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A generalization of Bohr—Mollerup’s theorem for higher order
convex functions: a tutorial

JEAN-LUC MARICHAL AND NAIM ZENAIDI

Abstract. In its additive version, Bohr—Mollerup’s remarkable theorem states that the unique
(up to an additive constant) convex solution f(z) to the equation Af(z) = Inz on the open
half-line (0, c0) is the log-gamma function f(z) = InT'(z), where A denotes the classical dif-
ference operator and I'(x) denotes the Euler gamma function. In a recently published open
access book, the authors provided and illustrated a far-reaching generalization of Bohr—
Mollerup’s theorem by considering the functional equation Af(x) = g(x), where g can be
chosen from a wide and rich class of functions that have convexity or concavity proper-
ties of any order. They also showed that the solutions f(z) arising from this generalization
satisfy counterparts of many properties of the log-gamma function (or equivalently, the
gamma function), including analogues of Bohr—Mollerup’s theorem itself, Burnside’s for-
mula, Euler’s infinite product, Euler’s reflection formula, Gauss’ limit, Gauss’ multiplication
formula, Gautschi’s inequality, Legendre’s duplication formula, Raabe’s formula, Stirling’s
formula, Wallis’s product formula, Weierstrass’ infinite product, and Wendel’s inequality for
the gamma function. In this paper, we review the main results of this new and intriguing
theory and provide an illustrative application.
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1. Introduction

One of the best-known special functions of mathematical analysis is the Euler
gamma function. Its restriction to the real open half-line Ry = (0, c0) is usually
defined as the following improper integral (see, e.g., Srinivasan [15])
oo
I'(z) = /t””*1 e tdt, x> 0.
0
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It is well known and easily seen that this function satisfies I'(1) = 1 and
the identity (using integration by parts)

MNz+1) = z(x), x> 0.

In 1922, Bohr and Mollerup [6] established the following simple, but re-
markable characterization of the gamma function.

Theorem 1.1. (Bohr—Mollerup’s theorem) The gamma function is the unique
logarithmically convex solution f: Ry — Ry satisfying f(1) = 1 to the equa-
tion

flx+1) = zf(x), z > 0. (1)

A decade later, Artin [3] (see also Artin [4]) investigated and simplified
the proof of this characterization, which has become also known as the Bohr—
Mollerup—Artin theorem. He also showed that many classical properties of the
gamma function are actually very elementary consequences of this theorem
and its proof. Among these properties, recall the Stirling formula

lim — L) , 2)

2500 \/2r =T T3

=1

the Gauss multiplication formula

m—1 .
T me
Hr(x+j> - (x) (27T) 217 I>07m:1727"'7 (3)
. m
7=0
and the Gauss limit
nln

[(z) = nllrrgox(x+1)._.(x+n),

x> 0. (4)

It is not difficult to see that Bohr—Mollerup’s theorem above can be slightly
generalized as follows.

Theorem 1.2. (Bohr—Mollerup’s theorem) All logarithmically convex solutions
f: Ry = Ry to Eq. (1) are of the form f(x) = cT'(z), where ¢ > 0.

Indeed, if f: Ry — R4 is a logarithmically convex solution to Eq. (1),
then clearly so is the function f/f(1), which must be the gamma function by
Bohr-Mollerup’s Theorem 1.1.

The following theorem provides a reformulation of the latter result using
the additive notation, where A stands for the classical difference operator.

Theorem 1.3. (Additive version of Bohr—Mollerup’s theorem) All convez so-
lutions f: Ry — R to the equation Af(x) = Inxz are of the form f(x) =
c+1InT(x), where c € R.
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It is natural to ask whether analogues of Theorem 1.3 can be obtained
by replacing the logarithm function in the difference equation Af(z) = Inx
with any other real function. In a recently published monograph [12], the au-
thors showed that such analogues do exist for a very wide variety of functions.
We now state this result in the following uniqueness theorem, which actually
constitutes a major generalization of Bohr—Mollerup’s theorem.

Recall first that a function f: I — R, where I is any nontrivial real interval,
is said to be p-convex (resp. p-concave) for some integer p > 0 if for any
pairwise distinct points xg,21,...,2p4+1 in I we have that

flro, 21, ., 2pp1] > 0 (resp. flzo,z1,...,2pp1] < 0),

where the symbol f[zg,x1,...,Zp+1] stands for the divided difference of f at
the points zg, 1, ..., Tpt1. It can be shown that, if I is an open interval and
f is p times differentiable, then it is p-convex (resp. p-concave) if and only if
f®) is increasing (resp. decreasing). For background and references, see, e.g.,
[12, Section 2.2].

We say that a function f: Ry — R is eventually p-convex (resp. eventually
p-concave) if it is p-convex (resp. p-concave) in some neighborhood of infinity.

For any integers p > 0 and n > 1, and any function g: Ry — R, we define
the function f2[g]: R1 — R by the equation

n—1 n—1 p
flol(x) =D gtk) = gla+k) +> () A gn), x>0
k=1 k=0 j=1

Theorem 1.4. (Uniqueness) Let p > 0 be an integer and let the function g: Ry —
R have the property that the sequence n+— APg(n) converges to zero. Suppose
that f: Ry — R is an eventually p-convex or eventually p-concave function
satisfying the difference equation Af = g. Then [ is uniquely determined (up
to an additive constant) by g through the equation

f(.%‘) = f(1)+7}irr;of£[g}($)7 x>0,
and the convergence is uniform on any bounded subset of R,..

