ON THE INFINITE SERIES
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INTRODUCTION

1.

The series, we attempt to investigate in this comment, can be considered
as function of the four quantities «, , v, X, which we will call its elements,
distinguishing in their order the first element «, the second f, the third v,
the fourth x. The first element can obviously be permuted with the second:
Therefore, if, for the sake of brevity, we denote our series by F(a, B, v, x), we
will have F(B,a,y,x) = F(a, B, 7, x).

2.

Attributing determined values to the elements «, , 7y, our function goes over
into a function of the one variable x, which obviously terminates after the
1 —a-th or 1 — B-th term, if x — 1 or B — 1 is a negative integer number, but
runs to infinity in all remaining cases. In the first case the series exhibits a
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rational algebraic function, in the second on the other hand a transcendental
function in most cases. The third element oy must neither be a negative integer
number nor = 0, so that we are not led to infinitely large terms.

3.

The coefficients of the powers x”, 2™+l in our series have the ratio
T+l
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and hence come the closer to the ratio of equality the greater m is assumed.
Therefore, if a determined value is also attributed to the fourth element x,
the convergence or divergence will depend on this value. Of course, if a real
positive or negative value, with an absolute value smaller than 1, is attributed
to x, the series will certainly be convergent, if not immediately from the
beginning, then after a certain interval, and the series will lead to a finite
and definite value. The same will happen for an imaginary value of x of the
form a + b\/—1, if aa + bb < 1. Otherwise, for a real value of x, larger than
1, or for an imaginary value of the form a + b\/—1, if aa + bb > 1, the series,
if not immediately, nevertheless after a certain interval, will necessarily be
divergent so that one can not speak of a sum in this case. Finally, for the value
x = 1 (or more generally for a value of the form a + b\/—1, if aa + bb = 1)
the convergence or divergence of the series will depend on the nature of «, ,
7, what we will discuss, especially for the sum of the series for x = 1, in the
third section.

Therefore, it is plain, if our function was defined as the sum of a series, that
the investigation in its nature is restricted to the case, where the series indeed
converges, and hence the question, what value the series has for a value larger
than 1, is inappropriate. But below, from the fourth section, we will base our
function on a higher principle, which allows an most general application.

4.

The differentiation of our series, with respect to the fourth element x only,
leads to a similar function, since one obviously has

dF(«,B,v,x)  ap

The same holds for iterated differentiations.



5.

It will be worth one’s while, to list up certain functions, our series can be
reduced to, and which are very frequently used in whole analysis, here.

Lo ()" =rF(-np, ﬁ,—%)

where the element g is arbitrary.

L (t4+uw)"+(t—u)" =20"F(—in,—In+ 1,1, 1)
111 (t4u)" 4+ " = 2t"F (—n,w,2w, —%)
while w denotes an infinitely small quantity.
IV. (t+u)"—(t—u)" =2nt"'F(=In+1,-1+1,3m)
V. (t4+u)" —t" = nt" uF (1-n,1,2,-%)
VL log(1+t) = tF(1,1,2,—t)
VIL. log 11t = 2tF (3,1,3,t)
VIIL et =F(1,k1,L) =1+tF(L,k2,i) =1+t+1ttF (1,k3, 1) etc.

while e denotes the base of hyperbolic logarithms, k an infinitely large number.

1 tt
IX. Fye ' =2F kK, =
cre < ’k’2’4kk’>

while k, k" denote infinitely large numbers.



X. et —et =2F (k,K,3, 1)

727 4kK
XL sint = tF (k,k',3, — ;%)
XIL cost =F (k,K,3, — )
XIIL. t =sint-F(3,3,3,sin’t)
XIV. t =sint-cost-F(1,1,3,sin’¢)
XV. t:tant-F(%,l,%,—tanzt)
XVI. sinnt =nsint-F (in+1,—in+1,3 sin?t)
XVIL sinnt = nsint-cost-F (3n+1,—3n+1,3,sin’t)
XVIIL sinnt = nsint - cos" 1tF (—%n +1, —%n + %, %, — tan’? )
XIX. sinnt = nsint-cos " 'tF (3n+1,3n+ 3,3, — tan’t)
XX. cosnt = F (%n, —%n, %,sin2 t)
XXI. cosnt =cost-F(3n+%,—3n+3,3,sin’t)
XXIL cosnt =cos"t-F(—3n,—in+1 1 —tant)
XXIII. cosnt =cos "t-F(in+3,4in, 1, —tan?t)

6.

The preceding functions are either algebraic or transcendental and depend on
logarithms or circular arcs. But we did not start our general investigation for
the sake of these, but rather to promote the theory of higher transcendental
functions, whose very broad field is contained in our series. Among infini-
tely many other things, the coefficients, resulting from the expansion of the
function (aa + bb — 2abcos @) " into a series of cosines of the angles ¢, 2¢,



3¢ etc., extend to this, which we will consider in an own paper in more detail
on another occasion. But those coefficients can be reduced to the form of our
series in several ways. Of course, by setting

(aa+bb—2abcos @)™ =Q = A+2A cos 9 +2A" cos2¢ +2A" cos 3¢ + etc.

firstly we have

A =a F <n, n1, bb)
aa
A =na " 1pr (n,n +1,2, bb)
aa

Al — i’l(Tl + 1)a72n72bbF <n,n +2,3, bb)
aa

1-2
A — n(n+1)(n+2)a—2n—3b31: n/n+3/4/@
1-2-3 aa
etc.

For, if aa + bb — 2ab cos ¢ is considered as as the product of a — br by a — br !
(while r denotes the quantity cos ¢ + sin ¢/ —1), () becomes equal to the
product

by 1+nbar+n(n+1).bbrr+n(n+1)(n+2)'b3r3

1-2 aa 1-2-3 a3
br!  n(n+1) bbr?

b 1
y o a + 1-2 aa

+ etc.

_|_

1 2) b33
e D0 2) B2 e

2-3 a3
Since this product must be identical to

A—{—A/(r—i—r*l)—f—AH(rr—i—r*Z)—|—AW(1’3—|—1’73)+"'

the values given above result immediately.



Further, secondly we have

(ol b )

A" =n(aa+bb)~""abF (;_ ;;_ (ajafl;bb) )

A//:Tl(?—zl)(a%—bb aabbF( n+1 nets 3%)

A ”(”7;12)(";”) (aa + bb) "3 3b3F< n—i—i,; +2,4,%>
etc.

which values are easily deduced from

. 1, ab n(n+1) _1\p aabb
Qaa+bb)" =1+n(r+r )aa+bb+ ) (r4+r7) (aa + bb)2 + etc.
Thirdly
1 4ab
— —2n Z M
A = (a+b)"*"F (n,z,l, (a+b)2>
4ab
I —2n-2 3 I
A" =n(a+b) abF <n+1,2,1, (a+b)2>
"no_ n(n+1) —2n—4 5 4ab
Al = 15 (a+0b) aabbF (n+2,3,1, @tb)y
w_ n(n+1)(n+2) —21—6 31,3 7 4ab
A = T5.3 (a+Db) a°b°F n—i—3,2,1( o
etc.
Finally, fourthly



A’ =n(a—b) > 2abF (” o ‘<a4—al;>2>

Al — W(g — b)~2"~*aabbF (n +2,3,1, —(;_al;)z>

L n(n jltlg(r;qt 2) (@ — b)~2-6433F (n +3, %, 1, —(;l_abb)z>

etc.
Those and these values are easily found from
4abcos® 1 ¢ -
Olat by = (1 i <+b>>
=14, ibb)z (et MY (fib:ﬂ (hert) et

B ab 1 _1\2 n(n+1) aabb 1 1\4
—1+n7(r2—r 2) + 1.2 (a+b)? (rz—r 2) + etc.

FIRST SECTION

RELATIONS AMONG CONTIGUOUS FUNCTIONS
7.

