁ and T'(1/2—-n)= (—1)"%\/?,

= D3| n € N.

Remark. No closed formulas are known for I'(1/3), resp. I'(1/4), but these numbers
are known to be transcendental, proved in 1983 by Le Lionnais, resp. by Chud-
novsky in 1984. In addition, it is known that, if ¢ is positive rational but non-integral
then either I'(t) or I'(2t) is transcendental.?!

Example 4.6.2. For a > 0, we have the power series expansion
. T(a+n)
1 . —a _ n
(1-2) Z n!T(a) o

n=

with radius of convergence p = 1.
Indeed, this is a special case of Example 2.3.5, as

where we used the functional equation above (inductively).

The functional equation for the gamma function allows to define it for negative

values by setting

D(t+1
F(t):#, —1<t<0,

and then, inductively, by setting

L'(t+n)
(t+1)---(t+n-—1)

21See Siegel, C.L., Transcendental numbers, Ann. Math. Studies, Princeton (1950).

—n<t<0, —t¢N.

r(t) =
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The domain of definition of the extended I' is R\ (=Ng) = {t e R|t #0,—1,-2,...}.
Note that the validity of the functional equation for the gamma function above auto-
matically extends to this domain. Finally, note that the the extended gamma function
is analytic on R\ (—Nj), since the quotient of analytic functions is analytic (Section
2.4).

A simple consequence of the extension of the gamma function is the limit

Hm T (t) = D(1) = 1,

t—0
or equivalently, the asymptotic relation
1
L(t) ~ 7 e t— 0.

By induction, we have

I'(t 1 -1"
lim (£ +n)T(¢) = lim Utntl) D"
t——n to—nt(t+1)---(t+n—1) n!
or equivalently
(1 1
[(t) ~ , as t— —n, neN,
nl t+n

We finish this section with a somewhat long winded example of an important pair
of improper integrals:

Example 4.6.3. For 0 < s € R, 0 < a € R and b € R, have??

sin(s arctan(b/a))
(a2 + b2)/2
(

ol an B cos(s arctan(b/a))
/o e @ cos(br)dr = T(s) (a2 + 1072

/ e sin(br)dz = T(s)
0

We begin by replacing = by x/a, and letting ¢ = b/a. These give

I(t,s) = /OOO # e Tsin(tr)dr = T(s) Sin((f j_r;:;;;f;gt))

L cos(s arctan(t))
J(t,s)z/o 5 le cos(tx)dr = T(s) TESEEEE

22The known proofs invariably use complex analysis at various levels. We present here a completely
elementary derivation using only real calculus. A proof based on similar ideas is known in the special
case a = cos@, b=sinf, § € (—7/2,7/2); see the remark at the end of this section.
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where we also introduced shorthand notations for the integrals. To derive these, we
first claim??

dl s

— = ——— (J—=tI
dt 1+t2( )
dJ s

— = —— ([ +tJ).
dt 1+t2( + J)

Interchanging the integration and the differentiation (Corollary to Proposition 4.4.1),
we obtain

dI d [ >
%(t, s) = p ¥ e " sin(tr) dr = / z’e " cos(tx)dr = J(t,s + 1)
0 0
dJ d - s—1 _—=x OO S =T L3
—(t,s) = — ¥ e " cos(tr) dr = — r'e” sin(te)de = —1(t,s + 1).
dt dt J, 0

We now continue the computations for the first formula only, the proof of the second
is analogous. We use integration by parts via

u=2z" and dv=e "cos(tx)dz,

and hence .
du= sz and v = —ﬁ (cos(tx) — tsin(tz)) .
(See Exercise 1 at the end of Section 4.2) We now calculate
dl

i /0 z’e " cos(tx) dx

i (/ ¥ e cos(tx) dr — t/ 75 e " sin(tx) d:n) - (J—tl),
0 0

BEENE 1+ ¢2

where the boundary terms vanish:

[e.9]

{—1 Lt cos(iz) - tsin(t;c))} -0

The claimed formula follows.
We now introduce

(1 + t2)s/2
cos(sarctan(t))

(1 + t2)s/2
sin(s arctan(t))

A(t,s) = I(t,s) and B(t,s) = J(t,s)

Z3The partial derivatives I /0t and 0.J/0t are meant here. Since, in this passage, the variable s is
kept constant, we use regular derivatives for simplicity. In addition, we suppress the variables (¢, s)
whenever there is no danger of confusion.
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We claim
dA
U= Ty eot(sarctan(t) (A - B)
B
F = T ta(sarctan(t) (A B).

Once again, we do the computations for the first formula only, the proof of the second
is analogous. We calculate

% B i ; (1 +t2>s/2 B ﬁ <1+t2)8/2
dt — dt \ sin(sarctan(t)) )  dt sin(sarctan(t))
(14 ¢2)s/271 5j2—1 COs(s arctan(t)

—sI(1+¢
* sin(s arctan(t)) sI1+8) sin®(s arctan(t))
_ (14 t2)3/2 (J—t) + ts ;o8 c.os(s arctan(t)
sin(sarctan(t)) \ 1+ ¢2 1+t 1+ t? sin(sarctan(t))
s cos(sarctan(t) A+ (A7)
1+ 2sin(sarctan(t)) \~ cos(sarctan(t)) sin(s arctan(t)) /)’

where we used the formula for the derivative of I obtained above. The claim follows.
Subtracting, we obtain

d(A—B) i
= (tan(s arctan(t)) — cot(s arctan(t))) 112

(A— B).

This can be easily resolved as

A(t,s) = B(t,s) = C(s) - exp (S/ (tan(s arctan(t)) — cot(s arctan(t))) 1 jirttQ) ,

where the constant C'(s) depends only on s, and also on the bounds of the indefinite
integral. By the substitution u = arctan(t), the exponent is

s/ (tan(sarctan(t)) — cot(s arctan(t))) . jl_ttQ = /(tan(u) — cot(u)) du
= —In|sin(2u)| = — In | sin(2s arctan(t)),

where we suppressed the constants. Adjusting the constant C(s), this gives

C(s)

A@@—Bmﬁzﬁm%mam@y
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Playing this back to I and J, we obtain

C(s)
2(1 + ¢2)/2

I(t,s) cos(sarctan(t)) — J(t, s) sin(s arctan(t)) =
Substituting t = 0 we get C'(s) = 0 (since 1(0,s) = 0). Therefore, we have
I(t,s) cos(sarctan(t)) = J(t, s) sin(s arctan(t)).
This gives A = B. Hence, dA/dt = dB/dt = 0, so that
A(t,s) = B(t,s) = G(s),

for some function G depending only on s. Once again, playing this back to I and J,
we obtain

cos(s arcsin(t))
(1+12)/2

sin(s arcsin(t))
(1+12)/2

I(t,s) = G(s) and J(t,s) = G(s)

It remains to show that G is the gamma function. But this follows immediately by
substituting ¢t = 0 into the second formula:

[(s) = / e " dr = J(0,5) = G(s).
0
The example follows.

Remark. A notable special case of Example 4.6.3 is obtained?* by setting a = cos 0,
b=sinf, —1/2 < 0 < w/2. The integral formulas then reduce to

/ e gin(rsinf) de = T'(s)sin(sh)
0
/ 25 lem ™% cog(xsinf) dr = T'(s)cos(s6).
0
In particular, for 0 < s < 1, we have

/000 2 sin(z) dr = I'(s) sin (g) and /000 25 cos(x) dx = I'(s) cos (g) )

24Gee Farrel, O.J. and Ross, B., Solved problems in analysis, Dover, 2013; Problems II-22-23, and
also Andrews, G.E., Askey, R. and Roy, R. Special Functions, Encyclopedia of Mathematics and its
Applications, Vol. 71, Cambridge University Press, 1999, Exercise 20 at the end of Chapter 1.
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Note that we obtain the correct answer for Example 4.2.1 in the limiting sense for
s — 0T, since
i 2
lim ['(s)sin (E) i (s 1) ST T
s—07F 2 s—07F S 2
(For s = 1, the integrals are not convergent.) Finally, replacing s by 1 — s, the
formulas above take the equivalent form

/ sin(z) dx =T'(1—s) cos (E) and / cos(a) dr =I'(1—s)sin (E> , 0<s <l
0 ° 2 0 2

T xs

Exercises

1. Use Example 4.4.3 to show that

1
/ arctan(z) g In(2).
0o 14+ 8

Solution: Integrate fol In(1 + z)/(1 + 2?) dz by parts.

2. Show that

IZL‘t—l
dr =In(1 +¢ t )
/0 n(2) r=1In(1+1), >0

Solution: The integrand is continuous on (0, 1), and can be extended continuously to
[0, 1] by setting it equal to 0 at x = 0, and equal to ¢t at x = 1. In addition, we have

(d/dt)(zt — 1)/ In(z) = 2.
/Oooe_x4dxzf G) .

4. Derive the equivalent representation of the Gamma function

3. Show that

Solution: Let u = x*.

['(t) :2/ 22 e dt, > 0.
0

Solution: Use the substitution u?> = —In(z) in the original definition of the gamma
function by Euler in the historical insert.

5. Show that

e _ I(a+1)
Cortdy = —+—=, -1 R R.
/o u-r U ()= <a€eR, 0<re
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6. Calculate
I'(t+n)

I'(t—n)’
Solution: Using the formula I'(¢ + 1) = tI'(¢) inductively, this is equal to (¢t +n —
D(t+n—2)---(t—n).

neN, 0<teR, t—n#(—Ny).

7. Show that

/ e~ cos(tz) dx = \/T%e_ﬁ/‘l, t>0.
0

Solution: Letting F' : (0,00) — R be the parametric integral F(t) defined by the
right-hand side, differentiating under the indefinite integral followed by integration
by parts gives F'(t) = —(t/2)F(t), and hence F(t) = C'e~**. The constant, given by
Example 4.4.2, is C' = \/7/2.

8. Show that

2

X ] —et®
—2d$:\/ﬂt, t > 0.
0

T

4.7 The Fresnel Integrals

The Fresnel integrals are defined as
1 [ sin(u)

o 1 [ cos(u) <
C:/ cos(z®) dr = = du and S:/ sin(z?) dz = = u.
0 () 2o Vu 0 () 2o Vu

(Note that the equalities follow by the substitution v = z%) We will show the
convergence of these improper integrals below.

History. The convergence of the improper integral fooo sin(2?) dor was observed by Dirichlet in
his paper in the Journal fiir Math. (1837), p. 60. His primary interest was to exhibit a convergent
improper integral fooo f(z) dz for which lim,_,, f(z) # 0.

We introduce the parametric integrals®® C, .S : [0,00) — R defined by
o] t 2 1 00 4 t 2 1
() :/ st 1) 4y and (1) :/ stz +1) 5y s,
0 2 +1 0 x?+1
Clearly, the integrals are convergent, and we have
T

C(0) = 5 and S(0) =0.

25This example follows van Yzeren, J., Moivre’s and Fresnel’s integrals by simple integration,
Amer. Math. Monthly, Vol. 86, No. 8 (Oct. 1979) 690-693.
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It will be of technical convenience to use the trigonometric addition formulas for sine
and cosine, and write

C(t) = cos(t) - c(t) —sin(t) - s(t) and S(t) = cos(t) - s(t) + sin(t) - ¢(t),
cos(tx?) 1 [ cos(tu) "

/ x2+1 _2/0 (u+1)ﬁd
sin(t 1/ sin(tw) "

/ x2—|—1 _2/0 (u—i—l)\/ﬂd'

lim C(t) = tli)m S(t) =

t—o00

where

and

We first claim that

In view of the linear combinations above, it is enough to derive these limit relations
for ¢ and s. We will show that lim; .., s(t) = 0; the proof for ¢ is analogous. Using
the second integral for s(t), we observe that the integrand can be interpreted as a
damped sine wave with period 27 /t. We therefore write this as an alternating series

>, [ntln/t _sin(tu) tu
s0=3 [ =30,

w/t

where

(n+1)w/t
an:/ Mdu, n € Npy.
nw/t (U + 1)\/_

Now the crux is that (a,)nen, is a strictly decreasing null-sequence (since the denom-
inator of the integrand is strictly increasing). Hence, by the alternating series test,?
the series converges. Moreover, once again because this is an alternating series, we
have

° sin(tu) m/t _sin(tu) m/t du \/?
0</ Y g < du u=2,]2 t>0
o (u+1)Vu o (u+1)vu 0 \/_ t

Letting ¢t — oo, the claim follows.

Note that the same argument in the use of the alternating series shows that the
original integrals C' and S (in the second integral form) are convergent; for example,
we have

1 (% sin(u DT gin(u 1 (7 sin(u) 1 [T du

26This simple test, used by Leibniz, is based on the fact that the the odd partial sums increase
while even partial sums decrease, and the infinite sum is between the two.
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Next, we wish to calculate the derivatives C’(t) and S’(t), t > 0, by differentiating
under the integral sign. To do this, we first claim that

0 2 o] 2 0 .2 o3 2 o) :
i/ cos(tz?) I :/ d cos(tx )dx _ _/ x?sin(tx )dx _ _1/ usin(tu) 5
dat Jo 2?2+1 o dt x?2+1 0 x2+1 2 )y (u+1)yu

and

o0 1 2 00 : 2 oo .2 2 o]
d sin(tx )das :/ d sin(tz*) " :/ x? cos(tz )d B 1/ (u cos(tu) du.
0 0 0

dt J, a2+1 dt x2+1 2 u+1)\/u

T =
2 +1 2
The difficulty here is that the integrals on the right-hand sides are not absolutely
convergent, so that we cannot use Proposition 4.4.2 to interchange the integrals with
differentiation. We therefore need to proceed with the definition of the derivative as
a limit. We will do the computations for the second integral, the first is analogous.

We have

00 L3 2 00 3 AN 2
i/ sin(tz?) dr — lim 1/ sin((t + h)x?) — sin(tx*) d
dat Jo 2241 h—0 h J, x2 41

The crux here is to reshape the first term in the numerator to resemble the second
by a change of variables. We let t + h = ts?, s > 0, h > —t, for the limit, and then
u = sr and du = sdx for the integral. Thus, for the integral of the first term, we have

1/°° sin((t+h)x2)d 1 /00 sin(t(sz)?) dx_;/oossin(tqﬂ) i

u? + s2

2?2 +1 v t(s?—1)

h 2?2 +1 t(s?—1)

We now rebaptize the variable u back to x, substitute this integral back to the limit
above, and calculate

d [ sin(tz?) q ;) /OO <ssin(tx2) sin(t:c2)) i

= — i _
at Jo 2?2+1 v Slirllt(SQ—l x? + 52 2 +1

o} 2 : 2
lim 1 / (x* — s) sin(tz?) s
so1t(s+1) Joo (22 + %) (22 + 1)
0 (2 o\ ain (42
_ 1 lim/ (x* — s) sin(tz?) .
2t s—=1 )y (22 + s2) (22 + 1)

We are now in the position to apply Arzela’s dominated convergence theorem (for a
sequence(s, )neny With lim,, ., s, = 1) since the integrand

1
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(22 — s) sin(tx?)
AR+ 1)
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Interchanging the limit with the integral, we arrive at

d [ sin(tz?) 1 [ (2% —1)sin(tz?)

dt J, 22+1 Y 0 (2 +1)2

Finally, we perform integration by parts for the integral on the right-hand side with

x? =1

u = sin(tr?) and dv = CESE dz,
and hence .
du = 2tz cos(tz?) and v = — :
x?+1
We obtain
1 /°° (2? — 1) sin(tz?) i — /°° x? cos(tx?) iz,
2t J, (22 +1)2 0 2?2+ 1

since the boundary terms vanish:

?+1 |,

The claim now follows.
We rewrite these differentiation formulas as

00 .2 3 2 e8] o SR 2
dit) = —/ 2 sin(tz’) dx = —/ sin(ta?) do +/ sin(tz’) dx = 5 + s(t)
0 0 0

2 +1 2 +1 Vi

o .2 t2 o0 o0 t2
s'(t) = / Mdm—./ cos(t:r;Q)dx—/ Cos(x)dng—c(t)
0 I’2+1 0 0 $2+1 \/%

Applying these differentiation rules to calculate to the linear combinations for C' and
S above, we have

cos(t) sin(t)
i

C'(t) = —sin(t)c(t) + cos(t)d (t) — cos(t)s(t) — sin(t)s'(t) = —S

and

cos(t) Ssin(t)

Vi vt

Finally, integrating over [0, 00) and using the limit relations for C' and S, we obtain

S'(t) = —sin(t)s(t) + cos(t)s'(t) + cos(t)c(t) + sin(t)d (t) = C

%:-250—205 and 0 =202 — 252,
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These give

History. The Fresnel functions are defined by

_ \/z/or cos(v?) dv = \/% /Oz CO\S/%‘) du
) = \/z /0 " sin(v?) dv = V% OIQ Si\n/(g) du.

The “normalizing constants” are chosen such that

and

lim C(z) = lim S(z) =

r—00 Tr—r00

The power series expansion of cosine and sine give

\/7 \/7 22(2k+1)
Z 4k +1 Z 2k +1)!(4k + 3)

both with radius of convergence p = oc.

We close this section by revisiting Example 4.2.1.
Example 4.7.1. Show that

By the alternating series test method of the previous example, splitting the integral

into the sum . )
sin(x T sin ()|
—dx,
[ ey [T

the improper integral converges.
We consider the parametric integral F : (0,00) — R given by

F(t) = / et sin(z) dr, t>0.
0 x

First, we wish to apply Proposition 4.4.2 to determine F'. (Note that this is a limiting
case of Example 4.6.3.) We need to verify that the assumptions of this proposition
hold.

We let f :[0,00) x (0,00) be defined by f(x,t) = e *sin(z)/x, z,t > 0, and f(0,t) =
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1 (the right-limit at « = 0). For any ¢ > 0, this improper integral is absolutely
convergent, since

oo (e.9] : oo 1
/ |f(z,t)| dz :/ e_dex < / e dr = —.
0 0 x 0 t

Moreover, the same holds for the integral

/ '—f(:c,t)‘ dr < / e | sin(z)| do < / e dr = ~.

For any € > 0, on the interval (€, 00), we have the upper estimate

d

’d—J;(x,t)‘ =e "sin(z)| <e ™ <e™™ >0, t>e

Now we can apply Proposition 4.4.2 with I = (¢,00) and ¢ : [0,00) — R given by
g(x) =e < x> 0. For t > ¢, this gives

% i e_msmgfx) dr = %/0 f(x,t) dx:/o Z—];(a:,t) dx = _/o e " sin(z) dz.

Since € > 0 was arbitrary, this formula holds for all £ > 0.
Now, a simple integration by parts (twice), gives

o 1
i de = ——, t>0.
/0 e ““sin(x) dx e

Putting everything together, we obtain

dF 1

=— =———_ t>0.
dt 1+¢2

F(t)
Integrating, we get

F(t) = —arctan(t) + C, t>0.
To calculate the value of C', we let t — oo, and obtain

lim e dr = lim F(t):—EJrC,

t—o00 0 X t—o00 2

—tx SiIl({L‘)

On the other hand, we can evaluating the limit on the left-hand side on a divergent
sequence (t,)nen such that t, > 1, n € N, say. By Arzela’s dominated convergence
theorem with f,(x) = e "*sin(x)/z, x > 0, and f,(0) = 1, n € N, this limit is zero
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since lim,, s f,, = 0 pointwise®” on (0, 00) (and the theorem applies as |f,(x)| < ™2,
x>0,n€N).
The formula above then reduces to C' = 7/2. Using this, we get

F(t) = / et sin(z) dx = — arctan(t) + g = arctan (;) , t>0.
0 x

(Once again, note that this is a limiting case of Example 4.6.3.) Since the right-hand
side is continuous at ¢t = 0, it remains to show that

o0

lim e—t:cM dm:/ lim e_txsm(x) dx:/ sin(z) "
0 0

t=0+ Jgo x t—0+ x x

It is enough to show this on the positive null-sequence (t,,),en-
As usual, we split the integral as

/°° 6_tnwsin(ﬂt’) dr — /1 e—tnxw dx + /OO e—tnch dr, neN.
0 0 1

T T T

For the first integral on the right-hand side, we apply Arzela’s bounded convergence
theorem with f,(z) = e "*sin(z)/x, 0 <z <1, and f,(0) = 1. (Note that |f,| <1,
n €N, as sin(z) <z, z € [0,1].) We obtain

i [ emteS2E) g / i et S0 g / ()
0 0

n—oo [q €T n—00 xT i
For the second integral, we first perform integration by parts with v = 1/z and
dv = e~ * sin(z) dz, and hence du = —dxz/x* and
4 tnsin(z) 4 cos(x)
v=—€e "
1+1¢2
This gives
/oo . sin(z) dp — ot tasin(l) +cos(l) 1 /00 . t, sin(z) + cos(z) iz,
1 x 1+t2 1+ /; x?

since the boundary terms

e~ t, sin(z) + cos(z) ™, t,sin(1) + cos(1)
J— f— e n
T 1412 1 142

2TFor x = 0, this limit is 1, but the limit is still integrable on [0, c0) with zero integral.
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Letting n — oo, up to this point, we have

. %, .sin(x) 0 — cos(1) — lim oo ot t,, sin(z) :— cos(x)
n—oo [; €T n—oo [q T

dx.

Finally, Arzela’s dominated convergence theorem can be applied to the last integral
with f,(z) = e *(t, sin(x) + cos(x))/x?, > 1, n € N. (Note that |f,(z)] < M/a?,
z € [1,00), n € N, where M = sup,,y(1 +¢,,).) We obtain

. o0 tna t, sin(x) ;1— cos(z) i
B /oo . (e_tnxtn sin(z) ;l— cos(:c)) e /oo cos(Qx) i,
] n—oo € 1 T
Putting this together, we get
lim e‘tww dx = cos(1) — / Cosga:) dx = / sin(z) dx.
n—oo f, T 1 T 1 T

(For the last equality, see the beginning of Example 4.2.1.) The example follows.

Exercises.

1. For 1 < a € R, determine the integrals

/ sin(z*)dxr and / cos(x®) du.
0 0

Solution: We have

and similarly for the cosine.



4.8. THE WALLIS PRODUCT AND EULER’S SINE PRODUCT 233

4.8 The Wallis Product and Euler’s Sine Product

As a classical example of the integration by parts technique, we derive here the Wallis
product formula?®

ST 4k? 4k? 247 (n))*
— i o _
e =t ] oy = @n)22n+1) 2

k=1 k=1

n

=

where the first equality is the definition of the infinite product, the second is a simple
algebraic equivalent via

Ak? (2k)? 2k
o1 @D @ neneneken eV

and the third is the Wallis product formula.

History. This product formula was discovered and published by John Wallis in his Arithmetica
Infinitorum in 1656.

To obtain the Wallis product formula, we return to the Wallis integral W,, =
w/2
0

be written as

sin" xdx, n € N, in Example 4.2.6. The inductive formula for even indices can

W2n+2 . 2n +1
Wop — 2n+ 2
Using monotonicity of the sequence, we obtain

n € N.

2n+1  Wopo < Wan i1
27’L—|—2_ Wzn - Wgn

Letting n — oo, we obtain the limit

<1,

n—0o0 2n

On the other hand, the explicit formulas at the end of Example 4.2.6 give

n

Woni1 922.42...(2n)? 2 11 4k? 2

Wan  1-32-52---(2n—122n+ ) r  1lypr 17

k=1

28There are a handful of proofs of the Wallis product formula that do not require integration by
parts, but use elementary if sophisticated arguments. See, for example, the proof of the Yaglom
brothers in A.M. Yaglom and I.M. Yaglom, An elementary derivation of the formulas of Walllis,
Leibniz and Euler for the number m, Uspechi matematiceskich nauk. (N. S.) 57 (1953) 181-187 (in
Russian). Another simpler proof is given by J. Wéastlund, An elementary proof of the Wallis product
formula for m, Link6ping studies in Mathematics, No. 2, February 21, 2005.
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Substituting this to the limit above, the Wallis formula now follows.
As an interesting byproduct, combining the last estimates, we have

2n—|—1<W2n+17 22.4%...(2n)? 2<1
2n+2°" Wy  1-32.52...(2n—1)2(2n+ 1)1 —

Rearranging, this gives

o1 2.4---(2n) S |

dn+1 - \1-3-5---(2n+1)) — 4n+1/2
Taking the square root, and using the formula for W5, 1 in Example 4.2.6, we obtain
the estimate

1 w/2 1
< [T @ar s ot e,

Changing parity, starting from the ineqalities Wy, 11 < Wy, < W5, 1, n € N, in an
entirely analogous manner we can derive the estimate

N /“/2,2 v 1
— < sin“(z)der < ——, néeN.
2 /n+1/2 " Jo (@) - 2 4n

These last two estimates can be combined to give

T 1 /2 s
. <w, = in™(z)de < | ——— .
\/gm_Wm /o sin™(z) dr < 2 m m €N

As a beautiful (direct) application of the Wallis formula (actually, its consequence,
the integral estimates above), we now derive the “Gaussian” integral in Example 4.4.2:

Example 4.8.1. We have
/ e dy = ﬁ
0

2

We will derive sharp upper and lower bounds for the integral using the following
simple inequalities?
2 1

e <—— x>0, and 1—x2§6712, 0<x< 1.
1+ a2

29Gee Elements of Mathematics - History and Foundations, Section 10.1.
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For the upper bound, for 2 < n € N, we estimate

e B 2, [T 1 B sec? u)
/0 e dx = \/ﬁ/ e dx—/o (1+9c2 dr = \/_/ 1+ tan(
— \/_/ 2n 2 du — \/_/ 2n 2 d < \/_ /

For the lower bound, for n € N, we split the integral as

oo , Vvn , 1 ) 1
/ e’ de/ e’ dx:\/ﬁ/ e " dxz\/ﬁ/ (1—a2?)"
0 0

/2 ) 2n1 \/_
:\/ﬁ/o (1 — cos®(u))" sin(u du_\/_/ () du 2 n+1/2

Combining these, we obtain

ﬁ _n S/ e—Idegﬁ o , 2<neN.
2 n+1/2 0 2 n—1

Letting n — oo, the example follows.

Euler Infinite Product Formulas.?® Fort € R, we have

iy~ 1 (1- )

cos(rt) — ﬁ <1—%).

PRroOF.3! We first claim the inductive formula

/2 n—1 4t2 -1 ,r/2
/ cos"(z) cos(2tz) dr = (1 — —) / cos" ?(z) cos(2tz) dz, 2 <n € N.
0 n 0

30An infinite product [I,2 1 bn, bn € R, n € N, is said to converge if there exists m € N such
that b, # 0 for n > m, and lim,,_, HZ:m by, converges to a non-zero number. In this case, we
write HZO:1 by, =b1-bg---by—1-lim, o HZ:m bi. It is an elementary fact that an infinite product
II,-,(1+a,),0<a, €R,neN, converges if and only if the infinite series >~ ; a,, converges.

31The proof follows Salwinski, D., Euler’s Sine product Formula: An Elementary Proof, Coll.
Math. J., March 2018, which, in turn, closely follows the outline in Spivak, M., Calculus, 4th ed.
Publish or Perish, Houston, TX, p. 395. For another elementary proof, see Ciaurri, O. Fuler’s
product expansion for the sine: An elementary proof, Amer. Math. Monthly, Vol. 122, No. 7

(August-September 2015) 693-695.
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We assume, initially, that ¢ # 0, £n/2. Using integration by parts, with obvious cast,
we have

w/2 /2
/ cos" (x) cos(2tz) dx = % cos" () sin(z) sin(2tx) du,
0 0
since the boundary terms vanish:
cos™(z) sin(2tz)] ™ 0
2t 0

We perform yet another integration by parts, and obtain

/2
/ cos" () sin(z) sin(2tx) dx
0
1 w/2
=5 (—(n — 1) cos"*(z) sin*(z) + cos"(z)) cos(2tz) du,
0
since, once again, the boundary terms vanish:

/2
= 0.
0

[_ cos" ! (z) sin(x) cos(2tx)
2t

Using the identity sin?(z) = 1—cos?(z), putting everything together and rearranging,
the inductive formula above follows.

Following the main structure of the proof of the Wallis formula, we now split the
cases according to the parity of 2 < n € N. The case n = 2m, m € N, will give the
(first) infinite product formula for the sine function, the second case n = 2m + 1,
m € N, will result in the (second) infinite product formula for the cosine. We will
give details only in the first case as the proof of the second case is analogous. For
n = 2m, m € N, the inductive formula takes the form

/2 o — 1 2 -1 rx/2
/ cos®™ (z) cos(2tx) dx = (1 - —2) / cos®™?(x) cos(2tz) dw, m € N,
0 2m m 0
where t # +£m. Assuming ¢t # +k, k = 1,...,m, we now use this formula inductively,
and obtain
/2 "ok —1 & 2\ 2
/0 cos®™(z) cos(2tx) dx = H o% <1 - ﬁ) /0 cos(2tx) dx
k=1 k=1

m

Ty 2k — 13 2\ " sin(rt)
S i .
2 ]I[l 2k ( k:2) it
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We now replace the first product on the right-hand side of the last expression, using

the formula
/2 /2 2k: —1
/ cos®™(z) dx = / sin®™(z) do = Iy, = — H
0 0

in Example 4.2.6, where the first equality here follows from the identity sin(x) =
cos(m/2 — x).
We obtain

R (1_t> Oﬂ/ os? ()(:03(215:)5)0&7 e,

k? foﬂ/ cos?™(z) dz

where we observed that this formula obviously holds for the previously excluded cases
t=xk, k=1,...,m

It remains to show that

fﬂ/Q cos®™(z) cos(2tx) dx

lim 22 =

m=00 foﬂ/Q cos?™(z) dx

We show this under more general conditions as follows:

Lemma. Let f:[0,7/2] — R be integrable, and assume that |f(z) — f(0)] < Mz,
x € [0,7/2]. Then, we have

/2 xr)cos"(x)dx
lim fo /() (z)d = f(0).

n—roo fOﬂ/Q cos™(z) dx

PRrROOF. We derive suitable estimates for the numerator and denominator in the limit.
First, note that the trivial inequality 0 < x < tan(z), = € [0,7/2), combined with
the identity sec?(z) = 1 + tan?(x) gives cos(x) < 1/v/1 + 22, x € [0,7/2]. Using this,
for 3 < m € N, we estimate

w/2
x) cos™(z) dx — f(0) cos™(z) dx| < /0 |f(z) — f(0)|cos™(x) dx

1472 /4
<M/ x dx _ 1/ du
1+x2 n/2 2 1 un/Z

1-— 1 < M
_n—2 (14+nm2/4)n/2=1 ] = n—2
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Dividing by fﬂ/Q ()—f(0)] cos™(z) dx = W/Q |f(z)—f(0)] cos™(z) dx and estimating
this below by the last formula at the begmnmg of this section, we obtain

3<neN.

0”/2 f(x)cos™(x) dx 1l < M \/n+ \/7\/n+ 1
fow/Qcos”(:c)dx T n—2/n/2 mn—2"
Letting n — oo, the lemma follows.

Remark. Setting ¢t = 1/2 is Euler’s infinite product for sine, we recover the Wallis
formula.

In the Euler product formula for sine, taking the natural logarithm of both sides,
we have

Insin(nt) = In(nt +Zln (1——) 0<t<l.

Differentiating both sides (which is legitimate by Proposition 2.2.4), after rearranging,
we obtain the expansion of the cotangent:

7 cot(mt) 1 =1
T car o 05icl
k=1

Similary, for the infinite product of the cosine, we obtain the expansion of the
tangent:

7 tan(mt) i 1

20 o
&t pare (2k + 1) — 4t 2

Exercises

1. Show that the hypothesis of the Lemma holds for functions f : [0, 7/2] — R such
that f is continuous on [0, 7/2] and all Dini derivatives are finite on (0, 7/2).
Solution: Use Proposition 2.1.7.

2. Derive the formula

(4k + 2)?
V2= H (4k + 1)(4k + 3)°

Solution: Evaluate Euler’s infinite product for cosine at t = 1/4.
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3. Derive the estimates

2|t] v/ 1/2 in(7t
L At nt1/2 < oosm(ﬂ) <1, teR\Z 2<neN
vron—1 mt [ [oey (1 —t2/K2)
1= 2t vVn+1 < cos(mt)
Vin—1/2 7 T2, (1 —4t?/(2k + 1)?)
Solution: Letting f(z) = cos(2tx) and M = 2|¢| in the final estimate in the proof of
the lemma, we obtain

foﬁ/Z cos™(x) cos(2tz) dx - 2[t| v/2n + 2
foﬂ/Q cos™(x) dx VA

Now notice that the expression in the absolute value is non-negative. Finally, split
into two cases according to the parity of n.

<1,teR\(Z+1/2), neN

1—

, 3<neN.

4.32 (a) For 2 < n € N, derive the inductive formula

w/2 n—1 442 -1 /2
/ cos"(x) cosh(2tx) dx = (1 + —) / cos"?(z) cosh(2tz) da.
0 0

n n2

(b) Split the inductive formula in (a) into two cases according to the parity of n to
obtain the infinite product formulas for the hyperbolic sine and cosine functions:

sinh(7t) = WtH (1 + ﬁ)
k=1

cosh(nt) = ’ﬁ(u%)

(¢) Take the logarithm and differentiate (as for the sine and cosine products) to
obtain the following expansions of the hyperbolic cotangent and hyperbolic tangent
functions:

7 coth(mt) 1 = 1
il S/ -
2t 2t2+;k‘2+t2’ =0
7 tanh(mt) = 1
S SV t #0.
8t Z (2k 4+ 1)% + 4¢2” 7

k=0
(d) As a byproduct, calculate the limit
, mcoth(nt) 1 w2
Im | ——————— — | = —
t—0+ 2t 212

and obtain Euler’s solution to the Basel problem.

32See the previous footnote.
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4.9 The Gamma Function Revisited

The gamma function has several equivalent representations for different purposes. We
begin here with the original definition of the gamma function due to Euler in 1729:
n! nt 1

['(t) = lim n' =lim — || ———, teR\(-Ny).
= ) e S SEN A \ (=RNo)

This is usually written as a single infinite product since we have

T(t) = lim <"+1)tﬁ !

n—00 t Pl 1+t/k

n

1 n k1! 1
= — 1 PR -
mﬂ&ﬂ( k >H1+t/k

k=1
n

t
g O
tn—><>ok:1 1+t//{:

where we replaced n' by (n + 1)* without affecting the limit. This gives Euler’s
representation of the gamma function as an infinite product:

r<t>=§g%, feR\ (~No)

Note the obvious advantage that the product converges for all t € R\ (—Np).

History. This formula appears in a letter of Euler written to Goldbach in October 13, 1729, and
thus, it predates the formula that we adopted in Section 4.6; and, in fact, this is the first formula

that defines the gamma function.

