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We are often led in analysis, and principally in that of chance, to some formulas of
which usage becomes impossible when we substitute some large numbers into it. The
numerical solution of the problems of which they are the analytic solution presents then
great difficulties that we are yet successful in overcoming only in some particular cases,
of which the two chief are related to the product of the natural numbers 1, 2, 3, 4, ...
and to the mean term of the binomial raised to a great power. If we suppose this power
even and equal to 2s, this term will be, as we know

25(2s—1)(2s —2)(2s—3)---(s+ 1)
1.2.34...s ’

Although this expression is quite simple, however if s is very large, for example, equal
to 10000, it becomes very difficult to reduce in numbers, because of the multiplication
of these factors. Mr. Stirling has happily attained in transforming into some series
the more so convergent as s is a greater number (see his good work De summatione
et interpolatione serierum). This transformation, which we can regard as one of the
most ingenious discoveries that one has made in the theory of series, is especially
remarkable in that in one research, which seems to admit only some algebraic quan-
tities, it introduces a transcendent quantity: namely the square root of the ratio of the
semi-circumference to the radius. But the method of Mr. Stirling, founded on the inter-
polation of the series and on some theorems of Wallis, leaves wanting a direct method
which extends to all functions composed of a great number of terms and of factors. 1
have given, in our Mémoires for the year 1778, p. 289,' a general method to reduce in a
convergent series the integrals of the differential functions which contain some factors
raised to some great powers; but, occupied by a different object, I myself am content
now to draw from this method the beautiful theorems of Mr. Stirling, in reserving to
myself the resumption and the more thorough study in another Memoir. Some new re-
flections have lead me to extend it generally to any functions of very great numbers and
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to reduce these functions to some series so much more convergent as these numbers are
greater, so that this method is the better approximation as it becomes more necessary.
Iintend to develop it in this Memoir with all the detail due to the novelty of the subject
and to its importance in the applications of Analysis.

The difficulty which the reduction of numbers presents in very composite analytic
formulas comes from the multiplication of their terms and of their factors: we will
make it therefore vanish, if we come to reduce these formulas to some convergent
enough series in order that we have need to consider only the first terms, and if, more-
over, each of these terms contains only a small number of factors which can be raised
moreover to some great powers. It will be easy then to have these factors and their prod-
ucts, by the known artifices, in order to obtain, by means of Tables, the logarithms of
very great numbers and the numbers of very great logarithms. The question is reduced
therefore to transform the composite functions into convergent series. This appears
impossible when we consider them under their natural form; but, as little that we are
versed in the infinitesimal Analysis, we have often observed differential functions of
a very simple form, and which contain some factors raised to some great powers, to
produce, by their integration, some very composite functions, that which gives occa-
sion to think that each composite function is reducible to some similar integrals which
there will be no more further concern but to convert to convergent series. The problem
that we propose to resolve, considered under this point of view, is divided thus into
two others, of which one consists to integrate by approximation the differential func-
tions which contain some very elevated factors, and of which the other has for object
to restore to this kind of integrals the functions of which we seek some approximate
values.

In article I of this memoir, I give the solution of the first problem, which, by itself, is
very useful in this branch of the Analysis of hazards, where we propose to go back from
the observed events to their causes and to recognize, by these events, the probability
of future events (see the Mémoires de I’Académie for the year 1778). This solution
leads me to different series which serve to supplement the ones to the others, the first
needing to be employed for the points of the integral extended from the maximum of
the differential function, and the second needing to serve for the points neighboring
this maximum: these last series contain the transcendent quantities which, most often,
are reduced to this one

/ dt e_t2,

e being the number of which the hyperbolic logarithm is unity; and, as this integral,
taken from ¢t = 0 to ¢ = oo, is the half of the square root of the ratio of the semi-
circumference to the radius, there results that the approximate value of the integrals
determined from the differential functions which contain some very elevated factors
depends nearly always on this root, even in the case where these integrals are algebraic;
thus this transcendent quantity that Mr. Stirling has introduced first in the approximate
value of the mean term of the binomial is not particular to it, but it enters equally in the
approximate values of a great number of other algebraic functions.

I consider in article II the problem which consists in restoring the functions in
which one seeks the approximate values in the integration of differential functions
multiplied by some factors raised to some great powers; in order to arrive to a general



method, I represent by y, y., y7, ... some functions of s, very composite and in which
s is a great number. I suppose these functions given by some linear equations in the
differences, either finite, or infinitely small, of which the coefficients are some rational
functions of s; by making next, in these equations

ysz/x8¢dx, yg:/x“‘(b’dx, .

and by preparing them in a convenient manner, each of them is divided into two parts,
of which the one is affected by an integral sign [ of which the other is outside of this
sign: equating to zero of the parts under the sign gives as many linear equations in the
infinitely small differences as there are variables ¢, ¢', ¢, . ... We can, consequently,
determine at their mean these variables in functions of x; as for the parts under the
integral sign, by equating them to zero and by eliminating the arbitrary constants of the
values of ¢, ¢/, ¢, ..., we arrive to a final equation in x, of which the roots serve to
determine the limits in which we must take the integrals [ z5¢ dz, [ 2°¢'dz, ... A very
important remark in this analysis, and which gives the means to extend to some func-
tions of frequent usage, is that the series which we obtain for y, y., ... holds generally
by changing in it the sign of the constants which they contain, although, by this change,
the final equation in x, which determines the limits of the integrals, ceases to have many
real roots. The principal obstacle which we encounter in the application of this method
comes from the nature of the differential equations in ¢, ¢’, ¢”, ..., which can not
be integrable: we can often obviate this inconvenience by representing the functions
Ys,Ys, - .. by some multiple integrals such as [ z%2"*¢ dada’, [x*2'*¢'dxda’, .. . ; we
will arrive thus to determine ¢, ¢, ...by some equations of an order less elevated and
susceptible to being integrated by known methods.

The preceding analysis, applied to linear equations in partial differentials, gives
likewise their integrals in convergent series, so that it extends generally to very com-
posite functions which can be represented by some differential equations linear in the
ordinary or partial differences, finite or infinitely small, or by finite parts and by in-
finitely small parts, this which embraces all the functions which are met in the ordinary
use of Analysis.

In article II1, I apply the preceding method to diverse differential equations; I de-
duce from them the values, by highly convergent series, the product of the natural
numbers 1, 2, 3, 4, .. .of the mean term of the binomial, of that of the trinomial, etc.,
of very elevated differences, either finite or infinitely small of the functions or of any
part whatever of these differences.

Finally, in article IV, I give the solution of many interesting problems in the Analy-
sis of chances, which it would be impossible to resolve numerically by known means.

ARTICLE 1.
On the integration by approximation of differential functions
which contain factors raised to some great powers.
L

If we designate by u, v/, u”, ... and ¢ some arbitrary functions of x, and by
s, s', s”, ... some large numbers, each differential function which contains some fac-
tors raised to some great powers will be comprehended in this form u*u's u”*" - - - ¢ dz.



In order to have by convergent series its integral taken from x = 6 to x = ¢, we
will make usu/’*’ - - - ¢ = y, and, by designating by Y that which y becomes when
we change z to f in it, we will suppose ¥ =Ye~¢, e being the number of which the
hyperbolic logarithm is unity; we will have thus

Y
log — =t.
Y

If we consider z as a function of ¢ given by this equation, we will have, by supposing
dt constant,
dv  t? d*z 3 d3x
r=0+t—+

@ T12aE Tizsar T

dz d’z

t needing to be supposed null, after the differentiations, in the values of o3, %7, .. ..

Now we have generally

dtm dtodt dtdt

the differential characteristic d relating to all that which follows it, and dt being able
to vary in any manner whatever in the second member of this formula; moreover, if we

e 1 1 1
d™x e dx

differentiate the equation log % = t, and if we designate —% by v, we will have
d
dt = —x;
14

therefore, we will have
d'r  wvdlvd(v...dv)

dtn dzn—1 ’
dx being supposed constant in the second member of this equation. By naming there-

fore U that which v becomes when we change x to 6, the value of ‘fl:ff, which corre-
sponds to x = 6, or, what returns to the same, to ¢ = 0, will be equal to w;

we will have thus

B UdU , Ud(UdU) ,
r=0+U+ 150" T 12340

whence we deduce

B dU, d(UdU)
do =Udt {1 + gt Ty

and, consequently,

_ dU, d(Udu)
— t 24 ...
/ydx—UY/dte [1+ ottt Toapt t ]

If we take the integral from ¢ = 0 to ¢ = oo, we will have generally

/t"dte*t" =1.23...n,



therefore

B dU d(UdU) d[Ud(UdU)]
/yd:cUY{l+d0+ a02 + a03 +

the integral relative to = being taken from = = 6 to the value of = which agrees to ¢
infinity.

We name Y’ and U’ that which y and v become when we change x to 0'; we will
have likewise

dU’ AU’ dU’")  d[U'd(U'dU")
/yda::U’Y/{1+CW+ o7 T 107 +}

the integral relative to 2 being taken from 2 = €’ to the value of x which corresponds
to t infinity; by subtracting therefore these two expressions from one another, we will
have

- dU  d(UdU)  d[Ud(UdU)]
- /ydx _UY{1+d9+ 202 203
dU' AU AU d[U d(U'dU")]
R At ou
UY{1+d0+ @ T ap }

the integral relative to = being taken from z = 6 to x = ¢’, so that the consideration
of ¢ disappears in this formula. If 6 and 6’ were originally contained in y, it would
be necessary to vary only the quantities 6 and 6’ which introduce into U and U’ the
changes of z to 6 and to 6’ in the function v.

Formula (A) will be very convergent if v or f% is a very small quantity; now, y
being, by assumption, equal to u®u's u”*" - - ¢, we have
1
V=% s _du’ d¢ ;
udzx +s u'dz tet ¢ dx

thus, in the case where s, ', s”, ... will be very great numbers, v will be very small;
and, if we make % = «, a being a very small coefficient, the function v will be of the
order o and the successive terms of formula (A) will be respectively of the orders a,
o, a3, ...

This formula will cease to be convergent if the assumption of = 6 rendered very
small the denominator of the expression of v. We suppose, for example, that (z —a)* is
a factor of this denominator; it is clear that the successive terms of the series, which, in
formula (A), multiplied UY, will be divided respectively by (6 —a)*, (6 —a)?**t, (6—
a)3#2 ... and will become very large if 6 is little different from a. The convergence
of this formula requires therefore that (§ — a)* and (6 — a)* be greater than «; it
cannot, consequently, be used in the interval where (z — a)* is equal or less than «;
but, in this case, we can make use of the following method.



IL.

If we name Y that which y becomes when we change « to a, it is clear that, (z —a)*

. dlog X .
being a factor of —d—dy or, what returns to the same, of ——% (z — a)*! will be a
yazx dx
factor of log % Let therefore
_putl

y=Ye ¢

and
r—a

UV =

b

(logY — logy) T
we will have
T —a = vt,

v at no point becoming infinity by the assumption x = a. If we designate next by U,

2 2113 ; 2 2 3
dd%, ddgg , . .. that which v, %, ‘fixg , ... become when we change x to a, after the
differentiations, we will have
du? d?u?
r=a+Ut+ 2+ 34

1.2dzx 1.2.3dz2

whence it is easy to conclude

: du? d?u? dut
(B) /ydx:Y dte ™" {U+t+ 2 4 ...

dxz 1.2 dx? 1.2.3dx3

This formula can be used in each interval where x differs little from a; it can conse-
quently serve as supplement to formula (A) of the preceding section; but, instead of
being ordered as it with respect to the powers of «, it will be only relatively to the
powers of aﬁ, because it is clear that, in this last case, v is only of order QT

. . .. 2 2113
In order to determine easily the quantities U, - 4Y_
dxz > dz?

., We suppose
logY —logy = (z —a)"*" [A+B(z —a) + C(z —a)* +---];

we will have, by changing x to a, after the differentiations

A d**1logy
O 1.23. . (p+ 1) dortt?
B _ d"*2logy

1.2.3... (u+ 2) doxrt2’

We will have next, whatever be r,

V" =[A+B(z —a) 4+ C(z —a)? +---]
T r r+pt+l
:Aim — TR B T —a
p 1 (z—a)
p ) gy T s e] g2

12(u+1)2 g1



If we make successively in this formula r = 1, r = 2, r = 3, ..., it will be easy
to conclude the values of U, %, d;gg ,..., and formula (B) will present no more
difficulties other than those which result from the integration of the quantities of this
form [ ¢"dte~"""; now we have

tu+1
/tndt eft“Jrl :_6 AL T n-— /’LtT’L*Q,U,*l + (Tl — ,u)(n — 22:u — 1)(*,”73#72 N
p+1 p+1 (n+1)
L= =2p =) =3p—2) - (n—rpt p—r 4 2t
(p+ 1)t
n (n—pwn—=2u—1)--(n—rp+p—r+1) /tn—T/L—rdte—t“JA’
(p+1)"

r being equal to the quotient of the division of n by p + 1 if the division is possible, or
to the whole number immediately inferior if it is not. The determination of the integral
[ y dz depends therefore on the integrals of the form

/dte—t““, /tdte—t““7 /t“—ldte—t““;

if it is not possible to obtain exactly these integrals by the known methods; but it will
be easy in all the cases to have their approximate values.

