EXTENDING THE BINOMIAL COEFFICIENTS

RYAN PANZER

ABSTRACT. This paper investigates a continuous extension of the binomial coefficients de-
fined with the Gamma function. We prove several continuous analogues to identities of the
classical binomial coeflicients. We also investigate the behavior of the derivatives of this
extension.

1. INTRODUCTION

Euler first developed the Gamma function as an extension to the factorials in a letter to
Goldbach in 1729. Euler’s solution to the problem of extending the factorials expressed the
continuous factorials as an infinite product. He later refined this expression using an integral.
The notation I'(z) for the extension of the factorials was first introduced by Legendre in 1809.
In this paper, we use this extension to the factorials to define an extension to the binomial
coefficients defined in terms of the factorial function. Since the Gamma function obeys the
same fundamental recursive property as the factorials, many of the same identities that hold
for classical binomial coefficients also work in the continuous case. Furthermore, using the
properties of the Gamma function, we show that the continuous binomial coefficients obey
several continuous analogues to the discrete identities of the classical binomial coefficients.
We also briefly investigate the behavior of the higher order derivatives of the continuous
binomial coefficients and show that they obey an infinite family of differential equations.

2. PRELIMINARIES

2.1. Derivation of the Gamma Function. The Gamma function was first introduced by
Euler as a way to extend the factorial function onto the real plane. It’s defined as the unique
logarithmically conver function with the properties that I'(1) = 1 and T'(z + 1) = 2I'(2).
These properties ensure I'(z + 1) = z! for z a non-negative integer. Logarithmic convexity
simply means [nl'(z) is convex. The requirement of being analytic(Being expressible as a
convergent Taylor series) is not sufficient to ensure uniqueness since adding periodic analytic
functions which are equal to zero at positive integers(e.g. sin(mz)) results in another analytic
function which interpolates the factorials. The extra requirement of logarithmic convexity
can be thought of intuitively as precluding sums with periodic functions.

Theorem 2.1 (Bohr—Mollerup Theorem).

There exists a unique function I'(z) which satisfies the following properties
(1) T'(z+1) = 2I'(2)
(2) T(1) =1
(3) gz n(I'(z)) > 0
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Proof. property (1) implies that Vn € N,I'(x+n) = 2(2+ 1) - - - (z + n)I'(2). Therefore I'(2)
on R is uniquely defined by its value on (0, 1]. Let S(z1, 22) be the slope of the line segment
between the points (zq,In(I'(z1))) and (22,1n(I'(22))) where z; < z9. By the convexity of
In(['(z)), S(21, 22) is increasing. Therefore,

(2.1) Vz € (0,1],S(n—1,n) < S(n,n+z) < S(n,n+1).
InT'(z2)—InT(21) _ In(T'(22)/T(z1)) .
Since S(z1,22) = S = .., we can exponentiate (@) to get
(2.2) n—=172n-1)<T'(n+2) < (n)*(n-1)"

Note that each inequality is separate and applies for any positive integer n, so we can take
n =n+ 1 on the LHS but keep n = n on the RHS. Applying I'(z +n) = ([[}_, 2z + k)['(2)
and rearranging, we get

29 () e SO e

n+z - (z4n—-1) — 2(z+1) - (z+n—1)

Since these inequalities are_true for any positive integer n, we can take the limit as n — oo.
Using lim,, o0 (52 +Z) =1, (@) becomes

. (n)*(n —1)! (n)*(n —1)!
(24) T D) ann S s I e e

(@) sandwiches I'(z) and forces

o (n)*(n —1)!
(2.5) ‘v’ze(0,1],F(z)—7}1_)110102(2_'_1).”(2_'_”_1).

Remembering that I'(z) on R is uniquely defined by I'(z) on (0, 1], this completes the proof
of the uniqueness of I'(z). |

Since the above definition only applies on (O 1], we need to extend it to R in order to find
a general definition. Using I'(z +n) = ([[i—} z + k)T'(2), we find the following definition:

Definition 2.2.

n —
nZ

. z
F(Z)EJI_)H;O?H(l—‘rE) . z2¢ L.

k=1

It will often be easier to use the following equivalent definition:

Definition 2.3 (Euler’s Definition).