We now show that this infinite product representation of the gamma function is
the same as the integral representation we started with in Section 4.6. We first set
t > 0, and define f,, : [0,00) = R, n € N, by f.(z) = (1 —x/n)" for 0 < x < n, and
fn(z) =0 for x > n. We observe that, by Euler’s limit relation, lim,, , fn(z) =™
z € R, pointwise on [0, 00). We thus have

I'(t) = /000 o le T dr = /000 lim (27" f,(2)) da

n—o0

Y

To interchange the improper integral with the limit we use Arzela’s dominated con-
vergence theorem (Section 3.2). Since® (1 — x/n)" < e, 0 < z < n, we have

33See Elements of Mathematics - History and Foundations, Section 10.5.
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|zt fo ()| < 2711 — x/n)" < z'7te™™ x,t > 0. The latter (dominating) function,
being the integrand for original definition of the gamma function (Section 4.6), is
improperly integrable on [0, c0); and hence the assumptions of the theorem hold. We
obtain3*

[(t) = / 7 le ™ dr = lim o7 (z) dr = lim ! (1 — z)n dx.
0 0

n—oo J n— o0 n

(Note the change of the upper bound for the integral.) We now perform integration
by parts on the last integral with v = (1 — x/n)" and dv = x'"'dz (and hence
du = —(1 —x/n)"'dz and v = z'/t), and obtain

n n 1 n n—1
/ il (1—£> dx:—/ xt(1—£> dz,
0 n tJo n
since the boundary terms vanish:

£0-5] -

0
We perform this inductively(n times), and arrive at

/nsL’tl(l—EYd:z;:ﬁ n-l n-2 | ! /an”ld:c
0 n ntnt+1)n(t+2) nt+n-1)J

1 n! nttn . n!

Wit 1) (ttn—1)t+n  tt+1)--(t+n)

The stated formula follows for ¢ > 0.
The extension to negative t < 0, —t # Ny, can be shown by compatibility with the
relation I'(¢) = I'(t + 1) /t. Indeed, we have

L(t+1) — it n!
t n—00 t(t+1)(t+n+1)
I lim n' .
im —— - lim n
n—oot+n+1 noo t(t4+1)---(t+n)

= T(1).

The formula now follows for all ¢ € R\ (—Np).

341t is instructive to compare this with 12.2 in Whittaker, E.T. and Watson, G.N., A Course in
Modern Analysis, 3rd ed. Dover, 2020, where the argument is based on estimates of the exponential
function used in our Example 4.16.3 below.
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Example 4.9.1. We have®®

(I'(1) =) /000 e "In(x)dr = lim (In(n) — H,) = —v,

n—oo

where H, =Y, 1/k and 0 < v < 1 is the Euler-Mascheroni constant*® (defined by
the last equality).
We first note that

e} 1 0
/ e “lIn(x)dx = / e “In(x)dr + / e ¥lIn(x) dx,
0 0 1

whereas (1) the first improper integral on the right-hand side converges since

1
/ e “lIn(z)dx
0

and (2) performing integration by parts on the second integral, we get

/ e “lIn(x) dxz/ c dx < 00,
1 1 T

since [—e " In(x)]]” = — lim, 0 e * In(z) = 0.
Turning to the main computation, we define f, : [0,00) — R, n € N, as above.
With this, by Arzela’s dominated convergence theorem, we have

< —/01 In(z)de = — [zIn(z) — 2], = 1+ lim xln(z) =1,

z—0t

/OOO e "In(z)dr = /OOO lim f,(z)In(z)dx = lim On (1 — £>nln(x) do.

n—00 n— 00 n

For the integral, we use the substitution u =1 — z/n

/On (1—f)"ln(:c)dx:nfolunln(n(l—u))du: z 1n(n)+n/01un1n(1_u)du,

n n+1
where split the logarithm as In(n(1 — u)) = In(n) + In(1 — u).
It remains to treat the last integral. We have the power series expansion — In(1—u) =

S ore, u¥/k with radius of convergence p = 1. Therefore, the power series converges
uniformly on any closed interval contained in (—1,1). Actually, for u € [0,1), the

35For a direct proof using the mean value theorem, see Bagby, R., A simple proof that I'(1) = —,
Amer. Math. Monthly, Vol. 117, No 1. (January 2010) 83-85.
36See Elements of Mathematics - History and Foundations, Section 10.3.
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partial sums of the series are increasing, and the monotone convergence theorem
(Section 3.2) applies. We obtain

1 b > uk b 20kt
/Ou ln(l—u)du:—blirln_/ou ;?du:—blgln_ i ; ’ du

k=1
o b, k+n o ph+n+1 o 1
= — i du = — li S\ —
B . B | R Dy wwy

The last sum is telescopic (with strings of n 4 1 terms consecutively canceling), since

! S Y U S P
k(k+n+1) n+1\k k+n+1)’ '

We obtain

n=1

1 1
n+1k:1kz

Hpir.

1
n+1

1
/ u"In(l —u)du = —
0

Putting everything together, we arrive at

/0 e In(a) dr = lim ( " ia(n) - 2 Hn+1> ~ lim (In(n) — H,).

since H,.1 = H, +1/(n+1). The example follows.

Example 4.9.2. Show that
! 1
/ InIn (—) dr = —v.
0 x

We use the substitution u = e and du = —e~*dx in the previous example.

We use the new representation of the gamma function obtained above to derive
Euler’s reflection formula.?”

Proposition 4.9.1. We have®

IO —t) = Sin?ﬂ), t¢Z.

37Sometimes also called Euler’s functional equation.
38Most of the proofs of this formula are non-elementary, and use some basic complex analysis.
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ProOF. We first use the functional equation for the gamma function, and calculate

PO —1) = —0Or(-t) =~ lim (n—__z 11 1 —1t/lc ' n?tH 1 +1t//~c>

k=1 k=1

1 — 1 1 1 s
= i I — | == —
oo <tH1—t2/k2) tl_[l—t?/k2 sin(7t)’

k=1 k=1

where, in the last equality, we used Euler’s infinite product formula for the sine. The
proposition follows.

Corollary. We have

T(—)T(1 + t)

Pt =) = (=1 Tn+1-1)

Proor. Applying Euler’s reflection formula for t — n and —t, we have

T(—OT(1+t)  sin(r(t—n)) =

Ft—n)'(n+1-1) ™ sin(ﬂt)‘

The corollary follows since sin(w(t — n)) = sin(nt) cos(mn) = (—1)" sin(nt).

Example 4.9.3. 3 For ¢ > 0 and 0 < t < 1, we have

* sin(ax) by T wt /°° cos(ax) i T wt
dr = — d dz = — .
/o & dz=a D) csc ( 5 ) an i T du=a D) sec | 3

We derive only the first formula as the proof of the second is entirely analogous. By
the remark at the end of Section 4.6, Euler’s reflection formula, and the duplication
formula for sine, we calculate

/ooo ) e = 01— 1) cos (%t)

™ Tt s 7t O<ct<l
=———cos|— | = csc | — .
['(t) sin(mt) 2 2I°(t) 2 )’

The example now follows by simple scaling = — azx.

39Gee also Andrews, G.E., Askey, R. and Roy, R., Special Functions, Encyclopedia of Mathematics
and its Applications, Vol. 71, Cambridge Uniersity Press, 1999, Exercise 19 at the end of Chapter
1.
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Exercises

1. Use Euler’s reflection formula (¢ = 1/2) to derive the “Gausssian” integral of

Examples 4.4.2 and 4.8.1:
/ e dy = ﬁ
0 2

Soluion: Use the substitution v = x? with du/\/u = 2dz, and calculate
e 1 [Fe™ 1 [ 1. /1
Cdr=c | —=du= “Petdu=-I( ).
/0 e T =g /0 T U= /o u e du = o (2)

4.10 The Stirling Formula and Multiplicative
Properties of the Gamma Function

ok

We will use the fact that the natural logarithmic function y = In(z), 0 < x € R,
is concave in two ways.’® (1) The graph of y = In(z), 0 < z € R, is below*! any of
its tangent lines; (2) Any part of the graph of y = In(z), 0 < z € R, cut out by a
secant lies above*? the corresponding line segment of the secant.

We fix 1 <t € R, and let D; C R be the region under the graph of the natural
logarithm function y = In(z) for ¢t < z < t 4+ 1. The crucial step in deriving the
Stirling formula amounts to estimate the area fttH In(x) dx of D.

To do this, we let X, = (¢,0), X; = (t+ 1,0), Yo = (¢,1n(t)), Y1 = (¢t + 1,In(t + 1)).
Moreover, we let Zy be the intersection of the tangent line to the graph of In at
Y; and the vertical line through Xg; and Z; the intersection of the tangent line to
the graph of In at Yy and the vertical line through X;. The differentiation formula
(In|z]) = 1/x, 0 # = € R easily implies that Zy = (¢,In(t + 1) — 1/(¢t + 1)) and
Zy = (t+ 1,1In(t) + 1/t).

By concavity of the natural logarithm, the trapezoid [Xy, X1, Yo, Y1] is contained in
D;; whereas the two trapezoids [Xo, X1, Y1, Zo| and [Xo, X1, Yo, Z31] contain D;. The

40The following proof is a variant of the classical approach; see A.J. Coleman, A simple proof of
Stirling’s formula, The American Mathematical Monthly, Vol. 58, No. 5 (1951) 334-336.

41This follows from the analogous statement for the natural exponential function y = e*, x € R,
via the fundamental inequality e > 1 + z, € R. See Elements of Mathematics - History and
Foundations, Section 10.1.

42This follows form the analogous property of the natural exponential function y = e*, x € R, via
the Bernoulli inequality. See Elements of Mathematics - History and Foundations, Section 10.1.
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area of the first trapezoid [Xo, X1, Y, 1] is

(In(t) +In(t + 1)) < /t+1 In(x) dz.

Letting 2 <n € N, and summing up fort =k =1,...,n — 1, we obtain

1
2

-1

%Z(ln(k;) +1In(k + 1)) Zln - = ln (n) = In(n!) — %ln(n) < /1” In(z)dz.

k=1

On the other hand, for 0 < ¢t € R, with the areas of the trapezoids (D; C) [Xo, X1, Y1, Zo|
and (D, C) [Xo, X1, Yo, Z1], we have

t41 1 t+1 1
/t In(z)dx <In(t+1) — 2+ 1) and /t In(z)dx < In(t) — 5

We now take the arithmetic sum of these

t+1
/t In(x)dr < % (In(t) +1In(t + 1)) + éll (% — H_%) :

As before, letting 2 < n € N, and summing up for t = k = 1,...,n — 1, a similar
computation as above gives

/1n In(x)dx < %i(ln(ls)—i—ln(k—i—l))—ki <% _ L) — ln(n!)—%ln(n)—l—i—ﬁ,

k=1 k=1
where the second sum is telescopic.
With these estimates in place, for 2 < n € N, we define

n—1

d, = /f In(x) dz — %Z(ln(k) +1In(k + 1))

_/ dx_zm +5n(n)
— /1" In(z) dx — In(n!) + % In(n).

By the first equality, d,, 2 < n € N, is the difference of the area under the graph of
y = In(z), for 1 < n, and the inscribed first set of trapezoids. Hence, the sequence
(dy)2<nen has positive terms (see also our first (lower) estimate above), and it is
strictly increasing. By the second (upper) estimate, we have

1 1 1
- - — 2 < X
(0 <)d, <1 <7 <neN
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Using the monotone convergence theorem, we conclude that the limit lim,, ,. d,, = d
exists with 0 < d < 1/4.
Finally, we can calculate the integral

/ In(z)dx = [z - In(z) — z]] =nln(n) —n + 1.
1
Substituting this into the definition of d,, above, we obtain
" 1
d, = / In(x) dx — In(n!) + 5 In(n)
1

_ <n + 1) In(n) — In(nl) — n + 1

Summarizing, these give the Stirling limit

n!
lim —— =aq,
n—oo /N - Nt - e "
where a = e!~% with e3/* < a < e.
To obtain the value of a we use the Wallis product formula
22 (!> [m

lim ————2 = |
oo (2n)1v/2n + 1 2

We replace the factorials in this limit by the two equivalent forms of the Stirling limit

above , , )
. V2n - (2n)* e . (n!) )
nh—{go (2n)! T and 7}1_{20 n2ntl . g—2n a.
Upon substitution and simplification, we obtain
22n i n2n+l a T

This gives

a = V2.

Summarizing, we obtain the Stirling formula

|
lim — — V2T,

n—oo pt1l/2 . g—n
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or equivalently
nl~vV2mn-n"-e ™ as n — oo.

History. The Stirling formula with a generic constant in place of v/27 was discovered by Abraham
de Moivre. Stirling then found this constant to be v/27. It was also de Moivre who encouraged
Stirling to publish the more precise formula above that is subsequently named after the latter.*> A
lesser known but slightly better asymptotics** is n! ~ \/m -n™ e ™

As an application of the Stirling formula, we now derive Legendre’s duplication
formula for the gamma function.

Proposition 4.10.1. We have

DDt +1/2) = 2172 /70(2t),

PrRoOOF. We use Euler’s representation for the gamma function derived at the begin-

ning of Section 4.9. For brevity, we write I'(t) = lim,, o0 gn(t), where
n' - n!

t+1)---(t+n)

qn(t) = H neN, tcR\ (—Np).

We calculate

nt .l 2n+1nt+1/2 .l

Gn(t)qn(t +1/2) = tt+1)---(t+n) +1D2t+3)-- 2t +2n+1)

2242 2+1/2 (]2
A2+ 1) (2t +2n+1)
22n+2n1/2 . (n[)2 1

22 (2n)! srons1 @)

We now use the Stirling formula as
22n+2n1/2 . (n|)2 22n+2n1/2 . 9n - n2he—2n
(2n)! VA 220 p2ne—2n

Putting everything together, we arrive at

LS 2n

D)t +1/2) ~ -
()t +1/2) ~ o o 1

=4y/7n, n— oco.

- Qon(2t) ~ 21_2tﬁq2n(2t), n — oo.

43See Tweedle, 1., James Stirling, Scottish Academic Press, Edinburgh, 1988.
44Gee Gosper, R.W., Decision procedure for indefinite hypergeometric summation, Proc. Natl.
Acad. Sci. USA, 75 (1978) 40-42.
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Letting n — oo, the proposition follows.
History. As the name suggests, this formula is due to Legendre in 1809.

Remark. In an alternative development,* the Legendre duplication formula can be
used to derive Euler’s reflection formula. This is expounded in Exercise 1.

The following is a “multiplicative” generalization of the Legendre duplication for-
mula (m = 2) usually termed as the Legendre-Gauss formula. It follows from a
general multiplication theorem?® obeyed by several special functions. As usual,
we prefer a short and direct proof.

Proposition 4.10.2. We have

m—

H (25 = merPmiry, men, te R\ (N

PRroOF. Let m € N. By Euler’s representation of the gamma function, the product

i[lr (%) ot (-Ny)

(with modified ends) is the limit (as n — 00) of the expression

thk ptHmAD/2 ek me (g 1ym

s m - nl
1:[ ) t+k+1),,_(%+n):(t+1)(t+2)...(t+(n+1)m)>

where we used ;" | k= m(m + 1)/2. For ¢t = 0, this reduces to
n(m+1)/2 . m(n—l—l)m . (nhm
Qu(0,m) = - ()
((n+ 1)m)!
It is convenient to consider the ratio
Qn(t,m) n' - ((n+1)m)!
Qn(0,m)  (E+1)({t+2)---(t+ (n+1)m)
t
1)m)! 1)m)!
=tm™" ( o ) ((n & m)"((n + 1)m) ~tm'T(t), as n — oo.
n+1l) tt+1)(t+2) - (t+ (n+1)m)

45GSee Artin, E., The Gamma Function, New York, Holt, Rinehart and Winston 1964, and Dover
2015.

46See Bourbaki, N., Elements de Mathématique, Fonctions d’une variable réelle, Springer, 2007,
VII.21, Exercise 1) a).
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On the other hand, by Euler’s reflection formula, we have

masom - f{r()Tie (-2

e (-5

\/Hk Lsin (kmr/m)

The trigonometric product in the denominator is well-known. For completeness,
we include a proof here.4”

Lemma. For2 <m €N, we have

m—1 m—1 .
km m km sin(m/2)
Hsm( ):2m1 and HCOS<m>:T'

k=1

PROOF. let T, and U,,, m € Ny denote the Chebyshev polynomials*® of degree
m. By definition, we have

T (cos(ar)) = cos(ma) and  U,—1(cos(a)) = %.

An easy consequence of the recurrence relations* for T, (x) and U,,_;(x) (as polyno-
mials in ) is that their leading coefficients are equal to 2™1.

Now, the crucial observation is the simple fact that cos(kw/m), k=1,...,m — 1 are
the roots of U,,_1. With this, we have the factorization

Uy (2) = 2m1ﬁ (x ~ cos (’%)) |

k=1

4TA typical proof uses (complex) roots of unity. Since we steer clear of complex arithmetic, we
need to recourse to Chebyshev polynomials.

48See FElements of Mathematics - History and Foundations, Section 11.3.

19Gee ibid.
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To derive the first formula, we use this at x = 1, and calculate

m—1

k=1
m—1

= (=122 ] sin® <k1> .
k=1 m

On the other hand

U 1(1) = Uy 1 (cos(0)) = Tim 5201 _ )

a—0 sin(a)

and |
Un-1(—1) = Up_1(cos(m)) = lim sin(ma)

a—r sin(q) = (=D m,

Putting these together, we obtain

m—1
kw
2 2m—2 c 2
p— 2 —
m I I Sin (m) s

k=1

The first formula follows.
For the second formula, we first note that, by the last Viete relation,’® the product
of the roots of U,,_1(x) is equal to

m—1

H cos(km/m) = (—1)’”_1W,

k=1
where the numerator in the fraction is the constant term of the polynomial U, (z).
On the other hand, we have

sin(m arccos(z))

Um—l(x) =

sin(arccos(x))

At x = 0, this gives U,,_1(0) = sin(mn/2). The second formula follows. (The sign
(—1)™~1 does not come into play since sin(mm/2) vanishes for m even.)

Remark. Taking the natural logarithm of both sides of the first formula, we obtain

m—1
T E In (sin (kl)) :Wln(m) —Wm_11n2.
m e m m m

50See Elements of Mathematics - History and Foundations, Section 6.6.
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Interpreting the left-hand side as a middle Riemann sum (on the interval [7/(2m), (2m—
1)w/(2m)]), we recover Example 4.1.6

m—1
T k 1 —1
/ In(sin(z)) de = lim u g In <sin <—7T>) = lim n(m)_ﬂ lim In2=—7mln2.

Returning to the main line of the proof, the last step gives
lim Q,(0,m) = (2r)m=V/2.m=1/2,
n—oo

Hence, we arrive at

T [tttk

HF (L) = lim Q,(t,m) = (2n)™ V2. m=Y2 . m7I(t).
m

k=1

n—oo

In the final step, we convert the last factor of the product in the left-hand side as
"(5) () )
m m m \m
The Gauss-Legendre formula follows.

History. It is worth noting that the special case

m—1
k 2) (m—1)/2
(L) =2,
m N
k=1
obtained in the proof above is due to Euler.

Remark. There is yet another “additive” generalization of the Legendre duplication
formula due to Schlomilch®! as follows

e (t+m+1 t—m Tt — k)
2t 1F(T>F<T):ﬁgw(m—k+l)2k,t>m€N0,
=0

where (), = H;.L;é (x — j) is the so-called Pochhammer symbol.
Finally, note a generalization of the Legendre-Gauss formula due to Schobloch.5? The

Schobloch reciprocity formula is a “symmetrized” Legendre-Gauss formula:

n—1 m—1
(2,/T)—n/2nt+72 H r ( + m) — (27T)_m/2mt+4 2 H T ( * n) , m,n € N.
k=0 k=0

n m

51Gee Schlémilch, O., Analitische Studien: Erste Abtheilung, Leipzig, 1848. For an elementary
proof as well as yet another generalization, see Goenka, R. and Srinivasan, G.K., Gamma function
and its functional equations, Resonance 26 (2021) 367-386.

528ee Srinivasan, G.K., The gamma function: an eclectic tour, Amer. Math. Monthly, Vol. 114,
No. 4 (Apr. 2007) 297-315, and the references therein.
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Returning to the main line, in view of the formula I'(n + 1) = n!, n € Ny, it is
natural to expect that the Stirling formula derived above extends to an asymptotic
formula for the gamma function. Indeed, we have

C(t+1)~V2rt-th-e", t— oo.

History. The extension of the Stirling formula to the gamma function is due to Pierre Simon
Laplace in his Mémoire sur la probabilité des courses par les événemens, Mémoires de matématique et
de physique presentés a L’ Académie royale des sciences, par divers savans, & lus dans ses assemblées
6 (1774) 621-656. (Reprinted in Laplace’s (Euvres completes 8 27-65.)

For the proof,®® we need some preparations, notably yet another infinite product

formula for the gamma function. It is commonly termed as the Weierstrass repre-
sentation of the gamma function, albeit it has been discovered by Schlomilch and
Newman earlier.®* To derive this, we begin with Euler’s representation of the gamma
function discussed in the previous section, and calculate

nint

I't) = 1
®) oo t(t+ 1) (t+ n)
1 etln(n)
= - lim
t nmvoo (1+/1)(1+£/2) -~ (L + t/n)
1 et(ln(n)—Hn)etHn
= - lim
t nmvoo (1+/1)(1+£/2) -~ (L + t/n)
et et/1+t/2+"'+t/n

A A 1 2) (A i)

where we inserted the Euler-Mascheroni number v = lim,,_,..(H, — In(n)), H, =
1+1/2+---+1/n, n € N. The last formula is the Weierstrass representation of the
gamma function.

53There are many proofs of Stirling’s formula; see Diaconis, P. Freedman, D., An elementary proof
of Stirling’s formula, Amer. Math. Monthly, Vol. 93 (1986) 123-125; Patin, J.M. A very short proof
of Stirling’s formula, Amer. Math. Monthly, 96 (1989) 41-42; Lou, H. A short proof of Stirling’s
formula, Amer. Math. Monthly, Vol. 121, No. 2 (February 2014) 154-157; Nichel, R., On Stirling’s
formula, Amer. Math. Monthly, 109 (2002) 388-390; and Neuschel, Th., A new proof of Stirling’s
formula, Amer. Math. Monthly, Vol 121, No. 4 (April 2014) 350-352.

%4See Nielsen, N., Handbuch der Theorie der Gamma Funktion, B.B. Teubner, Leipzig, 1906.
Note that this work contains a comprehensive account on the gamma function until the end of the
eighteenth century. Note finally that the Weierstrass representation of the gamma function is the
beginning of the function theoretic approach to the gamma function.
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History. The Euler-Mascheroni number was introduced by Euler in 1734 by the limit above.
Euler used C to denote this number, while the notation  is probably due to Lorenzo Mascheroni
(1750—1800) in 1790. It is not known whether v is rational or irrational.

Taking the natural logarithm, we obtain

InT(t) = — In(?) —7t+§ (% “n (1+%)) |

We now use logarithmic differentiation to calculate

FF(%) _ %(ln(l“(t))) _ —% _ 7+%i (% o (1 + %)) |

n=1

We need to interchange the differentiation and the infinite summation. To apply
Proposition 2.2.4, we let f,, : (0,00) = R, n € N, be defined by f,(t) =t/n —In(1 +
t/n), t > 0. Clearly, lim,, o fn(t) = 0 (pointwise) on (0, 00). In addition, we have

1 1/n t t

fé(t)zﬁ_ 1+t/n :n(t—l—n) = n?’

t>0, neN.

By the Weierstrass M-test, the series >~ | f/(t) converges uniformly on every closed
interval [e, R], 0 < € < R. Proposition 1.3.10 applies, and we obtain

where the last equality follows by rearrangement of the absolutely convergent series.
Note the obvious consequence that I' is strictly decreasing on (0,1] (since
I"(t) <0for 0 <t<1).

Remark. The formula above for the logarithmic derivative of the gamma function
can be used to give another proof for the Legendre duplication formula, and, in
general, for the Legendre-Gauss formula as well. We give details to the first.?> We

55For the second, see Srinivasan, G.K. The gamma function: an eclectic tour, Amer. Math.
Monthly, Vol. 114, No. 4 (Apr. 2007) 297-315, and the references therein.
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calculate

') 107(t/2)  1T'((t+1)/2)
T(t) 20(t/2) 220((t+1)/2)

" /1 1 /1 1
— i - - )=z - -
nir’élo<;(k t+k—1> 2;(k t/2+k;—1)
1i<1 1 ))
2= \k (t+1)/2+k-1
- 1 - 1 - 1
= 1 N - - -
nLHSo< Zt+k—1+zt+2k—2+zt+2k—1>

k=1 k=1 k=1
2n 2n 2n
. 1 ) 1 1 ) 1
= Y = dm Y () i Y =
k=n+1 k=n+1 k=n+1

where, due to convergence, the first limit on the right-hand side is zero; and the second
is well known®® to be equal to In2. Rewriting the entire formula into logarithmic
derivatives, and integrating, we obtain

L(t)

NP RS

Finally, letting ¢ = 1, the value of the constant is C' = 1/(2y/7). The Legendre
duplication formula follows.

Example 4.10.1. Show that5”

ra a2

T T(/2) 2In2.

This is a special case (t = 1) of the computation in the remark above.

Returning to the main line, differentiating one more time, we obtain

— In —p— —_ — =
dt? dt <= \n t+n-1 = (t+n)* ’

56See Elements of Mathematics - History and Foundations, Example 4.10.2. Indeed, Zi:n 1/k =
(H2p, —In(2n)) — (Hp, — In(n)) + In(2), and let n — oc.

57See Whittaker, E.T. and Watson, G.N. A Course in Modern Analysis, 3rd ed. Dover, 2020;
Exercise 3, p. 259.
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where we note that, by the Weierstrass M-test, the last infinite sum is uniformly
convergent on closed subintervals in (0,00), and therefore, by Proposition 1.2.10,
differentiation can be brought under the infinite sum.

In particular, the second derivative of InT" is positive on (0,00), a property that we
term as the gamma function is (strictly) logarithmically convex on (0,00). More
about this later.

Remark. In some developments, the formula above is used to the effect that the
gamma function is the unique solution of the differential equation d?In(y(t))/dt* =
> o 1/(t 4+ n)? with initial values y(1) =1 and y/(1) = —v.

After these preparations,®® we define the function f : (0,00) — R by

f(t)=In (M) t > 0.

$t+1/2

By the Stirling formula, we have

lim f(n) =1In (\/%) :

n—oo

We need to show that

1mﬂw:m@%)

t—00

To do this, by Proposition 2.2.2 (with a, = n, n € N, and L = In(v/27)) we need to
prove that

. ’ .
tliglo f#) =0.

We now use logarithmic differentiation and calculate

iy 1) L _ C (1o L) - L

With this, we have
/1 1 1
"t) = lim (1 —H - — ) —In(t) — =
7) nzaz(nw +<k: r) o) gt)

n - 1 1
— lim (1 (—)-— L
ninc}o<n ¢ Zt+k+1) 2t

k=0

58We follow here Dutkay, D.E., Niculascu, C.P., Popovici, F., 4 note on Stirling’s formula for the
gamma function, Journal of Prime Research in Mathematics, Vol. 8 (2012) 1-4.
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(Note the shift in the summation.)
To give suitable bounds for the sum here, we first note that the trivial estimate

wtlge 1 Y odx
— < =< —, u>1,
u x U u—1 x

gives
1
In(u+1) —In(u) < — <In(u) —In(u—1), u>1.
u
In particular, we have
n(t+k+2)—In(t+k+1)< —— <ln(t+k+1)—In(t+ k), t>0, keN,.
t+k+1
Summing, we obtain
1 2) —1 1 — <1 1) —1 )
n(t4+n+2) —In(t + )<Zt+k+1<n(t—|—n+) n(t), x>0, neN

k=0

Hence

t+n+2 t - 1 n t+n+1
In(—m-= In(— | < S — (—)<1 L
n( n )+n(t+1) kZ:Ot—i-k—i-l "\t n( n )

Letting n — oo and using the formula for f’(¢) above, we arrive at

t+1

——<ft)y<ln——)—=, t>0.
()

t

This gives lim;_,o f'(t) = 0. The extension of the Stirling formula for the gamma
function follows.

We now briefly return to the Legendre-Gauss formula in Proposition 4.10.2. Re-
placing the variable ¢ > 0 by mt, m € N, taking the natural logarithm, and dividing
by m, the left-hand side of the formula becomes

m—1
1 k
— E InT (t + —) .
m m
k=0

We notice that this is a (left-)Riemann sum of the integral fttJrl In(I'(z)) dz. This is
the principal observation leading to the Raabe integral, as stated in the following:
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Proposition 4.10.3. We have

/Hl InT(z)dx =t (In(t) — 1) + %1n(27r), t > 0.

Proor. We first note that the formula makes sense for ¢ = 0 in the limiting sense
(t—0"):

/1 Inl(z)de = %111(277).

Indeed, the improper integral converges, since, by the Weierstrass representation of
the gamma function, we have®

/OllnF(x)d /m d:):—7+/ Z ——ln<1+ ))d

<1—v+/Z n+xdx<1—”y+ Z—dw—l—’y+18

where we used the fundamental estimate for the natural logarithm® z/(1 + z) <
In(1+2) <z, —1 <z € R. In particular, we have

lim [ InI'(z)dx =0.
e—0t 0

As noted above, I is strictly decreasing on (0, 1]. This implies that, for any € € (0, 1],

we have
[ne]

—Zmr( )S/Oelnf‘(m)dx, neN.

Here the greatest integer [ne] is the largest integer m € Ny such that m/n < e.
Therefore, by continuity, for € € (0,1), we have

n

1 k !
lim — InI'( — | = InI'(z) dx.

k=[ne]+1
Combining these, we obtain

1 < k !
lim — Inl'l — ) = Inl'(x) dx.
nirgonz n (n) /0 nl'(z)dx

k=1

59Note that, by Arzeld’s bounded convergence theorem, we could intechange the summation with
the integral, integrate, and finally expand In(1 4 1/n), but this does not result in a better estimate.
60See Elements of Mathematics - History and Foundations, Section 10.3.
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We now bring in (the last product of the proof of) the Legendre-Gauss theorem:
) t+k (n—1)/2 . —1/2 . —t
HF — | = (27) n~ /0T T(t+1), neN,
n
k=1

where we used I'(t + 1) = tI'(t). Setting t = 0, we obtain

IIr EY 2 iz e,
k=1 n

Hence

1 & k -1 1
—Zlnf i In(27) — n(n)
n n 2n 2n
k=1
Taking the limit as n — oo, we arrive at
! 1
/ Inl(z)de = §1n(27r).
0

For the general case, we use the identity I'(x + 1) = 2I'(z), x > 0, to the effect that

t+1 ¢ ¢ ¢
/ InTl(x)dx = / InT'(z +1)de = / InT'(z)dx + / In(x)dz, t>0.
1 0 0 0

Therefore
t+1
/ Inl(z)de =
t

1

t+1 ¢
InT'(x) dx—i—/ InI'(z)dx —/ InT'(x) dx
1 0

S~

t
In(27) +/ In(x)dz, t>0.
0

DN | —

The proposition follows since [In(z)dz = z(In(z) — 1) + C.

As noted in a previous history, Euler introduced the gamma function to extend the
concept of factorial to non-integer values. The question naturally arises as to whether
the property I'(t + 1) = tI'(¢), t > 0 (along with the normalizing condition I'(1) = 1)
uniquely determine the gamma function or not. The answer is clearly “no” as any
functional multiple g - I' with periodic ¢ (with period 1 and ¢g(1) = 1) also satisfies
this property. According to the Bohr-Mollerup theorem,®!, unicity holds, however, if
one adds the property of logarithmic convexity.

61See Artin, E., The Gamma Function, Holt, Rinehart, Winston, 1964.



260

Bohr-Mollerup Theorem. The gamma function is uniquely characterized as a
function f : (0,00) — (0,00) satisfying the following three properties: (1) f(1) = 1;
(2) f(t+1) =tf(t), t > 0; and (3) f is logarithmically convex; that is, Inof is

conver.

First, note that we defined strict logarithmic convexity of the gamma function
by requiring that the second derivative of the composition In ol is positive. More
generally, we say that a function®® f : (0,00) — R is convex if, for every fixed
0 < x € R, the difference quotient

flz+h) - f(x)
h )

my(x + h,x) = —x <h#0, heR,

(as a function of h) is increasing on (—x,00) \ {0}. Thus, for 0 < u < z < v, letting
h=u—x<0and k=v—x >0, we have

PO = F@) b <o ) - T @)
u—2x v—x
Rearranging, this is equivalent to

vV—x Tr—Uu

fu) +

V—1Uu v—Uu

f(z) < flv), 0<u<z<w.
The transparent geometric interpretation of this is that, for any closed interval [u, v] C
(0, 00), the graph of the function f restricted to [u,v] is below its secant line segment
connecting (u, f(u)) and (v, f(v)). Note that this property, for all [u,v] C (0, 00),
implies that a convex function is continuous everywhere.53
Assume now that f is twice continuously differentiable. Differentiating with respect
to h, we obtain

d flz+h)—flz)  hf'(x+h)— fle+h)+ [f(z)

d
- h.x) — -
@)= o 3 12

Using the substitution v = = + h, u > 0, the Taylor formula (centered at u) gives

(f(x) =) flu—h) = f(u) = hf'(u) + %f"(u — (1= s)h)

for some s € [0, 1], where we used the Lagrange form of the remainder (Section 2.3).
(The points u — (1 — s)h parametrized by s € [0, 1] fill the interval with end-points u

62We chose the domain interval as (0,00) to fit to our purposes; clearly convexity can be defined
on any interval.

63Letting * — u, we have f(u+) < f(u), and letting v — x, we have f(z) < f(z+), so that
f(z+) = f(x) for all x > 0, etc.
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and u — h; the choice of 1 — s, instead of s is of technical convenience.) Substituting
this back to the derivative of the difference quotient above, we obtain

%mf(x—i—h,x) = %f”(x—i—sh), —x<h#0,0<s<1, h,scR.
After these preparations, still assuming that f is twice continuously differentiable on
(0,00), we claim that f : (0,00) — R is convex if and only if f” > 0 on (0, c0).
Indeed, by the formula just derived, if f” > 0 on (0, 00) then dms(x + h,z)/dh > 0,
—x < h, 0 # h € R, and so, by Proposition 2.1.5, the difference quotient my is
increasing (in the variable h), and convexity of f follows. Conversely, if m¢(x + h, z),
—x < h # 0, is increasing (in k), then, again by Proposition 2.1.5, dmg(x+h, z)/dh >
0, —x < h, 0 #% h € R If f” < 0 at some point in (0,00) then, by the assumed
continuity, f” is negative on an open interval. Choosing = and x + h (with h small
enough) in this interval, we get a contradiction to the formula above.

Finally, we say that a function f : (0,00) — R is strictly convex if sharp inequalities
hold throughout; that is, if the difference quotient above is strictly increasing, or if,
for any closed interval [2/,2"] C (0,00), the graph of the function f restricted to
[/, 2"] is strictly below its secant line segment connecting (2, f(2')) and (2", f(z"))
except these end-points. If f is twice continuously differentiable then strict convexity
is equivalent to positivity of the second derivative.

Finally, we call a function f : (0, 00) — R (strictly) concave if — f is (strictly) convex.

Since T is differentiable up to any order on (0, 00), it follows that the composition
In oI is strictly convex according to our (more general) definition. Adopting this, we
say that I' is strictly logarithmically convex on (0, 00).