Taking p = 1 and g(z) = Inz in Theorem 1.4, we immediately retrieve
both Bohr-Mollerup’s Theorem 1.3 and Gauss’ limit (4). We thus see that
Theorem 1.4 provides a generalization of Bohr—Mollerup’s theorem to a vast
spectrum of functions. The following example, which will be our guiding exam-
ple throughout this paper, provides another illustration of this generalization.

Ezample 1.5. (The polygamma function ¥ _5) Consider the polygamma func-
tion _9: Ry — R defined by the following equation (see, e.g., Adamchik
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Y_o(x) = [ InT(¢t)dt, x> 0.
/

Tt is known (see, e.g., Adamchik [1, p. 196] and Remmert [14, p. 46]) that this
function satisfies

Y_o(l) = %ln(Qw).

Moreover, it is 2-convex since its second derivative is the digamma function ),
which is increasing on Ry (see, e.g., Srivastava and Choi [16]). Furthermore,
for any > 0 we have

1 x+1 x
Af(x):/lnf(t)dt+ / 1nI‘(t)dt—/lnF(t)dt
0 1 0

x

P_a(1) + /(mr(t +1)—InT(t))dt

0

x

=v_(1)+ [ Intdt.
/

Thus, we have Af = g on Ry, where the function g: Ry — R is defined by
the equation

1
g(z) = xlnx—x+§ln(27r), x>0,

and has the property that the sequence n — A2g(n) converges to zero. It
follows from Theorem 1.4 that the function ¥ _5 is the unique (up to an additive
constant) eventually 2-convex solution to the equation Af = g on R,. O

In [12, Chapter 3] we also provided the following result, which gives suffi-
cient conditions on the function g for the existence of an eventually p-convex
or eventually p-concave solution to the difference equation Af = g.

Theorem 1.6. (Ezistence) Let p > 0 be an integer and suppose that the function
g: Ry — R is eventually p-convez or eventually p-concave and has the asymp-
totic property that the sequence n — APg(n) converges to zero. Then there
exists a unique (up to an additive constant) eventually p-conver or eventually
p-concave solution f: Ry — R to the difference equation Af = g. Moreover,

f(l‘) = f(l) + nh—>H;o fﬁ[g](x)7 x>0, (5)
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and f is p-convex (resp. p-concave) on any unbounded subinterval of Ry on
which g is p-concave (resp. p-convex). Furthermore, the convergence in (5) is
uniform on any bounded subset of R .

We observe that Theorem 1.6 was first proved in the special case when
p = 0 by John [9]. It was also established in the case when p = 1 by Krull
[10,11] and then in its multiplicative version by Webster [18,19].

We also observe that identity (5) actually provides for the function f an ana-
logue of Gauss’ limit (4) for the gamma function. More generally, for every so-
lution f: Ry — R arising from Theorem 1.6, we presented in [12] counterparts
of various classical properties of the gamma function, including analogues of
Burnside’s formula, FEuler’s infinite product, Euler’s reflection formula, Gauss’
limit, Gauss’ multiplication formula, Gautschi’s inequality, Legendre’s duplica-
tion formula, Raabe’s formula, Stirling’s formula, Wallis’s product formula,
Weierstrass’ infinite product, and Wendel’s inequality for the gamma func-
tion. We also introduced and discussed analogues of Binet’s function, Euler’s
constant, Fontana-Mascheroni’s series, Stirling’s constant, Webster’s inequal-
ity, and Webster’s functional equation. We also provided and discussed some
additional properties, including asymptotic equivalences, asymptotic expan-
sion formulas, Taylor series expansion formulas, and Gregory formula-based
series representations.

All these properties, combined with the uniqueness and existence theorems
above, actually offer a unifying setting that enables us to systematically inves-
tigate a very wide variety of functions. This fact was largely discussed in [12]
and even extensively illustrated through various examples, ranging from the
gamma function itself and its best-known variants to important special func-
tions such as the Hurwitz zeta function and the generalized Stieltjes constants.

In the present paper, we provide a summary of the main results of this
new and intriguing theory. We also illustrate these results by applying them
to the polygamma function ¢_s (see Example 1.5), which will be our guiding
example throughout.

The outline of this paper is as follows. In Sect. 2, we introduce the concept
of the principal indefinite sum from the solutions arising from the existence
Theorem 1.6. In Sects. 3-9, we introduce the analogues of Gauss’ limit, Eu-
ler’s infinite product, Wendel’s inequality-based limit, Raabe’s formula, Bi-
net’s function, Stirling’s formula, Gauss’ multiplication formula, and Euler’s
constant. In Sect. 10, we provide a long list of properties of the polygamma
function ¥ _o that we can derive straightforwardly from this theory. Finally, in
Sect. 11, we give some concluding remarks.

We observe that some alternative improvements of Bohr—Mollerup’s theo-
rem, in which both the convexity property and the asymptotic condition are
somewhat relaxed, have been published in recent years. For a rather compre-
hensive list of references, see [12, Section 3.3]. Since this paper is a tutorial
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focused on the book [12] rather than a survey paper, we will not elaborate
here on these special improvements.