IIL.

We will have principally need in the following of the value of [y dx for the whole
interval contained between two consecutive values of  which render y null; we are
going consequently to expose the simplifications of which this value is thus susceptible.
y having been supposed in the preceding section equal to Ye t"" , it is clear that the
two values of x which render y null render similarly null the quantity e~ that which
supposes that 1 + 1 is an even number, and that one of these values of x correspond

to t = —oo and the other to ¢ = oo; Y is therefore then the maximum of y con}ained
between these values. Let 1 + 1 = 2¢; if we take the integral [>"*1dte™" from
t = —oo to t = oo, its value will be null, because it is clear that the elements of this

integral which correspond to the negative values of ¢ are equal and of contrary sign to
those which correspond to the positive values of ¢. The integral | 27 gt e=t"" will be
equal to 2 [ 2" dt e~t"", this latter integral being taken from ¢ = 0 to t = o0, and, in
this case, we have, by the preceding number,

/th gt eit% _ (2n — 27+ 1)(2n — 45 + 1) cee (2n —ri+ 1) fan—2r g eftzi
(20)" 7

r being equal to the quotient of the division of n by ¢ if the division is possible, or to



the whole number immediately smaller if the division is not possible. Let therefore

K= /dt e_tZi,

KD = /t2 dte ",

K® = /t4 dte ",

KGE-1D — /t2i—2 dt e—t2i;

formula (B) of the preceding number will become

1 ¥yt 2i+1  g¥utt!
dr =2KY (U + — : R
/y ‘ ( T 2i123. . 2ide® | 4% 123, dida¥ | >
42U 3 J2i+2(y2it3
+2kWy + = , :
1.2dx? ~ 201.2.3---(2i+ 2) dax?+2
3(2i+ 3) quit2ytits N
(©) 42 1.2.3--- (4i + 2) da¥i+2
N 2K(’L—1)Y d2i—2U2i—1 N 2% — 1 d4i—2U4i—1
1.2.3--- (20 — 2) da?i-2 2 1.2.3--- (4 — 2) dati=2
(20 —1)(4i — 1) doi—2ytt
+ _ , —
442 1.2.3--- (60 — 2) dab—2

This formula is the sum of a number ¢ of different series, decreasing as the powers

of «, since U is of the order aﬁ, and multiplied respectively by the transcendents
K, KM K® . . whichitis consequently important to know. Let us see that which the
analysis takes us in this regard.

Iv.

We will consider generally the integral
/ds de dz™ dz@ ... dg(r=2) e_s(l“‘”"‘*‘”(l)n+"'+”(T72)n),

the successive integrals being taken from s, x, S equal to zero to the infi-
nite values of these variables. By integrating first with respect to s, we will reduce the
preceding integral to this

/ dx deMdz? 4 ... + dz(=2)
1 + In + .'L'(l)n + .. + :C(T72)n .



Let

x
= Z;
(142" 4 2@ 4o gr=2m) "
we will have
/ dx
Lz +aM" 4.4 g(r=2)"
_ 1 dz
14 zn’

(]_ 4+ 2M™ @7 p(r=2)n )
the integral relative to z being taken from z = 0 to z = co. Let next

Y
x — W,

(142@" 4. gr-2m)n

we will have

/ dz™

(1 + l‘(l)” Lt x(T—Z)")nn;l

1 / dzM
(1+x(2)"+...+x(r—2)n)%2 (1_'_2(1)")7%17

the integral relative to z(!) being taken from z() = 0 to () = co. By continuing to
operate so, we will find

/dsdxdx B d T 2) _q(1+T7l+T(l) +.. +T(7" 2)™ )

=7 e rwwes
1+ 2n 1 + Z" L;I (1 + Z")% (1 + Z7L)717£+2 ’

the integrals relative to z being taken from z = 0 to z = oco.
We integrate presently, in another way, the differential

dsdz dz™ - .. 675(1+xn+“"(1)n+"')

i

and, instead of beginning the integrations with s, we terminate them with this variable;
for this, we will observe that we have

n 1 n 1 n
/dxe*” = = /s%dxe*” = = /dte*t ,
Sn Sn

t being supposed equal to swxz. The integral relative to z must be taken from x = 0
to x = oo, the integral relative to ¢ must be taken from ¢ = 0 to ¢ = oco. Let therefore
[ dt e t" =K, we will have

/ dre " = ;

:\H‘



we will have similarly
dz™ e‘sz(l)n =

»
:\»—“ W

and thus in sequence; therefore,

[ s dat® gD )

_ K”*l/dsf_ls - nK’“*l/t"—Tdte—t",

S n

t being here equal to sw, and the integral relative to ¢ being taken, as the integral
relative to s, from the null value of this variable of this variable to its infinite value. By
comparing the two expressions of

/ds dx dz™) ... 6*5(1+w"+x(1>"+...)

dz T
1427 nsin%’

7 being the ratio of the semi-circumference to the radius, we will have

n2Kr71 /tn—rdt e—t"

T dz dz dz
= an T n—1 n—2 n—r+2 9
Sl - (]_ + Z”) n (]_ + Zn) n (]_ + Z") n

all the integrals being taken from the null values of the variables to their infinite values.

and by observing that

If we make 1 + 2" = ﬁ we will have
d du
2= -1
(1- u”)T1

the preceding formula will become thus

n2Kr71 /tn—rdt e—t"

@) :w/ du / du / du
sin? J (1 —yn)% J (1 —um)n (1—un) "

the integrals relative to u being taken from v = 0 to u = 1, because the assumption
of z = 0 gives u = 0 and because that of z = oo gives u = 1. It is necessary in this
formula to take as many of the factors affected by the integral sign as there are units in
r—2.

Formula (Z) offers many interesting corollaries which we are going to develop; if
we suppose r = n in it, the integral [#"~"dte~*" will be changed to K, and we will
have

d d d
V) n’K" = .7T7r / ‘ 2 / “ ER / : n—1-
smﬁ (1 _un>ﬁ (1 _un)TL (1 _un) =




Thus K or [ dt e~t" will be given by this equation in functions of algebraic integrals,
and formula (Z) will give the value of f t"="dt e~t"in similar functions, r being any
positive whole number whatever and less than n; these values depend on n—2 algebraic

integrals
/ du / du / du )
(1—um)t ] (1 —um)® (1—um) "

but we can diminish to half the number of these integrals by the following method.
If, in formula (Z), we make r = 2, it will give

nQ/dte_tn /t"_the_tn = Lﬂ
sin Z

This equation is generally true, whatever be n, supposing it even fractional; therefore,
if we change n into -2, we will have

r—12
1 n = (r—1)2
nz/dt(flt ' /trfl_theft t = Q
o (r=Dm
sin ~——
n
and, if in this new equation we change ¢ into t"~!, it will become
(T) n? [ 2date" [ rdre ™ = —
P G
sin —=

n

If, in this equation, we suppose r — 2 = n — r, that which gives r = % + 1, we will

have
n 2
n? (/tg_ldte_t > =,

and, if we change t2 into t, we will have this remarkable result

1
/dte*ﬁ = ~/m,

2

that is that the integral | dt e~ taken from ¢t = 0 to ¢ infinity, is the half of the square
root of the ratio of the semi-circumference to the radius.

We suppose now n even and equal to 2¢; if we make r = ¢ + 1 in formula (Z), it
will become

42’2Ki/ti_1dte_t2i _ / du / du / du
. L 2 3 N
singz ) (1 —y20)% S (1 - y2i)% (1 — u2i)?

Now, by changing ¢’ into ¢, the integral [ ¢'~1dt e~t*" will become

l/dte_tzi = ﬁ;
21

7

we will have therefore

(R) 2iK" =

M

NS du /( du

sin & 20\ .2
2/ (1 —u?) 1 —u?)

11



thus K will be given as function of the first ¢ — 1 algebraic integrals of formula (Z), and
this same formula will give the values of all the transcendent integrals [ ¢*~"dt e,
in functions of these same integrals, when r will be equal or less than 7 + 1 or, what
returns to the same, when the exponent 2¢ — r will be equal or greater than ¢ — 1. If this
exponent is less, then  — 2 will be greater than 7 — 1, and formula (T) giving the value
of the integral [ t*~"dt e~t"", by means of this one here Jtr2dt e~t"" this value will
depend only on the first ¢ — 1 algebraic integrals of formula (Z); thus all the values of
the integral [ t*~"dt et will depend, whatever be r, only on these first 7 algebraic
integrals, and, as the values corresponding to r greater than ¢ are given by formula (Z)
in functions of these integrals and of the following

/ du / du / du
(1— w2i)% (1—w2iyz (1 — w2y 7

there results that each of these last integrals will be given as function of the 7 — 1 first
algebraic integrals of formula (Z).

If n is odd and equal to 2¢ 4 1, formula (Z) will give, by making successively
r=i+1landr =17+ 2,

(2i 4+ 1)K’ / tidte "

o / du / du / du
Cosingfy ) (1 - iryEE (1 g2ty (1 — w2it1)z5t

(2i + 1)2K 1 /ti—ldte—t”“

o / du / du _
Cosingfy ) (1 g2y (1 — u2i+1yeen

by multiplying these two equations by one another and by observing that equation (T)
gives, by making r =7 + 1,

(2 + 1)2/7571‘%175@—”"+1 /t"dte—t”“ ==

sin

i)

2i+1

we will have
(2Z + 1)2K2i+1

. i 2
Tl'Slnm / du / d’LL / du
( )2 (1 — w2i+1)55T (1 _u21‘+1)ﬁ (1—u2i+1)%'

T
S 577

K will therefore be given as a function of the ¢ first algebraic integrals of formula (Z),
and this same formula will give the values of [ t2**1-"d¢ et as a function of the
same integrals, when 7 will be equal or less than ¢ + 2; formula (T) will give next the
value of this transcendent integral when r will be greater than ¢ + 2, whence we can

12



conclude that each of the integrals

/ du / du / du
(1 — u2it1)3eT (1 — u2it+1)3eT (1 — u2i+1) 7T

will be given as a function of the first ¢ algebraic integrals of formula (Z).

Thence it follows generally that all the values of [ ¢"dt e~ t" will depend, whatever
be r, only on § — 1 algebraic integrals taken in formula (Z) if n is even, or on "T_l of
these same integrals if n is odd.

V.

We take now formula (C) of No. III; if we make ¢ = 1, it will contain the sole
transcendent K or [ dt e~t", which, by the preceding section, is equal to % T or to
0.886227.

If we make 7 = 2, this formula will contain the two transcendents K and K1),
which are respectively equal to [ d¢ e~ and to [ t2dt e~t"; now formula (R) of the

preceding section gives, by making ¢ = 2 and by observing that then sin J; = %,

4(/dte_t4)2 :m/(ljh;zx);'

This last integral represents the length of the elastic curve which M. Stirling has found
equal to
1.31102877714605987;

by designating therefore 7’ this value, we will have
a1
K= [dte =3 '\ 2
formula (Z) will give next, by making n = 4 and r = 2,

16/clte_t4/Idete_t4 =2,

therefore .
KD = /t2dte*t4 S —
4N/ 27’/ 27
We will not push further this examination of the values of K, K(!), . .. correspond-

ing to the different values of ¢, because the case where ¢ surpasses unity are very rare
in the applications of Analysis.

VL

The case in which ¢ = 1 being most ordinary, we are going to exhibit here the sim-
plest formulas in order to determine in this case the approximate value of the integral

Jyda.

13



If we suppose v = —% and if we name Y and U that which y and v become

when x changes to 6§, and Y’ and U’ that which these same quantities become when we
change z to ¢, we will have

B dU d(UdU) d[Ud(UdU)]
/ydIYU{lereJr 102 + 205 + -
e LU d(U'dU’)  d[U’d(U’ dU")]
Y'U {l—i— 70 + 702 + 207 + )

the integral [y dx being taken from x = 6 to x = #'. This formula will be very
convergent all the time that % will be very great with respect to y, that which takes
place when, the factors of y being raised to some great powers, the integral f ydzx is
taken in the intervals distant from the maximum of y.

In order to have this same integral in the intervals near this maximum, we suppose
that it corresponds to x = a, and name Y the maximum of y or that which it becomes
when we change x into a; we suppose next, as this occurs most often, that the value a
of x makes only the first difference of y vanish: in this case, we will make

t=+/logY —logy, v= i

(@)

ViegY —logy’
and, by designating by U, %ﬁ, d;g ... that which v, %, d;;‘;, ... become when

we change x into a, we will have

du? d?U3 AUt
b dr=Y [ dtet (U+ Tt #2 ).
®) /y v / ¢ ( T ar ' 12a2" T 12340t T

If in formula (a) we suppose logy, and consequently —ydz very small of order

dy
a, this formula cannot serve in any interval where (x — a)2 is less than «; in this
case, we can make use of formula (b), which itself ceases to be convergent when vt
or, that which reverts to the same, = — a is not a very small quantity of order a*, \
being positive; but, in the interval where it is not, the series (a) can be employed, so
that these two series serve to supplement each other; there are likewise some intervals
where both can be used, because, since the convergence of series (a) requires that x —a
be of order a%_’\, A being positive, and since that of the series (b) requires that % - A
is positive, these two series can serve all at once for all the positive values of A less

than % The first will be ordered with respect to the powers of &>, and the second will
be with respect to the powers of oz, it will be necessary to prefer the first or the
second, according as 2\ will be greater or lesser than % — A, that is according as we
will have \ greater or lesser than 2.