Remark. Using the Holder inequality (Proposition 3.4.3 naturally extended to im-
proper integrals), a quick proof of the logarithmic convexity of I' on (0,00) (by the
original definition of convexity as well as the Gamma function) can be given as follows.
For 1/p+1/¢=1,0<p,q <1, and u,v > 0, we have

r (E . E) _ / % D) p /oy (v-1)fag-2/a gy
0

p q
0 1/27 0 1/4
< </ e dx) (/ ' te™® dx) = D(u)Y/PT ()Y
0 0

Note that strict inequality holds iff u £ v. Hence
1 1 1 1 1 1
lnl“(—u—i——v)g—lnf(u)+—1nF(u), - +-=1, p,g>0.
p q p q p q

Strict logarithmic convexity follows.
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PROOF OF THE BOHR-MOLLERUP THEOREM. Assume f : (0,00) — R satisfies
properties (1)-(3) in the theorem. Let ¢ € (0,1] and 2 <n € N. Forn—1 <n <
n+t <n+ 1, logarithmic convexity of f gives

Inf(n—1)—1Inf(n) < Inf(n+t)—1Inf(n) < Inf(n+1)—1Inf(n)
(n—1)—n - (n+t)—n - (n+1)—n '

On the other hand, by (1) and (3), we have f(k) = (k — 1)!, kK € N, and
fn+t)=tt+1)(t+2)---(t+n—1)f().
Substituting these into the inequalities above and rearranging, we obtain

tt+1D)E+2)---(t+n—1)f()

In(n — 1)t <In ( 1] < Inn'.
n—1)!
Taking natural exponents, and rearranging, we have
—1¥(n—1)! tn—1)!

tt+ 1)t +2)---(t+n—1) “tt+ Dt +2)---(t+n—1)

Moving up the value n — 1 to n in the first inequality (as f(t) does not depend on n),
we get

ntn! nin! t+n
tt+1)(t+2)---(t+n) = flt) < tt+1){t+2)---(t+n) n

Finally, letting n — oo, we obtain

) = 1 n'n!

ni—>nolot(t—{—1)(t—1—2)---(t+n)7 te 1]

The last limit is Euler’s representation of I'(t) for ¢ € (0,1]. Finally, replacing ¢ by
t + 1 in the right-hand side, the limit gets multiplied by ¢. This shows that the limit
satisfies the functional equation for the gamma function. Hence the equality above
holds for all ¢ € R. The theorem follows.

History. The Bohr-Mollerup theorem was proved by the Danish mathematicians Harald Bohr
and Johannes Mollerup.

As an application, we now derive the following inequalities:

l,l—s < F(ZL‘ + 1)

1—s 1.
NEF) <(x+4+s)7° x>0 0<s<
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Indeed, according to strict logarithmic convexity of the gamma function, we have
C(tu+ (1 —t)w) < T()' T, wu#v,u,v>0 0<t<l.
Lettingu =z, v=xz+1,and t =1 — s, we get

Lettingu =2+ s, v=x+s+1, and t = s, we get

I(z+1) T+s+1)\'"" -
I‘(:z:+s)<< ['(x+s) ) = (@t s

The inequalities follow.
Note the obvious consequence

r 1
lim (z+1)

_— =1 0<s<l1.
T—00 xl—SF(x + 8) ’ 5

Remark. The inequalities above are due to Wendel® in 1948. In about a decade later
Gautschi independently derived two inequalities for the ratio of the gamma function
with lower bounds identical to Wendel’s, and, depending on the values of x > 0 and
0 < s < 1, the two upper bounds can be stronger or weaker than Wendel’s. In 1983,
Kershaw proved stronger inequalities®?

1-—s
<+S>1S<F(x+1)< L (U v >0 0<s<l
Ty Tz+s) \" 27\"71 o To s ss S

There is a proliferation of estimates for various ratios of the gamma function.%

Exercises

1. Use the following steps to derive Euler’s reflection formula from the Legendre
duplication formula. Consider the function ¢ : R\ Z — R defined by

é(t) = T(O)D(1 — t)sin(nt), teR\Z.

64See Wendel, J.G., Note on the Gamma function, Amer. Math. Monthly 55 (9) (1948) 563-564.

65See Kershaw, D., Some extensions of W. Gautsch’s inequalities for the gamma function, Math.
Comp. 41 (1983) 607-611.

86For a survey article, see Qi, F., Bounds for the ratio of two gamma functions, Journal of In-
equalities and Applications, Vol. 2010.
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(a) Show that ¢ is periodic with period 1. (b) Write

é(t) = 70(1 + )I(1 — 1) Smgt), teR\Z,

define ¢(n) = 7, n € Z, and show that ¢ > 0 is infinitely many times differentiable
at 0, and then, by periodicity, everywhere on R. (c¢) Use the Legendre duplication
formula (in various settings) to derive the formula

é (%) $ (%) _ré(t), teR.

(d) Letting ¢ = (Ino)” and M = supyg ) [1| = supg )|, use (c) to obtain [¢| < M/2;
and thereby conclude M = 0, and hence ¢y = 0. (e) Finally, show that (d) implies
that ¢ is constant with the value of the constant equal to .

2. Use the Weierstrass representation of the gamma function and Euler’s reflection
formula to derive Euler’s infinite product formula for the sine.

3. Show that

3m m—1
k o)
Hr<§) _ " TG0, men.
k=1 \/§Tn /=1

Solution: Use the Legendre-Gauss formula for m = 3 and split the product on the
left-hand side into groups of consecutive three’s.

4. Recall the formula

o] oo
nl = / e P dr = / "M@= e n e N.
0 0

Replace the exponent nln(z) — x by its quadratic Taylor polynomial at its maxi-
mum ¢ = n. Evaluate the improper integral, and show that it becomes the Stirling
approximation of n!.

Solution: The quadratic Taylor polynomial is p(z) = nIn(n) —n— (z —n)?/(2n). The
improper integral becomes

o0

/ @ dy = n" - e_”/ e~ (@=n)?/(n) g0 Van-n"- e_"/ e du.
0 0 —\/n/2

Now use Example 2.9.2: [7_ e du = 2 I e du = /7.
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5. Use the Weierstrass representation of the gamma function to obtain the formula%”

- t [(s+1
H 1— e”"ze”tﬁ, s,t € R\ Z.
s+mn I(s—t+1)

n=1

Solution: This is a direct computation in the use of the Weierstrass representation
twice.

6. Show that
I'(m+1)=m!(-y+ H,), meN.

Solution: We have

P+ 1) = D 1) (—wz(%—min)) o (z)

[es)
n=1

since the middle sum is telescopic.

7. Show that the trigonometric identity in the lemma for the proof of the Legendre-
Gauss formula (Proposition 4.10.2) follows from the special case of the Legendre-
Gauss formula

m—1

I:IF k — (2m)(m=D/2p1/2
m

k=1

used in the proof of the Raabe integral (Proposition 4.10.3) and Euler’s reflection

fomula
r(F\r(1-FYo ™ ki met
m m sin(km/m)

8. Use the improper integral formula at the end of Section 4.6 as well as Fuler’s
infinite product formula for the sine and the Weierstrass representation of the gamma
function to derive the following®

. o0 t\ /(2
z /00 SID(ZE) dr = e—'yt H?’L:1 (1 B %) € /)
1-t 0 t —
TJo T | (1 + 2n71) et/(2n=1)
67See Whittaker, E.T. and Watson, G.N. A Course in Modern Analysis, 3rd ed. Dover, 2020;

12.1, Example 3.
68See ibid. Example 4 in 12.22.
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4.11 The Beta Function

The beta function B : (0,00) x (0,00) — R is defined by
1
B(t,s) = / 71 —2)tde, 0<t,sER,
0

The integral is improper®® for 0 < ¢, s < 1; its existence needs justification. We choose
¢ € (0,1), and split the integral as

1 c 1
/ o1 —2)  de = / o1 —2) e + / 771 —2)5 da
0 0 c

Now, in the first integral on the left-hand side, the factor (1 — z)*~! of the integrand
is continuous on [0, |, and hence the first integral equiconverges with foc 2t~ tdx. The
latter is equal to [z'/t]; = ¢’ for ¢ > 0. Similarly, the second integral equiconverges
with fcl(l —2)*Vdr = [-(1 —2)*/s]. = (1 — ¢)/s for s > 0. The existence of the
beta function is established.

The change of variables = sin®(u) and do = 2sin(u) cos(u)du transforms the defi-
nition to the equivalent

w/2
B(t,s) = 2/ sin® ! (u) cos® H(u) du, t,s> 0.
0

History. As early as 1656, Wallis was pursuing an idea to obtain the value of 7 by evaluating
the integral fol V1 — 22 dx (giving the area of a quarter disk). Although he could only evaluate the

non-trivial cases of the integrals fol 2™(1 — x)"dx, m,n € 7Z, after some heuristic arguments, and
using modern notations, he essentially ended up with the formula

1 2 2
2-4---(2n) 3
V1—22dx= 1l —— ] =(T(= .
/0 var ninéon(1.3---(2n+1)> ( (2))

This may have prompted Euler (some seven decades later) to seek a relation between the gamma
function and integrals of the type fol 2™(1 — z)™ dx. The beta function appears first in his works in
Nov. Comm. Petrop. XVI. (1772), and those of Legendre in Ezercises de Calcul Intégral, 1. (1817)
p- 221; the latter called it “Eulerian integral of the first kind.”

We now derive a few properties of the beta function. Symmetry in the variables
is obvious:

1 0
Bltos) = [ a = ap e =~ [ 1=y dy = Bls.t),
0 1

69The integrand has removable discontinuities at 0 for ¢ = 0 and at 1 for s = 1.
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where we used the substitution r =1 —y, dxr = —dy.

The change of variables z = y/(y + 1) with dz = dy/(y + 1)? transforms the
integral in the definition of the beta function into the following

0o y t—1 1 s—1 dy o] ytfl
B(t, s) = v - L
(t,5) A (y+J QH4> (y+ 1) A (y+ 1) Y

This last representation of the beta function has an important consequence, the pair
of inductive formulas

t
B(t+1,5) = = B(t;s) and Blt,s+1)= H%B(t, s), t5>0.

By symmetry, it is sufficient to derive the first formula. We perform integration by
parts
t

B(t+1,s) /OO Yy /OO W - LB
,S8) = T ANfLet1 - = yS),
o wrm YT G Y T s

where u = y' and dv = dy/(y + 1) (therefore du = ty'~'dy and v = —1/((t +
s)(y + 1)'*)). Note that the boundary terms vanish:
t * 1 t 1 1
y } S lim ——— =0, t,5 > 0.
(t+s)(y+ 1)+

— lim = —
e Y TR R ALy R

The inductive formulas follow.

The same substitution as above gives the following:

Example 4.11.1. Show that™

/1 (1 — x)st p B(t, s)

= t,s,a> 0.
@tait T Qtap 7

Indeed, the substitution x = y/(y + 1) with dz = dy/(y + 1)? transforms the integral

as
1 t—1 1 _ s—1 [e%¢) t—1
/ 7 ?) dr = / y dy
o (r+a)ts o (y+aly+1))tts
1 00 t—1
atts Jo (1+a)y/a+ 1)t
a t 1 /oo Zt—l

= dz,

l+a) a*s Jy (24 1)t

where z = (14 a)y/a. Now the example follows from the discussion above.

70See Whittaker, E.T. and Watson, G.N., A Course in Modern Analysis, 4th Edition, Cambridge,
1927, and 3rd Edition, Dover, 2020; Exercise 28, p. 261.
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Example 4.11.2. We have

* cosh(2sx) _
——dr=4"'B(t+s,t—s), |s| <t
/0 cosh? (z) ( o Il

We work backwards from the beta function (with obvious substitution) as

OOt _1 oo 2x t+s
B(t+s,t—s) = / L%dy:2/ %dw
o (y+1) —o (27 + 1)

o] (621;)5 B o] 62350
= 2/ m dr = 21 2t o~ dx
—oo (6T F+€e77) — oo COsh™(2)
0o 2sx o] —2sx
= 21_2t/ _c dr + 21_2t/ £ dx
o cosh®(x) o cosh? ()

_ gt /°°+_ o — 92 /WM .
o cosh®(z) o cosh?(x)

The example follows.

The previous considerations can be considered preparatory for the following so-
called beta gamma relation expressing the beta function in terms of the gamma
function:

B(t,s) = % t,s > 0.

To derive this, we introduce a new parameter z > 0 in the definition of the Gamma
function via the substitution x = zy as

I'(t) = / o le " dr = zt/ y' e dy,
0 0

and obtain

— :/ yle *dy, t,z>0.
0

Replacing t by t + s, t,s > 0, and z by 2z + 1, z > 0, this gives

L(t +s) X el (o1
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Using this and the representation of the beta function derived above, we now calculate

© -l o0 L(t+s)
I'(t B(t,s) =T(t ——dz = [ S
(t+s)B(t,s) ( +5>/0 (z+ 1)t z /0 < (z 4 1)t+s <

— /OO /OO thlyt+sflef(z+1)y dy dz = = /~oo thlyt+sflef(z+1)y dz dy
0 0 0 0

0 I'(t
/ yt+8—1€—y/ Zt—le—yz dz dy — / yt+s—16—y (t)dy
0 0 0 Y

— () /O e Ydy = T(OT(s).

In the computation we reversed the order of the iterated integral.”™ This holds if the
integrand z!~'yt*t*~le~(*+1)¥ is continuous in the respective domain; that is, if t > 1.
Thus, this computation, and hence our proof of the formula above, holds if t > 1.
Finally, the validity of our formula extends to ¢ > 0 via the inductive property of the
beta function, since, for ¢, s > 0, we have

t+s Ct+sT(E+1DI(s) t+s tI(H)T(s)  T)I(s)

B(t,s) = ——B(t+1,5) = — T(t+s+1)  t (t+s)I(t+s) TD(t+s)

The beta gamma relation follows.

Remark. The Bohr-Molleup theorem can also be used to derive the beta gamma
relation as follows.” Fix 0 < s € R, and define f : (0,00) — R by

£(t) = B(t, s)%, 0<icR.

Now, by simple evaluation, we have B(1,s) =1/s, s > 0, and hence f(1) = 1. Thus,
condition (1) in the Bohr-Mollerup theorem holds.
Next, we calculate

I'(t+s+1) t (t+s)T(t+s)

FE+1) = B+ 1o)== = o Blts) — Lf(t),

so that condition (2) also holds.
Finally, we have
Inf(t) =InB(t,s)+Inl(t+s)—InT'(s),

"I'The customary proof here is to rewrite the iterated integral into a double integral, and change
the Cartesian to polar coordinates. As usual, we preferred to keep the level of exposition to as
elementary as possible.

"2This approach is pursued in Artin, E., The Gamma Function, New York, Holt, Rinehart and
Winston 1964, and Dover 2015.
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where the first term on the right-hand side is convex (by inspecting the dependence
in ¢ of the beta integral), the second by logarithmic convexity of the gamma function,
and the third term is constant. Hence condition (3) in the Bohr-Mollerup theorem
also holds. This theorem now gives f(t) = I'(¢), ¢t > 0. The beta gamma relation
follows.

History. The original integral representation of the gamma function, the Legendre duplication
formula, the Stirling formula for the gamma function, the beta gamma relation, and a host of other
identities comprise what is nowadays termed the Eulerian approach to the gamma function. The
3-volume work of Legendre™ gives the first comprehensive treatise on this. For latter works, the

most noteworthy are those of Dirichlet”™ and Schlémlich.™

Example 4.11.3. " We have

/1 (1 —z)! i — L(t)(s)

ar +b(1 —x) v atsT(t + s)’

0<t,s,a,beR.

In the formula

! NG
/ It_l(l . I)S_l dr = ( ) (3)7
0 I(t+s)
just derived, we use the substitution
au b(1 — u) abdu
r=——| —r=——"—  dxr= .
au + b(1 — u) au + b(1 — u) (au~+b(1 — u))?

We obtain

[, TOT
o

au + b(1 — w))t-tHs—1+2 Lt+s)

Rearranging, the formula follows.

The next example is a simple consequence of the beta gamma relation and the
Stirling formula.

"Legendre, A.M., Ezercises de calcul intégral sur divers ordres de transcendantes et sur les quadra-
tures, Mme Ve Courcier, Paris, I (1811), IT (1817), IIT (1817).

"Dirichlet, L.G., Vorlesungen tiber die Lehre von den einfachen und mehrfachen bestimmten In-
tegralen, Friedrich Vieweg und Sohn, Braunschweig, 1904, pp. 100-124.

75Schlémlich, O., Compendium der héheren Analysis, vol. 2, Friedrich Vieweg und Sohn, Braun-
schweig, 1866, pp. 239-280.

"6See also Andrews, G.E., Askey, R. and Roy, R., Special Functions, Encyclopedia of Mathematics
and its Applications, Vol. 71, Cambridge Uniersity Press, 1999, Exercise 17 at the end of Chapter
1.
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Example 4.11.4. We have
lim n*B(x,n) =I'(z), 0<zeR

n—oo

Using the Stirling formula twice, we calculate
I'(n)l 4 r 1
B~ @) e o)
I'(z+n) nI'(z +n+1)
n®(x +n)V2rnn"e "
ny/2m(x + n)(x + n)*tre—(@tn)
n x+n—1/2
- < ) -¢® - T(z)

xr+n

(x) as n— o0

Finally, by the Euler limit, we have

x+n wtn—1/2 \n T\ T—1/2
:<1+—> <1+—) ~e¥ as n— 0.
n n n

The example follows.

Example 4.11.5. Derive the integral formula™

oo, t—1 T
/ dy = — , O0<t<1.
o y+1 sin(7t)

The right-hand side is suggestive of using Euler’s reflection formula. We use this
backward as

t—1

—T(D(1—t)=B(t,1—t) = /OOO yy+ - dy.

where, in the middle equality, we used the beta gamma relation. The example follows.

™

sin(7t)

History. Dedekind’s Inauguraldissertation on the gamma function (under the supervision of
Gauss) contains an interesting proof of Euler’s reflection formula based on showing that the function
f:(0,1) — R defined by f(t) = B(t, 1 —t) satisfies the non-linear (second-order) differential equation
7@ f(t) — f'(t)® = f(t)* with initial conditions f(1/2) = 7 and f’(1/2) = 0. See Dedekind, R.,
Uber die Elemente der Theorie der Eulerschen Integrale, dissertation, Gottingen, 1852, Gesammelte
mathematische Werke, Bd I, 1-31; and also Uber ein Eulersches Integral, J. reine angewandte Math.
(1853) 370-374. See also Exercise 8 at the end of this section.

A notable consequence of the previous example is the following:

""The (indefinite) integral can, at least in principle, be calculated for t € Q. See Dirichlet, G.L.,
Vorlesungen tber die Lehre von der einfachen und mehrfachen bestimmten Integralen, Friedrich
Vieweg und Sohn, Braunswieg, 1904.
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Example 4.11.6. We have

/2 T
tan(x)dr = ————=, 0<a< 1.
/0 an’(z) dz 2cos(mwa/2)’ ¢

To show this, we rewrite the integral into a beta integral as

w/2 w/2 1 1 1—
/ tan®(z) dr = / sin(x) cos™*(x)dx = =B i a’ ) = T ,
0 0 2 2 2 2sin(7(1 4 a)/2)

where we used the last computation of the previous example with ¢ = (1 +a)/2 (and
hence 1 —¢ = (1 — a)/2). The example follows.

Remark. It is instructive to compare this with Example 4.1.3; they both give the
correct value 7/v/2 for a = 1/2.

Among the many applications of the beta gamma relation, we discuss the case
t = s; this will give a short proof of the Legendre duplication formula. We first
calculate

w/2 /2
B(t,t) = 2/ (sin(u) cos(u))* " du:22_2t/ sin*~!(2u) du
0 0

™ w/2
= 21%/ sin® ! (v) dv = 222t/ sin® ! (v) dv =
0 0

o1 _ 2L (OI(1/2)
= 2"%B(¢,1/2) =2 T2

Since B(t,t) = I'(t)*/T'(2t) (and B(1/2,1/2) = 2f7r/2 du = =T(1/2)?%), we recover
the Legendre duplication formula in Proposition 4.10.1:

D(HOD(t+1/2) =22/ T(2t), t> 0.

In the previous computation the Wallis integral of Example 4.2.6 was present. In
fact, we can automatically extend the definition of the Wallis integral for any real
parameter —1 < a € R, and the computation above amounts to the following

/2 1 11 1 1
W(a):/o sin“(x)dxziB(a;_ ,2> 207 1B(a—2k ,a; >, a>—1.

Example 4.11.7. Derive the integral formulas

)3/2

/ mdx—/ Joos(a) dx = 27;/4)2,
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and
/‘N@?— / v@;; 5%;
We have

/ Vsin(z) de = Wy = —B(i 1> ;%

Euler’s reflection formula gives I'(1/4)I'(3/4) = ©/sin(n/4) = /2, and we also have
I'(5/4) =T'(1/4)/4. Putting these together, the first integral follows.
Sinilarly, we have

Tdr 1 /1 1\ _10(/49rQi/2)  ra/4?
LA Vmuf”““‘23( )‘2 rB3/4) 2ver

4’2
The example follows.

Remark. The substitution ¢* = sin(x) transforms the first integral in the example

above as p ) )
T t2 (27T)3 2

sin(z) dx = 2 dt = .

[ v =2 [ = g

Similarly, the second integral becomes

1 e _ T(1/4)
/0 \/sin(x)dx_z/o \/1—t4dt_ 22

These integrals were noted by Euler who put them together in the product

13

L | Loy
/———m?/———ﬁ:
0o V1—t4 0o V1—t4

We also have

rode boodt _y ! dt
/0 \/sin(z) a /0 Vi—it T, V(I =82)(1+¢2)
2 dg N "2 df
2/0 \/2—0082(@_\/5/0 ,/1—%sin2(<9)7

where we used the substitution ¢ = sin(¢) (with dt = cos(¢)d¢) followed by yet
another substitution ¢ = 7/2 — 6 (with d¢ = —db).
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For the other integral, we employ the same substitutions, and obtain

S B t2dat ™ sin’(¢)de
/0 Vsin(z)dxr = —1—t4 i ——2—0082(¢)

™2 - sin2(9) do

/ COS _o
\/2—s1n 0 \/2 —Sin2

= 2\/'/ 1/1——sm ) df — f/ \/—

In these two examples, as well as the period integral of the pendulum in Exercise 9 at
the end of this section, we see the same type of integrals to occur. These are called
elliptic integrals.™

Example 4.11.8. We have™

T(1/4)2

/0” /3 —dios(x) o=

We use the substitution

cos(z) =1 — 2tan (g) with  sin(z)dz = <1 + tan? (g)) du.

1 — cos®(z) = 4 tan (g) (1 — tan <g>> :

upon substitution, we find

Since

/ / 1 + tan®(u/2) du
/3 — cos(z V1 —tan?(u/2)+/2 tan(u/2)
/ 1+ tan®(u/2) |1+ tan?(u/2) g
1 — tan?(u/2) 2tan(u/2) N
w/2
/ V/sec(u) ese(u) du = / (sin(u))~Y2(cos(u)) "% du

_ 1B 11 _ 1F(1/4) _ (1/4)
47 \4'4)  4AT(1)2)  4yT
"8The name comes from the fact that the perimeter of an ellipse is given by an elliptic integral.

79See Whittaker, E.T. and Watson, G.N. A Course in Modern Analysis, 4th Edition, Cambridge,
1927, and 3rd Edition, Dover, 2020; Exercise 33, p. 262.
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Exercises

1. Derive the formula

' t—1 s—1 _ s -1 L()T(s)
/1(1+x) (1—z)"'doe =2°F —F(t+s)'

2. Show that |
n:
B(t,n) = , neN.
Cn) = e "

3. Let a < b, a,b € R. Derive the formula
b
/ (x—a) ' (b—2)tde = (b—a)*'B(t,s), 0<s,teR.

Solution: Use the substitution y = (z—a)/(b—a) in the definition of the beta function.

4. Show that

B(t,t)B(t +1/2,t +1/2) = t>0.

24t—1t’

Solution: Use the Legendre duplication formula.

5. Show that
< atde AT (ST (d - o)
- -1 1)/b.
/0 (@ + o) b T(d) ,a>—1,6>0,¢>0,d> (a+1)/b

6. Derive the integral formula

[ atas = 2T DT
0 b+ed+1 T((b+ecd+1)/c) ’

Solution: Use the substitution ¢ = a®u to convert the integral into a beta integral.
Specialize this to the following

/1 xb dx:ﬁ L((b+1)/c)
o V1—ac c T((b+1)/c+1/2)

a,c>0, b,d>—1, b+cd > —1.

c>0, b>—1.

7. Use the previous exercise to calculate the integrals

dr and n € N.

/1 dx /1 dx
o VI—a" o /11— /z
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8. Use the following steps to obtain Dedekind’s proof of Euler’s reflection formula:
(a) Let f : (0,1) — R be the function defined by f(¢) = [;~ 2" '/(1+z)dz, 0 < ¢ < 1.
Split the integral at x = 1 to derive the formula

1 t—1 —t oo . t—1 —t
1
f(t):/ ﬂdx:_/ A
0 1+ 2 Jo 1+x

(b) Differentiate the identity f(t) = f(1 —¢) to show that f has a local minimum at
t = 1/2 with minimum value 7. (f’ is strictly increasing.) (c) Use scaling to derive
the formulas

00 :L‘t_l 00 I‘t_l
u () = / dv and w'f(t) = / dz.
0 TH+u o l+azu

(d) Add the equations in (c), divide by 1+u and integrate with respect to u in [0, 00)

to obtain o o1 (@)
2 _ ' n(z
f(t) /0 1 dzx.

(e) Letting 0 < t < 1/2, subtract the equations in (c), divide by v — 1 and integrate
with respect to u in [0, 00) to obtain

00 =1 4t B 0 t-1 ln(a:) o

(f) Use (d) to show that the integral on the left-hand side is flt—t f2(s)ds. Conclude
from (e) that

1) [ P =25

and hence f(t) flt/Q f2(s)ds = f'(t) via the symmetry f(s) = f(1 — s). Differentiate
this to obtain f(t)f"(t) = f'(t)* + f(t)*. (g) Finally, solve this differential equation
with the intitial conditions f(1/2) = = and f'(1/2) = 0.

8. In this exercise we discuss the classical example of the motion of the pendulum.
A point-mass m is suspended from a fixed point by a rigid massless rod of (constant)
length ¢, and it swings under the sole influence of (uniform) gravity (in a two dimen-
sional vertical plane); its weight (on the surface of the Earth) is mg, where g is the
(constant) magnitude of the gravitational field. The motion is described by the time
(t) dependent angle § measured from the vertical (stable) equilibrium position of the
pendulum. Since the gravitational field is conservative, the total enery of the pendu-
lum is constant. The total energy is the sum of the potential energy mg(¢ — ¢ cos(f))
(with the stable equilibrium corresponding to zero potential energy) and the kinetic
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energy mv?/2 = m (d(£9)/dt)* /2, where 0 is the arc length, and the derivative is
with respect to time. We thus have®®

(1~ cos(0) + 5 (2—?)2 e

where we incorporated m and ¢? into the constant C'. The motion also depends on
the maximum 6, of 6, and we we set the time ¢ = 0 when this maximum is attained.
Thus, we have the intitial condition #(0) = 6,. The kinetic energy at the maximum
position is zero, and this gives C' = (g/¢)(1 — cos(6p)). Incorporating this into the
conservation of energy formula above, we obtain

- \/%\/COS(@) — cos(6y).

Equivalently, as (differential) forms, we have

\/7 9 +/cos(0) — cos(6y)

We assume that 0 < 0y < 7 since otherwise we have the stable and unstable equilib-
rium positions with # being constants.

Derive the following integral formula for the full period 7" = T'(y) of the pendulum;
that is, the time elapsed when the pedulum returns to its initial position:

/2
T(6,) = 4 f/ do , k=sin (@) .
9Jo 1 — k2 sin®(z) 2

Solution: By symmetry, T'/4 is the time elapsed from the maximum position to the
stable equilibrium. This gives

[20 [ do
090 = — .
T(0) =2 g /0 \/cos(0) — cos(6y)

Now make the substitution

0 0
sin (—) = ksin(x), k =sin <—O> :
2 2

80 Alternatively, using Newton’s second law of motion, we have d?0/dt?> = —(g/f)sin(6). Multi-
plying through by df/dt and integrating, we obtain conservation of the total energy.

~|Q
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where 0 <0 <6y <mand 0 <z <m/2.
Squaring, the half angle formula for sine®! gives

1 —cos(0) = 2k*sin?(x), 2k? =1 — cos(fy),

and hence

Vcos(6) — cos(fy) = V2k/1 — sin®(z) = V/2k cos(x).

For the differentials, we have

Ccos <g> df = 4|1 — sin? (g) df = 2k cos(z) dx,

or equivalently
2k cos(z)

1 — k2 sin®(z)

Putting these together and simplifying, the example follows.

df =

4.12 The Bernoulli Numbers and Bernoulli Poly-
nomials

In this section, preparatory to the next, we summarize some basic properties and
estimates of the Bernoulli numbers and the associated polynomials. Recall®? that
the Bernoulli numbers B,,, m € Ny, can be defined concisely by the generating
function

0> k
=1 k=0

The coefficients of the linear term give By = 1. For m € N, the coefficients of the z*!
term on the right-hand side are obtained by setting l + k=m+ 1, k =0,1,...,m,

81See Elements of Mathematics - History and Foundations, Section 11.3.
82See Elements of Mathematics - History and Foundations, Section 10.2.
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and multiplying the respective terms of the two sums. We obtain

> i
— kl(m —k+1)!

Multiplying through by (m + 1)! allows to convert the factorials into binomials. The
resulting equality gives the well known inductive formula for the Bernoulli numbers:

m—1

1 m+1
Bp=——

(",

Bk, m € N.
m—l—lk:O )

As a byproduct, it follows that all Bernoulli numbers are rational.

Another simple fact is that, with the exception of By = —1/2, the odd Bernoulli
numbers Bog,1, kK € N, are zero. Indeed, this follows from the fact that the function
z/(e* — 1)+ /2 is even:

—x z

e T —1

Tre ZL‘_ i +9§
et —1 2 er—1 27

x
2

The first few Bernoulli numbers are tabulated as follows:

k| B. |k By,
0] 1 |12 —691/2730

1| —1/2 | 14 7/6

2 [ 1/6 |16 —3617/510
4 =1/30] 18 43867/7983

6 | 1/42 | 20| —174611/330
8 | —1/30 | 22| 854513/138
10 | 5/66 | 24 | —236364091 /2730

History. As Jacob Bernoulli (1655-1705) first realized in his “Ars Conjectandi” (Latin for
“The Art of Conjecturing” published posthoumously in 1713 by his nephew Niklaus Bernoulli),
these numbers (that have subsequently been named after him) appear naturally in evaluating the
power sums Z?:l i*, n € N. The problem of calculating power sums has been considered by
many mathematicians of antiquity, notably by Archimedes in ancient Greece, and it occurs in the
works of the Indian mathematicians Aryabhatta (476550 CE), the Persian Abt Bakr Al-Karaj1 in
1019, and the Muslim Arab mathematician Hasan Ibn Al-Haytham (965—1040). While the English
mathematician and astronomer Thomas Harriot (1560—1621) is believed to be the first to develop

symbolic formulas for these sums of powers, albeit only up to the fourth powers, it was the German
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mathematician Johann Faulhaber (1580—1635) who derived these formulas up to the seventeenth
power but he did not obtain a general pattern. We quote here Bernoulli’s well-known comment
upon the moment of compiling the first table of these numbers as follows: “With the help of this
table, it took me less than half of a quarter of an hour to find that the tenth powers of the first 1000
numbers being added together will yield the sum 91,409, 924,241,424, 243,424, 241,924, 242, 500.”
The Bernoulli numbers have also been discovered and tabulated by the Japanese mathematician
Seki Takakazu (also known as Seki Kowa) (c. 1642—1708).

We define the associated Bernoulli polynomials B,,(z), m € N, through the
generating function

ye oy —_— = y"
w—1 ew—1° _mZ:OBm(x)m!'

The connection with the Bernoulli numbers can be shown by applying the Cauchy
product rule to the product

00 k oo l
Sonl>
k=0 =0

and, setting k£ + [ = m, comparing coefficients. We obtain the following simple
expansion of the Bernoulli polynomials in terms of the Bernoulli numbers:

B, (z) = Z (7;) Bpx™*  meN,.

k=0
In particular, we have By(z) = By = 1 and B,,(0) = B,,. Moreover, for m € N,
differentiating, we calculate

-1

3

B, (z) = (7;) (m — k) Byz™ *1

1
—1
(mk )kamlk =mB,,_1(x).

UERIN

-
[en]

This gives the important formula
B! (z) =mB,,_1(z), meN.
In particular, integrating over [0, z], z € R, we obtain

B, (xz) = B, + m/ Bpn_1(t)dt, meN.
0

This formula and the previous list of Bernoulli numbers give the following table
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0 1

1 71/

2 v —x+1/6

3 23 —32%/2 + /2

4 =223 + 2% —1/30

5 x® —5a* /2 + 527 /3 — x/6

6 2% — 3x° + 52t /2 — 2?2 + 1/42

7 " —T2%/2 +T2° /2 — T23 /6 + 2 /6

8 | 2% —4x” + 142°%/3 — 721 /3 + 22% /3 — 1/30
Note that

1 - m ' m—k 1 - m+1

/OBm(:E)dx—kz:;<k>Bk/ox d:v—m—sz:%( i )Bk—O, m € N.

This, along with the previous formula, gives

B,y(1) = B,(0) = B,,, 2<meN.

We finish this sequence of formulas with one of a different genre:
Bp(z+1) — By () =ma™ ', meN.

This shows that Bernoulli polynomials play the same role in the calculus of finite-
differences than power functions in differential calculus.

The simplest proof is by induction with respect to m € N; the formula being
immediate for m = 1. For the general induction step m = m + 1, we let C,,(z) =
By (x + 1) = By(xz) — ma™ ', m € N, and assume C,(z) = 0. We have C , =
(m+1)C,,(x) =0, so that C,,1(z) is constant. Using the definition (at z = 0), this
constant must be B,,11(1) — By,41(0) which, by the above, is zero since m € N. We
conclude that C,,11(z) = 0. The induction is complete.

History. The Bernoulli polynomials first appeared in Euler’s “Institutiones Calculi Differentialis.”
The actual term was coined by J.L. Raabe in 1851.

There is a simple but important unicity principle concerning the Bernoulli poly-
nomials; namely, the properties

1
Bo(z+1) = By(z) =ma™ ' and / Bn(x)de =0, meN,
0
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uniquely determine the sequence (B,,(2))men, (along with By(z) = 1).

Indeed, assume that a sequence of polynomials (B,,(2))men, satisfies these two prop-
erties (along with By(x) = 1). Letting Cp,(z) = By, (x) — B,,(x), m € N, by the first
property, we have C,,(z + 1) = C,,,(x), x € R. Since a non-constant polynomial can
assume only finitely many given values, we obtain that C,,(z) is constant. By the

second property, fol Cyn(x) dx = 0, so this constant must be zero. Unicity follows.

Remark. The previous unicity can be put into a more elegant linear algebraic
framework. We let R[z] denote the vector space of all polynomials of the single
variable x. For m € Ny, the linear subspace R[z],, C R[z] of degree < m polynomials
is finite dimensional; dim R|z],, = m+1. We define the linear map L : R[z] — R[z] xR
by

Lip(a)) = (A<p<x>>, [ o0 dt) . AW(@) = ple+1) - ple), p() € Rlal,

with A : R[z]n1 — Rlz],, m € Ny, (and AR = 0, R = R[z]y), the forward
difference operator. As above, it follows that the kernel of A is R = R[z]y, and
hence the kernel of L is zero; that is, L is injective. For reasons of dimensions, it is
also onto since dim L(R[z],,+1) = dim(R[x],,11) = dim(R]z],, x R), m € Ny. Finally,
since L is invertible, the sequence of Bernoulli polynomials (B, (z))men, is uniquely
defined by By(x) = L71(0,1) and B,,(z) = L~ (ma™',0), m € N.