NI}—t

s z ¢ Zgo.

I

Although we only proved this definition for z € R, it also works for z € C. The above
proof was first developed by Bohr and Mollerup in [2].

§|N 3|*—‘
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2.2. Definitions of the Gamma Function.

There are many other equivalent definitions of the gamma function. Definition @ will be
useful for computing the logarithmic derivative of I'(z). The Gamma function can also be
defined as an improper integral:

Definition 2.4. -
'(z) = / t=te~tdt, R(z) >0
0

The restriction on 9R(z) is necessary for the integral to converge. This definition often
appears in physical applications.

Theorem 2.5.
1y (1447 >
[(z) == D= e tdt R(z) >0
A= 5t = [ et %)
Proof. Consider the function
n t'n,
r = 1—— )¢ ldt.
= [ 0=

By the identity ' = lim, (1 — ", we get I'(z) = limy, o I'(2,n). Now let u = t/n and

apply integration by parts to get
n 1 z 1 z
U u
—I—/ n(l —u)" ' —du. = / n(l —u)" ' —du.
0 0 z 0 Z
By repeatedly applying integration by parts, we arrive at

S+
(2.6) (z) = lim J] 2
n—o00 0 k + 2z

z

[(z,n)=(1- u)”%

z

After simplifying, (@) is equivalent to Deﬁnition@, as desired. [ |
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Another definition of the Gamma function is the Weierstrass definition:
Definition 2.6 (Weierstrass’ Definition).
e~ V% O 6z/n

z :11+;

n

['(z) =

Z¢Z§0

Where 7 is the Euler-Mascheroni constant defined by

(2.7) 7= lim (i% _ ln(n))

k=1
Theorem 2.7.
1 (1+lz eV o e*/n
I'(z) == n_— 7
(2) Zl_[l 142 z }_[11+§’ ¢ ¢ Z<o
Proof.

Consider the function

Notice that I'(z) = limg_, (f(z, k)) If we le
get

=

— - (+) be a Harmonic number, we

(2.8) f(zk) = 2 ﬁ (1417 1 eem) 1k eatnimn) i)
. z = — _—_— = -
’ Zn:l 1+% Zn:l 1+% Zn:l 1+%

e—#(In(1)=In(2)+1n(2) ~In(3)+-+1n(k)) k

(2.9) - - I1 <1 + %) B

n=1

e—Z ( ln(k)—Hk-f—Hk

o (T el T

n=1 n=1
e—z(ln(k)—Hk) 8z/n
2.11 =

(2.11) z g 1+ 2
Taking the limit of () as k — oo, we find

() i\

I'(z) = 1i k) = li =
(= fim 1) = i (T 7) = S 117

Where we have used (@) to substitute ~.

2.3. The Digamma Function.

When studying the behavior of a function, it’s often helpful to study it’s derivative. However,
calculating the derivative of the I'(z) turns out to be incredibly difficult. Instead, we study
the derivative of InI'(z), or the logarithmic derivative of the I'(z). This is known as the
Digamma Function and is denoted by v(z).
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Definition 2.8 (The Digamma Function).

d I'(2)

U(z) = - InT(z) =

Using Definition @, it’s somewhat trivial to find a neat series representation for the
Digamma function.

Theorem 2.9.

/1 1
w<z+1):_7+z(ﬁ_n+z>
n=1

Proof. Remembering the definition of ¢(z), our first step is to find In(I'(z)). Using Definition
, we get

In(2) = —yz — In(2) + i (5 —ln(1+ Z))

Differentiating both sides(and offsetting z by 1), we find that

¢(2+1)=—7+§:(%—ni2>,

n=1

as desired. ]

Figure 3. Plot of ¢(z)
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Figure 4. Plot of B(x,y) on [—4,4] x [—4,4]

2.4. The Beta Function.

The Beta function plays a fundamental role in statistics. It naturally arises when determining
the probability distribution of the probability of an event. If the probability of a success is
t and we observe k successes out of n trials, the likelihood of this is given by the expression
th(1—t)"~*. Therefore, the probability that the true likelihood of the event is t is proportional
to the above expression. Normalizing the probability, we obtain the following probability
distribution:

th(1— ) F

Lk+1l,n—Fk+1)=
f ) fol sk(1 — s)nkds

From which we define the Beta function using the normalization factor.