2. Principal indefinite sums

In this section we introduce the map, denoted X, that carries any function
g: Ry — R satisfying the assumptions of Theorem 1.6 for some integer p > 0
into the unique function f: Ry — R defined in identity (5) and such that
f(1) = 0. For more details, see [12, Chapter 5].

For any integer p > 0, we let DP denote the set of functions g: Ry — R
that have the asymptotic property that the sequence n — APg(n) converges to
zero. We also let ICP denote the set of functions g: Ry — R that are eventually
p-convex or eventually p-concave. We can easily show [12, Chapter 4] that
DP C DPH! and that KP D KPHL.

Definition 2.1. Let the map X: dom(X) — ran(X), with
dom(¥) = U (DP N KP),
p=>0
be defined by the condition
geD’NK? = Xg(x) = lim fFg)(x),

where dom(Y) and ran(X) denote the domain and range of 3, respectively.

We observe that the map ¥ is well defined; indeed, if g lies in both sets
DP N KP and DPT NPT for some integer p > 0, then necessarily
lim fPg)(z) = lim fPlg)(x), @ >0.

n—oo

We also readily observe that the map  is actually a bijection and its inverse
is the restriction to ran(X) of the difference operator A.
We can also show that

ran(3) = | J{f €Kk : Af € D’ NKP and f(1) = 0}.

p=>0

Interestingly, Theorem 1.4 immediately provides the following characteri-
zation result. If f: Ry — R is a solution to the equation Af = g, then it is
eventually p-convex or eventually p-concave if and only if f = ¢+ Xg for some
ceR.

Definition 2.2. We say that the principal indefinite sum of a function g lying
in dom(3) is the class of functions ¢ + Xg, where ¢ € R.
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Ezample 2.3. (The log-gamma function) If g(x) = Inx, then we have Xg(x) =
InT'(x), and we simply write

YInz = InT(z), x> 0.

Thus, the principal indefinite sum of the function z — Inx is the class of
functions = — ¢+ InT'(z), where ¢ € R. With some abuse of language, we
can say that the principal indefinite sum of the log function is the log-gamma
function. O

Ezample 2.4. (The polygamma function 9 _s) The function g: Ry — R de-
fined by the equation

1
g(z) = xlnx—x+§ln(27r), x>0,

clearly lies in D2 N KC2. Its principal indefinite sum is the eventually 2-convex
function

Eg(x) = voa(@) —v2(1), x>0,
where ¢ _5 is the polygamma function defined in Example 1.5. O

3. Analogue of Gauss’ limit and Eulerian form

If the function ¢g: Ry — R lies in DP N KP for some integer p > 0, then by
Definition 2.1 we have

Sg(z) = lim fllol(e), x>0 (©)

As already discussed above, this latter identity is precisely the analogue of
Gauss’ limit for the gamma function. Moreover, it can be proved that the
sequence n — fF[g] converges uniformly on any bounded subset of Ry to Xg
(see Theorem 1.6).

More generally, it was shown [12, Section 7.1] that, if ¢ is r times continu-
ously differentiable and lies in DP N K™>{P7} for some integer r > 0, then Xg
is r times continuously differentiable and the sequence n — D" f£[g] converges
uniformly on any bounded subset of Ry to D"Xg. In particular, both sides of
(6) can be differentiated up to r times and we have

D"¥g(x) = lim D" fPlg](x), x> 0.

Moreover, if ¢ is continuous, then the function fP[g](x) — Xg(x) can be
integrated on any bounded interval of [0,00) and the integral converges to
zero as n — oo (see [12, Section 5.3]).

Interestingly, the limit in (6) can be equivalently written in a series form.
For instance, when g(x) = Inz, the series representation of ¥g, once converted
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into the multiplicative notation, is precisely the following FEuler product form
of the gamma function

(oo}

71 (1+1/n)*®
= 1131;[ Tiajn x> 0. (7)

This general observation is stated in the next theorem [12, Section 8.1], which
also shows that, under suitable assumptions, the series can be integrated and
differentiated term by term.

Theorem 3.1. (Eulerian form) Let g lie in DP N KP for some integer p > 0.
Then the following assertions hold.

(a) For any x > 0 we have

Sg(x) = —g(x)+>_ (DA g(1) = > [ gl@+n) =D (%) Alg(n)
=0

j=1 n=1

and the series converges uniformly on any bounded subset of [0, 00).

(b) If g is continuous, then so is Xg and the series above can be integrated
term by term on any bounded interval of [0,00).

(c) If g is r times continuously differentiable and lies in Kmaxter} for some
integer r > 0, then Xg is r times continuously differentiable and the series
above can be differentiated term by term up to r times.