Armed with this new unicity principle of the Bernoulli polynomials, we now derive
several new formulas needed in the sequel.
First, we claim

B,(1—z)=(-1)"B,(z), m € Ny.
Indeed, setting C,, = (—=1)"B,,(1 — z), m € N, we calculate

ACu(z) = (=1)"™ (Bn(=2) = Bu(l = 2)) = (=1)" " ABy(—2)

(_1)m71m<_x)m71 — mxmfl,

and
/1 C(t)dt = (=1)™ /1 Bn(1—=t)dt = (—-1)™ /1 B (t)dt = 0.

By unicity, we have C,,(z) = By, (), m € Ny, and the claim follows.

As a direct consequence of the formula just derived, we see that the graphs of
the even Bernoulli polynomials are (reflectionally) symmetric about the vertical line
given by z = 1/2, and the graphs of the odd Bernoulli polynomials are (centrally)
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symmetric about the point (1/2,0). Moreover, for 2 < m € N, we have
(-=1)"B,y, — By, = (=1)"B,(0) — B, = Bp,(1) — B,,(0)
1 1
= / B! (z)dz = m/ By—1(x)dx = 0.
0 0

We obtain B,(1) = (—=1)"B,, = Bn, 2 < m € N. In particular, for all odd Bernoulli
numbers, we have By, 11(1) = Bopm11(0) = Bapmi1 = 0, m € N; and, for even Bernoulli
numbers, we have By, (1) = Ba,,(0) = Bay,, m € N.

Second, we claim

n—1
1 k 1
— E B,, <x+ ):—Bm(x), neN, me Ng.
n o n nm

Once again, the proof of this is based on the unicity principle. Indeed, for n € N,
we let Cpy(x) = n™ 32070 By (x4 k)/n), m € Ny. Clearly, Cy(z) = 1, and the

formula holds. For m € N, we first calculate

n—1 n—1
I r+k+1 _— z+k
ST (= =) I P

k=0
1

m—1
= n™"'AB, <£> =n"1t.m <E) = ma™ L.
n

Second, for m € N, we have

1 n=1 .1
t+k
C,.)dt = n™ 1 E B,, (—) dt
/o ( ) 0 n

1 (k+1)/n 1
= nm—lz/ Bn(t) dt:nm_l/ B, (t)dt = 0.
k=0 k/ 0

Again by unicity, the claim follows.
Once again, a direct consequence of this (n = 2) is

1
o5+ (57) =2t met
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Substituting x = 0, we obtain

1
B, (5) = (2" -1)B,, meN,

We now study the behavior of the Bernoulli polynomials on the unit interval [0, 1].
Since the first Bernoulli polynomial B (z) = 2—1/2 is negative on [0, 1/2) and positive
on (1/2,1], the second Bernoulli polynomial By(x) = 2*—x+1/6 is strictly decreasing
on [0,1/2] and strictly increasing on [1/2, 1]. Furthermore, it takes opposite signs on
the end-points of these intervals, and so it follows that Bs(x) vanishes exactly once
on (0,1/2) and also on (1/2,1). This is a characteristic behavior of all the Bernoulli
polynomials on [0, 1] as stated in the following:

Proposition 4.12.1. For m € N, we have the following:

L,.: The polynomial (—1)™ Bay,(x) is strictly increasing on [0,1/2] and strictly de-
creasing on [1/2,1], and therefore, it vanishes exactly once in (0,1/2) and also on
(1/2,1).

IL,.: The polynomial (—1)™ Bayi1(x) is negative on (0,1/2) and positive on (1/2,1)
and has simple zeros at 0,1/2,1.

Proor. I,, = I1,,. Assume I,,, holds. Consider the polynomial C,,(z) = (—1)" Bay,1+1(2).

Since the odd Bernoulli numbers vanish, our earlier formulas imply that C,,(0) =
Cn(1/2) = Cy(1) = 0. Moreover C) (x) = (2m + 1)(—1)" By (x), and I, implies
that C! (x) has a unique zero 0 < r,, < 1/2 and another unique zero 1/2 < s, < 1;
and elsewhere C’(x) is negative on [0,7,) U (Sm, 1] and positive on (7, $;,,). These
imply that C,,(z) itself is strictly decreasing on [0, r,,] and [s,,, 1] and strictly increas-
ing on [ry,, S;m]. Now IL,, follows.

I1,, = I,,,1. Assume IL, holds. Consider the polynomial D,,(z) = (—=1)™" By, 12(x).
We have D! (x) = —(2m + 2)(—1)"Bagy,41(x) which, by IL,,, is positive on (0,1/2)
and negative on (1/2,1) (and has simple zeros at 0,1/2,1). Hence D,,(z) itself is
strictly increasing on [0,1/2] and strictly decreasing on [1/2,1]. Moreover,

Dn(1/2) = (=1)""' Baomia(1/2) = (=1)"(1 = 27" V) By i
—(1—=27Cm+N D (0) = —(1 —27Cm+D D, (1).
By the monotonicity concluded above, we have D,,(1/2) > 0 and D,,,(0) = D,,(1) < 0.

In particular, D,,(z) takes opposite values at the end-points of the intervals [0, 1/2]
and [1/2,1]. Now I,,,4; follows.

Remark. As in the proof, let 0 < r,, < 1/2 and 1/2 < s, < 1 be the unique zeros
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of By (), m € N, on [0, 1]. Tt is known® that

1 gy <Tm <Tmp < gand 5 < smpn < sm < g g

Note that I,, (second part of the proof) implies (—1)™™'B,,, > 0, m € N. It
also shows that, on [0, 1], the polynomial Bs,,(x) attains its extrema at 0,1/2,1 and
Bom(0) = Bop(1) = Bap, and By, (1/2) = (217%™ — 1)By,,. As a byproduct, we
obtain

sup |Bom(z)| = |Bam| m € N.
z€[0,1]

It is desirable to obtain a bound for | By, +1(z)| for = € [0, 1] as well. A simple bound
follows from the estimate just derived for By, (z) above, and the fact that 0,1/2,1
are zeros of By, 11(x). Indeed, for = € [0, 1/4], we have

Bam+1(x) = Bami1(2) — Bam41(0) = /Or Bl (8) dt = (2m + 1) /Ox Bam(t) dt.

This and the estimate above gives

2m+1
4

| Bommi1(x)] < (2m+1)/ | Bo ()| dt < (2m+1)|Bap| x < |Bamml|, x €0,1/4].
0

Similarly, for x € [1/4,1/2], we have

xT

1/2 1/2

This, for x € [1/4,1/2], gives

1/2 1 2m + 1

| B

Combining these two estimates, along with the fact that, over the interval [1/2,1],
the same estimates hold due to the symmetry of By, 1(z) about x = 1/2, we finally
arrive at the following

sup |B2m+1(l’>| < T|Bgm’, m € N.
z€[0,1]

83See Lehmer, D.H., On the mazima and minima of Bernoulli polynomials, Amer. Math. Monthly,
47, 8 (1940), 533-538; and Dilcher, K. Zeros of Bernoulli, generalized Bernoulli and Euler polyno-
mials, Mem. Amer. Math. Soc. 386 (1988).
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4.13 Bernoulli Numbers and Polynomials: Esti-
mates and Asymptotics

In this section we will derive some sharp estimates and asymptotic relations on the
Bernoulli numbers and Bernoulli polynomials. These will follow from the expansions
112(2m)! o cos(2kmx)
(27T)2m f2m ’
k=1

B2m(x) = (_1)m

oo

ma12(2m +1)! sin(2kmx)
BZm-H(x) = (_1) +1 (27T)2m+1 Z E2m+1 y MmE N> LS [07 1]
k=1

The sums on the right-hand sides are actually the (uniformly convergent) Fourier
series expansions® of the periodized Bernoulli polynomials P,, : R — R given

by P, (z) = Bn(x — [z]), € R, m € N. The second formula also holds for the
somewhat exceptional case m = 0:

1 & sin(2kme
Bia) = 2 S BT o)
k=1

where Bj(z) is redefined to vanish at the points of discontinuity = = 0, 1. The conver-
gence of the series is not uniform on [0, 1] as the Gibbs phenomenon amply illustrates,
although uniform convergence holds on any closed subintevals [a, b] C (0,1). We will
derive these formulas in the next section via a thoroughly elementary treatment that
does not use the Fourier convergence theorem nor the Riemann-Lebesgue lemma; the
only tools are the formulas for the Bernoulli numbers and polynomials in the previous
section, integration by parts, and Chebyshev polynomials. (An indication of how to
derive these expansions using Fourier series is expounded in Exercise 5 at the end of
this section.)

To begin with, as immediate consequences of these expansions, for m € N and
x € [0, 1], we have the estimates

2 )2m =1 2 1
Lyt 2O ) — cos(2 < Y- (1 —
'( ) 2 (2m)1 2 (z) — cos(2mz)| < 2 jan < < + o 1) Sam
m41 (2m)>m+! . =1 1 1
g B0 e < 3 < (14) g
k=2

84There are several classical texts on Fourier analysis; see for example Zygmund, A., Trigonometric
Series, 3rd ed. Cambridge University Press, 2002; Katznelson, Y., An Introduction to Harmonic
Analysis, 2nd ed. Dover, New York 1976; Rudin, W., Principles of Mathematical Analysis, McGraw-
Hill, Inc. New York, 1976.
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where, for the last inequalities, we used the trivial estimate

=1 1 dx 2 1
S — =11 —, 2<nelN
kZ::k: on / o (+n—1)2” =N

Note that these imply the stated uniform convergence of the Fourier expansions.

Combining the expansion of Bs,,1(z) above with this last formula we obtain the
estimate

sup |Baomt1(z)| <

2m + 1 2m + 1 2m +1
Z k2m - |B2m|
z€[0,1]

27-[- 2m~+1 k?m-l—l 27T)2m+1

This gives a sharper upper bound than the one obtained at the end of the previous
section.

Substituting z = 0 into the first expansion, and rearranging, we obtain Euler’s
summation formula®

=1 (2m)2m
— = (—1)™*! B e N.
; Jo2m 202my 2
Observe that the first case, m = 1, is Euler’s solution to the Basel problem:®

> ore,1/k* = x%/6. Finally, note also that the infinite sum above is the value of
the zeta function ((2m), m € N. We will treat the zeta function in Section 4.17 in
detail, where we will derive this formula as a byproduct of the functional equation
using a different path.87

In the next example we will give yet another proof of Euler’s summation formula
using the product expansion of the sine hyperbolic function.®®

Example 4.13.1. We start with the infinite product formula

sinh(t
H 1+7r2 L2 )

85First published by Euler in 1740.

86For history and yet another elementary proof using trigonometry, see Elements of Mathematics
- History and Foundations, Section 11.7.

87Proofs of Euler’s summation formula abound; see, for example, De Amo, E., Carrillo, M.D. and
Hernandez-Sanchez, J., Another proof of Euler’s formula for ((2k), Proc. Amer. Math. Soc. 139
(2011) 1441-1444; and also below.

88See Ribeiro, P., Another proof of the famous formula for the zeta function at positive even
integers, Amer. Math. Monthly, Vol. 125, No. 9 (2018) 839-841.
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of Exercise 4 at the end of Section 4.8. We take the natural logarithm of both sides,
expand of the logarithm into a power series, and calculate

In (w) . kz In (1 + ) Z Z Ol szmkgm
=1

k=1 m=1

e ( 1)m+1 t2m o

- Z m w2m Z k2m’

m=1

where the interchange of the two summations is clearly allowed.
On the other hand, letting s = 2t, we have

In (&?(t)) —In (g) —In (_65/2(18— 6‘5))

S 5 1 1 1
— S (1l —e ) = - .
n(s) + 5 +In(1 - e~ /0< 4 ew_1) da

We now notice that the integrand in the last integral can be written in terms of the
Bernoulli numbers as

1 T T 1 = zF 1 = z” = p2ml

—|-1+= =—|(—-By—B —By | == —Bp= —— Bo,

x( +24_65’3—1) x( 0 193+Zk! k) xzk! g Z(Qm)! 2
k=0 k=2 m=1

where we used the fact that all odd Bernoulli numbers except B; = —1/2 vanish.

Substituting, and performing the integration, we obtain

sinh(t) . Bom / o1 L 2%my2m
=N 2 [ pmtge =N = B,
n( / ) mzzl@m)! . mZ:12m(2m)! 2

where, in the last step, we reverted back to ¢t = s/2. Comparing these two formulas
for the natural logarithm of the sine hyperbolic function, Euler’s summation formula
follows.

Euler’s summation formula above can be used do derive a sharp (asymptotic)
estimate on the growth of the even Bernoulli numbers |Bsy,,|, m € N. To get to this,
we begin by replacing the infinite sum with the (equiconvergent) improper integral

as follows:
< dx 1
Z L2m Z/k . x2m _/2 r2m (2m— 1)22m71'

(Note the missmg first two terms in the sum.) This gives

1 1 2m+1 1
1< — <14+ — =1 C—_—
Z k?m + + (2m _ 1)22m—1 + 29m — 1 22m
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Using the explicit formula for the infinite sum derived above, along with (—1)""! By, =
| Bain| > 0, m € N, we obtain

2(2m)! 2m+1 1 2(2m) 3\ 2(2m)!
< |Bom| £ 11 . 14—
(2m)2m [Bam| < ( T om—1 22m) (27r)2m = U o

This gives the asymptotic formula

2m

(Qm) 4\/_< ) , M — 00,

(2m)2m

where we also used the Stirling formula (Section 4.10).

|B2m|

We close this section by showing that the upper bound in the estimate for

sup |32m+1(I)|
z€[0,1]

is asymptotically the best possible (as m — o). We begin with substituting =z = 1/4
in the series expansion of By,,41(x) above, and obtain

1\ 1 22m 4+ 1) & (—1)k
Bomy1 (Z) = (-1) * (27 )2m+1 ; (2k 4 1)2m+1°

The series on the right-hand side is altermating, and so we have

= (=D ) 1
Z 2k+1)2m+1 -t 32m+1"
k=0

Substituting, we obtain the lower estimate

1 1\ 22m+1)! _ [1—1/32m+! 2m +1
() o ) B () 2

Combining this with the earlier estimate, we obtain

(1—1/32’”“) 2m+1 2m+1

B, | < Bo,, < Bop,|.
1+3/22m 2 ’ 2 | xsel[lopl]| 2 +1< )’ 27T ’ 2 |

This shows that asymptotically, we have
2m +1

sup |Bomi1(z)] ~ | Bon|, m — oc.

z€[0,1] 2
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Exercises

1. Show that i1
/ Bn(t)dt=2m, 2<meN.

2. Derive the identity B),,,(z) = (m + 1)By,(x), m € Ny, using the unicity principle
in the text.

3. Derive the formula

m

Bulz+y)=Y_ (”;) Byin(z)y*, m € N,

k=0

4. Use the previous exercise to show that

1 e m+1
m_ B € N,.
v m+1k:0< 2 ) k@), m e N

5. This and the next exercises use some facts on Fourier series. Use induction on
m € N to derive, for x € [0, 1], the following series expansions for the periodized
P, (z) = By (z — [z]), m € N, as follows

Pyy(z) = (=)™

Pyii(z) = (=1)mH

ka-‘rl

6. Use the Parseval identity to derive, for m,n € N, the formulas

[ BB = g

JALECIEE %\Bm\.

7. Use Euler’s summation formula to derive the following

- (_1)k+1 m+l (92m—1 T
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Solution: Note that the sum on the left-hand side is the value of the alternating zeta
function on 2m, m € N. See also the end of Section 1.2.

8. Use the formula (1/n) 32770 Bu((z +k)/n) = (1/n™) By (x), n € N, m € Ny, with
x =0 and n = 4 to derive the following

1 1 1
B - =—R8 — .
2m <4) 22m 2m (2)

Conclude that we have 0 < 7, < 1/4 and 3/4 < s,, < 1, for the two roots of By, (z),
m e N, in [0, 1].

4.14 Fourier Expansions of the (Periodized) Bernoulli
Polynomials

In this section we derive the Fourier series expansions®”

112(2m)! o cos(2kmx)

Bom(z) = (=)™

(27T)2m = k2m ’
1 22m 4 1)) O sin(2k )
Bomir(z) = (=1) " (27)2m+1 E2m+l meN, z €0,1];
k=1

along with (m = 0):

1 = sin(2kme
Bia) = 2 ST o)

I
.

k
to be treated here separately (B1(0) = By(1) = 0).
History. The Fourier expansion for Ba,,(x) above was first derived by Hurwitz in 1890.

To begin with, we denote by Bgm(:c) resp. B’Qmﬂ(:z:), m € N, the sums on the
right-hand sides of the expansions above. Now, termwise differentiation of the infinite
sum in Bop,(x) gives 2mBa,_1(x), and termwise differentiation of the infinite sum
in By (z) gives (2m 4 1)Bop (). In each case, the convergence is uniform so that
Proposition 2.2.4 applies, and we obtain

~/

By (#) = 2mBam_1(z) and By, (x) = (2m + 1)Bop(z), z € [0,1], m € N.

89Here and below, the term Fourier expansion is tacitly understood to be valid on the stated
interval of period, or equivalently, for the respective periodized function.
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We conclude that the inductive formula for the Bernoulli polynomials (Section 4.13)
is satisfied:

~/ ~/

B, () =mB,,_,(x), meN
Now the crux is that this uniquely defines the Bernoulli polynomials provided that
we can show the following two relations:

Bi(z) = By(z), =z €]0,1],

and .
BZm(O) = BZm(O) = BQm; m € N.

(The corresponding odd-indexed relation BQmH(O) = Bom:1(0) = Bayypa1 = 0, m € N|
is obvious as the infinite sum reduces to zero.) Once these are proved, by unicity,
we obtain By, (z) = Bn(z), z € [0,1], m € N, and all the Fourier expansions stated
above follow.

The first relation to be proved is equivalent to the Fourier expansion

= sin(2k 1

k=1

(Here we omitted the end-points for convenience as the limit is a mismatch to the
actual values of the respective function.) After scaling, this takes the form

isin(na)zw—a 0< o<
n 2 ) )

n=1
where the convergence of the sum is pointwise, and uniform on every closed intervals
n (0,27). As noted above and as expected, the usual proof requires the Fourier
convergence theorem. As usual, we insist on an elementary approach via a recourse
to Chebyshev polynomials.

The second relation to be proved can be written as Euler’s summation formula

m Bm, N.
22 = gy Poml €

i I m+1(277)2m (277)2m
k=1 ke

We now derive the Fouries series expansion above. We first note that, by the
Dirichlet test for convergence of a series (Proposition 2.3.2), the sum on the left-hand
side converges pointwise. Indeed, given v € (0, 27), we let a,, = 1/n and b,, = sin(na),
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n € N. Then the sequence (1/n),en is (strictly) decreasing, and, for every n € N, by
the Lagrange identity for sine,”” we have

Z sin(ka)

Since the upper bound here is independent of n, the conditions in the Dirichlet test
for convergence are satisfied, and convergence follows. The statement on uniform
convergence also holds since 1/ sin(«/2) is bounded on every closed interval in (0, 27).

To derive the stated equality, we may assume that 0 < a < 7 since the formula
stays the same by replacing o by 27 — « (and it holds trivially for a = 7). We first
claim

|sm((n—|— 1)a/2) sin(na/2)| < 1

sin(a/2) ~ sin(a/2)’ O<a<am

sin((n +1)a) ,, 1
sin(«) 1 —2t-cos(a) + t2

NE

O<a<m, |t| <L
For fixed a € (0, ), the left-hand side is a power series (in t) with radius of conver-
gence p = 1. This formula is actually the generating function formula for the
second Chebyshev polynomials U,,, n € Ny, (which we briefly met in the lemma fol-
lowing the Legendre-Gauss formula for the gamma function in Proposition 4.10.2):%!

m &

o0 . 1
Zsm ZU cos(a ,0<a<m |t <1
sin(a T 12t cos(av) + t2

n=

Equivalently

- 1

Uo)th = —  |z| <1, |t| < L
D Un(a) g 4

where the sum is absolutely convergent since max|_; yU, = n + 1, n € Ny, with the

maxima and minima attained at the end-points.”? We briefly indicate how to derive

this last formula. The (2-step) inductive formula for the Chebyshev polynomials is

Upi1(z) =22 U, (x) — U,_1(x), neN, zeR,

which can be easily verified by converting U,,, n € Ny, into rational expressions in the
sine function. Multiplying through by t"*! and summing up with respect to n, we

obtain
ZUHH et = 2xtz Uy ( t2ZUn ()t

90See Elements of Mathematics - History and Foundations, Example 11.3.6.

91For a brief account of the Chebyshev polynomials, see also Elements of Mathematics - History
and Foundations, Section 11.3.

92Gee Exercise 11.3.14 in Elements of Mathematics - History and Foundations.
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Using Up(x) = 1 and U;(x) = 2z, after simplifying and rearranging, we arrive at

—2tr +1 i Un(x
n=0

The claim follows.
Returning to the main line of the proof, as above, we regard the left-hand side of the
formula

= . sin(a)
Da)t" = O<a<m, [t <L
Z sin((n + 1)a) 1 —2t-cos(a) + 2’ a<m |t

as a power series expansion in the variable |t| < 1 with radius of convergence p = 1.
Using the corollary to Proposition 3.2.1, for fixed 0 < o < 7, we integrate over [0, ],
0 < b < 1, and obtain

b

oo . 1 b —
Z sin((n + 1)a) b — sin(a) / dt - cos(a)
n+1 o 1—2t-cos(a) + 2 sin(a) 0

o (5 (222 - L)

where we used the identity

arctan(u) + arctan(v) = arctan <1u +qu) , uv < 1.
For fixed 0 < a < m, the left-hand side is a power series in the variable b with
radius of convergence p = 1. Now the crux is that, at the beginning of this proof, we
showed that it is convergent at the boundary b = 1 (with the index shifted by 1). By
Proposition 2.3.3, this means that this power series is uniformly convergent on [0, 1],
and hence its left limit as b — 1~ is equal to its value at b = 1. Hence, we have

i sin(na) _ i sin((n + 1)a) _ L arctan ( bsin(a) )

n+1 b—1- 1 — beos(a)

sin(a) « T—«
= arctan | ———— | = arctan (cot <—)) = ,
1 — cos(a) 2 2

where we used the half-angle conversions

2 tan (%)

— d
T tan? (2) and cos(a) =

sin(a) =
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The Fourier expansion follows.

It remains to prove the second relation, Euler’s summation formula above.”

We begin with the Fourier coefficients:?*
1
I(m, k) = / Bon(2) cos(krz) dz, m €Ny, k € N.
0

Clearly, I(0,k) =0, k € N, since By(x) = By = 1. For m, k € N, we claim

I(m, k) 0 if k is odd
m7 = .
(=)™t 2m)!/(k*™x?™) K is even.

To derive this, we use integration by parts (with obvious choices) twice and the
inductive formula for the Bernoulli polynomials, and calculate

1

2
I(m,k) = _an By (x) sin(kmz) dx
km J,
2m 2m(2m — 1)
= W [Bgm_l(x) COS(k)TFI’)](l) — W](m — ]_7 k)
For m =1 (and k € N), this gives
2 1 1 0 if k is odd
I(1,k) = —= |B k = k 1) =
( ) ) k?27T2[ 1(‘77) COS( 7T$)]0 k272 (COS< 7'(') + ) {2/(]6271'2) k is even.
For 2 < m € N, since the By,,_1 = 0, we obtain the inductive formula
2m(2m — 1
I(m, k) = —%I(m— k), 2<meN, keN.

Applying this inductively, and combining the case m = 1, the claim follows.

We now make a minor change of technical importance, and replace the Bernoulli
polynomials B,,(z) by BY (z) = B,(z) — B,,(0) = By, (z) — B, m € N; these having
the effect of deleting the constant terms. The corresponding integral clearly stays the
same:

1
I°(m, k) = / By (x)cos(krx)dr = I(m,k), méeEN, k€N,
0

93 There are several elementary proofs of this. We follow here Ciaurri, O., Navas, L.M., Ruiz,
F.J., Varona, J.L., A simple computation of ((2k), Amer. Math Monthly, Vol. 122, No. 5 (May
2015) 444-451. See also Osler, T., Finding ((2p) from a product of sines, Amer. Math. Monthly,
111 (2004) 52-54; and Sittinger, B.D., Computing {(2m) by using telescopic sums, Amer. Math.
Monthly, 123 (August-September 2016) 710-715.

94These integrals are the Fourier coefficients of the Bernoulli polynomials Ba,,(z), m € N.
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Summing over £ € N and using the result of our computations above, for m € N, we
obtain

- 2m) = 1 2m)! <= 1
[O k [0 2k m+1< — (-1 m+1 )

Z (m Z m, ) 7T2m Z (2k)2m ( ) (27-‘-)2771 k2m
k=1 k=1 k=1
Rearranging, we obtain

=1 (2m)2m &

§ —— =(=1 m—+1 ]0 k?

p k2m ( ) (Qm)' ];:1 (m7 )7 m €N

For the Euler summation formula, it remains to show that

By
I°(m, k) (krx) dow = —==, e N.
(Z m, ) Z / ) cos(kmx) dx 5 m
The key technical step is to use the product to sum trigonometric identity

. (u . (2k+1 . (2k—1
251n<§>cos(kzu)—sm< 5 u>—sm( 5 u), ke N,

and rewrite the integrands (with u = wx) so that the infinite sum becomes telescopic.
We calculate

Z/ ) cos(kmx) dx = nh_)rgOZ/ ) cos(kmz) dx

BO ( )Sln((2n—|—1)7m)/2) 1/0 3

— 1
300 o " v 2sin (mx/2) 2

The second term calculates as

1t 1/t Bom
5/0 BY (x)dx = 5/0 (B () — Bap) da = ——2

since the integral fol By, () dx vanishes (Section 4.12).
It remains to show that

.
nT00 o 2sin(mx/2)

LB (2) i ((2n+21)m:> _0.

The fraction in the integrand is a function f : (0,1] — R given by

By(r) By, (x) T

fla) =5 (rz/2) wx  2sin(xz/2)’
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The first factor is a polynomial (since the constant term in BY (z) is (by setup)
missing), and the second (positive) factor is the reciprocal of sin(u)/u, u = 7z/2,
that extends continuously to « = 0, and is infinitely many times differentiable for
0 <u < 7/2. We now perform integration by parts, and our integral becomes

/ i (2n+1) )dmz—ﬁ/lf@) (COS (M))’dw

B —ﬁ [f(x) o ((2n zl)wx)} 2n - / o ( (2n +21)7ra:) i

All boundary expressions vanish, except
Bopm—1(z)  2m 2m

BY B!
f(0) = tim Z2n(®) _ iy Bon@) o iy Bomoa(@) 2 Bop1(0) = Z2 By
z—=0 7 x—0 T 2—0 T T T

which also vanishes for 2 < m € N, but equals —1/m for m = 1. The last integral

estimates as )
2 1
x) cos (%) dx S/ |f(x)| dx,
0

in particular, it is independent of n € N. We obtain that, due to the presence of
the factor 2/(2n + 1), the limit as n — oo is zero. Euler’s summation formula, and
therefore the Fourier expansions follow.

Exercises

1. Derive the generating function formula

for the harmonic number H,, =Y ;_, 1/k, n € N.

2. Derive the formula®
B _— (27T)2m+1 1 (H)
Z kaH =(-1) 5@m 1) J, Bayi1(x) cot 5 dr, meN,
using the following steps: (1) Calculate the integrals

0 if k is odd
(=)™ 1 (2m + 1)/ (kP Hg2mtl) ks even.

J(m, k) = /0 Bom1(z) sin(krz) de = {

95See ibid. Note that the left-hand side is the value of the zeta function on odd itegers; see Section
4.17.
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(2) Use the trigonometric identity

2k +1 2k -1
251n<%>sin(ku):—cos< il u>+cos( u), keN,

2 2

to obtain the formula

o0

= o (2m 4 1)! 1
Z J(m, k) = (=1)"" T2mtl Z (2k)2m 1
k=1 k=1

! cos ((2n + 1)mwx)/2) I T
=—1l B — B — .
e 0 2m+1(7) 2sin (7 /2) dr + 2 /0 ome1(z) cot < 2 > du

(3) Letting n — oo argue as the the text to conclude that the first limit is zero.

3. Use the Fourier expansion

isin(na)_w—a 0< o<
n 2 ) Y

n=1

(proved in the text) to derive the analogous expansion

ZM:—ln@sin(g)), 0 < a<2r,
n 2

via the following steps. (1) Letting n € N, integrate both sides of the trigonometric
identity

0<ax<2m,

N _ cos(x/2) —cos((n +1/2)x)
; sin(kz) = 2 sin(z/2) ’

over [m,al, 0 < a < 27, to obtain

— cos(ka)  ~—~ (—1)F _ [*cos(z/2) — cos((n +1/2)x) .
; ko Zl k / 2 sin(z/2) de.
(2) Rewrite this as

n

> < s s (5) + [ 0 e

(3) Use integration by parts (with « = 1/(2sin(z/2)) and dv = cos((n + 1/2)z) dx)
in the last integral to show that it converges to zero as n — oo.



4.15. THE EULER-MACLAURIN SUMMATION FORMULA 299

4.15 The Euler-Maclaurin Summation Formula

The derivation of the Stirling formula in Section 4.10 was based on the estimate of
the difference [;"In(z)dz — Y ;_, In(k), 2 < n € N. There is a more general method,
discovered independently by Euler and Maclaurin, to develop more sophisticated esti-
mates for the difference [ f(z) dz—3";_, f(k), 2 < n € N, for more general functions
f :[1,00) — R. In this section we present this method and illustrate it with a number
of examples.

We fix 2 < n € N, and let f : [1,n] — R a continuously differentiable function.
We first write

n n—1 n—1 k41
[ r@de =Y i =3 [ ) - s e
1 k=1 k=1 "k
For k = 1,...,n — 1, we perfom integration by parts in the last integral with v =

f(z)— f(k) and v = x — k—1/2, where the choice of the constant will be given below.
We obtain

k+1
/k (f(2) — f(k)) da

[ s (rn- D] [T ek ) @

— st —swy - [ (o-pl-3) S

where, in the last integral, we used the greatest integer function [-]. Substituting this
into the sum in the formula above, and noticing that the first terms are telescopic,
after rearraging we arrive at the following

n n n 1
S = [ s@de+ [T RG-S de+ 55+ £1)
= 1 1
where P, : R - R, P(z) = x—[z]—1/2, x € R. (Note that we moved the upper limit
of the summation from n — 1 to n.) This is the first Euler-Maclaurin summation
formula.

We now assume that (the extended) function f : [1,00) — R is continuously
differentiable and that the improper integral [~ Pi(z) - f'(z) dx exists. Since P is
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bounded, in fact |Py(x)] < 1/2, z € R, the latter holds if the improper integral®®
[ 1 (@) de < oo. In this case, the first Euler-Maclaurin summation formula can
also be written as

>S40 = [ sla)do o+ s+ Eylo)

o

Cj= %f(l) + /100 Py(z)- f'(z)dz and Es(n) = %f(n) —/n Py(z) - f'(z) dx.

Here the constant C'y depends only on f, and the improper integral in the “error
term” E¢(n) converges to zero. If, in addition, lim,_,. f(n) = 0 then the entire error
term Ey(n) converges to zero as n — 0o.

Example 4.15.1. For f(z) =1/x, 1 <z € R, we have

* Py() < | Py (z)] 1 [*dx 1
/n 2 dx S/T; le’<§/n ﬁ:%’ n € N.

Suppressing the functional subscript, for the nth harmonic number H,, = >";_, 1/k,
n € N, we obtain®”

H, =In(n) 4+ C + E(n),

C:l—/loopl(x)dm and F(n) = ! —i—/noopl(x)dx.

2 x? o x?
As0 < E(n) < 1/n,n € N, we have lim,,_,o, F(n) = 0. Hence the limit lim,, ., (H, —
In(n)) exists; this is the classical Euler-Mascheroni constant 7. As a byproduct,

we obtain ) = p
Y=5 / (@) dz.
1

where

[\

2
Example 4.15.2. For f(z) = In(z), 1 < 2 € R, the Euler-Maclaurin summation
formula takes the form

dx,

1 T

iln(kﬁ) —In(n!) = (n+1/2)In(n) —n+1+ /" Py(z)

96This is certainly the case if f is decreasing and lim, ., f(z) = 0; the Euler-Maclaurin summation
formula then asserts the integral test for convergence: the infinite sum Y -, f(k) and the
improper integral floo f(x) dz equiconverge. Note that the integral test for convergence is due to
Maclaurin in his Fluzions, L., pp. 289-290, and Cauchy in Oeuvres (2), VIL p. 269.

97For a direct elementary geometric derivation of a somewhat sharper estimate, see Young, R.M.,
Euler’s constant, Math. Gazette 75, No. 472 (1991), 187-190.
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In this example we will calculate the improper integral (in the error term) as”®

/loo B g, /01/2 (8—562 - mctan(mc)) dr = In(v27) — 1.

x 1 — 422

With this, supressing the functional subscript, we have

C=In(v2r)—1 and E(n)= In(n) _ /00 h(z) dx.

Rearranging, we find

| = — dzx.
n(\/27m-n”~e—”) /n T ’

Since the right-hand side converges to zero as n — 0o, we recover the classical Stirling
formula (Section 4.10).
We now turn to the evaluation of the improper integral

/ Pl(x)dm:/ Pl(x)d:c
1 x o l4+=x

where we shifted the variable in the last integral by one (and used periodicity of P;)
for technical convenience. Using Pi(z) =z — [z] — 1/2, x € R, we have

OOP n-‘rl/? o _12 n o _12
/ (@) / udﬂ/ e-n—-1/2
0 1—|—$ n 1+l' n+1/2 1+$
1/2 _12 1/2
/ ud:c+/ L
o l+n+uz o 3/24+n+z
1/2 " 1/2 "
_ 4 4
. /0 3/2+n—u "H/O 3/2+n+x x)
oo 1/2 22 1/2OO 22
- Y[ et [ Y s
0 70 (3/2+n) — X 0 0 (3/2+n) — X

1/2 > Q2
- - [ Y et

98We follow here Neuschel, Th., A new proof of Stirling’s formula, Amer. Math. Monthly, Vol 121,
No. 4 (April 2014) 350-352. Note also that, as we will see below, the improper integral converges
albeit not absolutely.

1)

[
NE

i
o

[
NE

Il
=)
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where we performed obvious linear substitutions, and, in the last step we interchanged
the integral and the infinite sum (which is allowed due to uniform convergence of the
latter). Comparing this with the expansion of the tangent (Section 4.8)

82 1< <1
n+12—4z2 2 "%

WE

mx tan(mr) =

Il
=)

n

oo 1/2 2
/ Pi(z) dx :/ <1 8964 5 — T tan(m:)) dx.
1 x 0 -

It remains to evalue the last integral on the right-hand side. Using the partial fraction
decomposition

we obtain

812 1 1
— T )
1—422 1—-2z 142z

and integrating the trivial terms, this reduces to

/1°° Py(x) dr =1In(v2) — 1 + /01/2 (1 _12:1: _ mtan(m)) dr.