2
Formula (b) gives, by integrating from ¢ =T to ¢ =T,

1 d*0® 13 d'U° 2
de =Y (U+ = = ) [ dtet
/y o ( T oT12de2 T 2 1234dt )/ ‘

Y 2 [dU? d?u? aut
— 4T — ¢ ..
@ [dx T 2 123d8
[dU2 , d?UB dut

— 4T 24 (T?+1)———
dx + 1.2dz? +(T° + )1.2.3das3

2+ (T>+1)

+

56
Y_le 3

— t
2° + ]
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the integral |y dz being taken from the value of = which agrees with ¢ =T to that
which agrees with ¢t =T".
If we suppose T= —oc and T/ = oo, we will have generally

T2 2
Te T =0, Tre T =0

we have besides in this case (no. IV)

/dt et = N

The preceding formula becomes thus

1 d2u8 1.3 d*U°
@ /ydxYﬁ(U+21.2dx2+221.2.3.4dx4+"')’

the integral f y dz being taken between the two consecutive values of  which render
y null, and Y being the maximum of y contained between these values. The different
terms of this formula will be determined easily by observing that, if we make

d?logy d3logy d*logy

T 124220 U7 T 123ds3 0 1234dzd 0

x being changed into a, after the differentiations, we will have generally

VT=A"% — gA‘g_lB(;v —a)
42 r .
+ MA—aﬂB?fiA—a—lc (x—a)?+---
8 2
We have ) 5
d d
d*logy = ¢y %;
Y

the assumption of x = a makes dy disappear: we will have therefore

d?logy — _9A d’Y

dz? = Ydz?’

2 2
Y and 3752{ being that which y and % become when we make x = a; therefore, if in
formula (d) we consider only the first term of the series, we will have very nearly

Y227 2 ory®
ydr = —— or ydr | = By

2 2 -
Y=

the integral [y dz being taken between the two consecutive values of = which make

y disappear, Y and Z% corresponding to the intermediate value of x which makes dy
disappear. This expression of [y dz will be as much nearer as the factors of y will be
raised to higher powers.

15



Formula (c) contains the indefinite integral [ d¢ e~**, which it is not possible to
obtain in finite terms; but we can, in all cases, determine it in a manner quite near by
known methods. If ¢ is not very large, we can make use of the following series

1 T1° 1T 1T

2 _qp Ll 1T 1 T
/dte =TT 5% " 1237 T12349 ’

the integral being taken from ¢ = O to ¢t =T.
If ¢ is large, we can be served by this series

” e e Lo Lo 13 135
C Tar Ut e )

the integral f dte=t’ being taken from ¢ =T to ¢t = oo, so that, in order to have the
value of this integral from ¢ = 0 to ¢ =T, it is necessary to subtract the preceding
value from %\/7? This series is alternatively greater and lesser than the [ dt e‘tz, ina
manner that the value of this integral, taken from ¢t =T to ¢ = oo, is always contained
between the sum of any finite number of its terms and this same sum increased by
the following term. This kind of series, which we can name series of limits, has the
advantage of showing with precision the limits of the errors of the approximations. In
a great number of cases, formulas (@), (b), (c) and (d) lead to some series of this nature.

VIL

We can easily extend the preceding analysis to double, triple, . . .integrals; for that,
we will consider the double integral | y dz da’, y being a function of z and of 2" which
contains some factors raised to some great powers. We suppose that the integral relative
to = must be taken from a function X of x to another function X’ of the same variable;
by making 2’ =X+uX’, the integral [y dz dz’ will be changed into [y X'dz du,
the integral relative to v needing to be taken from v = 0 to v = 1. We can thus
therefore reduce the integral | y da dz’ to some limits constant and independent of the
variables which it contains; we will suppose consequently that it has this form and that
the integral relative to z is taken from z = 6 to x = w, while the integral relative to z’
is taken from 2’ = 6’ to 2’ = w’. This put, by naming Y that which y becomes when
we change x and z’ into 6 and #’, we will make

Y= Ye_t_t/;

by supposing next x = 6 + v and 2’ = ¢’ + «’, we will reduce the function log % to a

series ordered with respect to the powers of u and of u’, and we will have an equation
of this form
Mu+Mu =t++¢,

in which M is the part of the expansion of log % which contains all the terms multiplied

by u, and M is the other part which contains the terms multiplied by »’ and which are
independent of u. We will divide the preceding equation into the two following

Mu=t, Mu =t,

16



whence we will deduce this, by the reversion of the series,
u=Nt, u =N?,

N being a series ordered with respect to the powers of ¢ and of ¢/, and N’ being uniquely
ordered with respect to the powers of ¢’ and independently of ¢. These two series will
be very convergent if y contains some very elevated factors. Now we have

dr dx' = dudu/,

and it is easy to be assured that this last product is equal to % %“;,' dt dt’, that is % B(git’/t’)
therefore A(NE) D(N'E)
Nt) O(N't iy,
/ydl‘dl‘/:Y/T BYY dtdt/e

It will be easy to integrate the different terms of the second member of this equa-
tion, since the question is only of integrating the terms of this form [ ¢"dt e™* or
I

If we take the integral relative to ¢’ from ¢’ = 0 to ¢/ = oo, and if we name Q the
result of the integration, we will have

/ydlﬂ/ =YQ,

the integral being taken from z’ = ¢’ to the value of 2’ which agrees with ¢’ infinity;
if we change next, in Y and Q, 6’ into @', and if we name Y’ and Q' that which these
quantities then become, we will have

/y de’ =Y'Q,

the integral being taken from 2’ = w’ to the value of &’ which agrees with ¢’ infinite;
we will have therefore

/ydI :YQinQQ

the integral relative to x’ being taken from 2’ = ¢’ to 2’ = @'.
By naming R and R’ the integrals [Qd¢ and [Q'dt, taken from ¢ = 0 to ¢ = oo,
we will have

/y drdr’ = YR — Y'R,
the integral relative to z’ being taken from 2z’ = ¢’ to 2’ = w’, and the integral
relative to x being taken from x = 6 to the value of = which agrees with ¢ infinity. If

in Y,R,Y',R" we change 6 into w, and if we name Y1, R, Y}, R} that which these
quantities then become, we will have

/y drdz’ = YiR; — Y|R],

17
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the integral relative to 2’ being taken between the limits #’ and @’, and the integral
relative to = being taken from x = w to the value x which agrees with ¢ = oo;
therefore

/y drds’ = YR —Y'R' — YR, + Y|R],

the integral relative to = being taken between the limits 6 and o, and the integral rel-
ative to x’ being taken between the limits 6’ and w’. This formula corresponds to
formula (A) of No. I, which is relative only to a single variable. It has the same incon-
venience, that of not being able to be extended it to the intervals near the maximum of
y; it is necessary for these intervals to use a method analogous to that of No. II. Thus,
by supposing that, in the interval contained between 6 and w, y becomes a maximum
and that the condition of the maximum makes only the first difference of y vanish, as
previously, y =Ye~t—t', we will make

_ vyt =t
y - Ye )

and if, in the interval contained between 6’ and w’, y becomes a maximum, we will
make ey
y=Ye .
As we will have principally need in the following of the integral f y dx dx’, taken
between the limits of 2 and 2’ which renders y null, we are going to discuss this case
in a general manner.
We will consider the integral [y dzda’ dz” ..., y being a function of r variables
x, ', ¥, ... which contain some factors raised to some great powers. If we name
a,a',ad”’,...the values of z, ', x”, ... which correspond to the maximum of 3, and
if we designate by Y this maximum, we will make

—tz—tlz—t/l2—~~~

y=Ye ;
by supposing next
r=a+0, =d+0, 2'=d+6", ...,

we will substitute these values into the function log %, and, by expanding it into a
series ordered with respect to the powers of 8, 6', 8", ... we will have an equation of
this form

Mo> +M/9/2 +MN9”2 4= +2 +t/2 +t//2 4.
M being the part of the expansion of log % multiplied by #2; M’ being the part of this

expansion multiplied by #’2 and independent of #; M being the part multiplied by 6"
and independent of € and of ¢’, and thus the rest. We will divide this equation into the
following

M92 — t2 M/9/2 _ t/2 M//91/2 _ t//2 .

whence we will deduce that, by the reversion of the series,

0=Nt, ¢ =Nt ¢ =Nt ..,
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N being a series ordered with respect to the powers of ¢, t',¢”, ...;N’ being a series
ordered with respect to the powers of ¢/, ¢, ... ; N” being a series ordered with respect
to the powers of ¢/, .. .. These series will be so much more convergent as the factors
of y will be raised to higher powers.
Now we have
dedx'dz” ... =df do' do" ...,

and it is easy to be assured that this last product is equal to

d(Nt) d(N't') d(N""t")
at  dt’  dt"

coedtdt' dt” ..

therefore

d(Nt) d(N't") d(N"t” g
/ydwdm’ da:”...:Y/ (dt) (dt, ) (dt,, P A e e

the integrals relative to dt dt’ dt” .. .being taken from these variable equal to —oo to
these variables equal to +oo. It will be easy to have the integrals of the different terms
of the second member of this equation by observing that we have generally

/ gy dedr et e 2,
when any one of the numbers n, n’, n”/, ... is odd, and

/ §20r20 g2yl @t et

135, (20— 1).1.35... (27 —1).135... (2" —1)...7
Qi+ 4

[Nl

If the powers to which the factors of y are raised are very large, we will have very
nearly

2%y %y %y
2 12 112
M:—aﬁaé, M’:—f);, M =922
%’y 2%y 9%y : s 0%y 92 92
S% B2y monz, - - - being that which 54, =—% =% ... become when we change
x,x', 2", ... into a, a’, a”, .... We will have thus very nearly
1 1 1
IR S S SR &

/oy’ e [y
Ox2 Ox'2 ox'’2

whence we deduce this general theorem:
The integral [y dx da’ da'" . .., taken between the consecutive values of x, «', x”, ...
which render y null, is very nearly equal to

)

(-2m)zY =
92y 02y 92y
ox2 0x’2 Ox''2

if the factors of y are raised to great powers.
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ARTICLE II.
On integration by approximation with linear equations
to the finite and infinitesimal differences.

We will consider the equation linear in finite differences
M S = Ays + BAy, + CA%y, + -,

S being a function of s; A, B, C being some rational and entire functions of the same
variable, and the characteristic /A being that of the finite differences, so that Ay, =

Ys+1 — Ys. Let o
Acata®sta®s 4 a®s ...

B= b+b(1)s+b(2)82 +b(3)83 4o
C=c+cWs+cPs?4cBg3 ..
and we represent the value of y, by the integral [ e~ ¢ dx, ¢ being a function of z,

independent of s, and the integral being taken between some limits independently of
this variable; we will have

by = [T~ Doda,
Ny, = /e*”(e*z —1)%¢dx,

Moreover, if we designate e~ by Jy, we will have

_ d by 5 _ d? &y 3 _ d3 &y
se sm:—%, Se“:_w, Sesz:—w, e

equation (1) will become thus

S = /¢dx{6y[a +be™® —1)+ecle® =12 +---]

dé
- Ty[au) +0W (e — 1)+ cP(e™ —1)* + -]
€T
d%é
n dx;/ @@ + 0@ (e = 1)+ P —1)2 4.
4+ .. }

If we represent y, by the integral | 2:°¢ dz, we will have, by designating z:* by dy,

2d25y .
T2 cl

sz’ = T s(s—1Dz' ==z
x

we would have next

b= [Oy@-nods, 2% = [oya-1)odn
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Hence, if in this case we put the values of A, B, C, ... under this form
A=a+aYs+aPDs(s—1) +aPs(s —1)(s—2)+ -,
B=0b+bWs+b@s(s—1) +b®s(s —1)(s —2) +-- -,
C=c+cWs+cPDs(s—1)+cPs(s —1)(s —2) + -,

equation (1) will become
S= /¢d${5y[a+b(a:— 1)+ c(x — 1)2—1—-”}

+m%%hux+gn@_1yhﬁmx_n2+nq

26

d
+x2WQy[a(2) +0P(z—1)+cPD(@-1)2+---]

_|_}

By representing generally y, by [0y ¢ dx, the two preceding forms that equation (1)
takes under the suppositions of dy = e~** and of §y = x* will be contained in the
following

dé d?s s
s_/¢m<M@+Ndy+de+Q LA ~>,
M, N, P,Q, ... being functions of = independent of the variable s, which enters into
the second member of this equation only as far as dy and its differences are functions
of it.
Now, in order to satisfy it, we will integrate by parts its different terms; now we

have
/Ngbdxd—éy = dyN¢ — /5y de,

/Pmd%y déy% 5y <¢>/5yd2<P¢>dx
a? l’

dz? ’

The preceding equation becomes thus

2 3
 fayasao - 200 EED £ ]
rerafuo- 400 £Q0 ]
déy (Qo)
e [Pd)_d:c+”l
d25y
dl’Q [QQS* ]
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C being an arbitrary constant.