Ezample 3.2. (The log-gamma function) Consider the functions g(z) = Inx
and Xg(z) = InT'(z) given in Example 2.3 with the value p = 1. Then, identity
(6) clearly reduces to the additive version of Gauss’ limit (4), that is

n—1
InT(z) = lim <ln(n—1)'+xlnn—21n +k)> ()

n—00
k=0

Similarly, using Theorem 3.1 we retrieve the additive version of the Euler
product form (7) of the gamma function, that is

InT(z) = —Ina— i (ln(x—i—n) —Inn—zln <1+ i)) .

n=1

Moreover, the convergence is uniform on any bounded subset of R . O

Ezample 3.3. (The polygamma function ¢ _5) Consider the functions g and
3g given in Example 2.4 with the value p = 2. We first observe that

Ag(n) —lnn — 0 as n — 00,

and hence (6) yields the following identity
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n—1 n—1
Y_o(z) = lim (—x ’;lllk—;(x—i—k)ln(l—i—i)—mlnx

o (g(n) + ) + (‘;) hm),

where the first sum clearly reduces to InT'(n). Now, using the additive version
of Stirling’s formula (2), i.e.,

1
lnf‘(n)—g(n)—f—ilnn —- 0 as n — 00,

we can easily see that the previous identity reduces to

2 n—1
. T T
Yoo(x) = nh_)n;o (nac —xlnz + (lnn)§ - ;(m +k)In (1 + k)) )
Thus, this latter identity is a simplified form of the analogue of Gauss’ limit
for the gamma function. Interestingly, it can also be obtained directly by in-
tegrating both sides of (8). The corresponding Eulerian form can be obtained
similarly; we get

P_o(x) = lenx+i(m+w;ln<l+;> (x+n)ln<l+2)).

n=1

Moreover, the convergence is uniform on any bounded subset of R . O

4. The generalized Wendel’s inequality-based limit

For any integer p > 0, any real number a > 0, and any function g: Ry — R,
we define the function p?[g]: [0,00) — R by the equation

|
—

palgl(x) = glz+a)—, (5) Alg(a), x>0, (9)

I
o

or equivalently,

polgl(z) = gl +a) = Ppoalgl(a,a+1,...,a+p—Lz+a), x>0,
where the function
xr = Pp—l[g](a70‘+15"'aa+p71;I)

denotes the unique interpolating polynomial of g with nodes at the p points
a,a+1,...,a+p—1. Thus, the quantity p?[g](z) is precisely the corresponding
interpolation error at x + a.
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We now present an important convergence result, which was established in
[12, Section 6.1].

Theorem 4.1. (Generalized Wendel’s inequality-based limit) For any integer
p >0, any real number a > 0, and any function g lying in DP N KP, we have
prSgl(a) — 0 asz — oo,

or equivalently,

p
Yg(x+a)— Z YA g(z) — 0 as x — 00.
j=1

Moreover, if g is r times continuously differentiable and lies in K™>{Pr} for
some integer v > 0, then this convergence result still holds if we differentiate
the left-hand side with respect to x up to r times.

Applying Theorem 4.1 to the functions g(z) = lnz and Xg(z) = InT'(z),
with p = 1, we immediately obtain

p2[XIn)(a) = InT(x+a) —InT(z) —alnz (10)

and hence also the following well-known limit for any a > 0 (see, e.g., Titch-
marsh [17])

I
lim @D
z—oo I'(z) 2@

This latter result was also proved by Wendel [20], who first provided the fol-
lowing double inequality

(1+9)a71§ W <1,

or equivalently, in the additive notation,
(a71)1n(1+9) < p2[Sl@) < 0, >0, 0<a<l1,
x
which explains the name given to Theorem 4.1.

Ezample 4.2. (The polygamma function 1_5) Let us apply Theorem 4.1 to
the functions g and g given in Example 2.4 with the value p = 2. Observing
that

Ag(x) —Inz — 0 as & — 00,

we can easily obtain the following limit for any a > 0,

2
¢_2(x+a)—¢_2(a:)—a<g(x)—;hla:) —%lna: — 0 as T — oo.
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Using Stirling’s formula as in Example 3.3, we finally obtain
2
w,g(x—i—a)—w,g(x)—alnl“(x)—%lnx -0 as r — 00,

or equivalently,

a

2
/th(a:—l—t)dt—alnF(x)—%lnx — 0 as r — oo.
0

5. Analogue of Raabe’s formula

We now introduce a generalization of Raabe’s formula. To this end, we first
define the asymptotic constant o[g] associated with a continuous function
g: Ry — R lying in dom(2) by the equation
2 1
olg] = /Eg(t) dt = /Eg(tJrl)dt.
1 0

For background on this concept, see [12, Section 6.2].
Using this definition, we can immediately derive the following identity

x+1 x
/Zg(t) dt = U[g]—|—/g(t) i, @0, (11)
x 1

Indeed, both sides of this identity are functions of x that have the same deriv-
ative and the same value at z = 1.
For instance, when g(z) = Inz, we obtain
1

/lnF(t+1)dt _ /(lnF(t)+lnt) dt
0

0

alg]

1
=—1+ 3 In(27).

Moreover, combining this value with (11) we obtain the following more general
identity

r+1

1

/ Inl(t)dt = alnz —x+ 51n(27r). (12)
This latter identity is known by the name Raabe’s formula (see, e.g., [14,
p. 46]). Thus, identity (11) provides for the function 3¢ an analogue of Raabe’s
formula.
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Ezample 5.1. (The polygamma function ¢)_5) Let us consider the functions g
and Xg given in Example 2.4. One can show [1, p. 196] that

/w,g(t) dt = InA+ - 1 1n(27r)

where A is the Glaisher—Kinkelin constant (see, e.g., Finch [7, Section 2.15]).
From this identity we immediately derive (see also [12, Sect. 10.3])

1 1
¢oo(t+1)dt — (t)) dt — ¥_o(1)
=] ) [

1
:1HA+1111(27T)72.
Identity (11) then provides for the function Xg the following analogue of
Raabe’s formula

711/1 t)dt = Y_o(1) + [QH/Ig(t)dt

or equivalently,

xz+1

/7,/} = far ’Inz — 2$2+i(2$+1)ln(2ﬂ')+h114.