Definition 2.10 (The Beta Function).

1
B(x,y):/ 71— ).
0

The definition of the Beta function appears similar to that of the Gamma function. Indeed,
the two functions are deeply related. The Beta function can be expressed quite elegantly in
terms of the Gamma function.

Theorem 2.11.
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Proof. By the definition of the Gamma function,

(2.12) F(x)F(y)—/ txletdt/ tylesds—/ / t" sV le Tt 5 dsdt.
0 0 o Jo

Now substitute t = u?, s = v? to get

(2.13) _4/ / 20121 == gt

Switching to polar coordinates with u = r cos(f),v = rsin(f), () becomes

(2.14) [(x)l(y) = 4/000 /02(7’ cos(0))%* (rsin(0))%¥ e rdfdr

(VB

(2.15) =4 / P2l gy / cos(0)** " sin(6)? " do.
0 0

Now we can evaluate each integral separately. For the first integral, make the substitution
_ .2
z =1*to get
1

o 1
(2.16) —/ e dr = —T(z +y).
2 J, 2

For the second integral, let w = sin(f)?

1

1
1
(2.17) . / (1~ w)™ ™ dw = Bz, y)
0

Substituting (2.16) and(R.17) into (2.1), we find that
T(2)0(y) = Dz + y)B(a,y) = Blz,y) = —I;((?i(s))

2.5. Some Integral Identities.
In the next section, we will use several lemmas concerning specific integrals or families of
integrals. I have put the proofs of these lemmas here for convenience.

Lemma 2.12. Suppose f is a function satisfying the following properties
( ) limt*)(]"’ = f(O)
fo t)dt exists.
f02 ]f )|dt exists.
Then
. Jo? f(t)cos®™t dt
lim E——
n—oo n
f02 cos?"t dt

= f(0).

Proof.
From the Maclaurin series of cos(t), we see that

3 3 2t T
2.18 M dt > 1—-=) dt=—7—.
(2.18) /0 o —/0 ( w) 2(2n + 1)
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Now let € € R™ be arbitrary and choose 6 € R* such that Vt € (0,6), |f(t) — f(0)| < 5(The
existence of such constants are implied by condition 1.). Then we get

0< ‘/02 f(t) cos™ ¢ dt—/02 f(0)cos™t dt' < /02 () — F(0)]cos® ¢ dt

= ’ |f(t) — £(0)] cos® ¢t dt + /2 |f(t) — f(0)] cos® ¢t dt

60 o 3 ’ T

< 5/0 cos?™t dt + (/5 |f(t)|dt + §|f(0)|) cos?™(6)

Dividing by fog cos?™t dt and using () gives

2 F(£) cos® ¢ dt
f0§ cos?nt dt

Where C' is some positive constant. Since we can force § < 7, the rightmost expression in
() is less than e for large enough n. Since () is true for any positive €, we can choose
arbitrarily small €, thus proving Lemma P.12. [

Lemma 2.13 (Wallis’ Integral).

B wyr2k—1
/Ocos (t)dt—§H T

k=1

(2.19) 0< + Cn cos™(6).

I

[NRNe

Proof. Let Wy, = fog cos®™(t)dt. Then we can write

(2.20) Wa, = /0’5 cos™ (t)dt = /02 cos®2(t) (1 — sin®(t)) dt

(221) = WQ(n_l) — /2 C()Sz”—?(t) Sin2(t)dt.
0

Applying integration by parts to the last integral with dv = sin(t) cos®~2(t)dt and u = sin(t),
we find

3 2n-1(¢ z 1 [ W
/ cos®2(t) sin®(t)dt = cos™ () sin(t)| + / cos® 1 (t) cos(t)dt = ——.
0 2n —1 o 2n—1J 2n —1
Substituting this into (), we get
2n —1
W2n = m W2n72

Using W, = fog 1dt =%, we get

As desired. u

Lemma 2.14 (Riemann-Lebesgue Lemma). Suppose g(t) is a function which satisfies the
following properties

(1) fabg(t)dt exists.
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(2) fab lg(t)|dt exists.
Then

b
lim / g(t) sin(kt)dt = 0.

k—o0

Proof. Start by defining

I(k) = / o(t) sin(kt)dt.