We call a function contiguous to F(w,p,7y,x), if it results from the latter by
increasing or decreasing the first, second or third element by 1, while all
three remaining elements remain the same. Therefore, the primary function
F(a,B,7,x) yields six contiguous functions, among two of which and the



primary function a simple linear relation exists. We give these equations,
tifteen in total, here, for the take of brevity always omitting the last element,
which is always to be understood, and denoting the primary function simply
by F.

1] 0=(y—2a—(B—a)x)F+a(l—x)F(a+1,B,7)— (v —a)F(a —1,8,7)

2] 0=(B—a)F+aF(a+1,8,v)—BF(a,p+1,7)

B] 0=(y—a—-pB)F+a(l—x)F(a+1pB7)—(y—PB)F(a,p—17)

[4] O0=7(a—(y—B)x)F—ay(l—x)F(a+1,B,7)+ (v —a)(y — B)F(a, B, 7 +1)

5] 0=(y—a—-1)F+aF(a+1B7)—(y—1)F(a,p,v—1)

6] 0=(y—a—-B)F—(y—a)Fla—1,B7)+p(l—x)F(a,p+1,7)

7] 0=(B-a)(1-x)F—(y—a)F(a—=1,8,7)+ (v —B)F(e,p—1,7)

8] 0=7(1—-x)F—7F(a—1,8,7)+ (v —B)xF(a,,7+1)

9] 0=(a—1-(y—B-1x)F+(y—a)F(a—=1,8,7)—(r—1)(Q—x)F(a, B, 7 — 1)
[10] 0=(y—28+(B—a)x)F+B(1—x)F(a,f+1,7)— (v —B)F(a,—1,7)

[11] 0=79(B—(y—a)x)F = By(1—x)F(a,p+1,7) — (v —a)(y— B)F(a, B, v +1)
[12] 0=(y—B—-1F+pBF(a,p+1,7)—(v—1)F(a,Bv—-1)

[13] 0=7(1—x)F —7F(a,—1,7)+ (v —a)xF(a, B, 7 +1)

4] 0=(B-1-(y—a-1)x)F+(y—B)F(a,p—17) — (v —1)(1—x)F(a,p,7—1)
[15] 0=7(y—1-2y—a—-B—1)x)F+ (v —a)((y — B)xF(a,B,v+1)

—y(ry—=1)Q—x)F(a, 8,y — 1)

8.

Now, lo and behold the proof of these formulas. Setting
(a+1)(a+2)---(a+m—1)B(B+1)---(B+m—2)
1-2:3---m-y(y+1)---(y+m—1)

the coefficient of the power x™ will be

=M




in F a(B+m—1)M
in F(a,p—1,7) a(B—1)M

in Fla+1,8,v) (a+m)(B+m—1)M

a(f+m—1)(y+m—-1)M

v—1
but the coefficient of the power x™Vin F(a +1, B, ), or the coefficients of
the power x™ in xF(x + 1, B, v) will be

in F(a,B,7v—1)

=m(y+m—1)M

Hence the truth of the formulas 5 and 3 follows immediately; permuting «
and B, formula 12 results from 5, 2 from these two by elimination. Hence by
the same permutation 6 results from 3; having combined 6 and 12 formula 9
results, hence by permutation 14, having combined which one has 7; finally,
1 is found from 2 and 6, and hence 10 by permutation. Formula 8, in the
same way as formulas 5 and 3, can be derived from the considerations of the
coefficients (and in the same way, if one wants to, all 15 formulas could be
found), or even more elegantly, from the already known formulas as follows.
Changing the element & into « — 1 and < into v — 1 in formula 5, it results

O=(y—a+1)F(a—1,8v+1)+ («—1)F(a, B,y +1) —yF(a —1,8,7)

But in formula 9 changing -y into v + 1,

0=(a—1—(y—B)x)F(a,B,v+1)+(y—a+1)Fla—1,8,7+1)—y(1—x)F(a,B,7)

From the subtraction of these formulas 8 results immediately, and hence 13
by permutation. 4 results from 1 and 8, and hence 11 by permutation. Finally,
15 is deduced from 8 and 9.



9.

Ifa —a, pf—B, 7 —vand a” —a, B’ — B, 7"/ — 7 are integer (positive or
negative) numbers, it is possible to go over from the function F(w, B,v) to the
function F(a, B/,v") and hence from this one to the function F(a”, 8”,4") by
a series of similar functions, so that any arbitrary function is contiguous to
the preceding or the following, of course, by first changing one element, e.g.,
a continuously by 1 until one finally got from F(«, B, y) to F(«/, B, ), further,
by changing the second element, until one gets to F(a’, 8/, ), and finally by
changing the third element, until one gets to F(«’, /,7), and hence from this
one to F(a”, B”,~"). Therefore, since by art. 7 one has linear equations among
the first, second and third function, and generally among three arbitrary
subsequent functions of this series, it is easily seen, that hence by elimination
a linear equation among the functions F(«,B,v), F(«/,8,v"), F(«",B",9")
results so that in general from two functions, whose first three elements
differ by integer numbers, it is possible to derive another arbitrary function
enjoying the same property, if the fourth element remains the same, of course.
Furthermore, here it suffices for us to have stated this extraordinary truth, and
we will not spend more time on these calculations, by which the operations
necessary for this purpose are rendered as short as possible.

10.

Let, e.g., the functions
F(a,B,7v), Fa+1,8,7), Fla+1,B+1,7v+1), Fla+2,+2,7+2)

be propounded, among which a linear relation is to be found. Let us connect
them by contiguous functions in the following way:

F(a,B,7v) = F
Fla+1,8,v)=F
Fla+1,p4+1,v)=F'
Fla+1,B+1,7+1) = F"
Fla+2,8+1,y+1)=F"
Fla+2,+2,v+1)=F"
Fa+2,p+2,7+2) =F""

10



Therefore, we have five linear equations (from the formulas 6, 13, 5 of art. 7)

L O=(y—-a—-1)F—(y—a—-1-B)F —p(1—x)F"

M. 0=9F —9(1—x)F" —(y—a—1)xF"

ML 0=qF —(y—a—1)F"— (a+1)F"

IV. 0=(y—a—-1)F"—(y—a—-2—-B)F"" —(B+1)(1—x)F""
V. 0=(y+1)F" — (v +1)(1—x)F" — (y —a —1)xF""

From I and II by eliminating F’ it results

VL. 0=9F—9(1—x)F" —(y—a—p—1)xF"”

Hence from this and from III eliminating F”

VIL 0=9F—(y—a—1—Bx)F" —(a+1)(1—x)F"

Further, from IV and V, eliminating F"""”

VIII. 0= (r)/_|_ 1)1:‘//// _ (,), + 1)1://// + (IB + 1)xF//////

Hence form this and VII, eliminating F""”

X. 0=9(y+1)F—(v+1)(y—(a+B+1)x)F" — (a+1)(B+1)x(1—x)F""

11.

If we wanted to exhaust all relations among the three functions F(a, 8,7),
Fla+AB+u,v+v), Fla+ N, B+u,v+7V), in which A, u,v, A, ',V are
either = 0 or +1 or = —1, the total amount of formulas would rise to 325. Such
a collection would be useful, at least for the simpler ones of these formulas:
but here it shall suffice, to have given only a few, which were found either
from the formulas of art. 7, or if one likes it better, in the same way as the first
two of them in art. 8; and everyone will be able to prove them easily, if he or
she wants to.

11



16 F(a,B,7) — F(a, 7 —1) =~ Fla + 1,8+ 1,9 +1)

[17] F(a,B+1,7) — F(a,,7) = “Fla+1,+1,7+1)

18] F(a+1,8,7) = F(e, ,7) = EF(a+1,+1,7+1)

[19] Fla,p+1,7) = F(a, 8,7) = “LLEF(a +1,8+1,7+2)
[20] F(a+1,8,7) — F(a, B,7) = BTS2 Fa+ 1,8+ 1,7 +2)
21] Fla—1,8+17) — F(a, B,7) = “LF (0, p+1,7 +1)
[22] Fla+1,8-1,7) - F(a,B,7) = L2 F(a+1,8,7 +1)

23] Fla-1,B+17) ~Fla+1,p-19) = “BEF(a+1,p+1,9+1)

SECOND SECTION
CONTINUED FRACTIONS

12.