6. Generalized Binet’s function

Recall that the Binet function related to the log-gamma function is the func-
tion J: Ry — R defined by the equation (see, e.g., Henrici [8, p. 39])

J(xz) = InT'(z) — %111(271’) +xz— (x - ;) Inx, x> 0. (13)

Using identity (10) and Raabe’s formula (12), we can easily provide the fol-
lowing integral form of Binet’s function
1

/piZln x> 0.
0

This latter formula motivates the following definition, in which we introduce
a very useful generalization of Binet’s function [12, Section 6.3].
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Definition 6.1. (Generalized Binet’s function) For any integer p > 0 and any
continuous function g: Ry — R lying in DP N P, we define the function

JPHSg]: Ry — R
by the equation

1
JPTHSg) (2 /p P x> 0. (14)
0

We say that the function JPH1[Xg](x) is the generalized Binet function asso-
ciated with the function ¥g and the parameter p + 1.

Taking g(x) = Inz and p = 1 in identity (14), we simply retrieve the Binet
function
J(z) = J*XIn](z)

related to the log-gamma function, as defined in (13).
Now, combining (9) with (11) and (14), we easily obtain the following
explicit form of the generalized Binet function:

xT

TP [Sg)(z) = Eg(af)—0[9]—/g(t)dt+ZGjAjflg(ﬂf)7 x>0, (1)

1 J=1
where G is the jth Gregory coefficient [5,13] defined by

G = /1(;)dt

Ezample 6.2. (The polygamma function 1_5) Consider the functions g and
Yg given in Example 2.4 with the value p = 2. Using identity (15), we obtain
the following generalized Binet function

T(5g)(x) = s () — % (o4 Din(e+1) + (3x 1y

1 1
— 26z —T)Inz — =zl —InA.
B (6 —7)Inx 5% n(2r) —InA

7. Generalized Stirling’s formula

We observe that the Binet function J(z) = J2[S1n](z) defined in (13) clearly
satisfies the following identity

L(z) = V2 gt e w (@)
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and hence Stirling’s formula (2) simply states that J(z) — 0 as x — oo. This
observation is at the root of the following generalization of Stirling’s formula
[12, Section 6.4].

Theorem 7.1. (Generalized Stirling’s formula) For any integer p > 0 and any
continuous function g: Ry — R lying in DP N KP, the function JPT1[Sg] van-
ishes at infinity. That is, using (15),

x

Yg(x) —/g(t) dt—i—ZGjAj_lg(x) — olg] as x — oo.

1 j=1

Moreover, if g is v times continuously differentiable and lies in K™} for
some integer v > 0, then this convergence result still holds if we differentiate
both sides with respect to x up to r times.

Thus stated, the generalized Stirling formula enables one to investigate the
asymptotic behavior of the function g for large values of its argument. When
g(z) = Inz and p = 1, we immediately retrieve the original Stirling formula

(2).

Ezample 7.2. (The polygamma function 1_5) Consider the functions g and
Y.g given in Example 2.4 with the value p = 2. The corresponding generalized
Stirling formula states that the function J3[2g] given in Example 6.2 vanishes
at infinity. Using the fact that

(z+1)In(z+1)—(z+1)lnz—1 — 0 as x — 00,

this result can be restated as follows

1 1 1
wﬁﬁﬂ—Iﬁ&?—6m+nmx+i@x—$x—§xm9ﬂ — InA
as r — oo. Differentiating both sides of this convergence result, we immediately
retrieve the original Stirling formula. O

8. Analogue of Gauss’ multiplication formula

The additive version of Gauss’ multiplication formula (3) can be stated as
follows; for any integer m > 1 we have

= T+ 1 m—1
Zlnl"( j> = InT(x) — (;c— 2) Inm + 5 In(27), x> 0.
=0

m

A generalization of this formula exists for any continuous function g lying
in ran(X). It is stated in the following theorem [12, Section 8.6].
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Theorem 8.1. (Analogue of Gauss’ multiplication formula) Let m > 1 be an
integer and let g: Ry — R be a continuous function lying in dom(X). Define
also the function g,,: Ry — R by the equation

T

gm(x) = g(a), x> 0.

Then the function g, also lies in dom(X). Moreover, for any x > 0 we have

m

m—1 z+
Yg < ]> = Ygm(z) + molg] — olgm] /gm
7j=0

1

Applying Theorem 8.1 to the function g(x) = Inz, we retrieve the original
Gauss multiplication formula in its additive version. Let us now consider the
case of the polygamma function ¥ _s.

Ezample 8.2. (The polygamma function ¢_5) Let us apply Theorem 8.1 to
the functions ¢ and Yg given in Example 2.4 with the value p = 2. For any
integer m > 1, we have

1 Inm m-—1
= — —r— In(2
gnl@) = — g(a) — a4 L in(on)
and hence
1 z\ Inm 1 /m-1
Egm(r) = m¢—2($)—<2) m +2< - x—l) In(27).

Using Theorem 8.1, after some algebra we obtain the following analogue of
Gauss’ multiplication formula

i T+ 1 1
Zol/)2< o )sz(m)—u(&v —6z+4+1)lnm

m

+(m — 1) In(27) (;n + i) + <m — ;L) In A.