Since the function ¢ must be independent of s and, consequently, of dy, we must
separately equate to zero the part of this equation affected by the [ sign, that which
produces the following two equations:

ANo) | P(Po) | (Q9) ,

2) 0=M¢ - dx dx? dx3 o
2
=crnfr 109, P ]
d (Q¢)
) [P(ﬁ—l +- }
d2
ViQo— -]
_|_...

The first equation serves to determine the function ¢, and the second determines the
limits in which the integral [ dy¢ da must be contained.

We can observe here that equation (2) is the equation of condition which must hold
in order that the differentiable function

2
odz (May+NLY 4 pd 5y+ .
dx dx?

is an exact difference, whatever be dy, and, in this case, the integral of this function is
equal to the second member of equation (3); ¢ is therefore the factor in x alone which
must multiply the equation

ddy d? oy

0=Méy+NZ%¥ 1 p
P

_|_..

in order to render it integrable. If ¢ were known, we could lower this equation by
a degree, and reciprocally; if this equation were lowered by a degree, the coefficient
of dy, in its differential, divided by Mdzx, would give a value of ¢; this equation and
equation (2) are consequently linked between them, in a manner that the integral of one
of the two gives the integral of the other.

IX.

We will consider particularly equation (3), and we make first S= 0; if we suppose
that dy, %, ddzx‘zy,. .. become null, by means of one same value of x, which we will
designate by h, and which is independent of s, it is clear that by supposing C= 0
this value will satisfy equation (3), and that thus it will be one of the limits between
which we must take the integral f 0y dx. The preceding supposition holds clearly in
the two cases of dy = x° and of dy = e~ 5%; because, in the first case, the equation

x = 0, and, in the second case, the equation x = oo, render null the quantities Jy,

22



2
%, ddm‘éy,. ... In order to have some other limits of the integral f dy¢ dx, we will

observe that, these limits needing to be independent of s, by the preceding section, it

is necessary, in equation (3), to equate separately to zero the coefficients of Jy, dd‘i;”,
2

d 5 % ..., that which gives the following equations:
X

d(Pg)  d*(Q9)

0=N¢— dx dz2

0=Q¢p—---

These equations will be in number ¢ if ¢ is the order of the differential equation (2);
we can therefore eliminate, by their means, all the arbitrary constants of the value
of ¢, less one, and we will have a final equation in z, of which the roots will be as
many as limits of the integral [ 6y¢ dx; we will seek, by means of this equation, a
number of different values of x, equal to the degree of the differential equation (1). Let
g, ¢, ¢@, ... be these values, they will give as many different values of ¢, since
the arbitrary constants of ¢, less one, are determined by functions of these values. We
can thus represent the values of ¢, corresponding to the limits ¢, ¢V, ¢(¥, ..., by
BA,BOAD B@AR) BB B(®) . . . being some arbitrary constants, and we
will have for the complete value of y;

Ys :B/dy/\dJH—B(l)/6y)\(1)da:+B(2)/5y/\(2) de+ -,

the integral of the first term being taken from z = h to x = ¢, that of the second
term being taken from = h to x = ¢(!), that of the third term being taken from
r =htoxr = q(z),. .., and thus the rest. We will determine the arbitrary constants
BB, B ... by means of as many particular values of .

X.

We suppose now that in equation (3) S is not null; if we take the integral [ dy¢ dx
from x = h to x equal to any quantity p, it is clear that we will have C= 0 and that S
will be that which the function

d(Po) doy

Sy IN— 22 | 4 222

y|No dz * * dx

becomes when we change x into p; thus, for the success of the preceding method, it is
necessary that S be the form of this function. We suppose, for example, §y = x°, and

S=p [l +1Ws+1Ps(s —1) +1Ps(s —1)(s —2) +---];

(P¢_...)+...

by comparing this value of S to the preceding, we will have

l:Nqﬁ—%Jr...,

Wp=Pp—-..,

T
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x needing to be changed into p in the second members of these equations of which the
number is equal to the degree of the differential equation (2): we can therefore, by their
means, determine all the arbitrary constants of the value of ¢; and, if we designate by
1) that which ¢ becomes when we have thus determined its arbitrary constants, we will

have
Ys = /Isw dz.

Thence, and because equation (1) is linear, it is easy to conclude that, if S is equal

P+ 1Ws +1Ps(s — 1) + 1P s(s — 1) (5 —2) +---]
+pill + lgl)s + 152)3(5 -1)+ l§3)5(s —D(s=2)+--]
+ p5lle + lél)s + léz)s(s -1)+ lég)s(s —D(s=2)+--]
Jr R

to

by naming 1)1, 102, . .. that which 1) becomes when we change successively p, [, I(V), ...
into pq, Iy, l%l), ooy P2, 1o, lgl), ..., we will have

ys:/J;swdx+/m‘gwldx+/xsw2da:+~-~,

the first integral being taken from z = 0 to = p, the second integral being taken from
x = 0to z = py, etc. This value of y,, contains no arbitrary constant; but, by joining
it to that which we just found in the preceding section, for the case of S= 0, we will
have for the complete expression of y;

ys:B/xs)\dac—l—B(l)/ms)\(l)dx+B(2)/xs)\(2)dac—|—~~
4)
—|—/xswdx—i—/:rsqpldx—&—/xswzdx—i—-~-

It will be easy, by the methods of No. VI, to have in convergent series the different
terms of this expression when s will be a large number.

XI.

In order to determine the function y, of s, that we arrive thus to reduce to a conver-
gent series, we return to equation (1) of No. VIII and we suppose that it is differential
of order n; if we designate by u,, ‘s, 2us, ...the n particular values which satisfy

it, when we make S= 0, so that its complete integral is then

ys = Hu, + "H'ug + *H?uy + -4+ "TH" L,
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if we form next the following quantities

Us—1
ul = u,A ,
Us—1
2
Ug—1
1 S
Ui = USA )
Us—1
3
Us—1
2 S
ul = u,A ,
Us—1
)
1,1
u
-1
ul =ulA—"—,
Us—1
2 1
u
s—1
Yu2 = uln =,
U571
3.1
U
2 —1
u? =ulhN—",
us—l
b
1,2
u
3 _,2 s—1
uy = ugAN—5—,
s—1

un—l _ 1
s - n—1 ’
ZI—TL
and we name ”*2114 , ”*3711 , ... that which 4?~! becomes when we change
vr—mn r—n
"L, successively into "% ug, "3y, ... and reciprocally; finally we designate by

L the coefficient of A™y; in equation (1). The complete integral of this equation will
be, as I have shown moreover (Vol. VII of the Mémoires des Savants étranges, p. 56°)

Ys = Usg <H+Zizx>+lu5 (H—‘rZilzx)_l'__i_”—lus (H+Zin_lzz),

the characteristic ¥ being that of finite integrals; we can therefore always reduce to
convergent series all the functions of this nature, provided that S has the form which
we have assigned to it in the preceding section.

XII.

We will consider generally the case where we have any number of equations linear
in the finite differences, among a like number of variables ys, y., y7, ..., and of which

2«Recherches sur I’intégration des équations différentelles aux différences finies, et sur leur usage dans
la théorie des hasards.” Oeuvres de Laplace, T. VIIL, p. 87.
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the coefficients are some rational and entire functions of s. If we suppose

v [ o,
Y= /xsqbl dz,
yg/ — /:I;S(b// d:I;7

)

these different integrals being all extended into the same limits independent of s, we
will have

/xs(ac - 1o dz,
/@%x—n%mu

)

Nyl = /xs(x - 1)¢' dz,

Ny /xé(x —1)%¢/ dx,

Ays

NPy,

)

We can therefore put the equations of which there is concern under the following forms

S = /xszdx,
S = /xsz’dm,
S’ = /xsz”dz,

)

S,S’,S”, ... being functions of s, and z, z’, 2", ... being some rational and entire func-
tions of the same variable, and of =, ¢, ¢', ¢, ..., in which ¢, ¢', ¢", .. .are under a
linear form.

We will consider first the equation
S = / r°z dx;

B s(s—1) 4 s(s—1)(s—2) , 4
z2=7+sANZ+ 15 N°Z + 193 NZ+

we have
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Z, NZ, N?Z, ... being that which z, Az, A%z, ... become when we suppose s = 0
in it. Hence, we will have

-1
S = /dex [z+sAz+ 5(31 . pzz 4]
Now, if we make z® = dy, we will have
dd d? s
sz’ = xd—l:y, s(s —1)a®* = 2? dey,

The preceding equation will become thus

déy x2N2Zd? 6y
= Z N7 —=
S /dm ( oyt dr V12 da? ’

whence we deduce, by integrating by parts as in No. VIII, the following two equations:

dx NZ)  d*(2? N?Z)
—7_ ...
(@) 0 dx * 1.2 dx? ’

1.2dx + 1.2.3dx
déy[a:QAQZ d(z3037) }

2 N27 2(3N37
SzC—i—éy[mAZ—d(m ) FE )+]

®) dr | 1.2 1.2.3dx
d? sy [ 23N3Z
dz? 1.2.3

The equation
S = / z® 2 dz,
treated in the same manner, will give the following two:

d@AZ)  d(a N2Z))
dz 1.2dz? ’

(a") 0=272 —

d(z* N?Z")
el I\ = =T
S'=C+dy [a:AZ 1o

) +d(5y(x2AQZ’ _>

dx 1.2
+...

1 "
S z/xsz”daj, S z/msz"’dx,
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will produce some similar equations which we will designate by (a”), ("), (a""), (b""),

Equations (a), (@), (@"), . . .will determine the variables ¢, ¢', ¢”, ... in x, and the
equations (b), (b'), (b"), . . .will determine the limits in which we must take the integrals
[x*pda, [x°¢ dx, . ... For this, we will suppose first S,S’,S”, ... nulls; by making
next C,C’,C”, ... nulls in equations (b), (b), (b"’), .. .and by equating separately to
zero the coefficients of dy, 49y ' in these equations, we will have the following:

dx
d(z2N\?Z7)
0=gnz- A28
. 12dr
22A?Z
0: —_ e
1.2 ’
d(z2N27))
0=—anz - E22)
v 12dz
x2A27/
0= — ..
1.2 ’

]

We will eliminate by means of these equations all the arbitrary constants, less one, of

the values of ¢, ¢', ¢”, ... and we will arrive to one final equation in = of which the

roots are the limits of the integrals [ z°¢ dz, f x5¢’ dx, . . .; we will determine as many

of these limits as it will be necessary in order that the values of y5, 3%, ... are complete.
We suppose now that S is not null and that it is equal to

P l+1Vs +1Ps(s —1) +---];
by making C= 0 in equation (b) and by putting = in the place of Jy, we will have

Pl +1Vs +1Ps(s —1) 4 -]

s d(z2N\2Z7) o [(P2NZ

whence we deduce first z = p, so that the integrals [ z%¢ dz, [ z°¢’ dz,... must be
taken from x = 0 to = p. The comparison of the coefficients of s, s(s — 1), ... will
give as many equations among the arbitrary constants of the values of ¢, ¢/, ¢”,...;
the equality to zero of these same coefficients in equations (&'), (b”), . .. will give some
new equations among these arbitraries, which we can consequently determine by means
of all these equations. We will have thus the particular values of y,, which satisfy in
the case where, S’,S”, .. .being nulls, S has the form which we just supposed to it, or,
more generally, is equal to any number of functions of the same form. Similarly, if we
suppose that S, S”, .. .being nulls, S’ is the sum of any number of similar functions,
we will determine the particular values of ys_ %, y7, ... which they satisfy in this case,
and thus the rest. By joining next all these values to those which we have determined in
the case where S,S’,S”, ... are zero, we will have the complete expressions of these
variables corresponding to the case where S, S’, S” have the preceding form.
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XIII.

It is easy to extend the method of the preceding section to the equations linear in
infinitely small differences, or in finite parts, and in infinitely small parts and in which
the coefficients of the principal variables are some rational and entire functions of s;
because, if we designate, as previously, by ys, y%, y7,. .. these principal values, we
will make

g — / Péde, o, = / oo dr, = / o de, ...,
that which gives

d?ys

dys
Y :/xsqi)d:rlogx, 752 :/xsgbdz(logx)z, e
s

ds
Ays:/ms(x—l)gbdx, A2ys:/xs(x—1)2¢dx7 RN

d/
ys:/xsgﬁ’dxlogx, o o
ds

ey ey ceey

The proposed equations will take thus the following forms

S:/:Eszd:z:7 S/:/ISZ/dJ?, SH:/ISZ”dI, cee

z, 2, 2", ... being some rational functions of s, in which ¢, ¢’, ¢, ... are under a
linear form. By treating them therefore as in the preceding section, we will determine
the values of ¢, ¢/, ¢, ... and the limits of the integrals [ 2°¢ dz, [2°¢'dzx,. ...
Thus the method exhibited in this section extends to all the linear differential equations
of which the coefficients are rationals.

By making ys = [e *"¢dx,y, = [e ¢’ dx,..., we would arrive to some
similar results. In many circumstances, these forms of ys, 4%, ... will be more suitable
than the previous.

XIV.