Denoting

F(a,+1,7v+1,x)
F(a,B,7v,x)

by G(a,B,7v,x)
we have

Fla+1,8,v+1,x) FBa+1,7v+1x)
F(a,B,7y,x) F(B,a,v,x)

and hence by dividing equation 19 by F(a, f+ 1,7+ 1,x),

= G(,B,DC,’Y,X)

()
TGy 7(7+1)XG(’8+1’“’7+1"‘)

or

12



1

7(,y+1ng([3 +1,a,9+1x)

24 Glpr) =

and since hence

1

GB+1lav+1x) =

1- B Ga+ 1,84+ 1,7+ 2,%)

etc., for G(a, B, 7, x) the following continued fraction results

Fla,B+1,7v+1,x) 1
23] F(a,B,v,x) - ax

1 bx

1— cX
dx

1 —etc.
with

_a(r—p) po BrD(r+1-a)

Y(y+1) (Y +1D(r+2)
_at+D)+1-p) ,_ (B+2)(y+2-0)

(r+D(r+2) (v +3)(v+4)

_ (e+2)(v+2-p) o (B+3)(r+3—a)

(v +4)(v+5) (v +5)(v+6)

etc., the law of which progression is obvious.
Further, from the equations 17, 18, 21, 22 it follows

13



F(“/,B_‘_]-/r)/rx) _ 1

26 -
[26] F(w,frx)  1-2G(p+1a7,x)
Fla+1,8,7,x) 1
[27] F - Bx
(a, B, 7, x) 1-2G(a+1,8,7,x)
Fla—1,B+1,7,x) 1
28] F(a,B,7,x) B 1 l=fxg 1 1
P70y —# (‘B"_ s — I,)//x)
Fla+1,8—1,7,%) 1
[29] = 1
F(a, B, 7,x) 1— G +1, B, x)

whence, having substituted its values for the function G in the continued
fractions, as many new continued fractions result.

Furthermore, it is immediately clear, that the continued fraction in formula
25 terminates, if one of the numbers «, B, ¥ — «, ¥ — B was a negative integer,
but otherwise continues to infinity.

13.

The continued fractions found in the preceding art. are of greatest importance,
and it is possible to assert that hardly any continued fractions, proceeding in
an obvious structure, have been found by the analysts to this point, which are
not special cases of our general formulas. The case, in which in formula 25
one sets B = 1, whence F(a,B,7,x) =1, is especially memorable, and hence,
writing v — 1 for

v a(a+1) a(a+1)(a+2) 4
30 Fla,1,v) =14+ —x+ xx + x” + etc.

Yy +1) ( )(r +2)
B 1
N ax
1 _
bx
]_ _
1 cx
B dx
1 — etc.

where

14



o v—«

=3 oy
(@ +1)y g 2rt1l-qa)
C (r (v +2) - (y+2)(v+3)
. (a+2)(y+1) fe 3(y+2—«)
(v +3)(r+4) (v +4)(v+5)
etc. etc.
14.

It will be worth one’s while, to have given some special cases here. From
formula I of art. 5 setting t = 1, B = 1 it follows

1
[31] 1+u)* =
, nu
N n+1
1+ 2 !
n-1,
1— 23
2(n+2)
1+ —22
2(n—2
- (2‘5 )y
1+ etc.
From formulas VI, VII art. 5 it follows
t
32]  log(1+1) = C
1+ =
gt
1+ 5
gt
1+ 7,
1+ I
Et
1+ 3
14 ddt
1+ etc.

15



1+t 2t
[33] logl—t =

Changing the — signs into + here, a continued fraction for arctan t results.
Further, we have

[34] el =

Setting a = 3, 7 = 3, from formula 30 the continued fraction propounded
in Theoria motus corporum coelestium art. 90 follows immediately. In the same
paper two other continued fractions were given, whose expansion we want to
show on this occasion. Setting

.“."
Soldo
=

7-10
— mx etc.

16



x xQ

in the mentioned paper we have x — ¢ = = 7 and hence
1+ 35Q Q + 3sx
2
‘= XX
- 2
Q+ 3x

which is the first formula: The second formula is found as follows: Setting

by formula 25 it will be

1 137 1 5 17
R_G<2’2’2’x> and Q_G<2’_2’2’x>

Hence

or by permuting the first and second element

159 157
QF (2’2’2’x> = (_2’2’2’x>

But by equation 21 we have

157 137 4 159
P( 222 x) _F(z’z’z’x> =7k (‘z'z'z'x>
4
7

whence Q = R —

x, having substituted which value in the formula given
above it results

2

XX
§= -2 18
R — 3x
which is the second formula.
Setting & = %, x = —nt in formula 30 for an infinitely large value of vy

17



36] F (%,1,7, —'ynt) = 1— mt 4+ m(m+n)tt—m(m+n)(m-+2n)t° +etc.

1

mt

1+

nt
(m+n)t

(m+2n)t
1+ 3nt etc.

1+

1+

THIRD SECTION

ON THE SUM OF OUR SERIES SETTING THE FOURTH ELEMENT = 1,
WHERE AT THE SAME TIME CERTAIN OTHER TRANSCENDENTAL
FUNCTIONS ARE DISCUSSED

15.

If the elements «, B,y are all positive quantities, all coefficients of the powers
of the fourth element x become positive: But if the one or the other of them is
negative, at least from a certain power x™ all coefficients will have the same
sign, if m is larger than the absolute value of the largest negative element.
Further, hence it is immediately clear that the sum of the series for x = 1 can
only be finite, if the coefficients vanish at least for the infinitesimal term, or,
to express it in terms of the analysts, if the coefficient of the term x* is = 0.
But we will show, and even for those, who favor the rigorous method of the
ancient Greek mathematician, in all rigor,

firstly, that the coefficients (if the series does not terminate) grow to infinity, if
a + B — v — 1 was a positive quantity,

secondly, that the coefficients always converge to a finite limit, if it was &« 4+  —
y—1=0,

thirdly, that the coefficients decrease continuously, if « + — 7y — 1 was a
negative quantity,

fourthly, that the sum of our series for x = 1, although there is no obstruction
to convergence in the third case, is infinite, of « +  — <y is a positive quantity
or =0,

fifthly, that the sum is indeed finite, if « + B — v was a negative quantity.

18



16.

We will investigate this infinite more general series M, M', M", M"" etc.
formed in such a way that the quotients %, %, % etc. are the values of the

fraction

th + AP 4 B2 4+ CtA 3 o ete.
tA 4+ atr=1 4 btA=2 4 ctA =3 4 etc.
fort =m,t =m+1,t = m+ 2 etc. For the sake of brevity, we will denote the
numerator of this fraction by P, the denominator by p; furthermore, we will
assume that P and p are not identical, or the differences A —a, B—b,C —c¢
etc. do not vanish all at the same time.

I. If the first of the differences A —a, B — b, C — ¢ etc., which does not vanish,

is positive, one will be able to assign a certain limit /, from the point the value
of t has exceeded which, the values of the functions P and p certainly become
positive, and P > p. It is obvious that this happens, if for | the largest real
root of the equation p(P — p) = 0 is taken; but if this equation has no real
roots at all, this property holds all values of t. Therefore, then in %, 1]\\47///, 1]\\44—/////
at least after a certain interval (if not for all) all terms will be positive and
smaller than 1; therefore, if none is = 0 and none becomes infinitely large,
it is perspicuous, that the series M, M', M", M"" etc., if not from the beginning,
nevertheless after a certain interval will have terms with the same sign and these
terms will increase continuously.
The same way, if the first of the differences A —a, B — b, C — ¢ etc., which
does not vanish, is negative, the series M, M’, M", M"’ etc., if not from the
beginning, nevertheless after a certain interval will have only terms with the
same sign and these terms will increase continuously.