In particular, setting = 1 in this identity we obtain

= j 1 1 1
jz:;w_g (m) = 1(m+1)1n(27r) - ﬁlnm—k <m— m) In A.
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9. Generalized Euler’s constant

Recall that Euler’s constant (also called Euler-Mascheroni constant) is defined

as the limit
"1
v = nlgr;o <Zk: 1nn> .

k=1
This value actually represents the remainder in the numerical integration of
the function g(x) = 1/x on the interval [1, c0) using the left rectangle method
with the integer nodes k =1,2,3,... (see, e.g., Apostol [2]).
A generalization of this value to any continuous function g: Ry — R lying
in dom(X¥) was introduced in [12, Section 6.8] as follows.

Definition 9.1. (Generalized Euler’s constant) Let p > 0 be an integer and let
g: Ry — R be a continuous function lying in DPNKP. If p > 1, we also assume
that g does not lie in DP~L. The generalized Euler constant associated with
the function ¢ is the number

Vgl = I Eg)(1),

or equivalently, using (15),
P
Vgl = olg) =Y G AT g(1).
j=1

This definition can be justified by the following geometric interpretation.
We can prove [12, Section 6.8] that

lal = [ (Pllie) — gt0) at, (16)

where P,[g]: [1,00) — R denotes the piecewise polynomial function whose
restriction to the interval [k, k + 1), for any integer k > 1, is the interpolating
polynomial of g with nodes at k,k + 1,...,k + p; that is,

Pylg)(z) = PplgJ(k.k+1.....k+px),  x€kk+1).

Moreover, if g is p-convex or p-concave > on [1,00), then the graph of g always
lies over (or always lies under) that of P,[g]; and identity (16) simply tells us
that |y[g]| is the surface area between the two graphs on [1,00).

Ezample 9.2. 1f g(x) = Inz and p = 1, then we obtain
1
vlg] = olg] = -1+ 3 In(27) ~ —0.081.

The function g is 1-concave and its graph on [1,00) always lies over that of
the polygonal line Pq[g]. The surface area between the two graphs is precisely

Iv[g]l- O
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Ezample 9.8. 1f
1
g(z) = zlnx—z+ 3 In(27)
and p = 2, then we obtain

1 1

Yg] = mMA+-In2— - ~ 0.031.
6 3

The function g is 2-concave and its graph on [1,00) always lies under that of

Pslg]. The surface area between the two graphs is precisely v[g]. O

10. The polygamma function v_,

In the previous sections we have stated only some of our main results, start-
ing from the generalization of Bohr-Mollerup’s theorem and the analogue of
Gauss’ limit, and we have illustrated these results using our guiding exam-
ple, the function ¥ _5. As mentioned in the introduction, many other results
were established and illustrated in the book [12], where it was also demon-
strated through several examples that all those results actually constitute a
very powerful toolbox for the investigation of a large variety of functions.

To give the reader a taste of the scope of this new theory, in this section we
simply present (without the detailed computations) what we can learn from it
about the polygamma function v _,.

Recall first that the polygamma function ©¥_o: Ry — R is defined by the
equation (see Example 1.5)

x

Y_o(z) = /lnf(t) dt, x> 0.

0

Moreover, we have the identity (see Example 2.4)

Yg9(x) = ¢a(x) —9-2(1), x>0,
where ¢_5(1) = % In(27) and

9(2) = Ap_o(e) = wlnz —a+p_a(1).

Clearly, the function g lies in D? and the function g lies in D3. Moreover,
both functions are infinitely many times differentiable. Furthermore, we can
show [12, Proposition 5.11] that, for any integer ¢ > 1, the function g is
eventually (2¢)-concave and eventually (2¢ + 1)-convex, while the function Xg
is eventually (2¢)-convex and eventually (2¢ + 1)-concave.
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Remark 10.1. We also observe that the function ©_5 is strongly related to
the so-called hyperfactorial function (or K-function). Indeed, the latter is the
function K: Ry — R, defined by the equations

InK(x) = {'(-1,2) = '(-1)
= (925) +Y_o(x) —x1h_o(1) for x > 0,
where ((s,z) denotes the Hurwitz zeta function and ¢’(s,z) denotes its de-
rivative with respect to the variable s (see, e.g., [1, p. 196] and [12, Section
12.5]). Thus defined, the hyperfactorial function clearly satisfies the identity
AlnK(z) = zlnz on Ry (or equivalently, K(z + 1) = 2 K(z) on R4 ).
Moreover, the analogue of Bohr—Mollerup’s theorem states that the function

f(x) =In K(z) is the unique (up to an additive constant) eventually 2-convex
solution to the equation Af(x) = zlnx on R;.

10.1. Analogue of Bohr—-Mollerup’s theorem

The function ¢_5 can be characterized as follows (see Example 1.5).
Theorem 10.2. A function f: Ry — R is a solution to the equation Af = g
that lies in KC? if and only if it is of the form f = c +_o, where c € R.

We also have the following alternative characterization [12, Section 3.1].

Theorem 10.3. A function f: Ry — R is a solution to the equation Af = g
that has the property that, for each x > 0, the sequence

n — f(x—|—n)—f(n)—xlnf(n)—%2lnn

converges to zero, if and only if it is of the form f = c+ ¢ _o, where ¢ € R.