Notice that we can write
b

(2.22) I(k) = /H: g(t) sin(kt)dt +/ g(t) sin(kt)dt

at+y

and

(2.23) (k) = / " ) sin(k)de + / " o) sin(k)dt.

_T
k

Make the substitution » = ¢ — 7 in the second integral of () to get

b b -
(2.24) / g(t) sin(kt)dt = —/ g(x + E) sin(kx)dz.

i
Substituting this into (), we can write I(k) as a half sum of () and () to find

1

at b b-T .
I(k) = 5/ g(t) sin(kt)dt + %/b . g(t) sin(kt)dt + %/ (g(m) —g(x+ E>> sin(kx)dx.

%
As we take the limit of £ — oo, the integrals vanish, producing the desired result. |
Lemma 2.15. Suppose h(t) is a function satisfying the following properties
(1) h(t) is differentiable at t = s.
(2) [ h(t)dt exists.
2

jus

(3) ffg \h(t)|dt exists.

Then
li : hit) 2k(t dt = 22(8)7 Mf?
tim [ 72 (ke — )t = { 5h(s), 5| =5
2 0, s| > %

Proof. Proceed by cases.
Case 1. [s| < 3

The properties of h(t) imply that both L%% %g(s)dt and ff% w dt exist.

Therefore, we can apply a version of Lemma with ¢(t) = %g(s)to get

0= lim / * ) = M) okt — ))a

[N

k—o0 t—s

ISERNTE

2 sin(2k(t — )
t—s

dt.

= lim
k—oo |

M) i (2k(t — 5))dt — (s) Tim /

— S k—o00

INIE]
NE
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Which becomes

lim /2 hlt) sin(2k(t — s))dt = h(s) lim /2 sin(2k(t — s)) S))dt.
k—oco | _=t— 8 k—oo J_ = t—s

2 2

Let u = 2k(t — s) in the RHS of the equation to get

z h(t 2k(Z—s)
lim [ ®) sin(2k(t — s))dt = h(s) lim ’ Sm(u)du
koo J ozt —s k=00 J ok(z4s) U
= h(s)/ Mdu
o U
= 7h(s).
As desired.

Case 2. [s| = 3:
By the same reasoning as Case 1, we have

h (T .
lim L)Wsin(%:(t - z))dt = h(z) lim : Sm(u)du
booo ) gt —3 2 2 k500 [ gz iz w
7. [0 sin(u)
= h(5 d
G )
= gh(s).
As desired.

Case 3. |s| > 7:
Since s is no longer in the bounds of integration, the denominator (¢ — s) is nonzero.

Therefore, by the properties of A(t), both f_gl ?ﬁ—ts)dt and f_%% ?ﬁ—tz dt exist. The result

2

now follows directly from Lemma with g(t) = M0

t—s
[ |
Lemma 2.16.

k : :
e, sin(k(1—0)) sin(k(1+0))
/kcos(x)e dx = o + 10
Proof. We define

EeR" 0ecR.

k
I:/ cos(z)edzx.

k
Applying integration by parts twice, the expression becomes

I 2sin(k0) cos(k)  2sin(k)cos(0k) N I
B 0 62 62
Rearranging for I and applying the identity 2sin(«) cos(f) = sin(a+ ) +sin(a — (3), we get
7 (0 — 1) sin(k0 + 0) + (6 4 1) sin(k0 — 0)  sin(k(1 —0)) sin(k(1+6))
B 02 —1 S 1-4 1+6
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3. CONTINUOUS BINOMIAL IDENTITIES

Using I'(2) to extrapolate the factorial, we can define a generalization of the binomial
coefficients on R.

Definition 3.1.

Y) = I'(1+y)
(x> B F(l + fIf)F(l -+ Yy — .’IJ)’ Yy € R\ZSO-

Where Z<( denotes the non-positive integers.

j—, } > ——
-3 0 S~ 0 1 M 3 4

_1"

Figure 5. Plot of (:10)

Remembering Theorem Definition Ell can be expressed in terms of the Beta function
as

(3.1) (i) ~ 2B(x, 11+ y—1x)

Proof of (@) is left to the reader. Now we need to check the legitimacy of this extension. To
do this, let’s verify a fundamental property of the binomial coefficients. Namely, a version
of the binomial theorem.