II. If already the coefficients A and a are different, the terms of the series
M, M', M", M"" etc. beyond all limits or the infinitesimal terms will either
grow or decrease, depending on whether A — a is positive or negative: We
demonstrate it this way. If A — a is a positive quantity, take an integer number

h in such a way that 1(A —a) > 1, and set MWh = N, n]ﬁhl =N/, rﬁ; = N",

%Zg = N" etc., and tP* = Q, (t +1)p" = q. Then it is plain that %, %—l//, %—///,,
etc. are the values of the fraction & puttingt =m,t =m+1,t =m+ 2 etc,,

but Q and g are algebraic functions of this form
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Q = t"H1 L HAPM + etc.
g =t 4 (ha + 1)tM + etc.

Hence, since by assumption the difference hA — (ha + 1) is a positive quantity,
the terms of the series N, N, N”, N" etc., if not from the beginning, nevert-
heless after a certain interval, will increase continuously (by I); hence the
terms of the series mN, (m+1)N’, (m+2)N", (n+ 3)N"" etc. will necessarily
increase beyond all limits, and therefore also the terms of the series M, M’,
M", M"" etc. whose powers to the exponent & are equal to those. Q. E. P.

If A — ais a negative quantity, one has to assume an integer & of such a kind
that (a — A) becomes smaller than 1, whence by the same arguments the
terms of the series

mM",  (m+1)M", (m+2)M™, (m+3)M" etc.

after a certain interval will decrease continuously. Therefore, the terms of the
series M, M"", M""" and hence also the terms of this series M, M/, M, M""
etc. will necessarily decrease continuously. Q. E. S.

III. But if the first coefficients A and a are equal, the terms of the series M,
M, M", M"" etc. will converge to a finite limit, which we demonstrate this
way. First, let us assume that terms of the series increase continuously after a
certain interval, or the first of the differences B — b, C — ¢ etc., which does not
vanish, is positive. Let h be an integer of such a kind that & + b — B becomes a
positive quantity, and let us set

h
M h:N, M (MY N e (2 h:N” etc.
m—1 m m-+1

and (tt —1)"P = Q, t?p = g so that %, %—,,/ etc. are the values of the fraction

% for t = m, t = m + 1 etc. Therefore, since one has

Q = tM2 4 AP L (B — )M 22 etc,
g = t)\+2h + At)\+2h—1 + bt/\-‘rZh—Z etc.

and by assumption B — h — b is a negative quantity, the terms of the series N,
N’, N”, N etc. at least after a certain interval will decrease continuously, and
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hence the terms M, M’, M", M"" etc., which are always respectively smaller
than those, while they increase continuously, can only converge to a finite
limit. Q. E. P.

If the terms of the series M, M', M, M'" etc. after a certain interval decrease
continuously, one has to take an integer of such a kind for i that h + B — b is
a positive quantity, and by the same arguments it will be seen that the terms
of the series

h h h
m—1 m m+1
M(E=2) o (), v (B et
m m—+1 m—+2
after a certain interval, increase continuously, whence the terms of the series

M, M', M", M"" etc., which are always respectively larger than those, while
they decrease continuously, necessarily can only decrease to a finite limit.

IV. Finally, concerning the sum of the series, whose terms are M, M, M",
M"" etc., in the case, where these decrease infinitely, first, let us suppose that
A — a falls between 0 and —1, or A 4+ 1 — a is either a positive quantity or = 0.
Let I be a positive integer, arbitrary in the case, where A 41 — a is a positive
quantity, or an integer rendering the quantity h +m + A + B — b positive in
the case A +1 —a = 0. Then it will be

Pt—(m+h—-1) ="+ (A+1-m—ht* +(B—A(m+h—1))t'"1 etc.
p(t—(m+h)) ="+ (a—m—h)t*+ (b—a(m+h))t'1 etc

where either A +1—m —h — (a —m — h) will be a positive quantity or, if it is
=0, atleast B— A(m+h—1) — (b—a(m+ h)) will be positive. Hence (by I)
one will be able to assign a certain value [ for the quantity ¢, the point from
Plt—(mth—1) i1 always be
p(t—(m+h))
positive and smaller than 1. Let n be an integer greater than / and at the same
time greater than /1, and let the terms of the series M, M, M", M"" etc., which
correspond to the values t =m+n, t =m+n+1,t =m+n+2etc, be N,
N’, N”, N'" etc. Therefore,

which it is exceeded, the values of the fraction

(n+1-1)N" (n+2—-h)N" (n+3—h)N"”
(n—h)N ~ (n+1-h)N'’" (n+2—-h)N"

will be positive quantities greater than 1, whence

etc.
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(71 — h>N 1" (n — h)N " (n — h)N
SO N s N AN
nr1-n " n+2-h T n+3—h
and hence the sum of the series N + N’ + N” 4+ N’ 4 etc. will be larger than
the sum of the series

1 1 1 1
(n_h)N<n—h+n+1—h+n+2—h+n+3—h+etc')

no matter how many terms are collected. But the second series, while the
number of terms grows to infinity, exceeds every limit, since the sum of the
series 1 + % + % + % + etc., which is known to be infinite, also remains infinite,
if the terms 1+ } + 1 + etc. are subtracted from the beginning. Hence the sum
of the series N + N’ + N” + N + etc. and hence also the sum of this series
M+ M + M" + M" + etc., of which that one is a part, grows beyond all limits.

N' > etc.

V. But if A — a is a negative quantity, whose absolute is greater than 1, the
sum of the series M + M' + M" + M"' + etc., if continued to infinity, will
certainly be finite. For, let i be a positive quantity smaller than a — A — 1,
and by the same arguments it will be demonstrated, that it is possible to
assign a certain value / of the quantity ¢, beyond which the fraction ﬁ
always obtains positive values smaller than 1. If one takes an integer number
larger than I, m, h + 1 for n, and the terms of the series M, M’', M", M"" etc.
corresponding to the values t =n,t =n+1,t = n 4 2 etc., are denoted by N,
N’, N etc., it will be

n—h—lN’ N < (n—h—1)(n—h)
n nn+1)

and hence the sum of the series N + N’ + N” 4 etc., no matter how many

terms are collected, will be smaller than the product of N by the sum of as

many terms of the series

N < N’ etc.

n—h-—1 (n—h—l)(n—h)+(n—h—1)(n—h)(n—h+1)

n n(n+1) n(n+1)(n+2) et

1+

But the sum of this series can easily be assigned for an arbitrary number of
terms; of course,
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n—-1 n—-h-1

the first term is =

h h

the sum of two terms is = n—1_ (n—h—1)(n—h)
h hn

the sum of three terms is = —— 1 (n—h—-1)(n—h)(n—-h+1) etc.
h hn(n+1)

and since the second part (by II) forms a series decreasing beyond all limits,
that sum, if continued to infinity, must be set = ”h;l Hence N + N’ + N" +etc.,
if continued to infinity, will always remain smaller than N('Z_l), and hence

M+ M’ + M" + etc. will certainly converge to a finite sum. Q. E. D.

VI. To apply, what we proved in general on the series M, M', M" etc., to
the coefficients of the powers x™, ™M+l xM+2 ote in the series F (a, B,7,x), one
will have toset A =2, A=a+ B, B=af, a=7v+1, b =, whence the five
assertions propounded in the preceding art. follow immediately.

17.