T

Y

The last integral is improper (at the upper bound 1/2). Letting 0 < b < 1/2, we first
use integration by parts (with obvious choices) for the second term in the integrand
as

/Ob mrtan(mz) dv = —bln(cos(mb) + /Ob In(cos(rz)) dz

Putting this together with the first term, we calculate

/Ob <1 _lgx - tan(”@) dr = —% In(1 — 2b) 4+ bIn(cos(wb)) — /Ob In(cos(wz)) dx

::G—%)m@MWD+%MC¥¥%)—A%Mme»m

We now let b — 1/27 and evaluate each of the three terms on the right-hand side
separately. For the first term, we have

lim G—%)mwMMD:—lhmum@Mw)

b—1/2— T u—0—
_ 1 lim In(sin(u)) _ 1 lim cos(u)/ sin(u)
Tu=0-  1/u T u—0- 1/u?
1 2
=~ lim — cos(u) =0,
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where we used the limit rule for indeterminate forms. For the second term, we
calculate

1 1 1 ' 1
— lim In cos() =—In( lim cos(b) = I lm 2R sin(mb) =—In <E> .
2 b—1/2- 1—2b 2 b—1/2= 1 —2b 2 b—1/2- 2 2 2

The third term is the improper integral

1/2 /2
/0 In(cos(mz)) dx = %/0 In(cos(u)) du = —In(v/2),

treated in Example 4.1.6.
Finally, putting everything together, we obtain

/OO hl@) 4, In(v2) — 1+ %ln (g) +1In(v2) = In(v2r) — 1.

X

The example follows.

Assuming higher order differentiability of the function f, repeated integrations
by part now yield all the subsequent Euler-Maclaurin summation formulas. The key
is to introduce higher order analogues of the function P; that will appear next to
the higher order derivatives of f. We view P; as the periodized linear polynomial
By(xz) =z —1/2; that is Pi(x) = By(xz — [z]), € R. We streamline the integration
by parts first by imposing the inductive relation B! (x) = mB,,_1(z), m € N, with
By(z) = 1. Equivalently, we set

B(z) = m/ By_i(t)dt + By, By = Bp(0), meN.
0

Periodizing, that is, setting P,,(z) = B,,(z — [z]), z € R, m € Ny, results a periodic
function with period 1. (Clearly, all P,,, m € Ny, are differentiable up to any order
away from the integers.) Second, to ensure continuity and progressive smoothness of
P,, 2 <m € N, at the integers, we impose the condition B,,(1) = B,,(0) = B, or
equivalently

1
/ B(x)dx =0, meN.
0

Now, P; is discontinuous at the integers, but this gives B; = —1/2, explaining the
choice of constant in the first integration by parts above. For 2 < m &€ N, this
condition gives continuity of P,, at the integers; and, by the first condition, for 3 <
n € N, the function P,, is differentiable up to order n — 2 at the integers.

As shown in Section 4.12, the two relations above define the sequence (B, ())men
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of Bernoulli polynomials, and the sequence (B,,)men, of Bernoulli numbers
We now state the main result of this section.

Euler-Maclaurin Summation Theorem. Let 2 < n € N and m € Ny, and
f:[1,n] = R a continuously differentiable function up to order 2m + 1. We have

S0 = [ fa)des (0 ZB“ (£ ) — (1)

Gy ), Pe) S0

(For m = 0, the sum on the right-hand side is absent.)
PrOOF. We proceed by induction with respect to m € Ny. For m = 0 the stated
formula reduces to the first Euler-Maclaurin summation fomula derived above. For

the general induction step m — 1 = m, m € N, (assuming that the formula holds for
m replaced by m — 1) we perform integration by parts on the integral

Ln :/ Py () - f(Qm_l)(x) dx
1

with u = fC"V(z) and v = [ Pan-1(t)dt = (Pam(x) — Bam)/(2m). We have
du = %) (z)dzx and dv = Py,,_1(z)dr. We calculate

Im,n = % [(PQm($> - BZm) : f(2m 1) - _/ P2m BQm) : f(2m)(l,) dﬂﬁ'
= o [ Panle) S et ﬁ—m 7O (2) d
- - / o) ) da -+ 22 (oD () — (1)

where, by per10d1c1ty, Py (n) = Pon(l) = Bopm, m € N. We perform yet another
integration by parts on the last integral with u = f®™(z) and v = [ P, (t) dt =
Pypi1(x)/(2m + 1), where By, 11 = 0, m € N. We obtain

/" P(@) - O (@) do = —— /1" Pya(w) - [ () da.

1 2m +1

Putting everything together, we arrive at

" | plem-1) N S (2m+1)
/1 Paer - [ V@) e = s /1 Py () F2™+D) (1) da
BQm

£ 2 (e () — femD (1)),
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Substituting this back to the original formula, the induction is complete, and the
proposition follows.

History. The Euler-Maclaurin formula has a bit of convoluted history.?” Euler published it in
the Comm. Acad. Imp. Petrop. VI with year of publication 1732 (but with actual appearance in
1738), and four years later, in June 9, 1736, he jotted it down in a letter to Stirling. The latter
responded somewhat belatedly, in April 16, 1738, stating that it was a generalization of one of his
own results, and also noted that a more general formula had already been discovered by Maclaurin
somewhat earlier. In response to this Fuler rescinded the primary authorship of the formula, but
Maclaurin’s work appeared only in 1742 in his Treatise on Fluxions, p. 672. Finally, note that a
common generalization of this and the Taylor expansion was given by Darboux well over a century

later.100

As before, letting f : [1,00) — R and assuming that the improper integral
[7° Pomga () - fE™ Y do exists, we obtain

S k) = /n f(x)dz + C7 + BT (n),
k=1 1

where
m 1 n B 3 1 00 .
and
Ef(n) = §f(n) + ; (22;]“(21—1)(71) _ m/n Poa (&) - £ (2 dr.

By the estimates of the Bernoulli polynomial (on [0, 1]) along with periodicity, for
1 <x eR, we have

[Pon (@) < |Ban| - and |Paia(a)] < =2

(As noted above, we also have |By(x)| < 1/2, z € [0, 1], and hence |P;(x)| < 1/2 for
all z € R.)

9Gee Barnes, Proc. London Math. Soc. (2), II. (1905), p. 258. For complete accounts, see
Hardy, G.H., Divergent Series, Cambridge University Press, 1949, pp. 318-348; and Olver, F.W.J.,
Asymptotics and Special Functions,Academic press, New York, 1974, 279-289.

100Gee Darboux, Journal de Math. (3), II (1876), p. 271; and also Whittaker, E.T. and Watson,
G.N., A Course in Modern Analysis, 4th Edition, Cambridge, 1927, and 3rd Edition, Dover, 2020;
7.1.
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Finally, note that, as a consequence of the second estimate, the improper integrals in

the formulas above exist if
o0

lim | £ ()] do = 0.

n—oo n

History. Finding a continuous function that “interpolates” the harmonic numbers H, = 1 +
1/2+4---+1/n, n € N, has been a central problem of Euler, Goldbach, and Daniel Bernoulli. While
the latter two have been unsuccesful, Euler, in a letter to Goldbach dated October 13, 1729, hinted
that not only did he find such a function but also that the value of this function at 1/2 is equal to
2 —21In(2). A few years later Euler did publish this discovery in De summatione innumerabilium
progressionum, Commentarii academiae scientiarium imperialis Petropolitanae 5 (1730/31) 1738,
pp. 91-105. Reprinted in Opera Ommnia 1.14 pp. 42-72. The function in question is the integral'®!

1 t
1—
/ xdm, 0<teR.
0

1—2z

For t = n € N, using the geometric series fomula, the integral reduces to H,. For ¢ = 1/2, the
integral calculates as

f1-Vr Loy )
/0 Tog = s = RvE 24 Va)) =2-2I(),

as Euler claimed.

Example 4.15.3. Derive the following formulas for the Euler-Mascheroni constant 2

— lim /1 (1ot ﬂ_/" AN
")/ B n—o00 0 n t 1 n t
1] _ ot 0o —t L] _ ot _ o1/t
:L/—Jlﬁ—/flﬁ:/ © 7w
0 t 1 t 0 t

Indeed, the first equality follows directly from the definition v = lim,,_, (H,, —In(n))

via
1 _ pen 1 _ _ n n n
Hn:/ Lo d:c:/Mdt:/ (1—(1—£))@.

(see the historical insert above) and In(n) = [{" dt/t. The third equality follows from
the second by replacing ¢ by 1/t in the second integral.

Finally, the second equality is via interchanging the limit with the integration, and
the latter hinges on the estimates

oget—(l—f) <tlet/m  0<t<n.
n

101Note that the integrand has removable discontinuity at @ = 1 since lim,_,;- (1 —2')/(1—2) = t.
102Gee also Whittaker, E.T. and Watson, G.N., A Course in Modern Analysis, 4th Edition, Cam-
bridge, 1927, and 3rd Edition, Dover, 2020; Example 2 in 12.1, and Example 4 in 12.2.
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The first inequality in this estimate is well known.'% For the second, we calculate

e (1_%)n < et (1‘6t <1_ %>)

IN
Q)

LY
VR
—_

I
R
—_
+
SHR
N—

3
VR
—_
|
S|
N——
S
N——

Here the last inequality is the Bernoulli inequality!®* in disguise

2 2\"
1‘”(@)3(1?)

The second equality, and the example now follows.

We now revisit Example 4.15.1.

Example 4.15.4. Let f(x) = 1/x, 1 < x € R. Suppressing the functional subscript,
for m € Ny, a simple computation gives

H, =In(n)+C™+ E™(n),
where -
[Pt
and
p2m+2

" By 1 > Py

We denote the last improper integral by E" (n), and estimate as

) < [l 2 [ 117
n ™ n

xr2m+2 xr2m+2 2 n2mtl ’

It follows that the improper integrals in the formulas above exist, and, for m € N,
we have lim,, o, E™(n) = 0. Since lim,,_,o, (H, —In(n)) = ~, the Euler-Mascheroni
constant, we obtain that O™ = C° = v for all m € Ny. Summarizing, for m € Ny, we

arrive at
m

1 By 1 ~m
H,—In(n)=~v+——> =2 __ + E"(n),
) =1 5D e 4 B

103Gee Elements of Mathematics - History and Foundations, Section 10.5.
104Gee ibid. Section 3.2.
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where

1 BZm
L (n)‘ < %n2m+1'

Remark. Note that, by Section 4.13, >~,°, Bay/(2¢) = 00, so that, albeit tempting,
letting m — oo in the formulas above do not yield feasible results.

History. In 1736 Euler used the formula above to obtain the approximation

1 " By 1
~H, —1 - =

For n = 10 and m = 7, he obtained the value of v in 16 decimal precisison as
v ~ 0.5772156649015328 . . .

with the upper bound of the error term as above being 1.856807669405446 - 10~16. In 1809, in his
Adnotationes ad calculum integrale Fuleri Mascheroni made similar calculations, and went up to 40
decimal places. As dicovered later by Johann von Soldner (1766 —1833), Mascheroni’s calculations
contained an error in the 20th decimal place. Urged by Gauss, a young mathematical prodigy,
Nicolai (1793 —-1846), redid the calculations up to 40 decimals, and found agreement with Soldner’s
value:

v ~ 0.5772156649015328606065120900824024310422 . ..

There is a proliferation of various refinements of estimates for the Euler-Mascheroni
constant v above, especially by replacing In(n), n € N, by an equiconvergent expres-
sion as n — oo. We give here one example;'% see also Exercise 2 at the end of this
section.

Example 4.15.5. We have

1
24(n + 1)2

1 1
H,—1 ) - — N.
< n<n—i—2) 7<24n2 n e

To derive this, we define the function f : (0,00) — R by

1 1
f(x)z—x+1—ln(x+§>+1n<x+g), x> 0.

Clearly, lim,_, f(z) = 0. The choice of f is justified by the simple observation that

fn)=E,—E,.1, neN,

105Gee DeTemple, D. W., A quicker convergence to Euler’s constant, Amer. Math. Monthly, Vol.
100, No. 5 (May 1993)0, 468-470.
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where

1
En:Hn—ln(n+§>, n € N.

By the definition of the Euler-Mascheroni constant, we have lim,,_.o, F, = ~. Differ-
entiating and simplifying, we obtain
1

f'w) =~ Az +1/2)(z + 1)2(z + 3/2)’ ©>0.

In particular, f is decreasing.
For the upper bound stated above, we need an estimate of the rate of decrease of f.
First, the simple estimate

1 1

O e e S T i

x>0,

gives

dx 1 1
) = /f o3 [ Gt T B

B 2n + 1 1 2n+1 _1/“+1da;

—< —_— = — .
24 (n+1/2)" " 24n2(n+1)2 12 3

We use this to calculate as

- dx 1
Foer = Y- B = S0 < [ 5=

k=n

The upper estimate follows.
For the lower bound stated above, we use the estimate
1 1

SRR A TPy sy gy Rl T R

As before, we estimate

1 > dx 11 1 2n + 3 1 (" dx
f(n) > - = — > — = — —.
4/, (z+1)* 12(n+1)2 " 24(n+12n+2)2 12/, 2°

This gives
* dx 1
Ep—y>— S S—
T2 ) e T 24t 1)

The lower estimate also follows.
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Example 4.15.6. Let f(z) = 2P, p € N. We apply the Euler-Maclaurin formula
for m = [p/2]. Since (2?)?"*V) is zero for p even, and equals p! for p odd, and
J{" Pams1(x) dz = 0 by periodicity and fol Bomii1(z) dz = 0, we see that the integral
Lnsin = [{ Papnsa(2)(2P)?™+D dz = 0. The Euler-Maclaurin formula becomes

+1 [p/2] B p

+1
1P 4 9P 4+ p_ kP — 20 (p—20+1 n
+ - ;; ol +§:(%_1) (n )+

where we used [ 27 dz = (n"™' —1)/(p + 1), and the differentiation

(z7) Y = (K—D(%€¢>ﬂ2”ﬂ (=1,...,[p/2].

We rewrite this using classical notation as

sp(n) = 1P +2P ...+ (n—1)F
a1 1 2 nP — 1
— B p725+1_1 o
p+1 +p+1;;<2£) 20 (n )~ 3

1 <& 1
B C e
p k=0

where in the last equality we used the fact that all odd Bernoulli numbers are zero
except By = —1/2. Finally, since

£ )0

k=0

the constants (the terms that do not depend on n) cancel, and we arrive at the
classical formula for the power sums

1~ (p+1
Sp(n):1P+2P+...+(n_1)p:p+1 < . )Bknp_k‘H.
k=0

Next, we treat a refinement of the Stirling formula.

Example 4.15.7. We let f(z) =In(z), 1 <z € R. After a simple computation the
Euler-Maclaurin formula takes the form

~ B 1
Zln = In(n!) = (n+1/2)ln(n)—n+1+;%(2£é_1) (n%l—l)
1 /n P2m+1(x)dx.

2m + 1 g2m+l




4.15. THE EULER-MACLAURIN SUMMATION FORMULA 311

Equivalently

In (nnﬂn—/;w) —In(n!) — (n+ 1/2)In(n) +n

m ng 1 1 n P2m+1(x)
- -1 dz.
+ ; 20(20 — 1) <n2£1 ) + o+ 1 /1 o

As in the previous section, the Wallis product formula gives lim,, . n!/(n"*/2e ) =
Vv 2m. Extracting the constants form the right-hand side, by a simple computation, we
then arrive at the Euler-Maclaurin formula for the Stirling approximation:

n! m BQZ 1 1 [e's) P2m+1(l’)
1 = _ d
" (\/ 27 - n"+1/2@—”) Z 2020 —1)n¥*1  2m—+1 /n p2m+1 X

(=1

We wish to estimate the (improper) integral on the left-hand side.!?® For k € Ny, we
consider the integral

/k—i—l P?Ll(x)dx _ /’”1 Bomy1(x — [‘%Dda: _ /1 Mdu

x2m+1 $2m+1 u+ k)2m+1
1/2 B 1 B
_ / om+1(1) du + / omt1(1) du
o (ut k)l 1o (u+ k)Zmt
_ /1/2 B2m+1<u> du — /1/2 Bzm+1(U) du
0 (U + k>2m+1 0 (1 —v+ k)Qerl )
where we made linear substitutions, and used the identity Ba,,11(1—v) = —Bap11(v),

0 <wv <1 (Section 4.12).

We now assume that m € N is odd. We write the last difference of integrals as ay — by,
k € Ny. By Proposition 4.12.1 (IL,,), the numerators of the integrands are positive
(on (0,1/2)). Since the denominator of the integrands are increasing functions, we
have a; > b, > Q41 > 0, k e No, and limy_, o ar = limy_,o b = 0.

The improper integral itself is thus an alternating sum

ooPm T
/n 12;1(1)dx:an—bn+an+1—bn+1+...:Z(ak_bk)_

k=n

Since a,, — by, < > po (ax — bg) < an, we obtain the estimate

n+1 0o n+1/2
/ P2m+1($)dx < / P2m+1($)dx < / P2m+1($) du
n n x n

r2m+1 r2m+1

106 \[ost authors consider the entire right-hand side as the “error term.” Since the first sum is finite,
and can be evaluated directly (at least for low values of m), we consider estimating the improper
integral only.
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Using the estimate for the Bernoulli polynomial in Section 4.13, we finally arrive at

1 /OO P2m+1($)dx - |Boy| [Y? du

0< —_—
29, + 1 x2m+1 2 0 (U, + n)2m+1

CBal (1 1
~drm \n?m o (n+1/2)2m )

The case when m € N is even is entirely analogous. We obtain

|B2m| 1 1 1 /oo P2m+1(1’>
- < dr < 0.
dmm \ (n+ 1/2)?m  n?m 2m+1J,  a?mtl *

The two cases (regardless the parity of m) can be summarized as
1 < p, Byl [ 1 1
/ 2m+1(2) 5 | | Bom] B '
2m+11/),  x?mtl drm \n*™  (n+1/2)%>m

For example, m = 1 gives

| n! 1 - 1 dn +1
n —

/27 nrtl/2e—n 12n 247 7”&2(271—'— 1)2’
Taking into account of the sign of the improper integral only (with respect to parity),
as a simple byproduct, we obtain the following

n € N.

%n: By 1 -1 n! _ Zil By 1
n .
=1 20(20 — 1) n! V2m - ntl/2e—n — 20(20 — 1) n2t-1

As a final quest, and as a generalization of the previous example, we derive the
Euler-Maclaurin refinement of the gamma function.

Example 4.15.8. In order to derive the Euler-Maclaurin formula for the gamma
function, we need to consider the function f(x,t) = In(t + x), where 1 <z € R, and
0 <t e Ris treated as a parameter. Differentiation gives

> n(t + z) (2m)!

dp2m+1 - (t + z)2m+l’ m € No.

using this in the Euler-Maclaurin formula, after a simple integration and calculation,
we arrive at the following

iln(Hk) = (t+n+1/2)In(t+n)— (t+1/2)In(t+1)—n+1

“\ By 1 1
* ; 20(20 — 1) ((t +n)2l (t+ 1)%—1)

1 " P2m+1($)
d —1<teR, 2< N.
om + 1 /1 (t + x)2mtt “ €R 2sne
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To get any further, we now bring in Euler’s original definition of the gamma
function
nlnttt nint

P = I Ty Gt AR Grnery grn) T olER

where we moved up the value of the parameter, and discarded lim,, o, n/(t+n+1) = 1.
Taking the natural logarithms, we obtain

Inl'(t+1) = lim <ln(n' )+ tln(n Zln t—i—k;)

n—oo

We replace the first and third terms in the limit on the right-hand side. For the first
term, from Example 4.15.7 above, we have

In(n!) = Inv2r+ (n+1/2)In(n) —
- By 1 /OO Popy1()
— d
* ; 2020 — )n*=t  2m+1 ), (x+n)?m+l “
where we used periodicity of P and shifted the variable by n as
/OO P2m+1($) doe — /Oo P2m+1($) du
. x2m+1 0 (l’ + n)2m+1

For the third term, we use the formula above. Substituting, after a short calculation
in taking the limit as n — oo, we arrive at the following

InT(t+1) = InvV2r+(t+1/2)In(t+1) - (t+1)
- By 1 1 /Oo P2m+1($)
— ——d
* ; 2020 1) (t+1)2-1 2m+1 ), (t+z)?mF! ‘
In the calculation, we used the limit rule for indeterminate forms as

lim (£ +n +1/2)In (tf ) . (t n ) /()

N—00 n n—00 +n T—00 1/:L‘

= lim (t+2)t/alt + 2)°) = — lim tx/(t + x) = —t.

u—»00 —1 /:132 T—00

We make two final adjustments. First, we add In(¢+41) to both sides. On the left-hand
side this results in

In(t+1)+0E+1) =In(t+D0E+1) =InD(E+2), —1<teR.
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Using this, we have

Inl'(t+2) = Inv2r+ (t+3/2)In(t+1)—(t+1)
3 Bt ! ! > Pypii(z)
- dx.
+ ; 26(26 — 1) (t + 1)2671 om + 1 /1 (t T x)2m+1 T

Second, we replace t + 1 by ¢, and finally obtain the Euler-Maclaurin formula for
the gamma function:

Inl(t+1) = Inv2r+ (t+1/2)In(t) — ¢
m ng 1 1 /oo P2m+1(l’)
B T namt @ 0<teR.
+ ; 26(26 — 1) tQZ—l 2m + 1 0 (t + $)2m+1 Z, < c

(Notice that the lower limit in the last integral moved down to 0.)

Returning to the main line, the estimate of the (improper) integral on the right-
hand side is entirely analogous to the process in Example 4.15.7. For k£ € Ny, we
have

/kH P2m+1(17) dr — /1/2 P2m+1(u) du — /1/2 P2m+1(U) dv
koo ( o o

t+ x)2m+l t+u+ k)2mtl t+1—v+ k)2t

Assuming first that m € N is odd, we write this as ay — b, K € Ng. We then have
ap > b > agr1 > 0, k € Ny, and limy_, o ap = limg_,o by = 0; and the improper
integral itself is an alternating sum

e}

* Pypy(x)
——  dr=ay—by+a, —by+--= (ap —br), 0<teR.
[, et b b =3 )

Hence . 12
/ P2m+1(35) do < / P2m+1($) dr < / P2m+1(ZU) de.
0 (t + x)2m+l 0 (t + l.)Zm-‘rl 0 (t + $)2m+1

Using the estimate for the Bernoulli polynomial in Section 4.15, we finally arrive at

0 < ]_ /OO P2m+1 (ZL’) " |B2m| 1/2 d’LL
2m+1 J, (t+ z)?m+! 2r Jo o (t4u)?mtt
Bom| {1 1
=— | =], O0<telR.
drm \ 2% (11 1/2)2m

The case when m € N is even is entirely analogous. We obtain

’BQm| 1 1 1 /OO P2m+1($)
—— | < —— ~ dx < 0.
dom \(E+ 122 em) Somi1 )y, (tapmit
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The two cases (regardless the parity of m) can be summarized as

1 >~ P
/ 2m+1(9€) du <’82m‘ L_ 1 ’
o (t+ )2 drm \2m (t+ 1/2)2m

2m +1
The first case m = 1, for 0 < t € R, gives

InT(t 4 1) —Inv2r — (t +1/2) In(t) + ¢t

Lj_ 1 441
12t| 24w 2(2t + 1)

We close this section by a formula due to Darboux which is a common general-
ization of the Taylor formula and the Euler-Maclaurin formula.
We let p,, be a polynomial of degree n, n € Ny; and assume that f :[0,00) - Ris a
function differentiable up to order n + 1 with f(®*1) integrable on closed intervals in
[0,00). The Darboux formula is the following:

n

P (f(x) = fe)) = Y (=D = (b PSP () = p M (0)1 M (0))

k=1
+ (=1)"(x — )"t /lpn(t)f(”+1)(c +t(x—c))dt, c,x>0.
0

(Since p, is a degree n polynomial, psln) is constant.) Note that, using integration
by parts, the last (nth) term in the sum cancels, and the Darboux formula takes the

equivalent form

P (f(@) = f(e) = i(—l)“l(fﬂ =) (PP (WP () = i (0) P (<))

L) o / PO (e + Ha — o)) dt.

For the proof, we first perform a reduction step. Setting g(t) = f(c + t(z — ¢)), the
(first) Darboux formula simplifies as

n

P (g(1) = g(0) = D (=D (I (1)g® (1) - p M (0)9%(0))

1
s 0 [ g dr
0
For the proof of this, we first claim that
d . n— n n n
dt (Z(—l)’“pé ’“)g(’“)(t)> = —p{g' (1) + (=1)"pa(t)g" 1 (t)

k=1



316

since the sum on the left-hand side is telescopic. Indeed, performing the differentation
of the kth term of the sum

%(—1)%”"“)9(’“) (1) = (=D p VB (@) + (—1)*p P g (1);

we see that the first term on the right-hand side becomes the opposite of the second
by k +— k + 1; and the claim follows.

Once this holds, we integrate both sides over the interval [0, 1], and the Darboux
formula follows.

As the first application of the Darboux formula, we set p,(t) = (¢ — 1)". Since

p;”"“)(t) =n!/k!-(t—1)* k=1,...,n, a simple computation gives

n ) (e ) !
flz) = f(c)—l—sz—!()(z—c)k—l—ﬂ(x—c)"ﬂ/o (t—1)" D (c+t(x —c)) dt.

n!

For the integral remainder, we perform the substitution u = ¢ + ¢(z — ¢) (and hence
(x —u)" = (1 —t)"(z — ¢)" and du = (x — ¢)dt), and obtain

T pnt1)(y,
R, (z) = / fn—'()(x —u)" du.

This is the Taylor remainder in Proposition 4.2.2. The Taylor formula follows.

As the second application of the Darboux formula, we set p,(t) = B,(t), the
nth Bernoulli polynomial, n € Ny. To evaluate the Bernoulli polynomials and their
derivatives at 0 and 1, we need to recall two identities. First, we have B/ (t) =
nB,_1(t), n € N, so that

|
B9 (0) = 5By (0) =

n!
EBI“ k:O,]_,...,TL.

In particular, we have BY" = n! and B,(Ln_l)(O) = —nl/2.
Second, we have B,(t + 1) = B,(t) + nt" ', n € N, and hence Bén_k)(t +1) =
BY () +nl/(k— 1)1 - %=1 k=1,...,n. This gives

|
BUH(1) = BIP(0) = 5B k=2...n,

whereas | |
B V(1) = BIV(0) +nl = 5 +nl = =
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Using these, the second version of the Darboux formula, with the simplified substi-
tution g(t) = f(c+ t(xz — ¢)), takes the form

o0 =) = %(9 +Z ’““ (9™ (1) = 9®1(0))
(_ )n+1 )
" (n_1)1/0 B-1(t)g"™(t) dt,

where we used B/, (t) = nB,_1(t). We now set n = 2m + 2, m € Ny, and use the fact
that all odd Bernoulli numbers vanish except B; = —1/2. We obtain

o) =5(0) = 50 +50) =3 G () - g0)

(=1

1 1
m /o B2m+1(t)9(2m+2) (t) dt.

Recall that, up to this point, ¢,z > 0 were arbitrary. For k¥ € N, we now set'?” ¢ = k
and z = k + 1, and hence ¢(t) = f(t + k). Playing everything back to f, this gives

N | —

Pk 1) = ) = G 1)+ 0) = 30 o (0 + 1) = ()

=1
1

1
 2m+1)! / Bom 1 (8) f™ 2 (t + k) dt

= JEEE )= o

(=1

FeO(k+1) = 1O (k)

1

k+1
) m/ P i1 (02" 1) di.

where, in the last step, we had to replace the Bernoulli polynomial By,,,1(t) by its
periodized Pa,,11(t).

’ k+1 k:+1 /
As a final substitution, we let h = f’. Using [, fi)ydt=f(k+1)—
f(k), and rearranging, we find

k+1 1 m
/ Moyt = 5 (h(k+1) + Ak BN (k4 1) — BRI (k)
k /=1
1 k+1
m/ Pont ORET0(0) .
cJk

107Not to be confused with the previous index k.



318

Summing up with respect to k =1,...,n— 1, n € N, we obtain the Euler-Maclaurin
formula
[ roar =3~ L)+ 1)~ 30 2 ) ne )
1 — 2 — (20)!
1

— ———— | Py (ORI (1) dt.
(2m+1)!/1 o1 (1) (t)

Example 4.15.9. Let f : R — R be odd and differentiable up to order 2n+1, n € N,
with f"*+1 integrable on closed intervals. Then we have

n 222

flo)=af'(2) =) WBzex”f 9 (z) +
=1 )

22n

_x2n+1 1 ) (2n+1) ~ D '
(2n)! /OB (OFE (2t = Do) dt

To derive this, we apply the Darboux formula for ¢ = —x and p,(t) = B,(t). Re-
placing n by 2n, and using that fact that the odd derivatives of f are even functions
and the even derivatives of f are odd functions, by a computation similar to the one
above, the example follows.

Exercises

1. Show that, for f(x) =In(x), 1 <z € R, the first Euler-Maclaurin formula reduces

to the identity
nl o 1\*
—=J[(1+%) . 2<neN
nm k

k=1

2.19%8 Derive the following refinement of Example 4.15.5:
< H, -1 + ! + ! < ! eN
- n - n o A - _—7 )
4873 T T ) TS Ty

using the following steps: (a) Let £, = H, —In(n+1/2+1/(24n)), n € N, and show
that the sequence (a,)nen given by a, = E, + 1/(48n?), n € N, is decreasing with
lim,, o @, = 7. For the difference a,.; — a,, consider the function f : (0,00) — R
defined by

f(x) ! 1 + ’ + ! +1 + = + ! + ! !
x) = —In({z+-+—7—+ nlz+ = — .
r+1 2 24(x+1) 2 24x 48(x +1)3  48a3

108Gee Negoi, T., A faster convergence to Euler’s constant, The Math. Gazette, Vol. 83, No. 498
(Nov. 1999), 487-489.
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Differentiate and obtain!®

Fa) = 265625 + 10096x° + 15008z* + 1083623 + 387022 + 652z + 37
B 1624 (2 + 1)4(2422 + 60z + 37) (2422 + 122 + 1)

Observe that f is strictly increasing, and hence negative, and therefore the sequence
(an)nen is strictly decreasing. Finally, use a, > v, n € N, to conclude E, — v =
a, — 1/(48n3) — v > —1/(48n%), n € N, and hence we obtain the first inequality.
(b) The treatment of the second inequality is analogous in considering the sequence
(bn)nen given by b, = E,, +1/(48(n+1)3), n € N.

>0, x>0.

3. Derive the following version of the Euler-Maclaurin formula for the gamma func-
tion!t?

k
™) 4Ty cieRr
1

InT(t+1) = In V27 + (¢ +1/2) In(?) _t+§:/°° Sin(Z

™ T

Solution: Use the Fourier series expansion of P; in Section 4.14 in the Euler-Maclauring
formula for the gamma function for m = 0.

4. Derive an Euler-Maclaurin formula for the function f(z) =z -In(x), 1 <x € R.

5. Let f : [1l,00) — R be a positive, decreasing, and continuous function with
lim, o f(z) = 0. Show that the limit

n k
Jim (Z Jlk) - / f(x) dw)

exists.

4.16 The Binet Formulas for the Gamma Function

In the Euler-Maclaurin formula for the gamma function, the last two “error terms”
(the sum with the Bernoulli coefficients and the improper integral) can be more
compactly expressed by single (exponential) integrals in two formulas due to Binet!!!
The (first) Binet formula for the gamma function is

1 /1 1 1
lnF(t+1):ln\/27T+(t+§>ln(t)—t+/ (———+ )6 dx, t>0.
0 x

2 x et—1

109 A computer algebra system is recommended here.
110 Attributed to Bourguet by Stieltjes; see Journal de Math. v. p. 432.
H1Journal de I’'Ecole Polytechnique, XVI. (1839) 123-143.
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Remark 1. Since I'(t + 1) = tI'(¢), this formula is often written in the equivalent
form

2 x ert—1

/1 1 1 —te
lnF(t)—ln\/27r—|—(t—1/2)ln(t)—t+/ (————l— )e dr, t>0.
0 T

In this section we give an elementary proof of this formula.!?

Remark 2. As in Section 4.15, the expression in the parentheses in the improper
integral can be written in terms of the Bernoulli numbers as

1 x x 2, g2t
x( +2+e$—1> ;(%)! 2

(We elaborate on this in Exercise 2 at the end of this section.) In particular, it follows

that
1 1 1

2 x ert—1

1
- =0C < 0.
x

sup
x>0

Hence, we obtain the estimate
OO —tz O
InD(t) —InvV2r — (t = 1/2)In(t) + t| < C [ e do = — t>0
0

This allows to estimate I'(t) for large ¢ > 0 with increasing accuracy.

The Binet formula above can be written in “Stirling form” as

¢ t
L(t+1)= (E) V2rte!®,

o 1 1 1\e™
F(t) = —— 4+ dz.
(t) /0 (e“—l x+2) z

Note that, since lim; ., F'(t) = 0, this immediately gives the Stirling approximation
of the Gamma function.
Turning to the proof, we write start with the definition of the gamma function

where

oo oo
I't+1)= / rlte " dx = t“’l/ gle™™dx, t>0,
0 0

H2VWe follow here Sasvari, Z., An elementary proof of Binet’s formula for the gamma function,
Amer. Math. Monthly, Vol. 106, No. 2 (February 1999) 156-158.
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where we replaced the variable x by tx. We write this in “Stirling form” as
¢ t
Lt+1)= <—) Vorte®®,
e

where

1 o t
eCl) = — Vit (:L’el_m) dz.
\V 27‘(’ 0

For the proof we need to show

Lemma 1. We have

F@y—F@+1y:G@y—G@+1y:(r+1>m<1+%)—4ﬁ t>0.

2

ProOOF. First, we have

D(t+2) _ ((t+1)/e)™ y/or(+ Dedts

t41= - ,
Lt+1) (t/e)' V/2mteG®

where we used ['(t + 2) = (¢ + 1)I'(¢ + 1). This simplifies to

PN TE
e _ G+)=G(t).
t+1

Taking the natural logarithm of both sides and rearranging, we obtain

1 1
Gﬁy—Gu+1y:(t+§)m<1+¥)—L
Second, we take derivatives and calculate

Fi)y—F+1) = 4 OO(

dt

T

321
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where the interchange of the differentiation and integration is allowed, and the last
equality follows using the identity

( 1 +1) 1oy LT

e* —1 2 2

Recalling Example 4.4.1, we now finish the computation and obtain

F’(t)—F/(t+1):1n<1+%) —%<%+t%> _ ((t—l—%)ln(l—k%) —1)/.

Up to this point, we obtained that the formula to be proved

Fit)—F(t+1)= (t+%)ln<1+%> -1

holds up to an additive constant. On the other hand, this constant must be zero
as both sides tend to zero as t — oo. This is obvious for the left-hand side since
limy oo F(t) = limy_,, F(t+1) = 0, and, for the right-hand side, it follows by an easy
application of Proposition 2.2.5 as

li t+1 1 1—i—1 li t+1 Tt 1 1
im — | 1ln — | = lim ) ——— =1,
t—00 2 t t—00 2) t+1¢2

The lemma follows.