The principal difficulty which the application of the preceding method presents

consists in the integration of the linear differential equations which determine ¢, ¢’ ¢, ...

in z. The degree of these equations depends not at all on that of the proposed equations
inys, y.,y7, ...: it depends uniquely on the highest powers of s in their coefficients.
Thus, relatively to the finite differential equation of the first order,

0= Ays + BAysv

in which A and B are some rational and entire functions of s, if we suppose ys =
[ 2°¢ dx,and if we determine by No. VIII the value of ¢ in z;, we will arrive to a
differential equation of an order equal to the highest exponent of s in A and B.
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We can, in this particular case, prevent this inconvenience by decomposing the
proposed equation into finite differences. For it to happen, we will put it under this

form
a(s +a)(s +a)(s +a")- -

Yt = ) s+ ) (s +07) - O

If we suppose next

=t a)z,  d—als b )l —als+al)il,
ts+1 = q(s + b)ts, toyy = q(s+0)t,, tiy =q(s+a")ty, o
we will have
B ZSZ/ Z// e
Ys = ot )
It will be easy to have z;, 2., .ots, th, Y, ... in convergent series, and we will have

need for that only to 1ntegrate the equations linear in the infinitely small differences of
the first order. Every time that we can decompose thus a proposed equation into other
linear equations, in which the variable s will not pass the first degree, we will have
always in convergent series the value of its integral, if s is a large number.

In many cases where we are led to a differential equation in ¢, of an order superior
to the first, we can make use of multiple integrals by representing ys by the double
integral [ 2°2'*¢ dx da’, in which ¢ is a function of z and of z’, or by the triple integral
[ 2’2" ¢ dx da’ dz”, ¢ being a function of z, 2/, ", and thus in sequence. We
will arrive often to determine ¢ directly or by an equation of the first order; we will see
some examples in the following article.

XV.

The case in which the equation which determines the value of ¢ is differential of
the first order being the only one which is generally solvable, we are going to develop
it here by applying directly the method of approximation of article I.

We suppose that we have a linear equation of any order in finite or infinitely small
differences, or in finite parts and in infinitely small parts, in the coefficients of which
the variable s does not pass the first degree; this equation will have the following form

0=V+4sT,

V and T being some linear functions in the principal variable y, and of its differences.
If we make y, = [ 0y ¢ dx, dy being equal to ° or to e~ 57, it will become

0/¢M(M+wa>

M and N being some functions of x; we will have therefore, by the method of No. VIII,
the two equations

o= i A0NO)
dzx
0=C+ dyNe.
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The first gives, by integrating it,
H (u
— —ef Ndz
6= gel ¥,
H being an arbitrary constant. We suppose, in the second equation, C= 0; if we desig-
nate by a the value of = given by the equation
0=d(N¢dy),

and by Q that which the function N ¢ §y becomes when we change z into « in it, we
will make

N¢dy=Qe*;

we will have thus

t = \/log Q — log(N¢) — log oy

log dy being of order s, if we make % = «a, a being a very small coefficient, the

quantity under the radical will take this form @X, X being a function of x — a; we

will have therefore, by the reversion of the series, the value of x in ¢ by a series of this
form ) ,

r=a+azht+ahM2 +azh@e 4 ...
Now, ys being equal to j 0y ¢ dx, if we substitute into this integral in the place of

2
dy ¢its value QeNt , it will become Q dWme*tz, and if in & we put in the place of z

its preceding value in ¢, we will have y, by a series of this form

Ys = a%Q/dt 67t2 (l + a2l +al@? 4 a3 1®3 + - ) .

The limits of the integral relative to ¢ must be determined by this condition, that at these
limits the quantity N ¢ dy or its equivalent Qe*tz is null; whence it follows that these
limits are t = —oo and t = co. We will have therefore, by article I,

. 1 oo 13 50 135 4
y5:a2Q\/E<l+2al()+22al()+23al()+ .

This expression has the advantage of being independent of the determination of the
limits in = which render null the function N ¢ dy, so that it would subsist always in
the same case where this function equated to zero will not have many real roots. This
remark is important in this analysis and gives the means to extend it to a great number
of cases in which it seems first to be refused.

The preceding value of y, contains only one arbitrary constant H, and consequently,
if the proposed equation is differentiable of order n, it will be only one particular value
of it. In order to have the complete integral, it will be necessary to seek n different
values of x in the equation

0=d(N¢dy).
Leta, a’,a”, ... be these n values; we will change successively, in the preceding ex-
pression of ys, atoa’, a”,...and Hto H',H”, .. .; we will have thus n particular values

of y,, which will contain each an arbitrary constant; their sum will be the complete ex-
pression of this variable.
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XVIL

We can obtain directly by the preceding method the value of y; in the differential
equation 0 =V+sT, by means of definite integrals; in order to show by a very general
example, we will consider the differential equation

APy,
ds3

d*y,
ds?

dys
ds

0= (a+bs)ys + (a' +b's)—— + (a" +b"s) + (" +b"s) +e

if we suppose
v = [dyods,

dy being equal to e*%, we will have

0= /¢d$[5y(a—a'x+a”x2 —a”/w?’—k---)

f%(bfb’x+b/’x27~~)],

whence we deduce the two equations

dlp(b—Vx+ b2z —--.
0=dla—dzta’s®—a”s®+-)+ [9( xji-x x )]7

0=e¢b—bx+b'z*>— ).

We decompose the function b — b’z + b”2% — - - - into its factors, and we suppose that
it is equal to

b(1 - qz)(1 —q'z)(1 —q¢"z) -+,
the first equation will give for ¢ an expression of this form

¢ =He™(1—qa)" (1 —¢'2)" (1 —q¢"z)" -+,

H being an arbitrary constant; hence

Ys = H/e—(s—l)zdx(l — qz)"(1— q/w)r’(l _ q//x)T” cees
and the equation which will determine the limits of the integral will be

0= e—(s—l)x(l _ q$>r+1(1 . q/x)r’+1<1 _ q//m)r”-i-l .
These limits will be consequently x = é
that the complete expression of ys will be

and x = oo, or r = %andx:oo,etc.,so

. :H/ e CT0da(1 — q2)" (1~ g'2)" (1= ¢"2)" -
+ H//e*(s’l)"”dx(l —qx)"(1=qz)" (1=¢"z)" -
+ H///e*(sfl)mdx(l ) (1= 2)" (1= ¢"z)"
T
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the first integral being taken from x = % to x = oo; the second integral being taken
from z = % to x = o0; the third being taken from x = ﬁ to £ = oo, and thus in
sequence, H,H' ) H”, ... being some arbitrary constants.

It can happen that the numbers s — I, » + 1, 7/ + 1,... are negatives and, in this
case, the equation

0= e—(s—l)x<1 _ qm)r-i-l(l _ q/x)r/+1 .

is not satisfied by making = = oo, x— %7 2 = +....; but we can observe that the results

obtained under the assumption where these numbers are positive take place equally
when these numbers are negative. Thus, by designating by S the integral, either finite,
or reduced to a series, by the method of article I, of the differential function

e~ 024 (1 — gz)" (1 — g'z)" -+,

integrated from z = % to x = oo in the case where s — [ and r are positives, if we
change, in S, r into —r, and if we designate by S’ that which S becomes, the function
HS’ will be a particular value of y, in the case where the number r, instead of being
positive, is negative and equal to —r; because it is clear that the equation y, =HS,
satisfying the proposed equation, r being positive and anything, the equation y; =HS’
must similarly satisfy it,  being negative and anything. Thus, we will not hesitate at
all in the series to extend generally to all possible cases the results obtained in the case
where the equation which determines the limits of the integrals is satisfied.
It is easy to extend the preceding method to the equation in finite differences

0= (a+bs)ys + (a/ +b's)Ays + (a" +"s) N2y, + -

or to the equation in the differences in finite parts and in infinitely small parts,

n

0= (a+bs)ys + (a' +b's)Ays + (@ +V"s)N2ys + - -

dy . . dys
2 /1 S v 1V S
+(a" +b s)ds-i-(a +0b s)Ads+

We can always obtain, by the preceding method, the integral of these equations by defi-
nite integrals, and its approximate value by some series which will be highly convergent
when s will be a large number.

XVIL

The same method can be further extended to the equations linear in the partial dif-
ferentials, either finite, or infinitely small. For this, we will consider first the equation
linear in the partial differences of which the coefficients are constants; by designating
by ys.s the principal variable, s, s’ being the two variables of which it is a function,
we can represent this equation by this one 0 =V, V being a linear function of y, s and
of its partial differences, either finite, or infinitely small. We suppose now

Yosr = / *u § d;
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by substituting this value into the preceding equation, it will become

0= /stus/qbdx,

M being a function of x and of w, with neither s nor s’; by equating it to zero, we will
have the value of v in x, and this value, substituted into the integral f xsus/d)dx, will
give the general expression of y, -, ¢ being an arbitrary function of z, and the limits
of the integral being indeterminate. If the proposed equation 0 =V is of order n, it will
be necessary, by means of the equation M= 0, to determine n values of « in x, and
the sum of the n integrals [ x5u5/¢dm which will result from it will be the complete
expression of Y .
We will consider presently the equation in the partial differences

0=V +sT+s'R,

in which V, T, R are some linear functions any whatsoever of y . and of its finite and
infinitely small partial differences. If we suppose

!’
o = [ 55 o,

2’ being a function of & which the concern is to determine, we will have an equation in
this form

0= /xsx/5’¢dx(M + Ns + Ps’),
M, N, P being some functions of = and z’, with neither s nor s’; now we have

d 508" , 'da’
(@) <+>

dx x| aldx

Therefore, if we determine z’ by this equation
da'  Pdx
¥ Nz’

we will have )
d((L’SZL'/S ) -
de '’

consequently, if we designate z°z’ S/by oy, we will have

0= /(bdx (M&y—i—Nxcwy) .
dx

This equation gives the following two

2°2'¥ (Ns + Ps') = Nz

d(Nzg)

0=M¢p— e

0 = Nz¢ dy;
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the first determines the function ¢ in x, and the second determines the limits of the
integral [ dy ¢ dx. This value of y, s contains no arbitrary function at all, it is only
a particular integral of the proposed equation in the partial differences; in order to
render it complete, we will observe that the integral of the equation d@",’”,l = Pdz which
determine z’ in z, is

~ Nz

' =uQ,

Q being a function of = and u being an arbitrary constant. By designating therefore by
1) an arbitrary function of u, we will have

Yo = / / ' Q¥ 2 i da du,

the integral relative to = being taken between the limits determined by the equation
0 =Nz¢dy, and the integral relative to u being taken between some limits any whatso-
ever. This value of y, o will be, because of the arbitrary 1), the complete integral of the
proposed equation if this equation is of first order; but, if it is of a superior order, it will
be necessary, by means of the equation 0 =Nz ¢dy, to determine as many values of x
in u as there are units in that order; and the sum of the expressions of y, , to which we
will arrive will be the complete value of y; .

XVIIL

By considering with attention the form of the series in which the preceding method
leads in order to determine y, s, we see that it can always be reduced to the following

/
Hpssierr <1+ 5(3./ + % +> ,
H being an arbitrary constant and the numbers 7/, 7", ... being positives and forming
an increasing series. If the proposed equation in y;, is in infinitely small differences,
then ¢ = 0, since, without this, the differences of y; would introduce the logarithmic
quantities log s, (log s)?, ..., which, by assumption, are encountered not at all in the
coefficients of this equation; we will have therefore then

/
w=trs (14 L L),
s s
and it will be easy, by known methods, to determine the exponents r, 7/, 7'/, ... and
the constants p, q, p’, ¢/, ...

If the proposed equation in y;, is in finite differences, ¢ can not be null, and the deter-
mination of the quantities r, ', 7"/, ...; p, ¢, ¢/, ... can then present some difficulties
which we are going to resolve.

For this, we will observe that

log(s + n)TmH" = (is 4 in + 1) [logs + log (1 + %)}

is+intr) (logs+ T — 1 4
= (%S m T og s - - — - — "
& s 282 3s3
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that which gives

S . . in?42rn |
(S + n)szrszrr — st+zn+rezn+725 —+

We can put the second member of this equation under this form

SierinJrrein 1_|_a7n_~_b7n+ ;
s 52

G, bp, ... being some functions of n; we will have therefore

ys+n:Hps+nst+zn+rezn (1+(Zl+sg+> {1+ q (17,i+>

s r'n
s
L (1= +...>+..l7
s r''n

whence it is easy to conclude the values of ysy1, Ys+2, Ys+3, - - -, Dy making succes-
sively in this expressionn = 1, n = 2, n = 3, .... Now, if we substitute these values
into the proposed equation in finite differences, we will determine easily by the known
methods the exponents 4, 7, 7/, ... and the constants p, ¢, ¢, . . ..

This new method has the advantage of being independent of all integration and of
being extended to the case where the coefficients of the proposed equation in ys would
be irrational; but the arbitrary constants H,H’, ... which we introduce can be deter-
mined then only by means of given values of y,, when s is already a large number,
instead that, following the method exhibited in the preceding sections, these constants
can be determined by means of the first values of y,, that which gives the means to
know that which this function becomes when s is very great or even infinite, by sup-
posing that it has begun in a determined manner; it is in this that the principal advantage
of this method consists.

ARTICLE III.
Application of the preceding method to the approximation
of diverse functions of very great numbers.