10.2. Asymptotic constant and generalized Euler’s constant

We have the following values (see Examples 5.1 and 9.3)
1

olg] =lnA+ Zln(Zw) - % ,

1 1

=lnA+-In2—--.

gl =nA+-ln2 -2

We also have the following integral representations [12, Sect. 10.3]

ool = 5901 / il

7( £+ LtJ)+%Ag(LtJ)—EA2 (u)) dt,
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where {t} =t — [t| and By is the Bernoulli polynomial By(x) = 22 — x + 1/6.

10.3. Analogue of Raabe’s formula

We have the following analogue of Raabe’s formula (see Example 5.1)

r+1
1 3 1
Y_o(t)dt = §x2lnx—ZIZ+Z(2m+1)ln(2W)+lnA, x> 0.

x

Moreover, the function f = t_5 is the unique continuous solution lying in K2
to the equation (see [12, Section 8.5])

x+1
3 1
/f fxlna:—1x2+1(2x+1)ln(27r)+ln14, z > 0.

10.4. Generalized Binet’s function

We have the following generalized Binet function (see Example 6.2)

1 1 2
PEgla) = ¥-2(2) = 35 @+ Din@ + 1) + 75 Bz — 1)
1 1
_E;I;(Gx —TNnx — 3 xzIn(27) — In A.

10.5. Inequalities

The following inequalities hold for any x > 0 and any a > 0.
e Generalized Wendel’s inequality [12, Section 6.1]

0 < sign(a(a — 1)(a —2)) (¥2(z + @) — Y_a(z) — ag(x) — () Ag(z)
< |39 (Agla + ) — Ag(a)) < Ta]|(51)] A2g(2)
o Generalized Webster’s inequality [12, Appendix E]
0<vs(zta+l)—to(z+la]+1)
—{a}glz+ a] +1) — (1N Ag(z + [a] +1)
{a}( (z+a) =gz + la] +1) = ({a} —1)Ag(z + a] + 1)),
where {a} = a — |a].
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e Generalized Gautschi’s inequality [12, Sect. 10.3]

(a—Ta]) nI(z + Ja]) < ¢_o(x +a) = ¢¥z(z + [a])
(a—

[a 1)g(w+t D,

provided = + |a] > xo, where 2o = 1.461... is the unique positive zero
of the digamma function.
o Generalized Stirling’s formula-based inequality [12, Section 6.4]

<
<

1
0 < —J3[Sg)( </t1 (Ag(e + ) — Ag(x)) dt
0

< A%().

We also have the following double inequality [12, Appendix E]

afz) < Yoa(r) < B(z), x>0,

where
5,1 5, 1 1,
a(z) =InA 18+ 6% +2xln(27r) 12x(x +12)Inx
1
t13 (z+ 1) (2 + 52+ 1) In(z + 1)
and
B 1 3, 1
B(z) =InA 37 1% +§xln(27r) zlnz
1 1
+1 (x+1)(6zx—1)In(x+1)+ — 12 (x4 2)In(z +2).

This double inequality provides a rather fine bracketing of the function 1_o
for large values of x. Indeed, we have

sup |8(z) — alz)| = %(31112_1) ~ 0.06

reRy

and

1 13 13 )
B(x) —ax) = 167—7180172—1—71443:3—1—0(96 ) as T — 00.
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10.6. Generalized Stirling’s and related formulas

For any a > 0, we have the following limits as © — oo [12, Sect. 10.3]

olz+a)—_o(x) —alnT(z) — %QIDLE — 0,

P

1, 1 1
Y_o(x) — — (62 76x+1)lnx+1(3:cf2)xf§xln(27r) — InA,
[

12
1, 1 1
Q(x)—xlnf(m)—i—ﬁ(&v —1)lnx—1x(x—|—2) — lnA—ﬁ7
Y_2(z+a) 1
r2Te) o
x?lnz 2

10.7. Asymptotic expansions

For any integers m > 1 and ¢ > 1, we have the following expansion as x — oo
[12, Sect. 10.3]

m—1 .
1 AN 3., (1 1
- g Y_g <:c+m) =51 Inx 1% +<2x+4)1n(27r)+lnA

=0

q

B -

+3 g (@) + 0(g 0 (@),
k=1

Setting m = 1 in this formula, we obtain

1 3 1 1
Y_o(z) = 533211133 - Za:Q + <2x—|— 4> In(27) +In A

q
B -
#3277 9@ + 06V o)
=1

For instance, we have

Y_o(x) = L (622 — 62+ 1) Inx — i(?)x— )z + %xln(%r) +InA

12
1 1 1

— O(z~8).

+72022 ~ 502022 T 1008028 T 0@ )
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10.8. Generalized Liu’s formula

For any z > 0, we have [12, Sect. 10.3]

1 1 1
Y o(x) = — (622 — 62 +1)Inz — 1(333— 2)x + §xln(27r) +InA

12
/Bz {th) 4 ‘

where {t} =t — [t| and By is the Bernoulli polynomial By(x) = 22 — x + 1/6.