Lemma 2. We have
1 1 1 1

PROOF. First, by the definition of G (evaluated at t = 1/2 and using I'(3/2) = /7/2,
we have \/e/2 = e“1/2) and hence G(1/2) = (1 —In(2))/2.
Second, to evaluate F'(1/2), we start with!!3

> 1 I 1\e™ > 1 2 1\ e 2
F(1) = —— 4+ ) —dr= — —— 4= dx.
(1) /0 (693—1 x+2> z /0 (egﬁ/Q—l x+2) z

U3 This is an idea due to A. Pringsheim, Math. Ann. XXXI. (1988) p. 473.




4.16. THE BINET FORMULAS FOR THE GAMMA FUNCTION 323

We use this to calculate

FQ/2) = (F(1/2) - F(1)) - F(1) /
<1 1 1 e /2 o 1 1  1\e™
:/0 <5+6x—1_65‘3/2—1> T dx+/0 <e$—1_5+§) T d
L ey
0 x e —1/) x 0 e*—1 =z 2) z
© feTm2 e 7\ do
B /0 (T_ 2)7
_ _/oo <i (ez/z_ex)+ex/2_ez) "
0 dx x 2z

—z/2 _ - 0 —z/2 _ - 1 1
. e e e e
= lﬂ%T—/o Ty =g @)

where we used Example 4.4.1 (with a =t = 1/2). The lemma follows.

Proor orF THE FIRST BINET FORMULA Letting n € Ny, and applying Lemma 1 to
r+k, k=1,...,n—1, we obtain

F(t)— F(t+n)=G(t) - G(t+n), >0,

as both differences are telescopic. We now note as above that lim,, ,o, F'(t +n) = 0,
t > 0. Hence, we get

F(t)=G(t)—g(t), t>0,

where g : (0,00) — R is given by ¢(t) = lim,, oo G(t +n), t > 0.

glt) = lim G(t+n) = lim In [ * Vi (0e!*)""" do — VR
n— 00 n—o00 0

First, the function g is periodic with period 1:

git)—gt+1) = lim(G{t+n)—G{t+n+1))

n—oo
. 1 1
= lim (t4+n+=|In{1+ —1=0.

Second, we claim that g is decreasing. Indeed, for 0 < s < ¢, and 0 < a < 1, we have

Vt+nad™—s+na <Vt+na"—s+nat" = (Vt+n—/s+n)a, neN.
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Applying this to a = xe! ™%, x > 0, we calculate

1 o

\/?(\/thn—\/s—i—n))/ .Q?@l_xd.flj
T 0

= L L=s /ooxel_xdx

V2Vt n+s+n '

Letting n — oo, we obtain e9® — e9() < 0, and hence g(t) < g(s). The claim follows.
We conclude that g must be constant. On the other hand, the equality above con-
necting F' and G at t = 1/2 gives

F(1/2) = G(1/2) = 9(1/2).

By Lemma 2, F'(1/2) = G(1/2) so that g = g(1/2) = 0. Thus, F(t) = G(t), t > 0,
and the first Binet formula for the gamma function follows.

eG(t+n) . eG(s-i—n) <

The second Binet formula for the gamma function is

* arctan(x/t)

o dex, t>0.

Inl(t+1) :1n@+(t+1/2)1n(t)—t+2/

The proof is preceded by the following:
Example 4.16.1. We have

> sin(ux) 1 /1 coth(u/2) 1/1 1 1
do = —- (= — W) 2 (2= > 0.
/0 e2me 1" 2(u 2 ACERES YA

Indeed, using the infinite geometric series formula, we calculate

0 si o0 —27x ) 00
/ S;;lx(u_x)]_ dxr = / sm(ux)li—_m dr = / Sin(ux) Z e—?wkm dr
o € 0 e 0 £
= 2rkx dr = L _ 1
;/0 sin(ux)e T ; k2 +2 27 ; P (u)(20))?

where, in the last but one step, we also used the formula
> u
: —azx o
/0 sin(ux)e”** dx = pral a >0,
via integration by parts (twice). For the last infinite sum, we now use the expansion

of the hyperbolic cotangent function in Exercise 4(c) at the end of Section 4.8:

~+

mweoth(mt) 1 =
2 2t 2
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After scaling, and simplifying, we obtain

/°° sin(ux) dp — coth(u/2) 1

e2re — 17 4 2’

The first equality of the example follows. For the second, we use the definition of the
hyperbolic cotangent function:

u/2 —u/2 U
U e “+e e +1 2
€0 2 eu/2 —emu/2  pu ] +e“—1

and the second equality also follows.
We now turn to the proof of the second Binet formula. We begin with the obser-

vation that the arctangent function in the integrand in this formula appeared in an
improper integral in Example 4.7.1. We write this, for ¢,x > 0, as

t o] oo —tu
arctan <£> =T arctan [ - ) = / P sin(v) dv = / Sin(um)e du,
t 2 T 0 v 0 u

where, in the last step, we performed the substitution v = ux. We substitute this into
the improper integral I(t), say, in the second Binet formula, and begin to calculate

as
o0 t t o0 1 [e%¢] —tu
I(t) = 2/ Md _2/ —/ sin(ux)e dudx
627rx_1 0 e27rx_1 0 U
—tu
_ // S;lxux e du
esTr — U
1 —tu
(b T
0 2 u e"—=1) u

where we used Fubini’s theorem to interchange the improper integrals (Section 4.5).
This, however, is the improper integral in the first Binet formula. Hence the second
Binet formula follows from the first.

To close this section, we note yet another formula discovered by Kummer. It is
usually written as

In(n)

n

L)) 1 : 1 Ly
In (E) =3 In(2 51n(7m))+§ (7 + In(27)) (1—2a)+; ;

We will give a proof of Kummer’s formula in Section 4.20 as a more or less direct
consequence of the Hurwitz formula.

sin(2nmwa), 0<a<1.
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Exercises

1. Show that

IV(t) 1 > xdx
= In(t) — — — 2 t> 0.
n(t) - 5 /0 Et+ e 1)

2. For m € N, approximate the expression in parentheses in the improper integral
of the first Binet formula by >, 2%~ By, /(2¢)!. (See the (second) remark after the
statement of the first Binet formula.) Use the definition of the gamma function and
its basic properties to show that the corresponding improper integral is

co m .T%_l e—tw m ng 1
/ 2 (20)! By de = 2 20(20 — 1) 121

0 = (=1

in agreement with the Euler-Maclaurin formula for I'(¢ + 1) in Example 4.15.8.

4.17 The Riemann Zeta Function

We introduce the Riemann zeta function ¢ : (1,00) — R by the Dirichlet se-
‘el 114
ries:

1
= —, l<seR.
¢(s) g - s
Note that the sum converges for the stated parameter values since
=1 > dx 1
= — <1 —=14+4——, 1<seR
W=D <t [ =ty e

The connection of the zeta function to number theory is given by the following
famous formula of Euler:'?

g@):H(p}%)_l, 1<s€ER,

pell

1147 Dirichlet series is a series of the form > > | a,/n®, where (a,)nen is a sequence. Clearly, if
this sequence is bounded then the series converges absolutely for s > 1.

15 This is the starting point of Riemann’s original paper Ueber die Anzahl der Primzahlen unter
einer gegebener Grosse, Monatsberichte der Berliner Akademie, Novermber, 1859.
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where II denotes the set!'® of all prime numbers.

For the proof of Euler’s formula, we use the fundamental theorem of arithmetic
which asserts that any natural number 2 < n € N can be written as n = Hpen PP
where a, € Ny is zero except for finitely many primes p € II.

To derive Euler’s formula, for fixed ¢ € II and m € N, we let

Nq,m={2§n€N|n=Hp“p,p§q, apﬁm}.

pell
We then have the finite sum

> n—HZ = H<1+_+_+ o 1)_

pms
nENg,m p<q a= 0 p<q
pell pell

Letting m — oo, the infinite geometric series formula gives

)DESS| PORE | ((EES

neNq p<q a= 0 p<q
pell pell
where N, = UpenNgm, the set of all natural numbers 2 < n € N that can be written
as a product of primes p < ¢. Finally, since the natural numbers 2 < n € N for which
n < q automatically belong to N,, we have

1\ ! 1 1
“S)‘H(“E) St

p<gq
pell

where the limit of the last sum as ¢ — oo is zero due to the condition s > 1. Euler’s
formula follows.

It follows from the above that Euler’s formula
1
S -T(1-5)
nS
pell

is an analytic reformulation of the fundamental theorem of arithmentic.

116Gince the product is absolutely convergent, the order in which the prime numbers are listed is
irrelevant.
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There are several consequences of this formula. First, for s = 1 Euler’s formula
specializes to

:oo7

S|

(%) o5

n=1

showing the infinitude of primes.
Second, taking the natural logarithm, we obtain the equivalent form of the convergent
series

Using the Taylor series In(1 — z) = =" >*_, 2™ /m, |z| < 1, the right-hand side can
be written as'?

In(¢(s)) :szgms :ler\l((:?)ni 1<seR,

pell m=1

where A : (0,00) — R is the von Mangoldt function defined by

0 otherwise.

A(n):{ln(p) if n=p", pell, meN

We now introduce the prime-counting function 7 : (0,00) — Ny by

W(ZE):ZL 0<zeR.

p<w
pell

HTA comprehensive account of the number theoretical aspects of the Riemann zeta function is in
Titmarsch, E.C., The Theory of the Riemann Zeta Function, 2nd edition, Oxford, 1986.
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With this, for 1 < s € R, we calculate

n(¢(s)) = — nio; (m(n) —w(n —1))In (1 _ i)

— —gw(n) (m <1 - %) —In (1 - ﬁ))

= S/Qm%dx.

Note that the initial rearrangement of the series is permitted as it effects only consec-
utive terms, and the corresponding partial sums differ only by a null sequence since
m(n) <n,2<néeN, and"®

1 1 1 1
< lmf1-—)<———  1<seR
ns ns nsl—1/n*

In addition, we also employed the fundamental theorem of calculus to the effect

m (14 1 " syt s
n — = = :
xs l—z=  z(zs—1)

Remark. The prime number theorem says that

as r — 0Q.

Differentiating the log equivalent of Euler’s formula (with respect to s), we obtain

¢'(s) , d P In(p) e Inp)
o~ WCEO) = =2 m(1-p7) =D T 5 =00

pell pell pell m=1

118Gee the fundamental inequality for the natural logarithm in Section 10.3 in Elements of Mathe-
matics - History and Foundations.
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where the interchange of differentiation and the summation is allowed because the
sum » >~ In(n)/(n® — 1), 1 < s € R, is uniformly convergent on closed intervals in
(1,00) (Proposition 1.3.10). The last double sum can be written as the Dirichlet sum

¢'(s) _ N~ An)
= , l<seR.
G 2w
There is an important link between the zeta and gamma functions which allows
to express the zeta function in terms of an improper integral:

C(s) = — /OO T g 1<seR
s T ), e -1 x, s :

We call this the zeta gamma relation.
To derive this, we start with the Gamma function

oo o0
[(s) = / ¥ le  dr = ns/ u e ™ du, n €N,
0 0

where we performed the substitution x = nu with fixed n € N. Dividing and summing

up (using the infinite geometric series formula), we obtain!!?
C(s) = S r_ 1 i/oo ut e du = 1 /OO u ! ie"“ du
n=1 n? F(S> n=10 F<8) 0 n=1

1 <o e 1 T
= — o du = d l<selR
I'(s) /0 T e ™ I'(s) /0 e 10" =

where the interchange of the infinite sum and the improper integral is clearly allowed.
The formula follows.

Remark. Although we will do this in a more general and systematic way shortly,
this formula can be used to give a direct proof that the zeta function is analytic on
(1,00). See Exercise 1 at the end of this section.

The next example expresses the Bernoulli numbers in terms of an improper inte-
gral.
Example 4.17.1. We have!?°
00 2n—1 B
/ L dr=(—1)"122 . peN.
0

e?rr — 1 dn’

9 ere and below, we follow Riemann’s original paper Ueber die Anzahl der Primzahlen unter
einer gegebener Grdsse, Monatsberichte der Berliner Akademie, Novermber, 1859.

120For a proof using contour integration on the complex plane, see Carda, Monatshefte fiir Math.
und Phys. v. (1894) 321-324.
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Indeed, the zeta gamma relation derived above specializes to
1 oo .2n—1 2 2n 00 2n—1
((2n) = —/ ’ dr = (2m) / ’ dz,
2n—1)!J, e*—1 (2n—1)! J, e¥@—1
where we performed a linear change of variables. Euler’s summation formula (Section

4.13) gives the value of ((2n) in terms of the Bernoulli number By,. The example
follows.

We make a short detour here, and give a more transparent interpretation of the
improper integral in the Euler-Maclaurin formula for the gamma function (Section
4.15) using the second Binet formula (Section 4.16). Recall that the integral in

question is
/°° arctan(z/t)
0 627rr -1

We first use the finite geometric series formula as

T 2m
t — E 1 2(€—l)d -1 m/ u d
arctan(z) /o T /0 u u+(—1) Ny u

— (=D oy / Tout
= - —-1)™ du.
;26—1‘7” FEDT ) e
Replacing = by z/t, t > 0, and changing the variable in the integral, we obtain

AR O G ) GV L R
arctan (;) = Z 90 — 1 201 T $2m—1 /0 12 4+ u?2 du.

dr, t>0.

We now substitute this into the improper integral of the second Binet formula and
calculate

° arctan(x/t) -1 o g2t
/0 627ra: -1 dr = Z 1 t2£ / 627r:5 -1 dx
— ToEm dx
+ t2m71 / / t2 + U2 du 627rm _ 1

- > o C A
o A2t~ )t% 1 t2m 1 24u? e — 1

With this, the second Binet formula takes the form

InC(t+1) = InvV2r+(t+1/2)In(t) —t+ Y %(%ﬂ_ 1)

$2m—1 0 0 t2_|_u2 e27rm_1’
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where we used Example 4.17.1 above. We recognize here that the finite sum involving
the Bernoulli numbers is the same as in the Euler-Maclaurin formula for the gamma
function. Although the double integral here looks more complex than the improper
integral in that formula; in fact, it is much easier to estimate. We have

2m
t2+u2 u627rx _ — t2 / / du

1 /oo 2m+1 |BZm+2|
———dr =
T omt 182 e?me — 1 t2 4(m+1)2m+1)’

where, one again, we used Example 4.17.1. Summarizing, we have

m

1 By 1
InT(t+1) —Inv2r — (t+ 5) In(?) +t—; 20020 — 1) i1

| Bam+2| 1
~2(m+1)(2m + 1) 2t

The upper bound is the absolute value of the next (m + 1st term) of the sum. Hence
this estimate is equivalent to the statement that the expression

InT(t+1) —Inv2r — (t+%) In(t) +t

is always between the sums

m+1

- By 1 Boy 1
d .
; 2020 — 1)1 M ; 20(20 — 1) 201

Finally, it is instructive to compare this with the estimate obtained in Section 4.15:

1 — 1
InT(t+1) — Inv2r - (t+§) 21% 2T

|BQm] B 1
- 47rm t2m (t+1/2)2m )"
The ratio of the Euler-Maclaurin and Binet upper bounds above is

(m+1)2m+1)
2m

T (1 T 1/1<2t>>2m) ‘szz

i (- ) o
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where we used the asymptotics for the Bernoulli numbers in Section 4.13. On the
other hand, for fixed m € N, we have

1

t<1‘<

g 1/(2t))2m> =L

Both estimates give excellent approximations; for example, for t = 10 and m

1,2,3,4,5, the Euler-Maclaurin and Binet estimates are given in pairs below:

1.233059838 -
2.351481461 -

2.143025539 -

1075, 2.777777778 - 1079]
107®,7.936507936 - 107
10719)5.952380952 - 101

10712, 8.417508418 - 10 7]
1071,1.917526918 - 10~ 14].

3 3 3 3 3
I
S I N U N

[
[
[1.602820401 -
[
[4.655122283 -

We now return to the main line. The Dirichlet sum defining the zeta function
diverges for s < 1. The simplest idea to extend it to 0 < s < 1 is to consider the
alternating zeta function'?! (, : (0,00) — R defined by

Cals) =)

n=1

_1n+1
(=1) 0<seR.

nS

This sum converges'?? for all s > 0 by the alternating series test. Alternatively, this

can be seen directly as
o0
/'271 )
§ : 1
2n—1 x5t

i (<2n - s (22)5) T &

n=1

= 1
dv <5, oy
n=1

which converges for s > 0.
Moreover, for s > 1, we have

)~y = T s 2 ]

s s s— C(S)’
— n — (2n) 251
and hence 1
C(S) = mca(é}), s> 1.

121 Als0 called the Dirichlet eta function. Note that this function was studied by Euler in 1749.
122Not absolutely, but uniformly on closed subintervals of (0,00). It is a basic fact (that we will
not show here) that the sum of the series is an analytic function.
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This formula allows us to extend the zeta function ((s) to s > 0, s # 1.
As an immediate byproduct, we have

: T (S B 1)Ca(3) _ Ca(l) _
(s = 1)¢(s) = lim =—=~ = m@)

since (,(1) = 32> (—1)"™' /n = In(2). One we show that the zeta function is analytic

n=1

away from 1, this indicates that it has a first order pole at s = 1 with residue 1.
In analogy with the zeta function, we have the integral formula

Cols) = — /Oo T g 0<seR
aS—F(S) . o+ 1 X, S .

Indeed, we have

X (_1\n+l o0 00
Cals) = Z( 712)5 :F(ls)zl/o (—1)" s em™ duy

n=1

—Uu

1 [, _ 1 [ ., e
- s _1n+1 nu g :_/ sl—d
o, 2 (e e = g |

1 0 usfl
= d 1< R
I'(s) /0 ev +1 . sE€X

where the interchange of the infinite sum and the improper integral is clearly allowed.
The formula follows.

Remark. As in the case of the zeta function, this formula can be used to give a
direct proof that the alternating zeta function is analytic on (0, c0). See Exercise 2 at
the end of this section. In particular, the formula connecting ¢ and (, above provides
an analytic continuation of the zeta function from s > 1 to s > 0.

The zeta and gamma relation gives us a hint that there may be other integral
formulas for the zeta function with more extended domains. The first and simplest
attempt is to use the first Euler-Maclaurin fomula of the previous section to this effect

"1 " dx " Py(x) 1/1
k=1

1 1 1 1 nP1(l’)
= — -1 - —+1])] - d 2 < N.
s—1 (ns—l >+2 (ns+ > 8/1 xstl ot =n€

Keeping 1 < s € R, we let n — oo, and obtain

1 1 1 > Py ()
C(S):ZE:S_1+§—S/1 {L'5+1 dx.
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The improper integral (absolutely) converges for s > 0 (and conditionally for s > —1).
We will prove below (in a more general setting) the simple fact that the improper
integral on the right-hand side above defines an analytic function on (0, 00). Hence,
the entire right-hand side is an analytic continuation of the zeta function from (1, 00)
to (0, 00) across a simple pole at 1 with residue 1. (The same fact has been indicated
for the previous extension of the zeta function (using (,) for 0 < s < 1.)

An interesting byproduct is the following:
Example 4.17.2. 123 We have

/1 1 1
li — — =) =1 - —_
i S () = (60— 7)<

n=

Indeed, we have

slgﬁ(g(s)_s—l)_Q_/l 2 =

where, in the last equality, we used Example 4.15.2. By the infinite geometric series
formula, the example follows.

Returning to the Euler-Maclaurin summation formula, we now perform integration
by parts on the last improper integral before the example as

o0 oo / o0
/ Pi(x) dp = 1/ Pi(x) dp — 1 LS +1 / Py(x) iz,
1 1 1

strl 2 strl 12 2 l’s+2

since the boundary terms

{P2(x)r = _Py(1)= —By = —é.

x8+1

Substituting, we obtain

C(s) = 1 1 s s(s+1) /°° Py(x) .

s—1+§+ﬁ_ 2 xst2

Since the improper integral converges for —1 < s € R, this gives an extension of ((s)
to s > —1. It also shows ((0) = —1/2 = B;.

123For an elementary and direct proof, see Sondow, J., An antisymmetric formula for Euler’s
constant, Math. Magazine, Vol. 71, No.3 (Jun. 1998) 219-220.
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Performing integration by parts can be inductively applied to the improper integral.?*
In general, we obtain

1 s(s+1) s(s+1)(s+2)---(s+m—1)
() = 3—1_Bl+2132+ s i (m +1)! Brs1
s(s+D(s+2)---(s+m) [* Pu()
_ CE] / et dr, s>-—m, meN.

This extends the zeta function to all real numbers except at 1, where it has a simple
pole with residue 1.

We now show that these extensions (for various m € Ny) are analytic, and hence
they define successive analytic continuations of the zeta function.
Since, the coefficients of the Bernoulli numbers (as well as the integral) are polyno-
mials in s, it is enough to prove that the improper integral on the right-hand side is
analytic for s > —m.
To do this we give an estimate of the growth rate of the higher derivatives of the
integral in s. The nth derivative n € N is

I [ Punle) [ Paal)
%/1 o dx:(—l)/l 8 ()" e,

where the differentiation can be interchanged with the improper integral by Proposi-
tion 4.4.2. For n € Ny, we estimate as

[ ey

where K stands for the supremum, and we used Example 4.3.1. The claimed analitic-
ity now follows (Section 2.4).

n!
< B, =K——F :,
= :csel[lol,)l] | Bins1(2)] / $s+m+1 (5 +m)n+l

As a byproduct of the expansion of the zeta function above, we also obtain

C(em) = (—1ym B e,

m+ 1
Indeed, substituting s = —m in the formula above, the initial sum of m + 1 terms
cancel due to the inductive formula for the Bernoulli numbers (Section 4.12), and
the fact that all odd Bernoulli numbers are zero except B; = —1/2. A notable

consequence of this is that the zeta function vanishes on all negative even integers.
These are called the trivial zeros of the zeta function.

124 Alternatively, we can also use the Euler-Maclaurin summation formulas of the previous section.
Our direct method is of slight technical convenience as it involves derivatives of all order, not just
the odd ones.
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A more compact expression can be obtained from the first Euler-Maclaurin formula
by making a more precise estimate of the improper integral error term; indeed, the
following formula was Riemann’s principal observations about the zeta function

T'(s/2) 1
7_‘_8/2 C(S) =

S b =62 s 22N () dt, 1<seR
S<S_1)+/1( + 27 g(t) dt, s€R,

where

Y(t) =Y e ™" 0<teR

n=1

The importance of this is that the right-hand side is invariant under the transforma-
tion s <> 1 — s. This allows to define the zeta function for s < 0 by a single formula.
This formula, to be proved below, is the so called functional equation:

C(s) = 27 T sin (g) P(1—s)c(1—s), seR\{1}.

History. The functional equation was originally conjectured by Euler, and was given two proofs
in Riemann’s famous paper Ueber die Anzahl der Primzahlen unter einer gegebener Grisse, Monats-
berichte der Berliner Akademie, Novermber, 1859, written on the occasion of his admission to the
Prussian Academy of Sciences in 1859. He also proved analytic continuation of the zeta function to

the whole complex plane except a simple pole at 1.

Note that, evaluating the functional equation on negative odd integers s = —2n+1,
n € N, and using our earlier result, we obtain

C(~2n+1) = —% (1)2 (2 — 1)IC(20),

As a byproduct, we recover Euler’s summation formula in Section 4.13:

= 1 Ba,(27)%"
¢(2n) = Z s (—1)“1%, n € N.

k=1

Remark. No simple formula is known for {(2n + 1), n € N. For n = 1, in 1979, R.
Apery used the series representation for the so-called Catalan number

= (-
2

n

((3) =

N Ot
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to prove that it is irrational. More recently, Zudilin'?> proved that one of the four
numbers ((5), ¢(7), ¢(9), ¢(11) is irrational. A general result of Ball and Rivoal?®
asserts that the number of irrationals in the set {((2k + 1) |k =1,...,n}, n € N, is
> 1/(2(1 +1n(2))) for large n.

For an elementary proof of the functional equation, we need some preparations.'2”

We make a minor modification of technical convenience in that we consider a
continuously differentiable function f: [—m,n] - R, 2 < m,n € N, and write

n

> 1= [ st 5 tm+ fm)+ [ P@f@dn 2<mnen

k=—m —-m

We now extend f : (—oo,00) — R, and let m,n — co. We have
>t = [ s@des [ P

where we assume that the infinite sum, and the improper integrals exist (in particular,
lim, 1 f(z) = 0). We now substitute the (Fourier) expansion of P, derived in
Section 4.14 into the last integral and obtain

> ) = [ swran [ 3 RED py

— /C: f(x)de — %i % /Z f'(z) sin(27nx) de,

where, once again, we assume that the intechange of the improper integral and the
infinite sum is legitimate. Finally, we perform integration by parts, and arrive at the

formula
Z f(n) Z/ f(x) dx+22/_ f(x) cos(2mnx) du,

n=—oo

or equivalently

Z f(n) = Z /_00 f(z) cos(2mnz) dz.

n=—oo n=—oo

125Gee Zudilin, W., One of the numbers ((5), ¢(7), ¢(9), ¢(11) is irrational, Russ. Math. Surv. 56
(2001) 193-206.

126Gee Ball, K. and Rivoal, T., Irrationaité d’une infinite de la fonction zeta aux entiers impairs,
Invent. Math. 146 (2001) 193-207.

12TNote that there are no less than seven methods of proof of the functional equation in Titmarsch,
E.C. The Theory of the Riemann Zeta Function, 2nd edition, Oxford, 1986.
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This is (the real form of) the Poisson summation formula. The assumptions on f
for this to be valid hold for Schwarz functions, continuously differentiable functions
f :R — R up to any order such that, for any ¢ € R and n € Ny, we have

)

r—+o0 ‘(L’|C

=0.

History. The Poisson summation formula was discovered by the French mathematician and
physicist Siméon Denis Poisson (1781 —1840).

We apply the Poisson summation formula for the parametric (Schwarz) function
f R x (0,00) = R defined by
flz,t) = e’”Qt, reR, 0<telR.

We calculate!'?®

/ e ™ cos(2mna) dr = 2/ ™™ cos(2mn) dx

2 &0 2 Qﬁn 1 7rn2
= — e cos| ——u | du=——=e "t .
\/7Tt/0 ( Vi ) Vit

Substituting this into the Poisson formula, we obtain

o0 1 o0 9

Z e_””Qt:% Z e, t>0.

n=—oo n=—oo

We now begin with the proof of the functional equation for the zeta function.??
Substituting a = s/2 -1, 0 < s € R, n = n’m, n € N, and ¢ = 1 into the formula in

the remark after Example 4.6.3, we obtain

o 2 ['(s/2
/ ts/Q_le_mtdt:M, s>0, neN.
0

w8/2ns
We now impose s > 1, sum up with respect to n € N and rearrange as
I'(s/2) S

8/2 s/2—1 —7rn2t s/2—1 —mn2t
e - Sy Loy [T dt= [Ty e

n=1

128For the last equality, letting I(s fo e~ cos (su) du, s € R, differentiating and integrating

by parts, we obtain I'(s) = —(s/2)I ( ), I(0) = /7/2, and hence I(s) = (y/7/2)e=*"/4, s € R.

1290nce again, here we follow Riemann’s original paper Ueber die Anzahl der Primzahlen unter
einer gegebener Grisse, Monatsberichte der Berliner Akademie, Novermber, 1859. This includes his
notations except for the Gamma function which he denoted by II(s) = I'(s — 1). See also Titmarsch,
E.C., The Theory of the Riemann Zeta Function, 2nd edition, Oxford, 1986.
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where the interchange of the summation with the improper integral is allowed by
absolute convergence. It is convenient to introduce the shorthand notation v (t) =
> e~™’t t > 0. With this, we have so far

ot = [T et = et [T i

0 1

where we split the integral for future purposes. In terms of v, the Poisson formula is
equivalent to

2(t) + 1= % (20(1/H)+1), ¢>0.

We use this to replace the integrand in the first integral on the right-hand side as

L) = / ey di + / T di

0 1

1 1 1 1 1 00
— t8/2_3/2’¢) (_) dt+ _/ ts/?—l (_ o 1) +/ ts/Q_I@Z) t) dt
/ )t o

= / tS Y2 () dt + —— — = +/ /271 (t) dt,
1 S

8_1 1

where, in the last step, we changed the variable ¢t to 1/t. Simplifying, we obtain

e =t [ e

The crux is that the right-hand side is invariant under the change 1 — s + s. This

gives
I'(s/2) '(1/2—s/2)
D ((s) = WC@ —5).

By Euler’s reflection formula I'(s/2)I'(1 — s/2) = 7/sin(7s/2) in Proposition 4.9.1,
this can be written as

C(s) =D(1/2 — s/2)D(1 — 5/2)m* %2 sin (%‘9) C(1—s).

Finally, using the Legendre duplication formula with ¢ = 1/2 — s/2 in Proposition
4.10.1, this simplifies to the following

((s) = 2°7° 'sin (%) I'(1—s)¢(1 —s).

The functional equation for the zeta function follows.
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We close this chapter by presenting another proof of the functional equation for
the zeta function due to Hardy.'*® (We will give yet another proof as a special case
of Hermite’s formula in Section 4.20.) We start by recalling from Section 4.14 the
Fourier expansion

T—2T > sin(n 2 sin((2n + 1 o= sin(n(2x 1m—22x
St LIRS SL U |

H
3
I
<)
3
Il
—_

n=

This gives

O<z<m.

isin (2n+1)2) 77— 7w—22 7
~ o+l 2 4 4

It is straightforward to extend this using periodicity to the expansion!3!

o0

sin((2n + 1)z)
2n+1

—(—1)’"%, mr <z < (m+1)r, meZ.

ifng

We now multiply both sides by 257!, 0 < s < 1, and integrate over (0, c0) with respect
to x. We will do this for each side separately. For the left-hand side, we have

® =~ sin((2n +1) sin((2n + 1)x)
s d

St Sm“i;it” >zﬁ<> 5)

n=0

where we used the (scaled) formula

/ sin(ar) =a °I'(s)sin (W—8> ., a>0,
0

xs—1 2

130Gee Hardy, G.H. A new proof of the functional equation for the zeta function, Mat. Tidsskrift,
B (1922) 71-73. The proof uses analiticity of the alternatig zeta function ¢, on (0,00) as in Exercise
2 at the end of this section.

131This is actually the Fourier series of the saltus function f : R — R defined by f(z) = (=1)"x/4
ifmr <z <(m+1)7mand f(z) =0if z = mm, m € Z.
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at the end of Section 4.6. The infinite sum can be written in terms of the zeta function
since

o0 o0 o0 o0

1 1 1 1 1 1
<(8+1) - Z nstl - Z (2n + 1)s+1+25+1 Z nstl - Z (2n + 1)8+1+25+1C<S+1)’
n=0 n=0

n=1 n=1

so that

o0

DI (RREE PO P
— (2n + 1)s+1 2s+1
With this, the left hand-side is

[ IZ T = (1 ) %) (ot Dl ()

The right-hand side can be written as

00 (m+1)w
Z Z(—l)m/ ¥ da.

132

We first note that the series here converges
Assuming s < 0, we calculate

for s < 1, and gives an analytic function.

T oo m+1) 1 T o0 (m+1)7r
T [ e e = S e
m=0 Sm:0
7T.s—f—l o0 —|—1 o0 n+1
==Y Y (m+ ) —m
m=0 n=1
7T8+1 71_5—1—1
W(—5) = 1— 25T ¢(—s).
—a(=8) = 5 ) ¢(=5)

where we used the alternating zeta function, and its relation for the zeta function.
Since the left-hand side and the right-hand side overlap for 0 < s < 1, by the unicity
of analytic functions, they are equal everywhere on their domain of analiticity. We

obtain
s+1

(1 - 251“) C(s+ 1)T(s) sin (?) - ”28 (1241 ¢(—s).

Rearranging, we have

C(s+ 1DI'(s+1)sin (%S> = 255t (—s),

132 Albeit not absolutely.
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where we used sI'(s) = I'(s + 1). Finally, replacing s by its opposite —s, we arrive at

s

C(1—s)D(1—s) (7) = 95 ¢(s).

This is the functional equation for the zeta function.
Exercises

1. Use the formula

oo} ms—l
= — d 1< R.
¢(s) /0 = 1% 5 €

in the text to prove that the zeta function is analytic on (1, 00) by the following steps.
(a) Notice first that it is enough to prove that the improper integral is analytic in
s > 1 (as the quotient of analytic functions is analytic, and the gamma function is
analytic; see Section 4.6.). (b) For n € N, derive the formula

ar o] ‘,L.sfl o] l,sfl
— dv | = 1 "d L.
g (/0 pr— J;) /0 e 1( n(z))"de, s>

(c) Use the estimate e — 1 = 2¢%/2sinh(x/2) > 2xe®/?, x > 0, and the method at the
beginning of Section 4.6 (¢ = s — 1) to estimate

/0 h “”"‘5_11 (In(z))" dz

er —

o] s—1
< / ()| do

< —/ 2* 7272 |In(z)|"* dx <
2 Jo

1 n!
- n o)
2(3—1)”+1+K4 nl, s>1, neN,

where 272 < Ke®/*, £ > 1, and 1 < s < b. (d) Finally, use condition on the growth

rate of the Taylor coeflicients (Section 2.4) to conclude that ¢ is analytic on (1, c0).

2. Make the necessary changes in Exercise 1 in the use of the integral formula

Co(s) = — /Oo T g 1<seR
o(8) = —— ———dx, )
I(s)Jy e*+1 °

to prove that the alternating zeta function is analytic on (0, 00).

3. Show that
In(n) = A(d), neN.

din
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4. Show that
1

o5

where p is the Mobius function given by u(1) = 1, u(n) = (=1)* if n is the product
of k distinct primes, and zero otherwise.

4.18 The Digamma and Polygamma Functions

The digamma function ¥ : R\ (—Nj) — R is defined as the logarithmic derivative
of the Gamma function

U(t) = t e R\ (=Np).

In section 4.10, using the Weierstrass representation of the Gamma function, we ac-
tually obtained an absolutely convergent series representation of the digamma func-

tion!33
> /1 1 t—1
t) = — Sl SR
) 7+;(n t+n— ) v Z n(t+n—1)

as well as its derivative
(o)

Z t—l—n—l

n=1

An immediate consequence of the last formula is that the digamma function ¥ is
strictly increasing everywhere. Note that these series are uniformly convergent on
closed subintervals of R\ (—Np). In addition, we have

v __22 t—i—n—l

showing that the digamma function is strictly concave on (0, 00).
Some specific values of U and U’ are readily obtained (with increasing complexity)

133Tn Section 4.10, we resricted the domain to (0,00); however, these representations are clearly
valid for R\ (—Np).
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as follows:

v = —

- 1 = /1 1
) 7+;n(n+l) 7+;<n n—|—1> K

U(1/2) = _7_2;%(%—1):_7_22(%1—1 —%) = —y —2In(2)

v = Y@=

V'(2) = Z(njly—c() 1= -1

’ S 1 =1 > 1 1 2
v = _lm:‘*(;m—ﬁ_;(Qn)Q)=32_jﬁ=3¢<2>:?