Theorem 3.2 (Binomial Theorem).

(1+2)¥ =

NE

(y) ", lz] <1
n

I
o

n
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Proof. Start by writing the Maclaurin series of (1 4+ z)¥. For |z] < 1,

(3.2) (1+x)y:iy(y—lyéfy—n—l—l)xn‘

—Fa(z;ri) =y(y—1)---(y—n-+1). Using Definition

()

Remark 3.3. Theorem @ also holds for z =1if y > —1 and for z = —1 if y > 0.

Remembering I'(z +1) = 2I'(z), we have
@, (@) can be written as

(1+2)Y =

hE

Il
o

n

Slightly more general restrictions on x and y are possible in Theorem @ These are

outlined in [H] Notice that when y is an integer, Vn >y, (Y) = 0, so Theorem becomes
(14 )Y =3"Y_, (Y)z", which is the binomial theorem on N. The restriction of z to (—1, 1)
is needed for the Taylor series to converge, but for |x| > 1 we can write

_ =~ (v\ ,_
14+2)Y=av(14+a Y = A
ey =aasaty =3 (1)
Somewhat surprisingly, this extension of the binomial coefficients has useful applications to
statistics, specifically with the negative binomial distribution(This can be used to model the
distribution of organisms, as shown in [4].

Figure 6. Plot of (Y) on [—4,4] x [—4,4]
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It’s difficult to see the finer details of Figure B A deeper explanation of the graph can be
found in [3]. Besides the binomial theorem, many other properties of the binomial coefficients
are carried over to the continuous case. Since the Maclaurin series of (1 + z)¥ converges at
x =1 for y > —1, it follows directly from Theorem @ that

Theorem 3.4.

i(%) =y 1.

k=0

Proof of Theorem @ is left to the reader. Furthermore, these properties follow from
Definition B.1i:

59 ()-(2)

-2t

(3.5) @):(Z:DJFCJ;I) )
N e e

Proofs of the above equations can be found in [6]. Knowing that our continuous binomial
distribution satisfies many discrete properties of the traditional binomial coefficients, it’s

natural to ask whether there are continuous analogues to (B.4) and Theorem B.2. The answer,
it turns out, is yes. But in order to prove this, we must first show a integral representation of
the continuous binomial coefficients. Using Definition 2.3, we can also express the binomial

distribution as an infinite product.

Proof. From Definition @, we get

Lemma 3.5.

n Y —1
Y 1 Ytz §+I
(3.7) F(1+§—|—:L')—nh_r>1010n2 ]Hl(u p )
n —1 n —1
. v ) T x
(3.8) _7}5&<n21—[(1+ﬂ> ‘n H(1+k+g) ),
k=1 k=1 2
and
n y —1
(3.9) T(1+ g —z) = lim > [] (1 4 2 x)
n—00

k
n y -1 n T -1
(3.10) :nh_g)lo[mk (1+ﬂ> n H(l_k—i—%) }
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The factorizations in @) and () can be verified through simple algebra. Multiplying
(B-8) and (B.10), we get

P+ -2 )r(1+g+x)a}grgoKnglﬁl<1+%)_l>2lj(“ﬁ>_l]

k=1 2

e (o) |

Then using Definition @, we find that

n 2
Y Y z
1) (2= (I (- o)
s+ s g (k+%)2
[
The above proof comes from [p]. Lemma @ implies that the binomial coefficient (¥) has
zeros for x € Zy and x € Z-,,, which is confirmed by Definition B.1. Using Lemma B.5, we
can also find an integral representation of the binomial coefficients.
Theorem 3.6.
y W [
y = — cos(t) cos(2xt)dt, x,y € R,y > —1.
5 +x 7 -z
Proof.
Case 1. x #0:
Applying integration by parts twice, we get
3 in(2zt) |? 2 (%
/2 cos? (t) cos(2xt)dt = cos? 2 (t) - sin(2t) yr /2 cos? 1 (t) sin(t) - sin(2xt)dt
0 2z |, 2z Jo
y+2 L cos(2xt) 2
=0 — cos? T (t) sin(t) - ——
+ 5 ( cos? " (t) sin(t) 2o |,
1 [2
* 2z J, [(y + 1) cos?(t)(—sin®(t)) + cos? ™ () - cos(t)] cos(2xt)dt>
x
2 us
= y4+2 /2 [(y 4+ 1) cos?(t)(cos*(t) — 1) + cos?*(t)] - cos(2xt)dt
= Jo
2 s
= y4+2 /2 [(y + 2) cos 2 (t) — (y + 1) cos?(t)] - cos(2at)dt
= Jo
2)2 [
= y+2° / cosV 2 (t) cos(2xt)dt
422 Jy
W+ DHy+2)