XIX.
We propose to integrate by approximation the equation in finite differences

0=(s+1)ys — Ys+1.

v = / e,

we will have, by designating x° by dy,

If we suppose

Oz/gbdx {(1—x)6y+xci;?} ,
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whence we deduce, by the preceding article, the following two equations:

(z¢)
dx ’

0=o(1—z)— 2
0= g+l
The first equation gives, by integrating it,
¢ =Ae",
and the second gives, in order to determine the limits of the integral [ ¢ dx,
0=z5tle®,

these limits are, consequently, x = 0 and x = co. Thus we have

Ys = A/:csefmdx,

the integral being taken from z = 0 to x = oco.
In order to have this integral in a series, we make, following the method of article
Ia

x s _—s _—t?

e = s%e %",

s being the value of & which corresponds to the maximum of the function z°e~%; if we
suppose next x = s + 6, we will have

9 S
(1 + ) ef = et
s

0 02 63 6*
t2——slog<1—|—>+9———|——~-
S

hence

2s 352 4s3 ’
that which gives, by the reversion of the series,
22 3
0=tvV2s+ —+ ———+---
3 9v/2s
and, consequently,
4t 2
( 3 3V2s
the function f z° dx e~ * will become therefore
4t t2
s%e=* [ dte=t’ (\/ 2s + — + + - ) ,
/ 3 3v2s

the integral being taken from ¢ = —oo to ¢ = oco. By integrating by the method of
article I, we will have

1
/xsdxe_’” — s5T2e75\2n <1++"'>7

12s
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hence

1
yS:As”%e—S\/%‘ 1+—4+--].
12s

We will determine the arbitrary constant A by means of a particular value of y,; by
supposing, for example, that, s being equal to u, we have ys =Y, we will have

Y :A/x“dxefm,

that which gives
Y

- [ardre ™
and, consequently,

st ey (14 4 o0)

s =Y )
@ Y [ardre®

if o is a large number, we will have

1
/dw = ' Ee o (1+ T2 +> 7
S

that which gives

@) v e (s
= e —_— DR ;
q Ys e 1248

thus, in this case, the ratio of the semi-circumference to the radius disappears, and there
remains only the sole transcendental quantity e.

Let us see now of what nature is the function y,; for this it is necessary to integrate
the equation in finite differences

0=(s+1)ys — Yst1:
now we will find easily that its integral is
ys =Y(u+1)(n+2)(p+3)---s.
We will have therefore, by comparing this expression with that of formula (g),

Ss+%€_s\/ﬁ(1+ﬁ+"')
Jardre= '

(@) (p+1D)(p+2)(n+3)--s=

If we suppose p = 0, we will have
/x“ dee =1,
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hence

1
123 .s=sF e Vor (14— 4+ ).
12s

If we make p = %, m being less than n, we will have

,  m

s=s +—,
n
s’ being a whole number; thus
1 m S,JF%JF%
s°F2 = (s’ + —) ;
n

now it is easy to assure ourselves by the preceding number that, if s’ is a large number,
we have

fym 1 2
m\s tnts3 fom.1 m nm-+m
(5/_|_f) :S/S+n+26n 1+72/ + .
n 2n?s

We have moreover, by making x = t",

/x%dxe*w :n/t"’*"*ldte*tn = m/tmfldte*tn,

the integral relative to ¢ being taken from ¢ = 0 to ¢ = oo; the formula (¢’) will give
therefore

m(m +n)(m+2n)(m+3n)--- (m+ s'n)
,3/3’+%+%e—s’m (1 4 n2+f$175:56m2 e )

:ns

Jtm—tdte—t"
so that the approximate value of the product of all the terms of the arithmetic progres-
sion m, m + n,m + 2n,...,m + s'n depend on the three transcendentals e, m and
[tm—Ldte ",

XX.

The expressions of ys, given by formulas (¢) and (¢’), hold further, according to
the remark of No. XVI, in the case where s and . are negatives, although, in this case,
the equation 0 = 25t1e=7 which determines the limits of the integral f x®¢ dx, does
not have many real roots; we can be assured of it moreover by supposing the function
x5T1e~%, which must become null at the two extremities of this integral, equal to
Qe""z7 according to the method of No. XV, because then we would arrive at some
expressions of y; easily reducible to formulas (¢) and (¢’), and we have observed in
the section cited that, by following this method, the consideration of the roots of the
equation 0 = x°T1e~" becomes useless.

Now, if in formula (g) we change s into —s and p into —u, we will have

:Yﬁes\/ﬂ(l—l—;s+---)

(_1)585—% dacxe‘:x ’

—S
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Y being the value of y, which corresponds to s = —p; all the difficulty is reduced
therefore to integrating the differential function %Iflf”. In order to arrive to it, it is
necessary to follow a method similar to that of which we have made use to reduce into

series the integral [ 92¢"

—~—. We will make therefore

T=—pu+wv-1,

—p being the value of x given by the condition 0 = d

e~ %

— of the maximum or of the

. . - .
minimum of &—-; we will have thus

/e‘zda: B e“\/—l/ dewe==V—1
T T e

The integral relative to x must extend between the two limits which return null the

quantity %, it is clear that the integral relative to t must extend from @ = —oo to
e—wV-T VT .
v T)r 0 Gy Which

correspond to the same values of w affected with contrary signs, we will have

e %dx ety -1
/ g = 1) /dwx
{oos (1 + VD) + (4 — oy/=T)] + VT sin (i — wv/ =D — (u+ wy/=1)"]}
(2 + =)

w = oo: by joining therefore the two quantities

)

the integral relative to w being taken from w = 0 to w = oco. If we expand the
quantities under the [ sign, the imaginaries disappear, and there will remain only a real
function which we will designate by Qdx; we will have thus

/ e *dz _ e“_\/l)—?/Qd?m

T (

hence

Yei2r (1— - +-++)
(—1)s=#s5"3 [Qdw

Let us see presently which function of s is y_g. For this, we represent the proposed
equation

Y-s =

0=(s+1)ys — Yst+15
by changing s into —s, it becomes

0=(1-9)y-s —yi—s.
Let y_s = uy; we will have

0=(s—Dus+us1,
an equation of which the integral

u (1) Y
e+ ) (p+2)(p+3) (s 1)
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Y being equal to y_,,. We will have therefore
(=D*Y
plp+1)(p+2)(p+3)- (s —1)

If we compare this expression of y_ to the preceding, we will have, by observing that
(71)2572;1, — 1’

Y-s =

i SR )

= ;

ple+1)(p+2)(p+3)---(s = 1) $*7% [ Qdw

by dividing the two members of this equation by s and by turning them upside down,
we will have

D 4) s SO (2 d

By comparing this equation to formula (¢’) of the preceding section, we will have this

rather remarkable result

2me P
do = ———;
/ Q= J are—rda

we suppose, for example, p1 = 1, we will have

cosw + wsinw @ dw sin(3 + w?)
/Qw / “ 1+ w? (14 w?)? ’

these integrals being taken from o = 0 to w = oo; hence

1+w2)2 e

/ dosinw(3+w?) 7

£ ;‘d”” being equal to % JQdw, we have

We can observe further that, f

/e’%ix C2mp(—1)PTE 2m(—1)M3
o [ardze  [arldre '

the integral of the first member of this equation being taken between the two imaginary

values of  which render null the quantity %T, and the integral of the second member
being taken between the two real values of x which render null the quantity z*e™%,
that is from x = 0 to = oc.
We could easily arrive to the preceding results, by considering the equation in finite
differences
0=ys — SYs+13

but I have wished to show, by a very simple example, that the same expressions, found
in the case of s positive, subsist still when s is negative.
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XXI.

We will consider the equation in the finite differences

Pt = 8Yys — (M — 8)Yst1;

by supposing there
Ys = /xsgb dx and x® = dy,
it will become 45

whence we deduce the two equations

dlz(1 4+ z)9]
dz ’
P =21+ 2)0.

0=mzo+

The first gives, by integrating it,

A
0= z(1 4 x)m+1’

that which changes the second into this one

Ax?®
(I+a)™

S

We suppose first p = 0, we will have x = 0 and z = oo for the limits of the integral
f z®¢ dx, s being supposed less than m; thus, in this case, the integral f 2% ¢ dx must
be extended from = = 0 to x = o0, and we will have, with this condition,

Ys / x® 1d$ ’
(]. + .’E)m 1
A being an arbitrary constant.

If p is not null, the two limits of z will be x = 0 and « = p; we will have next

A=(1+p™,
hence 1y
m 57 dx
ys = (1+p) /W,

the integral being taken from z = 0 to z = p. By reuniting this value to that which we
just found in the case p = 0, we will have, for the complete expression of ys,

s—ld s—ld
ys:A/(m - +(1_’_p)m/(lx g

1 + x)m-&-l + x)m+1 )
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the integral of the first term being taken from x = 0 to = oo, and that of the second
being taken from = = 0 to z = p. We can give yet to the expression of y this form

s—1 s—1
b [ [

1+ z)m+1 14 z)m+t

the integral of the first term being taken from z = 0 to z = oo, and that of the second
being taken from 2 = p to x = oo; A’ is a arbitrary constant equal to A+1.
Now, the integral of the proposed equation

P = sys — (M — 8)Ysy1;

is

Jo = 1.23---(s—1) {sz(ml)'u(merl)ps

m(m—1)(m—2)---(m—s+1) 1235

Q being an arbitrary and ) being the characteristic of the finite integrals, so that

5 st UP s equal to
m(m—1) , mim—1)(m—2)---(m—s+2) .,
1 M= 2. s
Tmpt et 123 (s—1) L

that is to the sum of the s first terms of the expansion of the binomial (1 + p)™. If we
compare this expression of ys with that which we just found by definite integrals, we
will have

p 5~z m 5 ldx
A/(1+x)m+1_(1+p) /(1+x)m+1
B 1.23---(s—1) m(m—1)---(m—s+1)p°
T mm—1)(m—2)---(m—s+1) {Q_Z 1235

If we make s = 1 in this equation, we will have A’ =Q; thus A’ being arbitrary, this
equation is divided into the following two

1.23---(s—1) _/ z*~dz
mm—1)(m—-2)---(m—s+1) J (1+a)m+1’
1.23-+-(s—1) m(m—1)---(m—s+1)p°
m(mfl)~o(mfs+1)z 123---s
r*ldx
:(1+p)m/( d

1+ z)m+1’

whence we deduce

25 ldz
mm—1)---(m—-s+1) | "LfirIm#»l
Z ( ). ( )p‘z(l—i—p) (1+z)

1.2.3---s I%’

the integral of the numerator being taken from x = p to x = oo, and that of the
denominator being taken from = 0 to z = oo. It will be easy to reduce to series
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these two integrals by the method of article I, we will have thus the sum of the first s
terms of the binomial (1 + p)™, by a series as much more convergent as s and m will

be greater numbers.
XXII.
We propose again to integrate, by approximation, the equation in finite differences

0=(2448)ys — (s + D)ys+1

If we make in it
v = [ods
and if we suppose x° = Jy, we will have
0= /¢dm 2 — x)6y + (4o — 2?) == ddy
B 4 dx
whence we deduce the two equations
dlz¢(4 — x)]
0=(2- —
(2—2)p - ST,
0=ax""p4—x).

The first equation gives, by integrating it
A

¢= Vaz — 22’
0= x5+%\/4—x

e 2dr wil] be, consequently, x = 0 and

the second becomes thus

The limits of the integral [ 2°¢dx or A f
xz = 4. Let V4 — x = 2u, we will have
Y, = A2%T! /(1 - uz)sfédu,

this last integral being taken fromu = 0tou =1
In order to determine it by approximation, we will make

_ 2
and 1—u?=e"2",

1
=a
i
§—3

that which gives
u=+1—e"t
/(1 — u2)57%du = /aluef’5

and
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We suppose
V1—eo? = a2t(1+ agVt® + a®¢Ptt + aPg® 10 + atqWd .. );
by taking the logarithmic differences of the two members of this equation, we will have

14 3aqMt? + 5a2¢Ptt + 7a3¢36 +
t+ aq(l)tB + 042q(2)t5 + a3q(3)t7 I

_at? 42 1244 _ L0346 4

_ ote _ 1 —at” + 507t T2+

_ e—at? T _ at’* a?t5 a3t? )
1—e 2 T 123~ 1234+

that which gives the general equation

0 = 2ig) — 273 -1 20 i)

12 ¢ 1 2314
e e I U R G
1.2.34 12345 :

¢©) being equal to unity. If we make successively, in this equation, i = 1, i = 2, i =
3, ..., we will form as many equations, by means of which it will be easy to determine
the coefficients ¢(1), ¢, ¢©® .. Thus put, we will have

/du(l —u?)* 3 =q? /dte t2 1+ 3a¢M? + 502¢Pt* + 7a¢Pt0 + - - ).