The series representation of ¥ above is revealing. It shows that, at every non-
positive integer —m, m € Ny, the digamma function ¥ has a simple pole; in fact, for
|t +m| < 1, the function ¥(¢) is equal to —1/(¢ + m) plus an absolutely convergent
series. It follows that the graph of U consists of strictly increasing branches between
consecutive non-positive integers, whereas it has a single strictly increasing branch
over the non-positive integers. Hence W has a simple zero xg on the positive axis with
1 < 29 < 2 (by the intermediate value theorem as V(1) = —y <0 <1 —~v = ¥(2)),
and, for every m € N, it has a simple zero z,, € (—m,—m + 1). The sequence
(Zm)men, of zeros of the digamma function is of importance as the Gamma function
takes local extrema at exactly on these points. (This follows as they are critical points
of the logaritmically convex I'.)

History. The zeros of the digamma function can be approximated to any precision. Setting the
number of digits to 25, say, a standard computer algebra system gives

o ~ 1.461632144968362341262660
1 ~ —.5040830082644554092582693
T2 ~ —1.573498473162390458778286
r3 ~ —2.610720868444144650001538
T4 ~ —3.635293366436901097839182
T5 ~ —4.653237761743142441714598

Te ~ —b.667162441556885535849474.
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In 1881 Hermite showed that

lim (In(m))? (xm +m— ln(17n)> =0.

m—0o0
A better approximation is provided by the asymptotic relation

™

In(m) + 1/(8m)) oo

1
T, ~ —m + — arctan <
s

The zeros also satisfy the following!34

=1 9 w2
Do = T
n:Oxm

and similar formulas for > oo 1/23 and Y07 1/x} .

As we will see in this section, the study of the digamma function provides impor-
tant information about the properties of the gamma function. The following result,
due to Gautschi,'®® illustrates this point.

Proposition 4.18.1. We have

1, 1 = b
@ T T

and equality is attained at t = 1.

Remark. The expression on the left-hand side of the Gautschi inequality is the
harmonic mean of T'(¢) and T'(1/t), ¢t > 0. It is well-known'3® that the harmonic
mean is dominated by the geometric mean, which, in turn, is dominated by the
arithmetic mean. It follows that we also have

r'@r G) >1 and T(t)+T (%) >2, t>0.

PROOF OF PROPOSITION 4.19.1. By the discussion above, zq € (1,2) is the only
critical point of the (logarithmically convex and positive) gamma funtion on (0, 00).
Hence I" on (0, 00) attains its (unique) absolute minimum at z,. The expression on
the left-hand side of the inequality to be proven is then strictly increasing on (xg, 00).

134Gee Mezo, I. and Hoffman, M., Zeros of the digamma function and its Barnes G-function ana-
logue, Integral Transforms and Special Functions, 28 (11) (2017) 846-858.

135Gee Gautschi, W., A harmonic mean inequality for the gamma function, SIAM J. Math. Anal.,
Vol. 5.No. 2 (1974) 278-281. We follow this original proof.

136Qee Elements of Mathematics - History and Foundations; Section 9.5.
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Therefore, it is enough to show that the inequality holds on the interval (1, x¢] (as the
expression on the left-hand side is invariant under the substitution t — 1/¢, ¢t > 0).
It is technically convenient to use the variable s = In(t), 0 < ¢t € R, with ¢ = €°,
s € R, and also to introduce the function g : R — R by g(s) = 1/T'(e®), s € R. With
this, the inequality to be proven rewrites as

9(s) +9(=s) <29(0) = 2, s € (0,In(zo)]

Expanding g into Taylor series with the Lagrange form of the remainder (Section 2.3),
we obtain

g(s) = g(0)+sg'(0) + S—g”(u), 0<u<s;

2
/ 82 "
9(=s) = 9(0) = sg'(0) + 5¢"(v), —s<v<O.
Adding, we arrive at
2
g(s) + g(—s) — 2¢(0) = % (" (u)+4¢"(v), —s<v<0<u<s.

Thus, it remains to show that
g"(u)+¢"(v) <0, In(1/xg) < —s<v<0<u<s<In(z).
To calculate ¢” we begin

R R SR o NN, 10

dsT'(e®) I'2(e%) r(t)’

where, in the last equality, we reverted to the variable ¢t. Differentiating again, and

using dt/ds = (d/ds)(e®) = e® = t, we have

) RO O O ORR TONG
r0) =~ () =~

tU(t) + 2V (t) — 2U(1)) .

1
_m(

Next, we claim that both ¢t¥(¢) and t*W'(t) are strictly increasing on (1/2, zo]. (Since
1/2 < 1/x9 < 1 < xg, this covers the interval [1/xg, xo].) For the first expression, we
use the infinite series representation above

t\If(t):—vH—iM (1—~ t+z t_l

t—l—n)
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where we split off the first term and moved the summation index up by one. Now, it
is elementary to observe that the expression t(t — 1)/(t + n) has positive derivative
for t >n(y/1+1/n—1)=1/(y/1+1/n+1), and hence, for t > 1/2.

This shows that tW(t) is strictly increasing on (1/2, 00); and we also note that tW(t) <
0 for 0 < t <z (since ¥(xy) = 0).

The second expression t2W'(t) is strictly increasing on (0, 00) as it is obvious by the

expansion above
00 2
t
2 (t) = —
®) Z (t +n— 1> ’

n=1
since the same holds for the generic term t/(t+n—1)=1—-1/(t+n—1),¢t > 0. We
also note that t2¥'(¢) > 0 for t > 0.
We now derive two estimates on the expression tW(¢) + t*%’(t) — t*¥2(¢). The first
estimate is for 1 < ¢t < zy. Using the monotonicity properties above, we have

2

FU(t) + 20 (8) — 202 (£) > U(1) + U/(1) — T2(1) = —y + % = 0.7345404792 ...

The second estimate is for 1/2 < t < xy. Once again, using the monotonicity proper-
ties above, we have

£ (1) + 20/ (¢) — 202(t) > %\p (%) n leq,/ (%) B iq]z (%)

2

1 1
= —5 (7 +2In(2)) + T = 7(7 + 21n(2))? = —0.7L18973685...

In terms of the variable s = In(), and the intermediate points in the Taylor remain-
ders u, v with In(1/x¢) < —s <v <0 <u < s < In(zy), these give

g"(u)T(e") < —0.7345404792... and ¢"(v)I'(e”) < 0.7118973685. ..
in particular, ¢”(u) < 0. Adding, we obtain
g"(w)l'(e") + g"(v)I'(e”) < 0.

Now, if ¢"(v) < 0 then ¢"(u) + ¢"(v) < 0 and we are done. Thus, we may assume
that ¢”(v) > 0. Then, we have

0> g"(u)'(e") + g"(0)I'(e”) > g"(u)l'(e") + g"(v)T'(e") = (g"(u) + g"(v)) T'(e"),

where I'(e¥) > I'(e") since 1/z¢ < € < 1 < € < xy. Hence, ¢"(u) + ¢"(v) < 0 follows
again.
The proof of the proposition is complete.
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Remark. There is a proliferation of variants of the Gautschi inequality; see, for
example Alzer, H., Gamma function inequalities, Numer. Algor. 49 (2008) 53-84,
and the references therein. Some of the estimates on the ratio of gamma functions
discussed at the end of Section 4.10 also involve the digamma functions; for example,
Gautschi’s original estimate

['(z+1)

T(z +s) <exp((1-s)¥(z+1), >0, 0<s<1,

as well as the sharper Kershaw inequalities'3”

exp((l—s)lll(x+\/§))<%<exp((1—3)\ll(m+%(s+1))),x>0,0<s<1.

See also the survey article of Qi, F., Bounds for the ratio of two gamma functions,
Journal of Inequalities and Applications, Vol. 2010.

Returning to the main line, the series representation of the digamma function

above gives
\11(t+1)—\1/(t)—§: ! — _ L
B t+n—1 t+n/) t

n=1

that is .
U(t+1)=Y(t) + o t e R\ (—Np).

[terating, we obtain the inductive formula for the digamma function

11
W(t — Ut 4+ =4 —— ...
(Etm) =W+ T ot

teR\ (—Np), meN.
In particular (¢t = 1 and m shifted down):

U(m)=—y+ Hp_1, 2<meN,
where Hy = Zf;:l 1/k, m € N, is the /th harmonic number.

Taking the logarithmic derivative of both sides of Euler’s reflection formula (Propo-
sition 4.9.1), a straightforward computation gives the reflection formula for the
digamma function

V(1 —t)=V(t)+mcot(nt), teR\Z.

137See Kershaw, D., Some extensions of W. Gautschi’s inequalities for the gamma function, Math.
Comp. 41 (1983) 607-611.
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In a similar vein, taking the logarithmic derivative of both sides of the Legendre
duplication formula, we obtain

W(t) + W(t+1/2) =

ra () =2 (920 - mi2)

since (2271) = (P21 = In(2) - 2%. Rearranging, we arrive at the duplication
formula for the digamma function:

W (2t) = % (W(t) + Ut +1/2)) + In(2).

In particular, substituting ¢ = 1/2 and using ¥(1) = —, we get
U(1/2) = —y —2In(2).

Moreover, substituting ¢t = m + 1/2, m € N, we obtain
1
U(2m+1) = 5 (U(m+1/2) + ¥ (m+1)) + In(2).
Using ¥(m+ 1) = —y + H,,, and ¥(2m + 1) = —y + Hs,,, after rearranging, we have

1

U(m+1/2) = —y — 2In(2) +22m’

k=1

n €N,

since 2Hy,, — Hy, =230 1/(2k — 1).

The Legendre-Gauss multiplication theorem for the digamma function
can be obtained from that of the gamma function by logarithmic differentiation in a
straightforward way:

m—1

t+k
mU(t) = mln(m) + ; v (T) ., meN, teR\ (Ny).
Example 4.18.1. We have
In(27

To derive this, we begin by the version of the functional equation of the zeta function
above (after using the invariance 1 — s — s; see Section 4.17), which, by merging the
powers of m, we write as
I'(s/2)
1 _ — —s+1/2— .
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Using the functional equation of the gamma function:
PLos) 2 (3 s
2 2 1—s \2 2

_ ['(s/2)
—C(1 = — s+1/2— -1 )
We now perform logarithmic differentiation on each factor (and multiply through —1),
and obtain

¢A—s) _ 1 <§> 1y <3 - S) L (d/ds)((s — 1)¢(s))

ios) mm=3¥(3) 73 2 (s—1C(s)

where we used the fact that the digamma function is the logarithmic derivative of
the gamma function. We now evaluate this on s = 1. We have ((0) = —1/2 (Section
4.17), ¥(1/2) = —y — 2In(2), and ¥(1) = —y. For the last term, we first note that
lim, 1 (s — 1)((s) = 1 (Section 4.17), and then

NG SO . (<<s> ) L) .

this becomes

s—1 s—1 s—1

(See Example 4.17.2.) Putting everything together, the example follows.

We now discuss integral representations of the digamma function. We introduce
the parametric integral [ : (0,00) — R by

1 t 1 t
t 1— 1 t1 1—
Y ANEEEIE Py IS E
o \1—2z 1—2zIn(z) o (1—x)n(x)
We first note that the integrand has removable discontinuities at the end-points, and

hence the integral exists. Indeed, this is obvious at x = 0. For the end-point z = 1,
this follows from the equivalent form

o[ (e Y [ (1)

and the fundamental estimate of the natural logarithm?!3®

T
1+

<Iln(l+z) <z, -l<zekR

138Gee Elements of Mathematics - History and Foundations, Section 10.3.
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(The range of the first integrand is [0, 1] with removable discontinuities at the end-
points.)
Moreover, we have

1(0) = lim I(t) = 0.

t—0t
(The interchange of the limit and the integration is allowed by the Arzela bounded
convergence theorem; Section 3.2.)

Differentiating, we have
d t 1—a2t 1
r't) = — d
(®) d/ (1—$+1—xln(x)) ’
B / d t 1 —xt 1 g
B dt \1—z 1 —z In(z) v
1—

= / d$, t> 0.

The last integral here is Euler’s harmonic number H;, 0 < ¢t € R. The name
comes form the fact that, for £ = n € N, by the geometric series formula, this integral
reduces to the harmonic number H, = >_7_, 1/k; see history insert in Section 4.15.
Note that the interchange of the differentiation with the integration is allowed as
the conditions of the corollary to Proposition 4.4.1 are satisfied. (The integrand has
removable discontinuity at x = 1.) Note also that

I'(0) = lim I'(t) = 0.
(0) = lim I'(t) =0

(Once again, here the interchange of the limit and the integration is allowed by the
Arzela bounded convergence theorem; Section 3.2.)
Finally, differentiating again, for ¢ > 0, we obtain

1q 1,4
iy = L[l d:c:—/ xlln(x) dz
0

at J, 1—=x -

1 © 1
= —/ Z:U”’Lt'ln(x)dx——Z/ 2" In(x) dw
0 n=0 n=0+0
© 1 % 1
d .. d/
- _ Lot gy — N & ntt g
2/ =D [t

o

= d 1 1
nzzodt(n+t+1) ;(n+t+1)2 (t+1)

where, one again, the interchanges of the infinite sum and differentiation with the
integration are allowed. Integrating both sides, we obtain

I'ty=v(t+1)+C, ¢t>0.
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Substituting ¢t = 0, and using I’(0) = 0 and V(1) = —~, we obtain C' = ~. Thus, up
to this point, we have
I't)y=9({t+1)+~, t>0.

Since U(t + 1) = (d/dt) InT'(t 4+ 1), another integration gives
I(t) =D+ 1) +4t+C, t>0.
Finally, substituting ¢ = 0, we have 0 = [(0) = InIT'(1) + C' = C, and hence
I(t)=InT'(t+1)+~t, t>0.

Summarizing, we arrive at the integral formula

Yoot 1=at 1
de =InT'(t+1 t, t>0.
/0 (1—x+1—xln(:c)> r=Il{t+1) 49, 1>

In particular, for ¢ = 1, this specializes to

[ (i) e

Substituting this back to the previous expression for InI'(¢ + 1), we obtain

/gt —1 dzx
InT(t + 1) = i )
ar(e+1) = (w—l )1n<x>’ -

We interrupt the computation by the following formula of Euler:

Example 4.18.2. We have!®®

InB(t,s) = In (H—S) + /01 (1(_ 2 - ) dr, t,s>0.

ts 1 —z)lIn(z)

Indeed, using the formula just derived, we calculate

e - () (7)o ()

_ (it —I—/l 1_$t—t—|—1_xs—s—1_xt+s+(t+s) dx
B ts o \1—=x l—x l—x In(z)
1 it 8
I t+s +/ (1—2a")(1 z)dx.
ts o (1 —=x)In(x)

The example follows.

139Gee Whittaker, E.T. and Watson, G.N., A Course in Modern Analysis, 4th Edition, Cambridge,
1927, and 3rd Edition, Dover, 2020; Exercise 36, p. 262.
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Returning to our computation, as a byproduct of the computation above (I'(t)),
we obtain the integral formula

1 t
1—=z
U(t+1)=— dx.
(t+1) y +/0 4
Substituting x = e™", this transforms into
® 1 —tu
T(t+1) = —7+/ —°
g ev—1

On the other hand, making the same substitution into the formula for v in the example

above, we obtain
/°° ( 1 1 >
—— | du=1r.
0 et —1  wuev

Substituting this value of v into the previous formula and shifting the argument of

U, we arrive at
(e ¢ e % e—tI
\Il(t):/ ( — )dm, t>0,
0 x 1l—e®

where we also reverted to the previous variable. This is the Gauss representation
of V.
The substitution 2 = In(1+wu) for the integral corresponding to the second term gives

] —tx e o]
| S [ 0
o l—e® o u(l+u)

and we arrive at the Dirichlet form of the digamma function'

\I/(t):/ooo<e_m—ﬁ)%, £ 0.

Remark. Note the special case (t = 1) that gives yet another expression for the

Euler-Mascheroni constant:
/ o 1 .\ dz
7 0 1+x x

Example 4.18.3. We have!4!

1 t—1
1 t+1 1 t
/x dr— o (EE2) Z 2w (L))
o 1t 2 2 2°\2
140Gee ibid.

141Gee ibid; Exercise 30, p. 262.

40
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Using the initial integral representation of ¥ above, we calculate

t+1_q

t+1 t 11 % L
U2 —w(-) == S | Y
( 2 ) <2> 7Jr/o 11—z @7 /0 -z

:/lxé —rz dx:/l x%_ll dx:/l ut~! du.
0 -2 o 1+ o 1+u

where, in the last equality, we used the substitution = u?. The example follows.

To complete the circle, we now show that the Gauss representation above and the
Stirling formula imply the first Binet formula (Section 4.16) for the gamma function.
We start with the derivative

/1 1 e "
I'(t) = —— == v
®) /0 (u 2 1- e") ‘ N
of the improper integral in the Binet formula, and compare it with the Gauss repre-
sentation above
00 /U 67(t+1)u
U(t+1) :/ (—— ) du,
0 u 1l —ev

where we moved up the value of the parameter ¢ to t + 1. Taking the difference, and
rearranging, we obtain

0 —u __ tu 1 00 1
I’(t)—\IJ(tJrl)——/ udu—-/ e du = —In(t) — —
0 0

u 2 ot

where we used Exercise 1 at the end of Section 4.4. Now, recalling that (¢t + 1) =
(InT'(t + 1)) and integrating the right-hand side, we get

0 —tu
1nF(t+1):<t—|—%)ln(t)—t+/ (%—l‘l— ! )e du+ C.
0

u  ev—1 U

This is the first Binet formula for the gamma function, up to the value of the constant
C. We now let ¢ — oo, and note that the improper integral tends to zero. Finally,
we use the Stirling formula for the gamma function (Section 4.10):

r 1
lim M = /2,

t—00 tt+1/2€7t

to conclude that C' = In/27.

As a byproduct of the computations above, we obtained the integral formula

©/1 11 ) 1 1
- oy = — W+ 1)+ In(t)+— = — () +n(t) — —, ¢
[T (G54 oty et = e )t g = W@ 05 >0,
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interesting in its own right. For example, for x > 0, the trivial inequality 1 + x < e*
gives 1/x > 1/(e* — 1), and hence

©/1 1 1 t 1 [ 1
——= Ty < “dr = —, t>0.
/0 (2 x+ew—1>e v 2/0 T

On the other hand, for 0 < z < 2, the trivial inequality e* < 1+ z + 22/(2 — x) gives
1/(e* —1) > 1/x —1/2, x > 0 (since this obviously holds for x > 2). Hence

© /11 1 i
—— =+ e dr >0, t>0.
0 2 x er—1

Combining these with the integral representation of the digamma function above, we
arrive at the fundamental estimate of the digamma function

1 1
Int——<V¥t)<Int——, t>0.
nt—o <¥(t) <hnt-—o,

This is due to Horst Alzer.'*?> The sharper estimate

1 1 1
1n(t+§)—;<\I’(t)<ln(t+e_7)—¥, t > 0.

was proved by Elezovic, Giordano and Pecaric.!4?

Next we reexamine Example 4.1.6 from a point of view of the beta and digamma
functions:

Example 4.18.4. We have
/2 T
/ In(sin(z)) de = ——In2.
0 2

The crux here is that the integral can be obtained from the Wallis integral (Section

4.11)
/2 1 11
W(t) = / sin(z)dr = =B (i, —) , > -1,
; 2 2

w/2 d
= — sin(z
| s

142Gee Alzer, H., On some inequalities for the gamma and psi functions, Math. Comp. 66 (217)
(1997) 373-389.

143Gee Elezovic, N., Giordano, C. and Pecaric, J., The best bounds in Gautschi’s inequality, Math.
Inequal. Appl. 2 (2000) 239-252; and for the constants being the best possible, Qi, F. and Guo.
B.-N., Sharp inequalities for the psi function and harmonic numbers, arXiv:0902.2524.

by differentiation

d w/2
W(0) Asmmm

w/2
- w:A In(sin(x)) dz,

t=0
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where the interchange of differentiation and the improper integral is allowed by the
remark following Proposition 4.4.2. (See also the higher derivative of the gamma

function in Section 4.6.) We now calculate

T t+1
(V- (D) ARG (Y (o (D py - (D) )
dt 2 "2/, dtT ( 2 \2 2 2

e ).

The values of the digamma function are known for all positive rational numbers
in (0,1) via the Gauss digamma theorem:

(—y—2In2++v) =—mln2.

b

The example follows.

Proposition 4.18.2. Let p < q, p,q € N. Then we have

¥ <§) = vy —In(2q) — —cot( ) Zcos (pr )lnsin (wg) .

We will give a proof of this in Section 4.19. One of the stunning features of this
formula is that it expresses the value of the digamma function on rational numbers
by using only elementary functions. The first few values are as follows

1
v (5) = —vy—2In2

1 |
\IJ(—) _7_3n3 ™3

3 2 6
1 s
U(-) = —y—3m2-7
(4) v —3In 5
1 1
vl-] = —7—21112—3113—ig
6 2 2

We now introduce the polygamma functions ¥,, : R\ (—=Ny) — R as the higher
derivatives ¥,, = ¥ n € N. By repeated differentiation of the series representation
of the digamma function at the beginning of this section, we obtain the expansion

n S ]'
U, (t) = (—1) +1ngzm, neN, teR\ (-Np).
k=1
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Substitution (¢ = 1) yields

U, (1) = (=1)""nl¢(n+1), neN.

Differentiating the inductive formula of the digamma function at the beginning of
this section, we obtain the inductive formula for the polygamma functions as

n)

(b +1) = Ualt) + (<15, nEN, tER\(-Ny)

Differentiating the duplication formula for the digamma function n times, we
obtain
2", (2t) = U, (t) + U, (t +1/2), neN.

In particular, substituting ¢ = 1/2 and using ¥,,(1) = (=1)""'n!¢(n + 1), we get
U, (1/2) = (=)™ (2" = 1) nl{(n+1), neN.
Moreover, substituting ¢ = m + 1/2, m € N, gives
2", 2m 4+ 1) = U, (m +1/2) + ¥, (m +1), m,n €N,
We now use
U, (m+1) = (=1)""n! i L (—1)"*in! (g(n +1) — i L ) ,
— (m + k)" frtl

k=1

to obtain

2m m
1 1
U, (m+1/2) = (—1)""'n! <(1 — 2" (n+1) + 2n+1§ : P § an) , m,n € N.
k=1 k=1

(Note that this also holds for m = 0 with the finite sums absent.)

The Legendre-Gauss multiplication theorem for the polygamma func-
tions can be obtained from that of the digamma function by differentiation in a
straightforward way:

m

m—1
t+k
m", ) =) v, (L) , myneN, teR\ (Ny).



4.18. THE DIGAMMA AND POLYGAMMA FUNCTIONS 359

Differentiating both sides of the Gauss representation of the digamma function
immediately gives the following integral representation of the polygamma functions

o ,.n,—tz 1 t—1
U, (1) = (_1)n+1/ T = _/ T (In(z)"dr, t>0, neN.

Using the zeta gamma relation, in Example 4.17.1 we gave a formula expressing
the Bernoulli numbers as improper integrals. There is yet another (somewhat more
subtle) formula of this kind that we are now able to derive as follows.!44

Example 4.18.5. We have

[os] x2n—1 (2271 _ 1>7T2n
de = (-1)"" " ——2" B, N.
/0 sinh(z) v=(=1) 2n o ME

To derive this, we first differentiate n times both sides of the formula

© 1 _ eftx
Ut+1)=— ——d
( + ) fy+\/0 er — 1 L,
and obtain
) § 00 xne_tx . . [e's) xne—th
U(t+1) = ¥ 4+1)=(-1) “/0 g =T +1/0 a1
0 o —(2t4+1)z oo .n,—(2t+1)x
_ (_1>n+12n+1/ L :_ — dr = (_1)”“2"/ re - ? A dz.
. ef—e 0 sinh(x)

At t = —1/2, this gives

n

qfn12=—1"+12"/oox— .
/2 = (v [7 S de nen

Combining this with our previous expression of ¥, (1/2), we arrive at

00 " 2n+1 -1

Replacing n by 2n — 1, we obtain

00 x2n—1 22n -1
= — (2n— 1)!{(2n).
/0 sinh(z) dr 22n—1 (2n = 1)k (2n)

Finally, Euler’s summation formula finishes the proof.

144Gee also Whittaker, E.T. and Watson, G.N., A Course in Modern Analysis, 4th Edition, Cam-
bridge, 1927, and 3rd Edition, Dover, 2020; Exercise, p. 126.
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The higher order derivatives of the digamma function at t = 1 obtained above can
be written as Taylor coefficients

= = (=1)""¢(n+1), neN.

W4 1) =y SR, <L
or, inserting the geometric series formula:

1 00
‘If(l + t) —F — + Z 1) tkil, ’t‘ < 1.
k=2

Remark. As an interesting byproduct, the Taylor expansion of ¥ above gives the
expansion of the cotangent function at ¢t = 0. Indeed, using Euler’s reflection formula
along with the inductive formula for ¥ as in the beginning of this section, we calculate

o0

g tk 1 Z tk_l

2 k=1

i 2]€ t2k: 1

Pﬁ

1 1
meot(rt) = S AUt = U(1+1) = -

I
c~o~|>—t
P%

(L4 (=" ¢(k)t" ! =

Bl
||
N

@ﬂ

M]3

ot

B
Il

1

where, in the last step, we used Euler’s summation formula.

One of the advantages of the Taylor expansion of W is that it leads directly (by
integration) to the series expansion of the Gamma function:

. C(k) x
In(T(1 +t)) = —7t —DF Rt <1
n(I'(1+1)) 7+2( et <1
or equivalently

(D1 + 1) = —In(1 +8) — (y - Dt + i(—l)kC(Lk_ltk, It < 1,
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Note that, substituting ¢ = 1 into the first expansion, we obtain the formula
y= Y capd
k=2

due to Euler. (The alternating series converges.) Using the substitution ¢ = 1/2 and
rearranging, we obtain

= n(%) +2§(—

The series that involve the zeta function on integer values as part of the coefficients
converge slowly. To remedy this, we may consider the more symmetric form

NG R

g(Qk + 1) —1 t2k+1
ra—t 2 \1—t¢ '

2k +1

WE

T
I

We also observe that the Euler reflection formula (Proposition 4.9.1) can be writ-

ten as

P14+ O0(1 — ) = —

sin(7t)

Taking the natural logarithm, and using it in the formula above, we arrive at the
faster converging formula due to Legendre:

1 Tt 1 [(1+t¢ N (C2k+1) — 1)
InC(1+¢t) =<1 —~In{— Ui
nf(l+1) =3 n(sin(m)> 2 n(l—t) Z 2k:+1

=1

History. The symmetrized formula for ¢t = 1/2 specializes to
- C(2k+1) -1
= ( ) Z F2E+1)

In 1887 Stieltjes calculated ((k), k = 2,...,70 up to 32 decimal precisison (extending previous
computations of Legendre for k = 2,...,35 up to 16 digits). He then used this formula to calculate
7 up to 32 decimal digits.

In the remainder of this section we give various estimates on the polygamma
functions.
We start with the trivial estimate 1 + z < e®, x > 0, of the natural exponential
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function. We write this as z/(1 —e™*) < 1+ 2, x > 0. Multiplying through by

2" e ™ n € N, and integrating, we obtain

00 xne—ta: 00 L 0o
/ —dx < / 2" e dr + / z"e " dx, t>0.
o l—e 0 0

By Example 4.6.1, and the integral formula for the polygamma functions, this gives

—1)! !
(1), (1) < (n " ) + t::l, t>0, neN.

On the other hand, since tanh(z) < z, > 0, we have 1 < (z/2) coth(z/2), z > 0.

We
fcoth<§>:£M:£ 2 _\-_= __=
2 2 2 ex/2 —e=2/2 2\ 1—e2 l—e=® 2

so that we obtain

> 0.
1—e 2’ I

As before this gives

(n—1)! n!

_1\n+1
tr + 2tn+1 < ( 1) \Pn(t), t> O, n € N.

Combining these, we obtain the fundamental estimate for the polygamma func-
tions

(n—1)! n!

N (n—1)! nl
gt

n+1
< (=), (t) < m +t"+1’ t>0, neN.

A sharper upper bound can be obtained by using the inequality

T T ZL’2

_r T 0.
w1 2t 7

Although the right-hand side is the first three terms of the series expansion of the
left-hand side in terms of the Bernoulli numbers (Section 4.12), an elementary proof
of this inequality can be obtained by using 22:1 a2k /k! < e®*—1, 2 > 0, and by noting
that

5 1,6 $8

1—2 = — 0.
( +m>§:m e Tae T U7

Now, the inequality just proved can be written as

1’2

i
<l+-=-—4+— > 0.
e 'ttty 7
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The procedure above then gives

~1) nl (n+ 1)
—1)", (t) < (n
( ) ( ) tn + 9¢n+1 12¢n+2 ’

t>0, neN.

Remark. For n = 1, an alternative derivation!*® of the inequalities

11 11 1
— — < Uy (t) < = —_— —_— t>0
;o 20 ;o T s ’

can be given as follows. Define f : (0,00) — R by

1 1 1
=>4 —+——U(t), t>0.
fO) =3+ 5 1)

Then, by the inductive formula for ¥y, we have W (t) — W;(t + 1) = 1/t so that

1 1 1 1 1 1 1

fﬁ+”‘m):t+1+w+nﬂ%@+m_¥_ﬁfﬁﬁ+ﬁ

= —————— <0
6(t + 1)3t3

Hence, inductively,

FO > f(t4+1) > f(+2)> > lm £(2) =0,

where we used that lim;_,o, ¥;(¢) = 0. The upper bound follows. The proof for the
lower bound is similar (with the cubic term absent).

As an application of these inequalities, and complementing Proposition 4.18.1, we
now prove that the digamma function satisfies the following harmonic mean inequality
due to Horst Alzer and Graham Jameson:!46

Proposition 4.18.3. We have

1 1
v@ T wazm
where equality holds if and only if t = 1.

145This method is used in Guo, B.-N. and Qi, F., Refinements of lower bounds for polygamma
functions, Proc. Amer. Math. Soc., Vol. 141, No. 3 (March 2013) 1007-1015; see the proof of
Lemma 1 for the weaker upper bound ¥y () < e'/* — 1, t > 0. The extension of this method for
2 < n € N is possible but leads to combinatorial complexity.

146GQee Alzer, J. and Jameson, G., A harmonic mean inequality for the digamma function and related
results, Rend. Sem. Mat. Univ. Padova, Vol. 137 (2017) 203-209.
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Recall that, as the series expansion of the digamma function ¥ shows, it is strictly
increasing (everywhere) as well as strictly concave on (0,00). In addition, as noted
in the proof of Proposition 4.18.1 above, t*¥'(t) is strictly increasing on (0, 00). Since

d 1 1 1

—P (=) =—=0'(= t>0

(1) =av (7)o
we see that W(1/t) is strictly convex on (0, 00).
For the proof of Proposition 4.18.3, we need three lemmas.
Lemma 1. We have

1

The upper bound is attained if and only if t = 1.

PrROOF. We define the function F' : (0,00) — R by F(t) = W(t) + ¥(1/t), t > 0.
For future reference, note that F'(1) = —2v and F’'(1) = 0. We now claim that F' is
strictly concave.To show this, we differentiate as

t

1 1
= 2t (\If’ (1+;)+t2)+\11” <1+;)—2t3+t4\lf”(t)
/ 1 " 1 A,
= 2V (14 )+ (14 )+ 110 (t),

where in the second step we used the inductive formulas for the polygamma functions
U, = ¥ and V). Finally, we bring in the the fundamental estimate for ¥’ and that
of ¥ with the refined upper bound as above, and calculate

1 1
tE(t) = 2tV (—) + 0" (Z) + 407 (1)

4 14 _ 1 1 1
PE) = 2t(1+1/t+2(1+1/t>2+6(1+1/t>3)

(N S S B |
A+1/2 (1+1/t)7° PRNE
t
- _m(3t4+2t3+9t2+9t+3)<0, t>0.

The claim follows.
Since F' is strictly concave, F” is strictly decreasing. Since F'(1) = 0, it follows that
F’ is positive on (0,1) and negative on (1,00). Hence, F' attains its unique absolute
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maximum at t = 1 with value —2v. Reverting to the definition of F', we obtain the
estimate

1
with strict inequality for ¢ # 1.

Lemma 2. For 0 < s <1, we have
U(1+s)U(1—s) <~
and the upper bound is sharp.

PRrROOF. For 0 < zp —1 < s < 1 the inequality is obvious since then (0 <)1 — s <
zog < 1+ s, and hence ¥(1 —s) < 0 < V(1 + s). Thus, we may assume that
0<s<xy—1(<1/2). We now use the Taylor series expansion of ¥ above as

\If1+5 7+Z kJrlC 71.

(Note that s is within the radius of convergence 1.) Since the series is alternating, we
obtain
0< —U(1+s)<vy—((2)s+((3)s?

and

0<—U(l—s) <y+((2)s+((3) ) " = s+C(3)1_S§7+§(2)s+2§(3)52
k=2

Combining these, we obtain

V(1 - $)U(1+5) < 72— (((2)? - 31C(3))s% — C(2)C(3)s” + 2((3)2"

Now, numerical evaluation shows that ¢(3) < 7/(108y) so that the coefficient of the
quadratic term (s?) is negative. Since ((2)((3) > ((3)? > 2((3)?s, the sum of the last
two terms is also negative. The lemma follows. Note finally that ¥(1)? = 42 so that
the estimate is sharp.

Lemma 3. We have

The upper bound is attained if and only if t = 1.
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PrROOF. We may assume that ¢ > 1. Moreover, if ¢t > zq then U(1/t) <0 < U(t), so
that we may actually assume 1 < t < zy. Lettingt = 1+s, wehave 0 < s < zp—1 < 1
and 1 —s < 1/(1+s) =1/t. Hence, by Lemma 2:

()W (%) <U(14s5)P(1—s) <~

as U(t) = ¥(1+ s) < 0. The lemma follows.

PROOF OF PROPOSITION 4.18.3. Combining Lemmas 1 and 3, for ¢t > 0, t # 1, we
calculate

U(t)v(1/t) 7 v
O T TS T

The proposition follows.
Exercises

1. Use the representation of InIT" as in Example 4.18.2 along with the technique in
Example 4.18.3 to derive the following formula of Kummer!'4”

/1 xtil _"L‘871 dr = In F(%)F(%
o (I1+)In(z) L(5H)T (5

2. Use the Gauss representation of ¥ to obtain

@(t)z—/ol(%—i—ﬁ) de, t>0.

3. Differentiate the formula IV =" - U and evaluate it at 1 to obtain

TH(1) = —y T(1) + i(—l)’“*lmf—’kﬂwf +)reH().