%
Y(t 2xt)dt.
2 /0 cos? (t) cos(2xt)

Rearranging gives the following recursive formula:

™ g

2 y+2 7 2
(3.12) / cos? (t) cos(2xt)dt = (1 - —2) / cos¥2(t) cos(2xt)dt.
0 y+1 (1+Y) 0
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Case 2. z = 0:
Similarly to Case 1, we use integration by parts(with u = cos¥~!(¢) and dv = cos(t)dt)
to get

™

/02 cos? (t) cos(0)dt = cos? ! (t) sin(t)

jus s

-1 /0 * o 2(1)(1 — cos(1))dt

0

= (y—1) /Og cos? *(t)dt — (y — 1) /02 cos? dt.

After rearranging, we find
3 —1 [z
/ cos’ dt. = y—2 cos? 2 dt.
0 Y 0
This is equivalent to () at x = 0.
The above analysis implies that () holds for any z. Therefore, we can apply () n
times to get

2 " " 2 3
(3.13) / cos?(t) cos(2zt)dt = H _yt2k H (1—w—2) / cosV 2" (t) cos(2xt)dt.

1+%)

Aty =2 =0, the RHS is proportlonal to Wallis’ 1ntegral( fo cos® (t )dt) From Lemma ,

we have fo cos®(t)dt = ZT]_, 22, Or, equivalently,

s n o 2k—1
(3.14) . =
JoF cos?n(t)dt

Therefore we can multiply the RHS of () by the LHS of () to get

™

(3.15) / cos* () cos(2xt)dt %,ﬁl <y i;ﬁ 1 B 1) 11 ( 1: 0)? )

0 k=1
fog cos?"(t) cos¥(t) cos(2xt)dt
fog cos?(t)dt ‘

ﬁ y+2k  2k—1
Pl y+2k—1 2k

Now observe that

(3.16) — ﬁ s t1l Il (3 +1)

palet st S | (RR S
-1
1 TR ()
)
(T 1))

Notice that denominator of the LHS of () is a product over all odd positive integers,
which is equivalent to the ratio of the same product over all positive integers to the product
over even integers. () follows directly from this fact. Now we can take the limit of

(3.17) =




16 RYAN PANZER
() as n — 00. @ implies that () approaches % = 2%(5) Since f(t) =
ovr (Y41

cos? (t) cos(2zt) satisfies the conditions of Lemma P.12, i COST(” Cozy(z))cosmt)dt
o~ cos?"(t)d

f(0) = 1. Therefore taking the limit of () and applying Theorem yields

must approach

™

/0 ® cos¥(t) cos(2et)dt — g;—y @) ’i[l (1 - (1i—2%)2>

_oml Y
22w \Y4a)

Y 2 / : Y(t) cos(2xt)dt
= — COS COS|\ 2T .
St T ]

jus
2

As desired. u
Remark 3.7. Remembering (@), @ can be expressed in terms of the Beta function as

Rearranging gives

™

2 T
cos™TV2(1) cos((y — x)(¢))dt = )
/ (1) cos{(y = ) ()it = T
Using Theorem @, we can find a power series representation of the choose function.

Theorem 3.8.

Yy > Ad . ( n 2n
= — —1)"agnz™".