Therefore, the investigation of the sum of the series F(«a, B, y, 1) is restricted by
its nature to the case, in which v —a — f is a positive quantity, where that sum
always exhibits a finite quantity. But we mention the following observation in
advance. If the coefficients of the series 1+ ax + bxx + cx® + etc. = S from a
certain term decrease beyond all limits, the product

(1-x)S=1+(a—1)x+ (b—a)xx+ (c — b)x® +etc.

must be set = 0 for x = 1, even if the sum of the series S becomes infinitely
large. For, since having collected two terms the sum becomes = 4, having
collected three = b, having collected four = c etc., the limit of the sum, if
continued to infinity, is = 0. Therefore, if v — & — B is a positive quantity, one
must set (1 —x)F(a,B,7,x) = 0 for x = 1, whence by equation 15 of art. 7 we
will have

0=7(a+p—7)F(@p 1)+ (y—a)y—p)F(apr+11) or
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7 R p ) = DT 1)

Hence, since

(y+1—a)(y+1-p)
(Y+D(y+1—a—p)
(y+2—a)(y+2-B)
(Y+D(y+1-a—pB)

and so forth, generally, while k denotes an arbitrary positive integer, F(«, 8,7, 1)
will be equal to the product of F(a, 8,7 +k,1)

F(a,B,v+1,1) = F(a,B,v+2,1)

Fla,B,v+2,1) = F(a,B,v+3,1)

by (y—a)(y+1-a)(y+2—0a)(v+k—1-0)
by (y-=B(r+1-B)(r+2-p4)(r+k—-1-p)
divided by the product

of y(y+1(r+2)---(v+k-1)
by (y—a-B)(y+l1-a-B)(y+2—a—-B) - (y+k—1-a—p)

18.

Let us introduce the following notation:

1.2.3..-k
(z+1)((z4+2)(z+3)---(z+k)
where k is always to be understood to denote a positive integer, by which
restriction I1(k, z) exhibits a completely determined function of the two quan-
tities k, z. This way it is easily seen that the theorem propounded at the end
of the preceding article can be exhibited as follows

Ii(k,y—1)-Tl(k,y —a =B —1)
II(k,y—a—1) -II(k,y—p—1)

19.

Z

38]  Il(kz) =

[39] F(‘X/ ﬁ’ 7/1) =

It will be worth one’s while, to consider the nature of the function I1(k, z). If z
is a negative integer, the function obviously takes on infinitely large values, if
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k is sufficiently large at the same time. But for the non negative integer values
of z we have

I1(k,0) = 1
(k1) = ——
1+1
1.2
T1(k,2) =
(k:2) (1+4)(1+2
[(k,3) = 1.2.3

etc. or generally

R (N (R N () PR (R

Generally we have for each value of z

1+z
4] Tz +1) =Tk 2) 1

k
1 + 1 z+1
[42] II(k+1,z) =T11(k,z) {(1+k1)+z

k
: 1
and hence, since T1(1,z) = 5,
1 2z+1 3z+1 47+1 | <an

W8] k2 = =3 05 7 62 F @i k=17 (Fi2)

20.

But the limit, to which the functions Il(k, z) converges for a given value of z,
while k grows to infinity, deserves some special attention. First, let / be a finite
value of k greater than z, and it is plain, if k is supposed to go over into h + 1
from h, that the logarithm of I1(k, z) obtains an increment, which is expressed
by the following convergent series
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z(1+z) z(1—zz) z(1+2%) z(1-2z%

212 T3+ Tamr)t sty
Therefore, if k goes over from the value i to h + n, the logarithm of I1(k, z)
will obtain the following increment

+ etc.

1 1 1 1 !
771 +2) <(h+1)2 T2 T e T <h+”>2)
1 1 1 !
3201 -22) ((h+1)3 Tlhr2p e TR <h+">3>
1 1 1 !
#3500 (G G+ e o )

+etc.

which is easily proved to always remain finite, if n grows to infinity. Therefore,
if there is no infinite factor in I'l(4, z), i. e., if z is not a negative integer number,
the limit of TI(k,z) for k = oo will certainly be a finite quantity. Therefore,
IT(oo,z) will only depend on z, or exhibits a completely determined function
of z, which we will denote simply by I1z from now on. Therefore, we define
the function I1z by the value of the product

1.2.3...k-k?
(z4+1)(z+2)(z+3)---(z+k)

for k = oo, or, if you like it more, by the limit of the infinite product

1 2z+1 3z+1 4Z+1
z4+1 12(2+z) 22(3+2z) 3*(4+2z)

etc.

21.

From equation 41 immediately the fundamental equation

[44] I[(z+1) = (z+ 1)1z

follows, whence generally, while n denotes an arbitrary positive integer num-
ber,
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[45] z+n)=(z+1)(z+2)(z+3)--- (z+n)llz

For a negative integer value of z the value of the function Iz will be infinitely
large, for the integer non negative values we have

10 =1
Im =1
=2
I3 =26
14 = 24 etc.

and generally

[46) Tz=1-2-3---z

But this property of our function would be a bad definition for it, which of
course is restricted to integer values, and except for our function infinitely
many others (e.g., cos 27z - 11z, cos?" 7tz - Tz etc, while 7t denotes the half of
the circumference of the circle whose radius is = 1) have the same property.

22,

The function T1(k, z), even if it seems to be more general than Iz, will nevert-
heless be superfluous for us from this point, since it is easily reduced to the
latter. For, combining equations 38, 45, 46 one concludes

_ k*1Ik -1z
- TI(k+z2)
Furthermore, the connection of these fractions to those, which Kramp called

numerical factorials, is obvious immediately. Of course a numerical factorial,
which this author denotes by a’c in our notation is

[47]  TI(k2)

cbbeTTh I (2+b—1)

-1  I(E-1)

But it seems more advisable, to introduce a function of one variable into
analysis, than a function of three variables, especially since this one can be
reduced to that one.
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23.

The continuity of the function Iz is interrupted, if its value becomes infinitely
large, i. e. for negative integer values of z. Therefore, it will be positive from
z = —1to z = o0, and since for each limits I1z obtains an infinitely large value,
between tem a minimal value exists, which we find to be = 0.88560624 and
to correspond to z = 0.4616321. Between the limits z = —1 and z = —2 the
value of the function I'lz becomes negative, between z = —2 and z = -3 it is
positive again and so forth, as it follows from eq. 44. Further, it is plain, if all
values of the function Iz between two arbitrary limits distant from each other
by 1, e.g., from z = 0 to z = 1 are considered to be known, that the value of
the function can hence easily be deduced for each real value of z by means
of equation 45. For this purpose we constructed the table at the end of this
section’, which exhibits the Briggsian logarithms of the function I1z to twenty
figures calculated from z = 0 to z = 1 for each integer multiple of ﬁ, where
it nevertheless to mentioned that sometimes the last digit can deviate by one
or two units.

24.

Since the limit of the function F(w, B,y + k, 1), while k grows to infinity, it
obviously one, equation 39 goes over into this one

[M(y—1) - I(y —a—p—1)
My —a—=1)-TI(y - p—1)

which formula exhibits the complete solution of the question, to answer which
was the aim of this section. Hence these elegant equations follow immediately:

48] F(wp 7 1) =

49 Fla B 7 1) = F(—a, =,y —a—§,1)
[50]  Fla,p,71) F(-a,pv—al1)=1
51 Flwp 1) Fla, =g,y =B 1) =1

in the first of which «, in the second 7y — 8, in the third v — a must be a
positive quantity.

'This table will not be reproduced in this translation.
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25.