The integral relative to « must be taken from u = 0 to u = 1; thus —at? being equal
to log(1 — u?), the integral relative to ¢ must be taken from ¢ = 0 to ¢ = oo; now we
have, in this case,

/tQ dte*t2 — M/dt(z*ﬁ _ M—Mﬁ
' - o )

or 2T+1

therefore

/du(l — u2)57%

1 1.3 1.3.5 1.3.5.7
— T (1) o’ (2) 363 4 ...
2 “ (1 2 22 23 “d )

and, consequently,

1. 1.
ysAz%\/a(H L3 0q + 133 <z>+...>_

Now, if s is a positive whole number, the integral of the proposed equation
0=(2+4s)ys — (s + Dysa

is

y(s+1)(s+2)--2s

2 1.23...s ’

Ys =
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but the equation
ys = A225T1 /du(l —u?)se

gives

y1 = 8A/du(1 —u?)? = 2Anm,

whence we deduce
Y1
A==
2

by comparing therefore the two preceding values of y,, we will have

92s 1. 1.3 1357
_ 2 (1 L1800 135 ey 135 T s >
)

52 2 92 2
2
_(s4+1)(s+2)(s+3)---2s
- 1.23...s '

This last quantity is the middle term of the binomial (1 + 1)2¢; the preceding formula
will give therefore this term by a highly convergent series, when s will be a large
number. It follows thence that the ratio of the middle term of the binomial (1 + 1)2 to
the sum of all its terms is equal to

1 1.
I (1+Saq(1)+...>’
(s — L)r 2

. . . . . 1
and consequently, when s is quite large, this ratio is very nearly equal to T

XXIII.

We can arrive more simply to the preceding results by the following manner: for
this, we name y, the middle term of the binomial (1 + 1)25; it is clear that this term is
equal to the term independent of eV~ in the expansion of the binomial (ewﬁ +
e—wﬁ)zs; now, if we multiply this binomial by dw, and if we take next the integral
of it from w = 0 to w = 180 °, it is clear that this integral will be equal to 7ys; we
will have therefore, by substituting 2 cos w in the place of e@V1 4 gmwVT

228
Ys = /dw cos? w.
™

This integral, taken from w = 0 to w = 180 °, is evidently the double of this same
integral, taken from @ = 0 to «o = 90 °, that which gives

22s+1
Ys = /dw cos®® w,

7r
this last integral being taken from @ = 0 to w = 90 °; if we suppose sinw = u, we

will have
225+1 N
Ys = /du(l —u?)sT 2,

™
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the integral being taken from v = 0 to u = 1, that which is conformed to that which
we have found in the preceding section.

This method has the advantage of being extended to the determination of the middle
term of the trinomial (1 + 1 + 1)*, of the one of the quadrinomial (1 + 1 + 1 + 1)2%,
and thus in sequence. We will consider the trinomial (1 4+ 1 + 1)*®, and we name y; its
middle term; y, will be equal to the term independent of ¢®V=T in the expansion of

the trinomial
(ewﬁ+1+€—wJT1)s;

we will have consequently

1
Ys = f/dw(Q cosw + 1)°,
™

the integral being taken from @ = 0 to o = 7. The condition of the maximum of the
function (2 cosw + 1)*® gives sinw = 0, so that the two limits w = 0 and w = 7
correspond to the two maxima of this function; we will divide therefore the preceding
integral into two others

/dw(ZCosw—i—l)s and (—1)S/dw(2(:osw— 1)°,

the first of these two integrals being taken from tw = 0 to the value of w which renders
null the quantity 2 cosw + 1, and the second integral being taken from @ = 0 to the
value of w which renders null the quantity 2 cos w — 1.

In order to obtain the first integral in a convergent series, we will make

(2cosw+1)° = 3%,
and, by supposing a = %, we will have

4 244
2, " _g g2, 30
3 @+ 33 =3 —3at? + 5 ,

whence we deduce, by the reversion of the series
t2
hence
S 1 erl —t2 3 2
dw(2cosw +1)° =232 [ dte l—gat +o )

The integral relative to ¢ needing to be taken from ¢ = 0 to £ = oo, we will have

los4+1
M(1M+...);

/dw(2 cosw+ 1)° = 5 3
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we will find in the same manner

/dw(2 cosw — 1)% = 5
We will have therefore

_35+% 1_3£+ +(_1)S 1_5£+ .
Vs = 5 Jor 16 2 /5m 16 :

. . o stg .
s being a very large number, this quantity is reduced very nearly to g’ \/g; the ratio of

the middle term of the trinomial (1 4+ 1 4 1)° to the sum of all the terms is therefore
then very nearly equal to 2\‘/[2’7.

We can determine in the same manner the middle term of the polynomial 1 + 1 +
1+ 1+4---, raised to a very great power; we will content ourselves to present here the
first term of its value in series, to which it is reduced when the exponent of the power
is infinite.

If the polynomial is composed of a number of terms even and equal to 2n, it will
have of middle term only so much as the power to which it is raised will be even; let 2s
be this power and y, the middle term of the polynomial raised to this power, we will
have very nearly, by supposing n greater than unity

_ (2n)25\/§ '
v V@n+1)(n+1)2s1

the ratio of this term to the sum of all the terms will be consequently very nearly equal

to
V3
Ve +1)(n+1)2sm

If the polynomial is composed of a number of terms odd and equal to 2n+1, by naming
s the power to which it is raised, and y, its middle term, we will have very nearly

(2n+1)*V/3
Ys = 5
vn(n+1)2sm
thus the ratio of this term to the sum of all the terms of the polynomial is, in this case,

very nearly equal to \/%

XXIV.

We propose now to determine by approximation the quite extended terms of the ex-
pansion of any function of u. By representing this expanded function by the following
series

yO+y1u+y2u2+y3u3+...+ysus+ys+1us+1+.“

)

we will seek the law which exists among the coefficients ys, ys—1, Ys—2,- - ., and, if
this law can be expressed by an equation linear in finite or infinitely small differences,
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of which the coefficients are some rational and entire functions of s, we will have, by
article II, the value of y, in a highly convergent series when s will be a large number.
We suppose, for example, that the proposed function is

(a4 bu+ cu® + hu? 4 - ),
by taking the logarithmic differences of the two members of the equation
(a+bu+cu® +hu®+ ) =yo+yru+youd + -y’ +o

we will have

p(b+2cu+3hu? +--+) oy 4+ 2pu+ -+ sysutT 4
a+bu+cu?+hud+--- yo+yiu+youd 4o Fyut -

If we deliver this equations from fractions and if we equate to zero the coefficients of
the similar powers of u, we will have the general equation

0=asys +b0(s =1 —p)ys—1 +c(s =2 —2u)ys—o+ - ;

Ys = /xs_1¢dx

and if we designate 2°~! by dy, we will have

if we suppose

b dé
Oz/qbdx [a—'u—(Qu-l-l)CQ—“--i-y(am+b+c+-")],
x x dz x
whence we deduce the two equations

0=¢dr {a‘g’(guﬂ);..} fd{¢(ax+b+§+...)},

b
O:xs¢(a+—|—c2+~-~>-
x
The first gives, by integrating it
b c h H
¢:A<a++2+3+"') ;
r oz x

so that we will have ¢ by changing, in the proposed function, u into % and by mul-
tiplying it by an arbitrary constant A, that which is generally true, whatever be this
function.

The second equation will become

b ¢ h el
O:x5<a++2+3+...) ;
X X X
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whence it follows that the limits of the integral [2° !¢ dz is = 0, and z equal to
any one of the roots of the equation

b c
O=a+—+ — + ..
T
The number of these roots being equal to the degree of the differential equation

0=asys +b(s—1—pys—1+---,

we have as many particular values of y, as there are units in this degree, and their sum
will be the complete expression of this variable.

This method can serve further to determine the infinitely small highly elevated
differences of the function (a + bz + e+ h3+--- )#, taken relatively to z; because,
if we name s the degree of this difference, we will have

d(a+bz+cz?+hz®+-- ) dla+b(z4u)+c(z+u)?+h(z4+u)d 4"

dzs dus ’

provided that we suppose u = 0 after the differentiations in the second member of
this equation. Now, if we designate by y, the coefficient of «® in the expansion of
[a+b(z +u) + (2 + u)? + - - - ]#, the second member of the preceding equation will
be evidently equal to 1.2.3 . .. sy,; we will have therefore

d*(a+bz+cz? + h23 + - )#
dzs

=1.23...5y,.

s being a very large number, we will have, by No. XIX, the product 1.2.3...sina
highly convergent series; we have besides, by that which precedes

o 1 1\° 1\°
ys=A [ x* dx |la+blz+~ ) +c|lz+—) +hlz+—-) +---
x x x

by taking as many similar terms as there are units in the degree of the function a + bz +
cz? + - -+ and by integrating them from x = 0 to x successively equal to the different
roots of the equation

2
1 1
O=a+b<z+>+c(z+) + 4+
x x

We will have easily these integrals in convergent series by the method of article 1.

We will determine, by this method, the (s + 1) difference of the angle of which z

. L . o _ 1
is the sine; if we name 6 that angle, we will have = T hence

d*te  d(1-2%)"F

dzst1 dzs '
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by expanding this difference, we have

dst1o 1.23...5 [zs Is(s—1) N 1.3s(s —1)(s —2)(s —3) e

dzstl — (1— Zz)eré 2 12 2.4 1.2.34
1.35s(s—1)(s—=2)(s—3)(s —4)(s — 5>Zs—6
2.4.6 1.2.3.4.5.6

+}

The law of this expression is easy to grasp; but the calculation of it would be impractical
if s were a large number such as ten thousand. In order to have, in this case, its value
by a highly convergent series, we name y, the coefficient of «° in the expansion of the
. 1 .
function [1 — (z — u)?]~2; we will have
d5(1 — 22)"2
— e - 1.2.3... sys;

we have besides, by the preceding section,

1\? 1\°
ysZA/xS_ldx |}—<z+> +A’/xs_1dx [1—<z+)
x x

the first integral being taken from x = 0 to one of the values of = which renders null

_1 _1
2 2

_1
the function {1 - (z+ %)2} *, and the second integral being taken from z = 0 to the
other value of x which renders this same function null. These two values are

1 1
— and T =
1+ 2

Zz =

by supposing therefore x = %, we will transform the preceding expression of y;
into this one

B B’
Ys = m /dW(Z + COSW)S + m/dﬂ(z + COSW)S7
the first integral being taken from @ = 0 to the value of w, of which the cosine is —z,
and the second integral being taken from that value to @ = . In order to determine
the two arbitraries B and B’, we will observe that

1
=— =8B dw—i—B//dw,
v V(1= 22) /
B/

B
Y1 = i = 5 /dw(z + cosw) + /dw(z + cos w);

(1—22)38 1-2z

1—22

whence it is easy to conclude



hence
Ys = 1)q+1 [/ dw(z + cosw)® + (—l)s/dw(cosw - z)g] )

(1l — 22

the first integral being taken from @ = 0 to z 4+ cosw = 0, and the second integral
being taken from cw = 0to z — cosw = 0. Let

1
—=a and (z+cosw)’ = (1+ z)se_t2;
s

we will have

9 _
w = att 214+ 2) {10[(12‘Z)t2+...]’

whence it is easy to conclude

1 1 -
, 2(1 st24/2 2 -
/dw(z—i—cosw)é:a (1+2) i l—a( z)—i—--
2 L 8 |
By changing z into —z, we will have
1 1 -
2(1 — 2)5T24/2 2
/dw(z—cosw)sza2( 2) TRV 2m 1_a( +Z)+... 7
2 | 8 |
hence ( )
1 a2 -z
. = 1— 4.
Y (1—z2)5t2/2sm { 8 }

—1)* 2
(1) [1_a< +z>+._.].
(14 2)5+t2+/2sm 8
By multiplying this value by the product 1.2.3 ... s, which, by No. XIX, is equal to

st (1 a )
S e +12+ s

. . . st1 . . .
we will have the value in series of %, and we will find that, s being very great, this
s’e”*

—T- It is remarkable that the expression which
—2)5T2

value is reduced to very nearly
1

we have given above of this difference, and which becomes very composite when s is
a great number, is reduced thus to an approximate value so simple.

XXV.

Here now is a general method to have in convergent series the differences and
the integrals quite elevated, either finite, or infinitely small of a function ys. We will
begin by reducing this function to some terms of one or of the other of these two
forms A [ 2*¢ dx, A [ e 5% ¢ dz; we will observe next that the infinitely small n® dif-
ference of A [ z¢dx is Af x°ds™ ¢ dz (logz)™, and that its n finite difference is
A 2*¢dx(x — 1)™. We will have therefore

d"ys
ds™

A”yS:A/xS¢dx(x—1)"+-~-,

:A/x8¢dx(logx)"+-~-,
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the + sign being relative to the other terms of the form A [ z*¢ dx which can enter in
the expression of y,. If we make use of the form A [ e~ ¢ dx, we will have

d"ys
dsn

AMys = A/(bdaz:e_‘”:(e_“C -4

= (—1)"A/x”¢dxe_” +e

In order to have the n® integrals, either finite, or infinitely small of ys, it suffices
to make n negative in these expressions; we can observe that they are generally true
whatever be n, by supposing it even fractional, so that they offer a very simple means
to interpolate the differences and the integrals of these functions.

As we are principally lead in the analysis of chances to some expressions which
are only highly elevated finite differences of functions or any part of these differences,
we are going to apply the preceding method and determine their value in convergent
series.

XXVL

We will consider first the function %, by designating it by ys, it will be determined
by the equation in the infinitely small differences

dys .
ds +1ys.