Where we define

jus

22n 2,
_ n aogY
Aoy = (2n)!/ t°" cos? (t)dt.

s
2

Proof. We substitute the Maclaurin series of cos(2xt) in Theorem @ to get

jus

(gia:) - %/ COSy(f)i %dt = %i {(—1)"(3:)! / 120 cost (t)dt - 22"

us us
2 n=0 n=0 2

We’re now able to prove a continuous analogue of Theorem @

Theorem 3.9. .
/ (y>d:c:2y, y > —1.
oo \T

Proof. Proof of the convergence of this integral for y > —1 can be found in [5]. Consider the
function

f(k):/;k (i)dx—/k( ix)d;p_/ y/_ cos!(t) cos(2at)dt da

== " cos!(1) / cos(2at)dr dt = — /

) sin(2kt)dt.

Wl
w\:i
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The swap of integrals is justified by Fubini’s Theorem( [1]). Therefore we can write

00 Y (3 cosV
/ (y) dr = lim f(k) = lim z [ COSt ®) sin(2kt)dt.

0o \ L k—o0 k—oco T J_ =

Since h(t) = cos¥(t) satisfies the conditions of Lemma (With s =0), we have

/ (y) dr = —mcos?(0) = 2%,
oo \T m

As desired. L

We're also able to show a continuous analogue to the Binomial Theorem. To do so, we
must extend it to the complex plane. Although we’ve only been considering real numbers,
all theorems we’ve proven thus far also hold for complex numbers.

Theorem 3.10 (Continuous Binomial Theorem). Fory € R, z € C, we have

/ (y)zmdl’ =({1+2)"  |:f=1y>0.
oo \T

A slightly more general restriction on y is possible( [5]).

Proof. Let z = € for some # € R. Then Theorem becomes

/ (y) eiGmd:L, — (1 + eiﬂ)y.
oo \T
Therefore we have

/ (?J) U - gy/ ( y ) e dr = —elezy/ / cos(t) cos(2xt)dt e dx
—oo \T 3
2

= —ezgy / / cos(t) cos(2xt) e dtdx

%
2y 10y % k i0
= —e2 lim Cosy(t)/ cos(2xt)e dxdt
Vi k—o0 _% —k
2V igy 2 sin(2k(t — ¢ sin(2k (t + ¢
= Z¢7 lim cos? (t) (2k( 5 ) 2k 5 2) dt
T kweo) g 2(t = 3) 2(t+3)
291 iy 2 sin(2k(t — ¢ 2 sin(2k(t + ¢
= 2" lim {/ cos’ t (2 7 2))dt—i— cos (2k( 7 2)>d1
T k—oo -z -3 _z + 5
2V oy 2 cosY(t
= Z¢% lim cos ( ) sin(2k(t — 6/2))dt.
Where we have used Theorem @ to substitute for (ﬁm) and Lemma to evaluate the
2

nested integral. Since f - cos?(t)dt and [ : = | cos?(t)|dt both exist, and cos(t) is differen-

tiable, we can use Lemma P.15 - with h(t) = cosy( ) and s = . By the period of e, we can
assume |0] < 7.

o0 . 2Uei0y/2 gy (& 0l <
(318) / Y €Zozdl' _ fl ) C;)S (2); | | T
oo \T 2vte®/ 2 cos? (), |0] = .

[e.9]
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Case 1. 0| = 7
(B.18) gives 2¢7 1% cos? (0) =0 = (1 — 1)¥ = (1 + €)Y, as desired.
Case 2. |0] < 7

Yy
() gives 2ve'% cosV (8) = (2eig Cos (g)) = (2 cos? (
Yy

Simplifying with trigonometric identities, we have [~ _(
desired.

)+ 2isin (§) eos (3))
1

[
2
Je¥dz = (1 + €”)”, as

Remark 3.11. As a special case of Theorem , we also get the row integration identity for
continuous binomial coefficients:

(3.19) / (y) de =2V, y>—1.
o \T

4. INVESTIGATING (Y) As A FUNCTION OF z

In this section we will use the notation b,(z) = (gi) (Or simply b(x)) to emphasize that
2

we are only considering (g) as a function of z. We will start by forming a differential equation

satisfied by b,(x):
Theorem 4.1.
V(z) = (w(% —x+1)— w(g +x+ 1)>b(:c)

Where ¢(z) is the Digamma function defined as the logarithmic derivative of I'(z) in
Definition P.§.