Let us apply formula 48 to some of the equations of art 5 formula XIII; by

setting t = 90° = 17, we have 17w = F (3, 1,3,1) or the known equation

17‘[—1—1—1'1—1—1.1'3—1—1'1'3.5—1—1‘
2T Ty 3T 245 2467 CC
. 113 15 11(~3)
Therefore, since by formula 48 one has F (3, 5,3,1) = —sp355-, and I10 = 1,

oy - 2
I3 = 511 (=3), itis (I1(—3))" or

2 1(-3)=vm
53] n% _ %\/E

Formula XVI art. 5, which is equivalent to the known equation

n(nn—1) Gind f -+ n(nn—1)(nn—9)

-5
t— .
5.3 2. 3.4.5 sin etc

sinnt = nsint —

and holds in general for each value of #, if ¢ lies between —90° and +90°, for
t= %n gives
n nlly-11(—3)

ST IT (—%n) ~H%n

whence this elegant formula is deduced

1 1 %nn )
I[I-n-11I = , orbysetting n =2z

2 _En sin%nr[
7
T1(—z) - T1(+2) =
5 I(-2) 142 =
T
II(—2z) -Il(z—1) =
55 M) 1) =

and writing z + § for z

[56] I (—;+z> T1 <_; _Z> _ CO;TM

29



From the combination of formula 54 and the definition of IT it follows that

sz~ is the limit of the infinite product

(1-2~3-4---k)2
(1—2zz)((4 —2zz)(9 —zz) - - - (kk — zz)

while k grows to infinity, and hence

sinzrmr = zm(1 — zz) <1 - 1—Z> <1 - %) etc. to infinity

and in the same manner one deduces from 56

4 4
coszm = zm(1 — 4zz) <1 - ;Z> (1 - 2252> etc. to infinity

both very well-known formulas, which are usually found by the analysts by
completely different methods.
26.
While n denotes an integer number, the value of the expression
n"“I1(k,z) -1 (k,z — &) - 11 (k,z — 2) - - - TT (k, z — =)
I1(nk,nz)

simplified correctly is found to be

. (1-2-3-k)ark

0 1.2.3. .1k k31
and hence independent from z, or it will remain the same, whatever value is
attributed to z. Therefore, since I1(k,0) = IT(nk,0) = 1, it will be possible to
be exhibited by the product

(o) o2 () et

Therefore, while k grows to infinity, we obtain

RGN D NER) (-2 (2) o

IInz
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The product on the right-hand side, multiplied by itself in the inverse order
of the factors, by form. 55, produces

s s T u (2m)r1

1 2 3
n n n

sin=7t sin<7mw sin27 sin ”7*17r n

Hence we have the elegant theorem
iz -1 (z— 1) T (z—2) - T (z = 1) (2m)2(n-D)

157] IInz . = Vn

27.

The integral f x)‘_ldx(l — x#)?, taken in such a way, that it vanishes for x = 0,
is expressed by the following series, if A, u are positive quantities:

A L N v(v —1)x2#+A et — ﬁF (_V A A T x”)
A p+A 1-2-2u+A) A wouo
Hence the value for x = 1 will be
A
_ Hﬁ-Hv
—
ATT (ﬁ+1/>

From this theorem all relations, which Euler once found with a lot of work,
follow immediately. So, e. g., setting

dx xxdx

a2
V1—xt V1—xt

. . Hl-n(fl) Hé-n(fl) Hfl-n(fl) 1
it willbe A = —2 2, B= 2 2L = 2 2/ and hence AB = ;7. At
S R TR T6) :
the same time, since 1—1% T1 (—%) = Sifl Tﬂ) = %, it follows from this
4

1, /1 {1/ 3 1 o,
- ={-maa={-2_ 1n(--)=¢ " =27BB
4 \/8” 128BB’ ( 4) (AA &

The numerical value of A, computed by Stirling, is = 1.31102877714605987,
the value of B, according to the same author, is = 0.59907011736779611, from
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our calculation, based on a peculiar artifice, = 0.59907011736779610372.

It can easily be shown in general that the value of the function Iz, if z is a
rational quantity = %, while m, u denote integers, can be deduced from y — 1
determined values of such integrals for x = 1, and even in several different
ways. For, taking an integer number for A and a fraction, whose denominator
is = u, for v, the value of that integral is always reduced to three I1z, where
z is a fraction with denominator = y; one Iz of this kind can be reduced to

IT (—%), or toIl (—%), or to Il (—%) etc. or to Il (—%) by formula 45, if
z is indeed a fraction; for, if z is an integer, I1z is known per se. From those
values of integrals, speaking generally, one I1 (—%), if m < p, can be found

by elimination?. Yes, even only the half of the total amount of such integrals
will suffice, if we also recall 54. So, e. g., setting

F, it will be

/ dx —C/ dx _D / dx £ / dx B

V11— ") (1=x5)2 ’ o/ (1 —x%)3 ’ /(1 —x°)4

conbn( ), poTICY p MNCH  mency
5 7

Hence, because of H% = %H (—%), we have

1 5/ 5C4 2 5/25C3D3 3 s/125CCDDEE
H <_5> = Voper ! <_5> =V Eeerr ! <_5> - F3 ’
I (—é) = V/625CDEF

Formulas 54, 55 additionally yield

-1
C— 7T B_smgrc
sin 57T sin 577

so that the two integrals D, E or E and F suffice to compute all values I1 (—%),
2
IT(-5).
2This elimination, if we introduce logarithms for the quantities, must be applied only to linear
equations. C. FE. G.
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28.

A1 (1- %) dy

AL yvill be the value of the integral [ ! v

7 AI(A+v)
extended from y = 0 to y = v, or the value of the integral [y*~!(1— %)V
VAT _ 11

MI(Atv) —
integer. Now, while v increases to infinity, the limit of IT(v, A) will be = IIA,
but the limit of (1 — £)" will be e, while e denotes the base of the hyperbolic
logarithm. Therefore, if A is positive, % or IT(A — 1) will express the integral
[ y*te7Vdy extended from y = 0 to y = oo, or writing A for A — 1, IIA is the
value of the integral [ y'e Vdy extended fromy =0toy = oo, if A +1isa
positive quantity.

More generally setting y = z*%, aA +a —1 = B, [y e ¥Ydy goes over into
f azPe%", which, if extended from the lower limit z = 0 to the upper limit

Settingy =vxand yu =1

(K'/\) (form. 47), if v denotes an

for the same limits will be =

z = oo, will be expressed by I1 (ﬂTﬂ — 1) or the value of the integral [ azPe=%",

H(‘aajfl) | p AL
extended from z = 0 to z = oo, becomes = m =3 = if« and B+ 1 are

positive quantities (if one of them is negative, the integral will be expressed by

p+1
_%)' So, e. g., for B =0, a = 2, the value of the integral f e *dz is found

=11} = 3/

29.

For the sum of logarithms log 1 4 log 2 4 log 3 + etc. + log z Euler found the
series (z+ 3)logz —z + 310827 + 13 — 535 + so5 — etc,, where A = ¢,
B = %, ¢ = % etc. are the Bernoulli numbers. Therefore, this series expresses
logIlz; for, even if on first sight this conclusion seems to be restricted to
integer numbers, nevertheless, considering it with more attention, it will be
found that the expansion used by Euler (Instit. Calc. Diff. Cap. VI. 159) can
be applied to fractional numbers in the same way as to integers: For, he only
assumes that the function of z, which is to be expanded into a series, is of
such a nature that its diminution, if z goes over into z — 1, can be exhibited by
Taylor’s theorem and is = logz. The first condition is based an the continuity
of the function, and therefore it does not hold for negative values of z, to
which that series can hence not be extended: But the second condition is met
by the function log 11z in general without restriction to integer values of z.
Therefore, we will set
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1 1 B ¢ )
logIlz = — )1 — —log2 — — .
[58] ogllz (z+2> 0gz—z+log2n+ - — s St o 7_Sz7+etc
Since hence one also has
B ¢ )

+

logIl2z = (22+;>10g22—22+ilog2ﬂ+ +etc.

2A
1-2-2z 3.4-823 ' 5.6-3225 7.8-12877

and by formula 57 setting n = 2

1 1 1
logI1 (z — 2) = log 112z —logIlz — (22 + 2) log2 + 5 log27mt, we also have

A 7B 31¢ 127D

1 1
5] IOgH(Z_2> =zlogz o8 = T o e T 2.3 121287 O

These two series converge rapidly for large values of z at the beginning so that
the approximate sum can be calculated conveniently and sufficiently exactly:
Nevertheless one has to note that for each given value of z, no matter how
large, one can only reach a limited precision, since the Bernoulli numbers
constitute a hypergeometric series, and hence those series, if they are just
extended far enough, certainly go over into divergent ones from convergent
ones. Furthermore, it can not be denied that the theory of such divergent
series still has many difficulties, on which we will maybe comment on another
occasion.