Use this inductively to derive an expression for

(1) :/ e “(In(x))™dx, m=2,3,4,...,
0

147Thid.
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in terms of v and the zeta function on positive integers. The first few cases are

/ e In(x)de = —v
0

/Oooe_”"(ln(:v))Qd:p = %2+72

[Termwra = Ty -2)

/O et () dr = 32—7§+7T272+’y4+8'y§(3)

[Term@rar = <220 Do) - a0v¢s) - 2406

4. Take the mth derivative, m € N, of both sides of the formula

o t ]
/ o !sin(x) dz = I'(t) sin (%) =T(t+ 1)Smt , 0<t<1,
0

(see the remark at the end of 4.6) to obtain

* sin(x) m = (m d* sin (%) (m—k)
/0 . (In(z))" dx = Z (k) T t_OF (1)
k=0 =
[m/2] k
B e
— 2k + 1\ 2k 2
Now, use the previous exercise to compile the following list:
/ sin(z) In(z)de = —=
0 x 2
> sin(z ™ oo
1 2 - T A2
| =Rz = L5
oo 3
J A I P i
> sin(z) 197° 3 T
1 Yde = — 4+ -t 44
| R @)t = S+ T ot )
* sin(x) 1975 5 T 5
1 g = — — % = 4% — —((3) — 10my*¢(3) — 12
| m@yde = —55 - 05t = 507 - F) — 10m7(3) — 120¢(0)
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4.19 The Hurwitz Zeta Function
The Hurwitz zeta function is defined by

— 1
C(S,&):Zm, l<seR, 0<aeR.

n=0

In what follows, we will tacitly assume that the ‘parameter’ a is a positive real number
as powers with negative base (such as a® = e*(?)) would lead to complex numbers and
multiple valuedness.!*® Clearly, the Hurwitz zeta function is absolutely convergent
for s > 1, and uniformly convergent in s on any closed interval in (1, c0).
By definition, we have ((s,1) = ((s), the Riemann zeta function.

The functional equation of the Hurwitz zeta function follows directly from
the definition:!4°

((s,a+1) :C(s,a)—é, l<seR

By induction, for n € N, we obtain

[y

((s,a) =((s,a+n)+ _0(a+—1k)$’ l1<seR.

e
Il

Remark. The expansion of the polygamma function ¥,, in Section 4.18 reveals its
relation to the Hurwitz zeta function as
(_1)n+1

) (), neN.

C<n+17a) = n

Indeed, we have

U, (a) = (~1)" 'l W = (=1)"nl¢(n + 1, a),

where we moved the index of the summation down by one.

History Adolf Hurwitz (1859-1919) was 22 years old when he invented the generalization of the
Riemann zeta function named after him. A year later he already finished his habilitation and worked
as a private dozent in Gottingen under the supervision of Felix Klein (1849-1925), and in contact
with his mentor Weierstrass in Berlin and his friend Luigi Bianchi (1856-1928) in Munich. Hans
von Mangoldt (1854 —1925) was also a private dozent in Gottingen at the time.

148\ ost authors, including Hurwitz himself, considered only 0 < a < 1.
149T¢ is because of this that most authors restrict to 0 < a < 1.
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As expected, the Hurwitz zeta function participates in several (mostly integral)
formulas that are similar to the ones we developed in the previous sections. The first
and most basic integral representation is the following:

1 es] xsflefam

5,a) = — ———dzr, l<seR
((s0) [(s) /0 l—e®

For a = 1, this reduces to the zeta gamma relation. For this reason, we call this the

Hurwitz zeta gamma relation.

To derive this, we calculate

0 1 oo o0 0
((s,a)l'(s) = Zm/o ¥ e dr = Z/o gt lem(ta)T gy
n=0 n=0
oo © o0 .s—1 ,—ax
_ / 5 lem o Z e dy — / ; dx,
0 n=0 0 1—e®

where, in the second step, we replaced x by (n + a)z within the infinite sum. The
integral formula follows.

As for the gamma and zeta functions, we could use this formula to show that the
Hurwitz zeta function is analytic in s > 1. We defer the proof of analiticity to a later
development; for a direct proof using this formula, see Exercise 1 at the end of this
section.

We wish to extend the definition of the Hurwitz zeta function below 1 < s. The
simplest extension (to —1 < s) is the following.
Assuming 0 < a < 1, a simple algebraic manipulation of the original definition gives

C(S,G)ZC(S)—QSC(S+1)+%+§: (L) —(-s2)

nS

By Newton’s binomial theorem, for fixed n € N, the numerator of the fraction under
the infinite sum can be written as

<1+ %>—s - (1 —s%) _ %i<_1>k5(3+1)..}€!(5+k— 1)7;::-

For fixed n € N, the power series (in a) here is absolutely convergent since 0 < a <1
and the radius of convergence is n; and actually the convergence is uniform on closed
intervals in (0, 1] (Section 2.3.) Combining this fact with the denominator n® - n* =
n**t2 we see that the infinite series above (in n) converges for s + 2 > 1; that is, for
s > —1. Since the zeta function is defined everywhere except at s = 1 where it has a
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simple pole, this shows that the the formula above defines the Hurwitz zeta function
for s > —1 except at s = 1.
As an immediate byproduct, for s = 0 (in the limiting sense), the formula above gives

1 . 1 ) 1
¢(0,a) = =5 —alims((s +1) +1 =7 —alm(s —1)¢(s) = 5 —a,
where we used ((0) = —1/2.
As for a more sophisticated extension, in 1930 Helmut Hasse derived the following
series representation of the Hurwitz zeta function:

O D= DI (3 (RN

The advantage of this formula is that the infinite series is uniformly convergent on
any closed interval (see the remark below).
To derive Hasse’s formula (for s > 1), first use a special case of Example 4.6.1:

1 o
(a+k)' == ﬁ/ A G I
§— 0

Using I'(s —1) = I'(s) /(s — 1), upon substitution and rearrangement of the right-hand
side, we obtain

s . 1 gni I g(_l)k(Z) (a+ k)

1 < 1 * [T n
_1k —x\k 5—2 —azx
Szm/ (z< () er )
:L‘ns?—ax
Zn—i—l/ dx
1_ —z\n
/ € )$S_2€_axdl’

F(s n+1
1 0 Isflefa:p
dr —
w5 | o=
where we used
> 1— e )
Z(—l) (1=e) =—Ine™®)=z, >0
n
n=1

The Hasse formula follows.
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Remark. Using powers of the forward difference operator A (Section 4.12), the finite
sum in Hasse’s formula can be concisely interpreted as

Algl— = Z(_l)nfk <Z> (CL + k)lfs’

k=0
where A(a'™) = (a+ 1) —a'™, A%(a'™*) = (a +2)° —2(a + 1)° + a! 7, etc.
With this, Hasse’s formula takes the form

(s,0) =2 i 72 Sz_i)fmml_s) 5o

n=0

1 1-s
Zln([—l— A)(a 7%).

A thoroughly elementary, albeit fairly long-winded, argument then proves that the
infinite series in Hasse’s formula converges uniformly on closed intervals, and that the
Hurwitz zeta extension defined by this formula is analytic everywhere except having
a simple pole at s = 1.150

We now begin to derive Euler-Maclaurin summation formulas for the Hurwitz zeta
function. The treatment here parallels those in Section 4.17.
Using the first Euler-Maclaurin formula (with index starting at & = 0) in Section
4.16, we obtain

— 1 " de " P(x) 1 1 1
= ———dz— ———dr+- | ———+—), neN,
%(/wa)s /o<x+a>s ! / (@+ayp 2(<n+a>s ) "

where we used (d/dz)(x 4+ a)™* = —s(x + a)~*"!. The first integral calculates as

/“ de 1 1 1
o (z+a) T (n+a)=t a1)"

Substituting and rearranging, we obtain

n

1 1 1 1 111 " Py(z)
P - SRR O S 5 1C N
“~(k+a) 2n+a) s—1(n+a)! s—1la! 20 o (z4a)tt

Letting n — oo, we arrive at the first Euler-Maclaurin formula for the Hurwitz
zeta function:

> 1 1 1 1 > Py(r)
— — _ — 7 (.
C(s,a) Z (n+a)s s—1la*! + 2a8 S/O (x +a)st! o

n=0

150Gee the original paper Hasse, H., FEin Summierungsverfahren fir die Riemannsche (-
Reihe, Mathematische Zeitschrift, 32 (1) (1930) 458-464; and, for a modern approach, Kanous-
sis, D.P., A new proof of H. Hasse’s global expression for the Riemann’s zeta function,
https://reserachgate.net/publication/317823796, and the references therein.
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The improper integral converges absolutely for s > 0, and conditionally for s > —1.
As we will see below, it is also analytic for s > 0. This implies that ((s,a) is analytic
for s > 0 with a simple pole at s = 1 of residue 1.

Example 4.19.1. For —1 < s <0 and 0 < a < 1, we have

((s,a) ——s/_ooﬂda:

o (Fa)tt

Indeed, we have
o p O —[z]=1/2 0 1/2
/ () dx:/ r—[z] -1/ dx:/ x+1/ dx
o (z+a)t! o (z+a)tt o (x4 a)st!
a _ 1 a 1 a
:/L—i—/Qdu:/d_u_ a— = / du du
0 uerl 0 us 2 0 us+1
1 1 N 1 1\ 1
= — —_— a _— —
s—1las1! s 2/ as’

where we used the substitution = u — a. Incorporating this into the formula above,
the example follows.

We now return to the first Euler-Maclaurin formula for the Hurwitz zeta function,
and integrate by parts as

> p 1 [~ P 1 1 [ P
0 (ZL‘ + a)s-i—l 2 0 (:L‘ + a)s—i—l 12as+1 2 0 (I‘ + a)s-i—l

where the contribution from the boundary term is

ast1 ast1 C Gastl

Substituting, we obtain

C(s.0) = 1 1 1 s s(s+1) /OOO( Py ()

s—la' " 2¢° 121 2 T+ a)st?

Since the improper integral converges absolutely for s > —1 (and conditionally for
s > —2) this gives an extension of the Hurwitz zeta function for s > —1. It also
shows that ((0,a) = 1/2 — a, a result that we obtained previously.

We recognize the Bernoulli numbers in the coefficients, and write

1 1 B s B s(s+1)/°° Py(z)
o (

((s,a) = s_—1a>1 g T o g5+l 9 T+ a)5t? L
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For future purposes, note also that ((0,a) = 1/2 — a = —Bj(a), where B;(a) is the
first Bernoulli polynomial in the indeterminate a.

We now perform integration by parts inductively, and arrive at the general
Euler-Maclaurin formula for the Hurwitz zeta function:

o 1 B1 S B2 8(8 + 1) B3
C(s,a) = (s—a~'  a° * 20 st * 3 ast? *
LSl +2) (s m 1) B
(m+ 1)' astm

_ 5(5+1)(3—|—2)-~-(3+m)/°° P (z) dr, s> —-m, mé€N.

(m+1)! (x 4 a)stm+l

Before going any further, we derive the following important connection between
the values of the Hurwitz zeta function on non-positive integers and the Bernoulli

polynomials:

Bm 1\a

Indeed, a direct substitution in the general Euler-Maclaurin formula for the Hurwitz
zeta function gives

y mENO

1

((m,a) = e (am+1+

m+1_ _  (m+1)m
TR

(m+ 1)m(m —1)
- 3]

m—+1
1 (m + 1) Bkam7k+1 _ _Bm+1 (a/)

B2am—1

B3a™ % + -+ Bm+1)

Y

m+1k:0 k m+1

where the alternating signs disappear as every odd Bernoulli number vanishes except
By, and, in the last equality, we used the expansion of the Bernoulli polynomials in
terms of the Bernoulli numbers (Section 4.12). The stated formula follows.

As an obvious byproduct, for s = —m, m € Ny, the Hasse formula above gives

m—+1

L 1 - n 1 Bm 1la
CH’W):_m+1;Hl;(_l)k(k)(ﬁk)m* - m++(1>'

(The sum in k, for s = —m, interpreted as A™(a™"!) is zero for n > m + 1 since
the forward difference operator A reduces the degree of polynomials by one; see the
remark after the proof of Hasse’s formula.) Hence

B (z) = ZO - i - k20<—1)k <Z) (x+ k)™, meN,.
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where we replaced a with the generic variable x.
In view of this, the Hurwitz zeta function may be considered as a generalization
of the Bernoulli polynomials to non-integer values.

We now return to the general Euler-Maclaurin formula above, and show that it
implies analiticity of the Hurwitz zeta function ((s,a) in s > —m, m € N. The
treatment here parallels the analogous result for the zeta function in Section 4.17.
The nth derivative, n € N, of the improper integral in the general Euler-Maclaurin

formula is
d" [ Ppna(z) / *  Pnua(r) n
- It e = (—=1)" _mt) d
ds" /0 (o 4yt 1= U f G g (e ) d

=y [T o)) du,

where the differentiation was interchanged with the improper integral by Proposition
4.4.2. For n € Ny, we estimate the last integral as

¥ Bna(u—a) * [In(u)[*
/a i (In(u))" du| < K/ us+m+1 u,
where K = sup,c(o 1 |Bm+1(w)| (Section 4.14). Now, if a > 1 then, as in the case of

the zeta function, this is dominated by < Kn!/(s +m)"™. If 0 < a < 1, then the
last integral estimate needs to be augmented by

[ EB gy gy [ e S CBOr (L)

In either case the claimed analiticity now follows (Section 2.4). In particular, by
unique continuation, the extension of the Hurwitz zeta function at the beginning of
this section is the same as the one we just obtained.

151 i5 a generalization (s = 1) of Example 4.18.1:

r
=In (ﬂ> .
s=0 \% 27
Proor. We begin with differentiating both sides of the defining equality of the
Hurwitz zeta function as

d*((s,a) s 1
@essa) Ny ——
da? (s+ ; (n+a)s+?

151Gee Weil, A., Elliptic Functions according to Fisenstein and Kronecker, Springer-Verlag, New
York, 1976, p. 60.

The following result, due to Lerch,
Proposition 4.19.1. We have

d¢(s,a)
ds
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This gives

d* d((s,a)
da? ds

o d d*(s,a)
ds  da2

> 1 d?InT(a
S _ &Inl(a)

(n+a)? da?

s=0 s=0 p=0

where the last equality is a property of the logarithmic derivative of the gamma
function (Section 4.10). Hence

& (d<<s, a)

da? ds

—lnF(a)) —0,

s=0

and we get
d¢(s, a)
ds

=InIl'(a) + Bs+ C,
5=0

for some B,C' € R.
On the other hand, differentiating the functional equation of the Hurwitz zeta func-

tion, we obtain
d((s,a+1) d((s,a) _ In(a)
ds o0 ds | '

Combining these, we obtain B = 0 since InI'(a + 1) = In(al'(a)) = In(a) + InT'(a).
Finally, for a« = 1, Example 4.18.1 gives C' = — In v/27. The proposition follows.

Remark. In the course of the proof, we established the following

d"((s, a)

T = (=1)"s(s+1) -+ (s+m—1)((s+m,a), s#1,0,—1,...,—m+1, m € N.

Another simple consequence of the Hurwitz zeta gamma relation is obtained by a
simple rearrangement and various uses of the gamma function:

a® a'® 1 < /1 1 1 st
= e d
(s,a) 2 +s—1+F(s)/0 (2 x+e$—1> eaz

Indeed, we calculate the integral as

> /1 1 1 s—1 1 o oo
/ P T dr = —/ e dy — / 2572079
0 2 x e*—1) ew 2 Jo 0

/oo $s—1e—(a+1)fc P(S) F(S _ 1)
+ - -
0

I / r 1
i dx S Sy +T(s)¢(s,a+1)
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where we also used the functional equation for the Hurwitz zeta function. The stated
integral formula now follows.
Note the special case (a = 1):

1 1 1 /1 1 1 x5!
= — dz.
() 2+3—1+F(s)/0 (2 x+ez—1) er T

As a consequence of integral formula just derived, we show that

1
s—1

s—1

lim (C(s,a) - ) — —U(a), a>0.

To prove this, we calculate

| 1 @t avs—1 [~/1 1 1\ _.
m(g(s,a)—s_l)_m R +/0 (§_§+ez—1)e d

1 < /1 1 1
— — —In - _Z i
2a (a) /0 (2 x ef”—l)e ‘

The last integral can be extracted from the proof of the first Binet formula via the
Gauss representation (Section 4.18 before Example 4.18.4):

<71 1 1 1 1
- — = Tdr = -V 1)+1 —=-U 1 - —.
/0 (2 x * er — 1) ‘ * (a+1)+1nfa) + 2a (a) +In(a) 2a

The stated limit relation follows.

The expression in parentheses of the improper integral in the left-hand side of
the formula above can be approximated by > ;" 2271 By /(20)!, m € N. (See the
(second) remark after the statement of the first Binet formula.) Thus, we have

1 * /1 1 1
~W(a) + In(a) — — = o2 —az g
(a) + In(a) 5 /0 <2 x—i_ef"‘—l)e T

"\ By /oo 21 — “\ By . By
~ e dr = [(2¢) =
; 20)! J, ; (20)1a? ; 20a?*
Rearranging, we obtain
1 < By
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To get an estimate for the error term of the approximation, we can use the Euler-
Maclaurin summation formula above (with m replaced by 2m). We calculate as above

2m+1

. 1 . al_s —1 Bl m+1
Ua) = —}ggr%(C(s,a)—s_l)——E_rg s—1 +7_ kak / x+a2m+2dx
1 ~ By > P2m+1(913)
=1 - — = ———=d
n(a) 2% < 2002t +/ (2 + a)2m+2 v

Thus, we have the error estimate

> Poypyai()
alln 2l
/0 (z + a)2mt2 u
(See Section 4.14.)

Note finally that, letting m — oo, the power series (in 1/a) in the asymptotic
formula

|B2m|
< s B
= xel[JOI,)l] | Bom1 (2 |/ (z + a)2m+2 27m2m+1

o0

U(a) ~ In(a) — % 2 °7 0,
=1
has radius of convergence 0 (by the asymptotics of the Bernoulli numbers), that is,
the infinite sum does not converge for any a > 0. Nevertheless, the partial sums
approximate the digamma function with increasing accuracy as a — oo.

Returning to the main line, we now derive yet another another integral represen-
tation of the Hurwitz zeta function knows as the Hermite formula:

_at At *  sin(sarctan(x/a))
C(S7 CL) — + + /(; (CL2 + l’2>5/2(627m _ 1) d

2 s—1

To pass from the integral representation just derived to the Hermite formula, we need
to show that the respective indefinite integrals match. We first note that, according
to Example 4.16.1, we have

1/1 1 1 > i

Ly _ / sin(zu) o

2\2 =z er—1 o e —1
Using this, we calculate
(1 1 81 dp — 2 /oo /°° sin(zu) du 81 e
2 —1) e I'(s) Jo o eru—1 ear

d 0 gj t
— / +1e™ gin(uz) dx—ul _ 2/ ( sin(s arctan(u/a)) au.
0 0

e2mu _ a? + u2)3/2(627ru _ 1)
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where we used Example 4.6.3. The Hermite formula follows.

As a special case, the Hermite formula provides important integral representations
for the polygamma functions ¥,, n € N. Substituting s =n + 1, n € N, we have

(—1)n*t 1 1 > sin((n + 1) arctan(z/a))
T‘Ifn(@) =(n+1l,a) =g+ —+ 2/0 (@@ + 22) D2 (2w — 1) dx

2a"t1 T nan
The crux here is that the trigonometric expression in the numerator of the integrand
is a rational function (in both x and a), and it is expressible by the Chebyshev
polynomials U,,, n € Ny (Section 4.10). Using the definition, we have

sin((n + 1) arctan(z/a)) = Uy,(cos(arctan(z/a))sin(arctan(z/a))

(o) v
"\Va2ta?2) VaE+ 22

Substituting, we arrive at

(—1)n*t 1 1 / > a zdx
——V,(a) = — +2 U, .
n ((1) 2qn+1 + nan + o o2 i 2 (a2 + x2)n/2+1(e2wm _ 1)
For completeness, note that integrating both sides of the formula for n = 1, we obtain

\If(a):—%+ln(a)—2/ooo(

xdx
a? 4+ x?)(e?™ — 1)

Remark. Using the integral equality in the proof of the Hermite formula, we also

have
! (n—1)! < /1 1 1 "
(=1) (a) 2qn+1 * ar * o \2 = * er 1) ean 0

and, for completeness again

1 /1 1 1
\Il(a):—%—l—ln(a)—/o (5—5#—696_1)6_”0[:&

We now return to the compact form of the first Euler-Maclaurin formula in Exam-
ple 4.19.1, and expand the periodized Bernoulli polynomial Pj(x) in the numerator
of the integrand into Fourier series as in Section 4.14. For —1 < s <0and 0 < a < 1,
we calculate

(oo [ [T,

" (ZL‘ + a)s+l

5 [ = sin(2nw(x —a)) dr 5 o= 1 /°° sin(2nm(x — a))
= — — — d
T /0 Z n zstl o ; n Jo xstl v

n=1
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We work out the improper integral using the formulas in the remark after Example
4.6.3 as

/OOO sin(2nm(x — a)) dr = cos(2nma) /OO sin(2nmz) dz — sin(2n7a) /°° cos(2nmz)

xS—H xs—l—l Q38+1

0 0

= (2nm)* cos(2n7m)/0 S;Iig) du — (2nm)® sin(2n7ra)/0 CZig) du

= —(2nm)°T'(—s) (cos(2n7ra) sin (g) + sin(2nma) cos (?))
= (QW)sM (sin (E) cos(2nma) 1 cos (E) Sin(2n7m))

s 2 n=s 2 s
Substituting, for s < 0 and 0 < a < 1, we obtain the Hurwitz formula'®?
o' (1 —8) [ . /7s\ ~= cos(2nma) TS\ = sin(2nma)
(o) = 2=2) <sm () o) () 3 5 )

Note that, for a = 1, we recover the functional equation for the Riemann zeta
function (Section 4.17):

M1 —s) |

C(s) = Wsm <E> ((1—-5),s<0.

2

Kummer’s formula for the gamma function, noted in Section 4.16, is a direct
consequence of the Hurwitz formula via Proposition 4.19.1.
Indeed, lettting 0 < a < 1, performing the differentiation, we calculate

I'(a)\ _ d¢(s,a)| (¢ TV(1) T'(M) 02 . sin(2nma)
n(T) = L (R e
_'_@ (g f: cos(imra) N i sin(2nn7ra) 1n(n))

In(n)

= (y+1In(27)) (% — a) — %111(2 sin(ma)) + % Zsin(2n7ra) -

152For other proofs, see Apostol, T., Introduction to analytic number theory, Springer, NY, 1976,
p- 257; Whittaker, E.T. and Watson, G.N., A Course in Modern Analysis, 4th Edition, Cambridge,
1927, pp. 268-269, and 3rd Edition, Dover, 2020; and Kanemitsu, S., Tanigawa, Y., Tsukada, H.
and Yoshimoto, M., Contributions to the theory of the Hurwitz zeta function, Hardy-Ramanujan
Journal, 30 (2007) 31-55; Section 4.

dz
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where we used the Fourier expansions

1 o sin(2 1 - 2
%;M:§—a and ZM:—IH(QQD(W&)), O0<a<l

(See Section 4.14 as well as Exercise 3 at the end of the section.)
We obtain Kummer’s formula, usually written as

3=

In (F(a)) = —% In(2 sin(ﬂ'a))—l—% (7 + In(27)) (1—2a)+ "

V2r

It is interesting to observe that InT is expressed in the right-hand side by elementary
functions only.

— 1
Z n(n) sin(2nma), 0<a< 1l
n=1

Returning to the main line, we now show an important consequence of the Hurwitz
formula for rational a = p/q, p < ¢, p,q € N, as

(ood) = e (32 (o),

with no restriction on s.
To derive this, we first replace s by 1 — s in the Hurwitz formula, and join the two
infinite sums:

A—sa) = ?;Sz (cos (7;3) i cos(izma + sin ( > i sin(2nma) )

=1 n=1

1
S (W— —2n7ra> —, s> 1.
2 ns

P 2I'(5) ~— s p\ 1
¢ (1 — s, 5) = (2m): ZCOS (7 — QnW&) vl s> 1.

The crux is to write n = mq + k, and replace the infinite sum with variable n € N by
a double sum with m € Ny and k£ = 1,...,q. This gives

O o e

q m=0 k=1

= ZF(S) q cos [ 22— okn 3 _
- (2mg)r &= (2 2 CJ)mZ:O(m+k’/Q)S‘




4.19. THE HURWITZ ZETA FUNCTION 381

Since the last factor is (s, k/q), the stated formula follows. This holds for s > 1 and,
by analytic continuation, for all s.

For p = ¢ = 1, this relation reduces (via Euler’s reflection formula) to the functional
equation of the zeta function.

We close this section by giving a proof of the Gauss formula for the digamma
function stated in Proposition 4.19.2.
We need the following;:

Lemma. Forp=1,... q — 1, we have

(1) >°7_,sin (2p7r )
(2) > k= COS( T )

:)
(4) >°%_, cos <2p7r )

(3) 3 i sin (
PRroOF. All these are consequences of the Lagrange identities!®3

|?T Qx> el

= —1 cot (%) ;

1
2°

;Qlk‘ ESHES

N ~cos(a/2) —cos((2q + 1)a/2)
Zsm(k:a) B 2sin(a/2)

q - sin(a/2) + sin((2g + 1)a/2)
Zcos(k:oc) = 2sin(a/2) ’

For (1)-(2) we use the direct substitution a = 2pm/q. For (3), we take the derivative
of the Lagrange identity for cosine (with respect to «) as

d sin(ke) — sin((2¢g + 1)a/2) cos(a/2) — (2¢ + 1) cos((2g + 1)a/2) sin(a/2)
Zk (ke) = 4sin?(a/2) ’

and substitute a = 2pm/q. Finally, for (4), we take the derivative of the Lagrange
identity for sine (with respect to «) as

S cos(ha) — 08((2 + Da/2) cos(a/2) + (2q + 1) sin((2g + 1)a/2) sin(a/2) — 1
Zk (k) = 4sin?(a/2) ’

and substitute o = 2pm/g. The lemma follows.

153Gee Elements of Mathematics - History and Foundations, Exercise 11.3.16.
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PROOF OF GAUSS’ DiGAMMA THEOREM. We first replace s by 1 — s (for technical
convenience) in the Hurwitz formula for rational a = p/2 just derived above

q
k k
(2qm)'=5¢ (s, g) =20(1—5) ) sin (% 4 2p7r5> ¢ (1 _s, E) . p<q, pgcN.
k=1

In the first step we extract the residues at s = 1 from both sides of this equality
as

s—1

}glg}(s —1)(2qm) ¢ (s, g) = lim(s — 1)¢ (s, g) =1,

and

q
2lim(s — 1)I'(1 — s) Zsin <§ + 2pm
k=1

s—1
d T k k
= -2 ;sm <§ + 2p7ra> ¢ (0, -

Hence, the equality of the residues gives

I k k
1=-2 2pm— 0,- ).
,;COS(mq)g( ’Q>

On the other hand, since ((0,a) = 1/2 — a, this can be written as

q q q
1=-2 Zcos (QPWE) (l — E) = — Zcos (QPWE) + QZCOS (2p7rﬁ> E
pust ¢/ \2 «q pot q P q) q

By the summation formulas in (2) and (4) of the lemma above, however, this always
holds. Hence the equality of the residues gives nothing new.

In the second step, we return to our equation, deduct the poles with the calculated
residues, and let s — 1.1%* For the left-hand side, we obtain

1 1
iy (2n) ¢ (5.2) - L) =y (e (s 2) - )
2mq) — 1
+£1£I% %£%(s —1)¢ (s, g) =V (S) — In(27q).

The corresponding limit of the right-hand side (suppressing the factor 2) is

g s k k - k k
lim [ I'(1 —s sin [ — —|—2p7r—) ¢ (1 — s, —) + cos <2p7r—) ¢ (O, —> .
H1< ( ); (2 q q 8—1; q q

154This amounts to taking the constant term in the Laurent series expansions at s = 1.
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We rearrange this into two terms as

. 1 . (7 k k
£1_r>r% <F(1—s)— 1—3) Zsm <?—|—2p7ra> ¢ (1—3,5)

q
1 k k k k
— lim (sin (W—S + 2p7r—) ¢ <1 — s, —) — Cos <2p7r—> ¢ (0, —)) .
—sols—1 2 q q q q

Clearly, the first limit is

. k k ’ K\ (1 K\ ~
_ Ccos 2p7T—) (O, —> = — cos (Qpﬂ-—> (_ — _> = =,
7; < q ‘ q PYZ q) \2 q 2

where we used (2) and (4) of the lemma above.
The generic limit within the (finite) sum in the second term is the derivative

d ms k k
L gin (22 Lol 1—s ¥
i (o (5 v )< (12 0) |
k k k k
=T cos (E + 2p7r—> ¢ (0, —) — sin (Z + 2p7r—) ¢’ <O, —)
2 2 q q 2 q q
k k k k
— _Tsin <2p7r—) ¢ (0, —) — CoS (2p7r—) ¢’ (0, —) :
2 q q q q

Putting everything together, so far we have

—U <§> —In(27q) = ’y—i—7rZsin (2p77§) ¢ <O, S) + QZCOS <2p7rg> ¢’ (0, g) .

k=1 k=1

We calculate the first sum on the right-hand side as

q q

Zsin (QPWE> ¢ (07 E) = Zsin (2p7rﬁ> <1 — E)

— q q — a/ \2 ¢
1q,( k) q.( k)k:l (pﬂ)

= - sin | 2pm— | — sin | 2pr— | — = =cot | — |,

where we used (1) and (3) of the lemma above. With this, we now have

q k k
— (E) —In(2rq) = v + = cot (]ﬂ) +2)  cos (2197?—) ¢’ <0, —) -
q 2 q k=1 q a
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For the last sum, we use Proposition 4.19.1 as

q q
ZCOS <2p7rﬁ> ¢’ (O, E) = Zcos (QPWE) InT <E) ,
k=1 q q k=1 q q

where the term —In(v/2m) > {_, cos(2prk/q) vanishes again by (2) of the lemma
above. Substituting and rearranging, we arrive at

q—1
k k
U (Z—?) = —v — In(27q) — T cot (E> -2 E Cos (2p7r—> InT (—) .
q 2 q — q q

(Note the change in the upper limit of the finite sum as the respective term vanishes.)
As the final step, taking the logarithm of both sides of Euler’s reflection formula
(Proposition 4.9.1), and evaluating at k/q, we have

lnF(E) +1nf(u) =In7m — Insin (Wﬁ), k=1,...,q—1
q q q

Multiplying through by cos(2mpk/q) = cos(2mp(q¢ — k)/q) and summing up with re-
spect to k =1,...,q — 1, we obtain

- k k — k k
2 E cos (Qpﬂ—) InT (—) =—Inm— g cos (2p7r—) In sin (W—) ,
k=1 q q k=1 q q

Using this to replace the sum in our formula above, we finally arrive at the Gauss
digamma theorem

1\ <1—9> = —7—1n(2q)——cot < )+Zcos <2p7r ) In sin (WE> , p<gq, p,qeN.
q q

Remark. This formula has various equivalent forms. A minor modification (using
the trigonometric summation for cosine above) gives

0(0)- o () Eo oo ()

A more interesting version can be obtained from the original Gauss digamma formula
above by noticing that the terms in the (finite) sum stay the same under the symmetry
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k—q—k, k=1,...,g— 1. This allows to pair up the respective terms. For ¢ odd,
the sum becomes

S o ko (1)) 2 0m (o (o ()

For ¢ even, the middle term for k& = ¢/2 vanishes and we have

S (o) 3 ()) =2 e o o))

The two cases can be combined, and we obtain
5]

v <§> — —y —In(2q) — Ecot (pq ) +2 Z cos (Qpﬂ'l;) In sin (WS) .

There is a proliferation of (finite) summation formulas of the digamma function
on rational numbers. The next example is also due to Gauss;

Example 4.19.2. We have

Z@( ) ¢(v+1Ing), ¢eN.

Indeed, splitting off the top term ¥(1) = —v and using the Gauss digamma theorem,
we calculate

zq:qf(g) :—7+§\D (g) = —qv— (¢—1)In(29)

T ! p gy k k
) Zcot <—) + Z (Z COS (2p7r—)> In sin (77—)
=1 q k=1 \p=1 q q

By (2) of the lemma above, we have

g—1 k q—1
ZCOS (2p7r—> = Zcos (2]@%1—?) =—1;
¢) = q

p=1

and, by (1) and (3), of the same lemma

:écot (*%”) — —2ZZsm (2p7r > g — —2i <isin (21{;7r§>> S _o.

p=1 k=1 k=1
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Incorporating these, we have

é v <§> =—qv—(¢—1)In(29) — gln sin (%)

Finally, using the lemma in the proof of the Legendre-Gauss theorem (Proposition
4.10.2), we have

qilnsm (wg) — mﬁSm (wg) —In (zqq_l) —1In(q) — (¢ — 1) In2.

The example now follows.

Exercises.

1. Use the formula

1 00 xs—le—am
= d > 1
$s:0) = 5 /0 L—e= 0 775

in the text to prove that the Hurwitz zeta function is analytic in s > 1 by the following
steps. (a) Notice first that it is enough to prove that the improper integral is analytic
in s > 1 (as the quotient of analytic functions is analytic, and the gamma function is
analytic; see Section 4.6.). (b) For n € N, derive the formula

dr 00 xs—le—aw 00 xs—le—aw

— ——dx | = —( "d > 1.

ds™ (/0 1—e® x) /0 1—e® (In(z))" dz, s
(c) Use the inequality e™® < 1 — x + 22/2, x > 0, and the method in Section 4.6, to
estimate

1 ,.s—1_—ax
/L(ln(x))”dx
0
n!

1 1
< 2/0 25727 (—1In(x))" dr < 2/0 2572 (—1In(x))" dx = 2(<9——i)71H’ n € Np.

1x37267a:p
< — (=1 "d
< [ = ) as

(d) Fix b > 1. Assuming 1 < s < b and 2 < n € N, estimate

© ,.5—1,—ax 1 o)
/1 L(ln(x))" dzx < . 1/6/1 ¥ e (In(z))" dx

l—e*
K o K 2"nl [ /1] "
< / e~/ 2(In(z))" dx < n / n(z) dx
1—-1/e J; 1—1/e a™ J; T
K  2"n! n! K 27fip)

< <
“1-1/e a® (n—1)"*' —1—-1/e a ’
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where 257! < 271 < Ke®/2  x > 1, (with K depending on a), and e®®/2 >
(az/2)"/n!, n € N. (e) Finally, use (c)-(d) and the condition on the growth rate
of the Taylor coefficients (Section 2.4) to conclude that ((s,a) is analytic for s > 1.

using the Hermite formula along with Exercise 1 at the end of Section 4.16.
Solution: Calculate

, 1 oa® a1 > sin(arctan(z/a))
£1_I>I% (C(s,a) — s—) = £1_r>r% 5 —i—il_r)ris_—l + 2/0 (a2 + 22)1/2(e2me — 1) az

1 o *  sin(arctan(x/a))
= — —In(a) hrr%a + 2/0 (a2 + 22)1/2(e2me — 1) du

> xdx
- 2
2a n(a) + /0 (a® 4 a?)(e?m® — 1)

For the last integral, Exercise 1 at the end of Section 4.16 gives

I(a) 1 o x dz
V)= £y =0 - 5, -2 | Gy

3. Use the method of the proof of the fundamental equation for the Hurwitz zeta
function for rational a to derive the multiplication theorem

q¢°C(s) ZZQ(&%Q)? p<gq, p,geN.
p=1

4. Show that, applying the differentiation formula in Proposition 4.19.1 to the general
Euler-Maclaurin formula for the Hurwitz zeta function, we obtain the Euler-Maclaurin
formula for the gamma function in Section 4.15. Similarly, performing analogous
computations for the Hermite formula, obtain the second Binet formula for the gamma
function.

5. Use the method of the proof of the Gauss digamma theorem to derive the formula

q—1 q—

AW ¥y qln(g) =« (m)p
E U= —:—q—l—————E cot (— | =, 2<geN.
o (Q)q = 1; 2 2 4= 7/ 4q
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