Proof. Remembering Definition @, we have

I(y+1)
N —z+1)IE+2+1)
Using the product rule to calculate the derivative, we obtain
I'y+1 {F’(g—x+1)_r’(g+x+1)}
P —z4+1)IE+a+1) [ TE-2+1) TE+z+1))

Substituting using Definition @ and Definition @ yields

W (x) = (z/;(g a1 - ¢<g Yo+ 1))17(;5).

=T(y+1) {r(g —r+ ) ' TE 4+ 1)‘1}.

ble) = 2 2

V(x) =

2
As desired. L

Remark 4.2. Theorem @ can be restated using the series representation of ¢)(z) developed

in Theorem :
oo

V(x)=bx)>

n=1

8w
422 — (2n + y)?

An equivalent expression is developed without the use of the Gamma function in [6].
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2l

— b /\ =

4 N2 0 2 S~
o4

Figure 7. Plot of b (z)

Remark 4.3. For y € Z", Theorem Ell is equivalent to

Y (z) = <7T cot(mz) — Zy: - ! n)b(a;).

n=0

Theorem @ also allows us to find expressions involving b”(z) using the product rule.

Theorem 4.4.

V() = Kw(g L 1))2 _ (@b’(% R 1))}17(;5).

Proof. By Theorem @, we have
ney 4 Y Y
b(a:)—dx{<z/}(2 x+1) w(2+x+1))b(x)}.

Using the product rule, we get

V' (z) = (w(% —x+1) - w(% + 2+ 1))1)’(95) — (1//(% —z+1)+ w’(g +x+ 1)>b(m).

Substituting for ¥'(z) using Theorem Ell gives

Vi) = | (G - ot 1) = oG+ 1))2 (e ey i
|
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The same methods as the above proof allow us to calculate higher order derivatives of b(x)
to get an infinite family of differential equations satisfied by the binomial coefficients which
are displayed below. For simplicity, we have made the substitution f(z) = ¢¥(¥ —z + 1) —
V(g +a+1).

b (x) = f(2)b(x).

02 (x) = [f2(z) + fV(2)]b().

b (z) = [f2(z) + 3f(2) fV(x) + fO (2)] b().

b<4><a:>: [f4(fv)+6f2 2) fO () + 4f (@) fO () + 3f D (@) O x) + O (x)]b(2).

Equivalent expressions involving the derivatives of b(z) are used in [f] to find the minima
and maxima of b(z).

5. FUTURE WORK

There is very little work done on studying the continuous binomial coefficients. Many
of the identities(such as the continuous binomial theorem) we have proven involve tedious
calculations. These identities may have simpler proofs which we have not yet found. Addi-
tionally, it may be possible to find a general expression for higher order derivatives of the
binomial coefficients using the differential equations proven here.

REFERENCES

[1] H. S. Bear and D. Myers. A simpler approach to integration and the fubini theorem. The American
Mathematical Monthly, 112(1):51-60, 2005.

[2] H. Bohr and J. Mollerup. Laerebog i matematisk analyse. 2. Leeren om de reelle funktioner med anvendelse.
Grundtrak af d. analyt. plan- og rumgeometri. 3. Graenseprocesser. 682 S. 8° (1921). 178 S. 8° (1922).
Kopenhagen: J. Gjellerup (1921,1922)., 1921.

[3] D. Fowler. The binomial coefficient function. The American Mathematical Monthly, 103(1):1-17, 1996.

[4] G. J. S. Ross and D. A. Preece. The negative binomial distribution. Journal of the Royal Statistical
Society. Series D (The Statistician), 34(3):323-335, 1985.

[5] D. Salwinski. The continuous binomial coefficient: An elementary approach. The American Mathematical
Monthly, 125(3):231-244, 2018.

[6] S. Smith. The binomial coefficient c¢(n, x) for arbitrary x. Online Journal of Analytic Combinatorics, 12
2020.



	1. Introduction
	2. Preliminaries
	2.1. Derivation of the Gamma Function
	2.2. Definitions of the Gamma Function
	2.3. The Digamma Function
	2.4. The Beta Function
	2.5. Some Integral Identities

	3. Continuous Binomial Identities
	4. Investigating (widthheight20.(widthheight21.(widthheight21.(widthheight21.yx)widthheight20.)widthheight21.)widthheight21.)widthheight21. As a Function of x
	5. Future Work
	References