30.
From formula 38 it follows
kz+w) — z+1 z+2 z+3 z+k "
I(k,z)  z+1l4+w z4+2+w z4+3+w z+k+w

whence, having taken logarithms and having expanded them into infinite
series, it results
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[60] logII(k,z+ w) = logII(k,z)

+w (| logk — 1 — 1 — 1 —etc. — 1
& z+1 z+2 z+3 T oz+4k

1 ( 1 1 1 1 >
+-ww + + +etc. + —5

2 (z4+1)2  (z+2)2  (z+3)? (z+k)?
L LR S .

3 (z+1)3  (z+2)%  (z+3)3 " (z4k)3
+etc. to inf.

The series, here multiplied by w, which, if you like it better, can also be
exhibited this way

k_l
k—1 z+k

! +log2 ! +1 > ! +1 : ! +1 > tc. +1
———+log2— ——+log ——— +log - — —— +log — —etc. +1o
R e R R A R R Y &
consists of a finite number of terms, but while k grows to infinity, will converge
to a certain limit, which constitutes a new species of transcendental functions,

in the following to be denoted by ¥z, for us.

Further, denoting the sums of the following series, if continued to infinity,

1 1 1
G102 T @22 T zran
1 1 1
1P z42@  z+3p
1 1 1
CrDE  zx2f  z+3)

+ etc.

+ etc.

+ etc.

etc.

by P, Q, R etc. respectively (it seems less necessary to introduce functions for
them), we will have

1 1 1
[61] logIl(z + w) = log Iz + w¥z + ~wwP — §w3Q + Ew‘*R — etc.

2
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The function ¥z will obviously be the first derivative of the function logIlz,
and hence

dll
[62] Tzz =TIz ¥z
Therefore, it will be P = %, Q= _dzil‘;z , R = -1-2‘?;3;3 etc.
31.

The function ¥z is almost as memorable as the function Iz, whence we want
to derive some more interesting relations of it here. From the differentiation
of 44 we find

[63] ¥(z+1) =¥z + L

z+1
whence
1 1 1 1
4 b4 =Y A+ —
[64] (z+n) z+z+1+z+2+z+3+etc +z+n

By means of this formula it is possible to proceed from smaller values of z to
larger ones, or go backwards from larger values to smaller ones: For larger
positive values of z the numerical values of the function are computed conve-
niently applying by the following formulas resulting from the differentiation
of the equations 58, 59, on which nevertheless the following things are to be
noted, which we mentioned in art. 29 on the formulas 58 and 59:

1 2 % ¢

2z  2zz  4z% 628
1 2 7B 31¢

Y(z-2)=1 _ _ ete.

[66] (Z 2> 8%t 5 0 484 6.3 o

So for z = 10 we computed

[65] Yz =logz + + etc.

Yz = 2.35175258906672110764743

whence we get back to

Y0 = —0.57721566490153286060653
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3 For a positive value of z in general we have

1 1 1
[67] Yz=Y0+1+ 5+ +etc. + -
2 3 z

But for a negative integer value Yz obviously becomes an infinitely large
quantity.
32.
Formula 55 gives us logI1(—z) +logII(z — 1) = log 7t — log sin z7t, whence
by differentiation
[68] Y(—z) —y9(z—1) = mcotzm

And since from the definition of the function ¥ one generally has

1+1_1+1_1
x+1 y+1 x+2 y+2 x+3

[69] Yx—Yy=— + etc.

this known series results

1 1 1 1 1
teotzmr = — + etc.

z_l—z+1—|—z_2—z+2—i—z_3—z
In the same way from the differentiation of formula 57 it results

n—

1 2 1
[70] ‘I’z+‘I’<z—n> +T<z—n>+etc.—|—‘1’ <z— > =n¥nz—nlogn

and hence setting z = 0

3Since this value from the twentieth digit deviates from the value, which Mascheroni compu-
ted in the Appendix of Euler’s Calculum Integr., I hired F. Nicolai, a young man undisputed
in calculations, to repeat and extend that calculation. Therefore, he found by a double-
checked calculation, of course going backwards first from z = 50 then from z = 100,
Y0 = —0.5772156649015328606065120900824024310421
Due to the same most proficient calculator is first part of the table, exhibiting the values of
the function ¥z to 18 figures (of which the last is not certain) for all values of z from 0 to 1
for each multiple of ﬁ, added at the end of this section. Furthermore, the methods, by
which each of both tables was constructed, is based partially on the theorems given here,
partially one singular artifices, which we will explain on another occasion. C. E. G.
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[71] ¥ (—i) +Y (—i) +Y (—i) +etc.+¥ (_n ; 1> =(n—1)¥0—nlogn

So, e. g., one has

Y (—;) = Y0 —2log2 = —1.96351002602142347944099, whence further

‘I’% = +0.03648997397857652055901.

33.

As in the preceding art. we reduced ¥ (—3) to Y0 and a logarithm, so gene-
rally we will reduce ¥ (—%), while m, n denote integers, m being the smaller
one, to ¥0 and logarithms. Let us set 2Z = w, and let ¢ be equal to one of
the angles w, 2w, 3w - -+ (n —1)w; hence 1 = cosng = cos2ng = cos3ng
etc., cos ¢ = cos(n+1)¢ = cos(n + 2)¢ etc., cos2¢ = cos(n + 2)¢ etc., and

cos ¢ + cos2¢ + cos 3¢ + etc. + cos(n — 1)¢ + 1 = 0. Therefore, we have

1—n n 3
. = — . — . — — etc.
cosp-¥Y - n.cos ¢ + cos ¢ - log 2 n+1cos(n+1)qo+cosq) log2 etc
2—n n n 3
cos2¢ - ¥ = cos2¢ + cos2¢ -log2 — . 2cos(n+2)q)+cos2(p-log§ — etc.
3 ‘1’3_n = " os3 + cos3¢ -log2 — n cos(n +3)¢@ + cos 3¢ - 1o §—etc
Cos 5@ L 30809 $08c7 13 ¢ ¢ 1085 :

etc. to

1 n n
cos(n—1)p- ¥ (_n> = —n_lCos(n—1)(p—|—cos(n—1)(p-log2— P cos(2n —1)¢
+cos(n—1)¢-log%—ete.
n n 3
Y0 = — cosng +log2 — ﬂcoshlgo—i—logi — etc.

and by summation
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1-— 2— 3 - 1
cosq)-‘I’Tn+C052(p~‘{’Tn+c053q)-‘I’Tn +etc.+cos(n—1)¢-¥ <_n> + Y0

3

But in general, for a value of x not larger than 1, one has

1 1 1 e
—n | cos¢@+ 5 Cos 2¢ + = cos3¢ + 1 08 4¢ + etc. to infinity

1 1
log(1 —2xcos ¢ + xx) = —2 (x cos @ + ;XX cos 2¢ + §x3 cos 3¢ + etc.>

which series certainly easily follows from the expansion of log(1 — rx) +
log (1 — %), while r denotes the quantity cos ¢ + v/—1sin ¢. Hence the prece-
ding equation becomes

1-— 2— 3 - 1
[72] Cosq)-‘I’Tn +coqu)-‘PTn +Cos3g0-‘FTn +etc.+cos(n—1)¢p-¥ <_n>

=.Y0+ %n log(2 —2cos ¢)

After this, in this equation set ¢ = w, ¢ =2w, ¢ =3wetc.upto ¢ = (n—1)w,
multiply these single equations in order by cos mw, cos 2mw, cos 3mw etc. up
to cos(n — 1)mw, and to this aggregate of products add equation 71