10.9. Limit, series, and integral representations

We have the following formulas for any « > 0 (see Example 3.3 and [12, Section
8.2])

e Analogue of Gauss’ limit

2 = x
Y_o(z) = lim (nlener(lnn)ZZ(z+k)ln(1+k)>.

n— 00
k=1

e Fulerian form

P_o(x) 1 +§: +I21 1+1 (x+n)l (1+z>
_ = z—zln —In - - n)In ).
2(x xlnz 2 Tt - x -

o Weierstrassian form

V_o(x) = — aﬁ—l—x—xlnx—ﬁ—i x—i—ix?—(x—l—n)ln(l—l—f)
-2 -y —~ 2n n/)’

where 7 is Euler’s constant.
e Integral form

xT x

Voa(z) = /lnF(t) it = xlnr(x)—/w(t)dt,

0 0

where ¥(z) = DInT'(z) is the digamma function.
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10.10. Analogue of Gauss’ multiplication formula

For any z > 0 and any integer m > 1, we have (see Example 8.2)

m m 12m

+(m —1)In(27) (;;n + i) + (m - ;) In A.

Letting x — 0 in this identity, we obtain

m—1 .
Z (O (x—l—]) = lw_g(x) S (622 — 6z + 1) Inm
7=0

m—1 i
iy - L 1, 1
]; v (m) = ~Ign, om+ g (m—1)In(27) + (m m) In A.

For instance, when m = 2 we immediately derive the formula

1 5 1 3
1/}72 (2) = ﬂ1n2+ Zlnﬂ"'— glnA

Interestingly, we can also derive the following limit [12, Section 10.3]

1 1 1 3
lim <m21/12(mx)—2x21nm> = §m21nx—fa?2, z > 0.

m—00 4

10.11. Gregory’s formula-based series representation

For any = > 0, we have [12, Sect. 10.3]

_ 1 2 7% 2 } 1 o S n—1
Y_o(z) = 5% Inz 1% +<2x+4>ln(27r)+lnA ZG”A g(x),

n=1

where G, is the nth Gregory coefficient. Setting = 1 in this identity, we
obtain the following analogue of Fontana-Mascheroni’s series

- 1
Z G, A" tg(1) = o[g] = nA+ 1 In(27) — Z .
n=1
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10.12. Analogue of Wallis’s product formula

We have the following analogues of Wallis’s product formula [12, Sect. 10.3]

lim <h1 (n) + i(—l)klg(k:)> = % In2 —3In A4,

n— 00
k=1

2n
lim <h2(n) + Z(—l)’“_1 1/J2(k)> =InA- 1—12 In2,

n— oo
k=1

where
1
hi(n) = (n + 4) Inn —n(l—1n2),

3 1 1
— n2 _Zp2 4 - —
ha(n) = n*1n(2n) 5" + 5 nln(27) T lnn.

10.13. Generalized Webster’s functional equation

For any integer m > 1, there is a unique solution f: Ry — R to the equation
m—1 ]
S s (et 2) = ot
: m
7=0
that lies in K2, namely [12, Sect. 10.3]

fl@) = v (m+;> —p_o(x).

10.14. Analogue of Euler’s series representation of ~

The Taylor series expansion of ¢_s(x + 1) about = 0 is [12, Sect. 10.3]

1
Yoz +1) = ln 2m) ’y— + Z -t C 1) x™, lz] <1,

n=3 )

where z — ((z) denotes the Riemann zeta function. Integrating both sides
of this equation on (0,1), we obtain the following analogue of Euler’s series
representation of -y

oo

n 1 3 1
;(—nn 7L(71+C1()()n+2) — 79—+ 7mEn) A
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10.15. Analogue of Euler’s reflection formula

For any = € (0, 1), we have [12, Sect. 10.3]

Yoo(x) =t _o(l—2) = zlnw — %ln(27r) - /lnsin(m‘) dt.

0

11. Conclusion

The authors have recently published an open access book [12] that presents a
significant generalization of Bohr—Mollerup’s theorem to higher order convex
functions. This generalization shows that a very rich spectrum of functions sat-
isfy analogues of several classical properties of the gamma function, including
Bohr—Mollerup’s theorem itself, Euler’s reflection formula, Gauss’ multiplica-
tion theorem, Stirling’s formula, and Weierstrass’ canonical factorization.

In this tutorial paper, we have summarized the main results of this new
theory and have illustrated these results as well as many others by applying
them to the polygamma function t¢_o (i.e., the integral of the log-gamma
function).

Actually, the uniqueness and existence theorems given in the introduction
show that it is usually not very difficult to check whether a given function can
be investigated through our results or not. If so, then we may gain a lot of
insight into this function just by applying those results almost mechanically.

In writing this paper, our hope is to convince the reader that our theory
offers a unifying approach that enables us to systematically handle a wide
variety of functions all at once using elementary means.

Beyond this systematization aspect, this theory introduces some new im-
portant and useful objects. For instance, the map ¥ itself is a new concept
that seems to be as fundamental as the basic antiderivative operation. Other
concepts such as the asymptotic constant and the generalized Binet function
also appear to be new fundamental objects that merit further investigation.
These objects are used, e.g., in the remarkable generalized Stirling formula,
but also in many other useful formulas such as the analogue of Raabe’s formula
and the analogue of Gauss’ multiplication formula.

Lastly, this theory also revealed how natural and useful the higher order
convexity properties are. Although these properties seem to be still rather
poorly investigated in mathematical analysis, they clearly play a crucial role
in this setting and hence also merit further study.
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