1-n  2-n 3- 1
y— vy n+ac—T(—>:O%JH@—M%n
n n n n

If one now considers that

1+ cosmw - cos kw + cos 2mew - cos 2kw + cos 3mw - cos 3kw
+etc. + cos(n — 1)mw - cos(n — 1)kw = 0

while k denotes one of the numbers 1, 2,3 --- n — 1 except for m and n — m,
for which that sum becomes = %n, it will be plain that, after division by 7,
from the summation of these equations it results

73] T(—Z>+Y<—n;m>:
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2¥0 — 2logn + cos mw - log(2 — 2 cosw) + cos 2mw - log(2 — 2 cos 2w)
+ cos 3mw - 1log(2 — 2 cos 3w) + etc. + cos(n — 1)mw -log(2 — 2 cos(n — 1)w)

Obviously the last term of this equation is = cos mw - log(2 — 2 cos w), the pe-
nultimate = cos 2mw -log(2 — 2 cos 2w) etc. so that two terms are always equal,
excluding, if n is an even number, the singular term cos % -mw log (2 — 2cos %w),
which is = +2log2 for even m, or = —2log2 for odd m. Now combining
equation 73 with this one

¥ (1) (1) < reo

for an odd value of #, if m is a positive integer smaller than #n, we have

m

74 ¥(-5)= Y0+ 1

2
dmrm

mrt 2mr 2r
t— —1 -1 2 —2cos —
7T CO p ogn + cos " og ( cos — )

6mr

4
+ cos -log (2—2coszn) + + cos

+COSW -log (2—2cos (71—21)71)

-log <2 —2cos 627-[) + etc.

But for an even value of n

m 1 mr 2mrm 271
[75] ‘I’(—z> f‘I’O—l—Encot—n —logn + cos . log (2—2cosn)
4 4 -2 -2
+cos 1 log <2—2cos 7'() + etc. —l—coswlog <2—2cos(n>n>
n n n n
+log2

where the above sign holds for even m, the lower for odd. So, e.g., one finds

1 1 3 1
‘I’<—4) —‘I’0+§7r—310g2, ‘I’(—4) —‘I’O—En—3log2

1 1 1 3 2 1 1 3
b4 (—3) —‘1’0—1—271\/;—2103;3, Y (—3> —‘I’O—zn\/;—zlogB

Furthermore, combining these equations with equation 64 it is immediately
plain that ¥z can be determined for each rational value of z, positive or negative,
by Y0 and logarithms, which theorem is most memorable.
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34.

Since, by art. 28, IIA is the value of the integral [ y*e Ydy, extended from
y=0toy = oo, if A 41 is a positive quantity, by differentiating with respect
to A we find

dliA  d [ytevd _
M:ZJ%M L= [ et ogudy

or

[76] A - YA = /y)‘e_ylogy-dy, from y=0 to y=o0

Generally settingy = z%, aA +a — 1 = B, the value of the integral [ zPe~*" log zdz,
extended from z = 0 to z = 0, is found to be

1_(B+1 B+1 1 _B+1 B+1 1 _B+1
( (B+1) (B+1)

if ¢+ 1 and « are positive quantities, or the one them is equal to the other
with the opposite sign, if both, f + 1 and «, are negative.
35.

But not only the product I'IA - YA but also the function YA can be exhibited
by a definite integral. While k denotes a positive integer it is plain that the

value of the integral f x)‘; _xfk dx, extended from x =0to x =1, is
_ ! + ! + ! + etc. + L
A+l A2 A3 Atk

Further, since the value of the integral [ (1% _

X 1—xk

)dx generally is =
Const. + log 11’_’;]{ , the same from the lower limit x = 0 to the upper limit

x = 1 it will be = logk, whence it is plain that the value of the integral
S=_ (1”‘Lx“k — k’f;) dx for the same limits is

1-x 1
11 1 1
A+1 A+2 A+3 A+k
which expression we will denote by (). Let us split the integral S into two
parts

etc.

=logk —
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(=) [ (G- t)

The first part | 11__9‘; dx, setting y = x* is changed into

kyk—l . ky/\k+k—l
/ 1—yk
whence it is immediately plain that its value, extended from x =0 to x = 1, is
equal to the value of the integral

dy

kxk—l o kx/\k+k—1
/ dx

1— xk
for the same limits, since the letter y can be changed into x without any
restriction. Hence the integral S, for the same limits, becomes

/ x/\+k kx)\kJrkfl p

= - X
1—x 1 — xk

But this integral, setting xk =z, goes over into

z z}
/ T dz
k(1—z)r 1-2

which therefore, taken for the lower limit z = 0 and the upper limit z = 1, is
equal to (). But while k grows to 1nf1n1ty, the limit of w is ¥A, the limit of A1

is 0, but the limit of k(1 — z) is log 1 - or —log z. Hence we have

A A
7] \m:/ B dz:/ AR
logl 1-z logz 1-z

having extended the integral from z =0 toz = 1.

36.

The definite integrals, by which the functions ITA, ITA - ¥A were expressed
above, had to be restricted to such values of A, that A + 1 becomes a positive
quantity: This restriction follows from the deduction, and it is indeed easily
understood that for other values of A those integrals always become infinite,
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even if the functions I'IA, ITA - YA can remain finite. For formula 77 to be
true certainly the same condition must be satisfied that A + 1 is a positive
quantity (for, otherwise the integral becomes infinite, of course, even if the
function YA remains finite): But the general deduction seems to require no
restriction on first sight. But paying some more attention it will easily be
clear, that this restriction is already contained in the analysis, by which the

formula was found. Of course, we silently assumed that the integral f 11_"A dx,

—X
which is equal to [ %dx and which we substituted for it, has a

finite value, which condition requires that A + 1 is a positive quantity. From
our analysis it certainly follows that these two integrals are always equal, if
this one is extended from x = 0 to x = 1 — w, but that one from x = 0 to
x = (1 — w)k, insofar w is a small quantity, just not = 0: But although there
is not obstruction, in the case, where A + 1 is no positive quantity, the two
integrals, extended from x = 0 to the same upper limit x = 1 — w, do not
converge to the ratio of equality, but their difference, while w grows to infinity,
will increase to infinity. This example demonstrates, how much attention is
necessary in the treatment of infinite quantities, which are only to be admitted
in analytic arguments, if they can be reduced to the theory of limits.

37.
Setting z = e~ * in formula 77 it is plain that it can also be exhbited this way

e U e—uA—u

T/\:_f<u_1—e—“du> from u=oc0 to u=0, ie

et e

78] ‘I’A:f< -

1>du from u=0 to u=o0

(Therefore, the value of ITA mentioned in art. 28, setting e™¥ = v, is changed
into

A
H/\z/(logzlj) dv from v=0 to v=1)
Further, it is plain from formula 77 that

zh —zA
[79] ‘P)\—‘Y],t:/ 1= dz from z=0 to z=1
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where except A + 1 also u + 1 must be a positive quantity.
Setting z = u* in the same formula 77, while & denotes a positive quantity, we
find

a—1 aA+a—1
‘I’Az/(—u _a )du from u=0 to u=1
log u 1—u*

and since hence for a positive value of B one can set
B—1 BA+B—1
YA = / <— uT__Pu > du
logu 1—ub

0 / <u(x—1 —yb1 N ayirta=1 lBuﬁ/\-l—ﬁ—l)

it is plain that

logu 1—u® 1—uf
or
a—=1 _ ,,B—1 BA+B—1 aA+a—1
/uudu:/(ﬂ“ _ o >du
log u 1—ub 1—ux

having extended the integral from u = 0 to u = 1 each time. But putting
A = 0, the second integral can assigned even for the indefinite case; of course,
it is = log 1*32, if it must vanish for u = 0; therefore, since for u = 1 one must

1—
set %:z; = %, we will have the integral log% =/ ”“_llo%wdu, extended from

u = 0 to u = 1, which theorem was once found by Euler by other methods.
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