0=s

If we suppose in this equation

Ys = /675x¢d$ and e % = dy,

0:/¢daz (iéy—i—a:awy) ,
dx

whence we deduce the two equations

d(z¢)
de ’

it will become

The first gives, by integrating it, ‘
¢ = Az’

and the second, for the limits of the integral [ e™%¢ dx,
z=0 and T = 00;

we will have therefore then
1 .
= = A/m’fldx e %,
81,
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In order to determine the arbitrary constant A, we will observe that, s being 1, the first
member of this equation is reduced to unity, that which gives

1

A= ———
[ai-tdz e’

hence )
l _ fxl—ldx e—sz .
s fxifldxe*z '
we will have therefore
i ldr e (e — 1)"
A" — = f -
2 [xi-tdre® ’

s
the integrals of the numerator and of the denominator being taken from z = 0 to
x = oo. The consideration of this formula is going to furnish us some interesting

remarks on this analysis.
In order to expand it in series, we suppose

i—1 —g _ i—1 —g _ _$2
't 16 ax(e x_l)n:az 16 5(1(6 a_l)ne t7

a being the value of x which corresponds to the maximum of the first member of this
equation. If we make x = a + 6, we will have, by taking the logarithms of each
member and by expanding the logarithm of the first into a series ordered with respect
to the powers of 6,

h02+h/03+h//04+"':t2,
the quantities a, h, b/, h”, ... being given by the following equations:
1—1 ne= ¢
0= —5—
a ST a1
b 1—1 n e ® n n e ® 2
0 2a2 2e -1 2\ee—-1)"
h,_z—lJrn e ® n e ® 2+n e ® 3
3a2  6e -1 2\e -1 3\ee—1) "
g i 1 n e™@ n ™m e ® > e \? n n ee \*
© 4a?  2de -1 24 \e -1 2 \emo—1 4\ee—1)"

We will have therefore, by the reversion of the series,

t R't  B5h? —4hh" ,

0=—(1- + 3 tt 4,
Vh 2hVh 8h

and this series will be so much more convergent as one of the numbers n or 7 will be

greater. By substituting this value of 6 into the function [ df et and by taking the

integral from ¢ = —oo to t = 0o, we will have

i , ; , 15h'2 — 12hh"
/xL_ld:L‘ e (e =1)" = az_le_sa(e_a—l)”:/fi (1 + e ) ;

54



we have moreover

4 1 A
/x“ldme*w = f/xldxe*"”,
i

/x’dme‘z — jitiei/or (1 . > ]

and by No. XIX

127

By dividing therefore the one by the other the two values of

/xi_ldx e (e —=1)" andof /xi_ldx e ",
we will have

i—1
1 X metem — 1) 1502 — 12hh" 1
st v 2hi 16h3 124
XXVIL

In order to have the n'" finite difference of the positive power s, it suffices (No.
XVI) to change in this equation ¢ into —, and we will have

A"s' =(s+n) —n(s+n—1)"

-1 . —1)(n—2 ;
Jrn(n )(5+n72)lfw(5+nf3)l+...
W) 4 }.2 1.2.3
B (é)H_ esa—i(ea _ l)n - 1502 — 121" N N L N
- \/z‘wl) e 163 12i
a2 (ea—1)2

a, 1,1, 1", ... being given by the following equations:

1+ 1 ne®
0= a 0 er—1’
l:_iJrl_E e +n< e )2
2a2 2¢¢—-1 2\er—1/ "
1+ 1

I'=

3a? +€e"’—1_
i+1 n e

ll/ — -
4a? 24 ev — 1 +

3
)
)
7N
a
e
)
| Q
—_
~__
[\v]
+
oS w3
7N
a
i)
)
| Q
—
N~
w

R s

We will arrive to the same result by resolving directly, by the method of No. XV, the
equation in the finite and infinitely small differences

dys
0=A"(iys —
(Zy Sds)
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or this one W "y
Ys Ys
ds o ds

0=(s+n)A A
in which ¢/, = A"~ 1y, v

We suppose ¢ + 1 rather great, relatively to n + s, in order that ewts be of the same
order as 7; the equation

1 a
0= 1+ o ne
a et —1

will give very nearly

i+1 ( n )

a= 1- en¥s |,

n-+s n-—+s

and if, for brevity, we make en% = ¢, we will find, by considering only the first

term of the expression of A™s? and by making all the convenient reductions, this quite
simple expression . ‘

A"s' = (n+s)'e ™,
so that, if 7 is infinite relatively to n + s, that which gives ¢ = 0, we will have

A"s' = (s +n)";

it is easy moreover to be assured of it a priori by considering that the quantity (s +
n)* —n(s+n—1)"+--- is reduced then to its first term.

XXVIIL.

The series (u”) ceases to be convergent when a is a very small number of the order
1. because then it is clear that, the quantities [, ,1”, ... forming an increasing pro-
gression, each term of the series is of the same order as the one which precedes it. In
order to determine into what case a is very small, we take the equation
1+1 ne

0=

>

s
a er —1

we can transform it into the following

+ 1
L (R )
a a 2

whence we deduce to very nearly, under the supposition of a not very large,

t+1-—n
s+%
Thus a will be very small whenever the difference ¢ —n will be not very large relatively

to s+ %; in this case, we will determine A™s’ by the following method.
We take the equation

Ansi B f w(tifl e—sz(e—x _ l)n
= i s ,
i+l
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into which formula (p) is changed from No. XX VI when we make ¢ negative and equal
to —i; we can put the factor (e~ — 1)™ under this form

_nz _z N\ n_—ne 1 332 1 I4 "
R e <1+1.2.322+1.2.3.4.524+"'>

o [1+na72+n(5n—2)

=(—1)"e" % e 2/
(=1)%e™ 24 " 15.16.24

x4 + . .:| ;
we will have therefore

dr  _.., . n n Az _(gin)y na?
/xi+1e (e —1)" = (-1) /We( 3) <1_|_24_|_...>.

If we make (s + g) x = 2, we will have generally

[ I R
x’ 2 A
and by No. XX we have

/ date~™ 2m(—1)71 om(—1)"

N

7 Jorldoe=  (r—1)(r—2)(r—3)---

hence, we will have

ngl —(; — ; — nyen
A"s"=(i—n+1)(i—n+2) z(5+2>

n

X [14—(i—n)(i—n—l)m(s_’_g)2

")
n(5n — 2)

Hi=mon =D —n -2 -n -3 o)

This series is highly convergent if 7 — n is not very large relatively to s + 5; it can
moreover be used in the case where i is fractional; as for the product (¢ — n + 1)(i —
n + 2) - - -4, it will be easy to obtain it in series by No. XIX.

In the case where ¢ = n, the preceding formula gives

A'st=1.23...1,
that which conforms to that which we know besides.
XXIX.

Formulas (1) and (1'") of the two preceding sections suppose n equal or less than
1; indeed, if we consider the expression

Ansi _ f w(tifl e—sz(e—x _ l)n
= i s ,
I'H»l
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of which the expansion has produced these formulas, we see that the limits of the
integrals of the numerator and of the denominator being determined by equating to
zero the quantities under the | signs, these limits will be all imaginaries when ¢ + 1
will be greater than n, instead that, in the case when ¢ + 1 will be less than n, the
limits of the integrals of the numerator will be real, while those of the integral of the
denominator will be imaginaries; it is necessary therefore then to restore these last
limits to the real state. In order to arrive there, we will observe that we have generally

/xi_ldave_”3 = fx""”dxe_x' ;
i+ 1)E+2) - (i+7r)

if we make in this expression 4 negative and equal to —r — =, m being less than n, we

will have m
/dze’z (=t [am v dre”
A8 B

Now we have, by No. XIX,

id —x
(1+) (gﬂ)...izw,
n n Jawdre ™

hence

)

/d:lc e ® (=) famWdee ™ [awdre ™
il m [ xidxe=*

this is the expression of [ d;fl of which we must make use in the case which we

examine here.
If we make x = t", we will have

. 3
m m m n n n
—/xiﬁdzefz/xfdzefz = —/t”fmfldteft /t"ﬁ"*ldte*t
n m
= n2/t"’m’1dte’tn /tmfldte*t",

and equation (T) of No. IV will give, by changing r into m + 1,

2 m—1 —t" n—m-—1 —t"
n t dte t dte = ;
/ / sin n;blﬂ

we will have therefore

xitl sin 2% [ pidy e’

/ dre™® (—=1)" 7

whence we deduce, by substituting this value into the preceding expression of A" s,

. sin &1 , d
(,u///) Algt = (_1)r+1 7Tn zldr e * / xifl e—sx(e—w _ 1)n7

the two integrals being taken from = = 0 to x = oo. If 7 is a very large number, we will
have the first in a convergent series by No. XIX, and the method of No. XXVI will give
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the second in a similarly convergent series when the difference n — ¢ will be great; in

the case where it will be not very large relatively to s + 5, the method of No. XXVIII

will give for the expression of A™s* a convergent series analogous to the series (u').

We can observe that, if ¢ is a whole number, we will have m = 0; formula (u"’) will

give therefore then A"st = (), that which accords with that which we know besides.
We suppose i = 7* = 0, we will have, r being equal to zero,

.. m m .
r=20, sin —m = —7m =1m
n n
and )
n i nsz_l n
A"s' = A — = A"log s;
1

formula (1) will give therefore

—smd
A"logs:—/e x(e_g”—l)”,

x
whence it is easy to conclude, by No. XXVII,
n(n—1)

A"log s =log(s+mn) —nlog(s+n—1) + 13 log(s+n—2)—---
e’(e* —1)"v2
_ ( . a) 71—(]_4,...)’
CELANE
a being given by the equation
1 ne®
0=—-——5— .
a 8 ev —1
XXX.

We can extend the method of the preceding sections to the determination of the n
difference of any power of a rational function of s; it suffices for this to reduce this
function to the form [ 2°¢ dx; now, by designating it by ys, we will have between y,
and its difference dy and equation of this form

dys

ds
M being a rational function of s. By applying therefore to this equation the methods
of article II, we will have ¢ by a differential equation, of a degree equal to the highest
power of s in M; this last equation we be generally integrable only in the case where
the exponent of s in M does not surpass unity; but we will have in every case the n™
finite difference of y5, by means of multiple integrals, in the following manner.
We will consider the function W, to which we can restore all the pow-
ers of the rational functions of s and their products, the exponents 4, 7', .. . can be sup-
posed negatives. If, in the integral [ z'~'dz e~ (tP)Z taken from z = 0 to z = oo,
we suppose (s + p)z = 2/, it will become

1 . ’
( n ) /I/zfldl,/ 67z7
s+ p)t
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the integral relative to 2’ being taken similarly from 2’ = 0 to 2’ = oo; by comparing
these two integrals, we will have

1 f xi—ldx e—(s+p)x
(s+p)  [ai-tdve =
the integrals of the numerator and of the denominator being taken from z = 0 to
T = 00.
It follows thence that
1 i 21V = dpdy! .. e Pr—P e = —s(ata )

(s+p)i(8+p/)i’,,,_ fxi—lx/i’—l_.,dxdx/,,_ e—x—x'—- ’
the integrals relative to z, x’, ... being taken from the null values of these variables to
their infinite values; we will have therefore

(s+p)i(s+p)" -
fxi—lxli/—l coedr dr - e—pr—p’m’—<-'—s(m+x’+m)(e—m—x’—m _ l)n

fxiflm/i’fl coodedx! - e—T—T =

We will reduce easily into convergent series the numerator and the denominator of this
expression by the method of No. VII; and, if we change in this series the signs of
i, ', ..., we will have the approximate values of A™(s 4 p)i(s +p/)% - -, on which
we must make some remarks analogous to those which we have made in the preceding
sections on the approximate value of A" s’

If we suppose n, i, ', . .. some very large numbers, we will find easily, by No. VII,
that we have very nearly

A™Ms+p)i(s+p) -

a a’
;
i(i+1) nieata’+- (i’ 4+1) nieata’+-
a2 - (€a+a’+---71)2 a2 - (ea+a,/+...71)2 e

a, a,...being determined by the equations

. 'H1
(2) (L)l T P () i = (ka4 g

0 i+1 neta’+
= TP e
i+ 1 neata’+-
O=———s5—p — ———,
a eata’+- 1
XXXI.

The n™™ finite difference of is equal to the product of (—1)" by

I S
(s+p)i (s+p)" -

1 n
(s+p)i(s+p)" - (s+p+1)i(s+p/ +1)7"
nin—1)

+ . -
(s+p+2)(s+p +2)"--
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we often have need, in the analysis of chances, to consider only the sum of any number
of the first terms of this function; let’s see how we can obtain it in convergent series.

We name S the sum of the r first terms of the preceding function; it is easy to be
assured by the preceding section that, if we name Q the sum of the r first terms of the
binomial (1 — e~ *~* =" we will have

fxiflz/i'*l cdrdg! - emPrPE —ms(ata 1) g
[tV =l dada! - em v

S =

We have, by No. XXI,

o =14,

_ (1—6 z—a' f(1+u nil
Q= E=rn
(1+u)n+1

the integral of the numerator being taken from u = —e~ %"= o u = 00, and that of
the denominator being taken from u = 0 to u = oo, so that we can put this expression
of Q under the following form

_ —z—a —\n ,—roz—rz’ — (1—u)7'71du
(1 e ) € f [_ec—o—o—(1ta)] 1

f ur— 1du )
(A+u)n T

the integrals of the numerator and of the denominator being taken from v = 0 to
u = 00; we will have therefore

Q — (_1)7"71

i—1,08 =1, 1o p—pr—p'x' ——s(ztz'+ ) (1 _ —x—x —\n (A—w)™!
< (71)%1“{% x dudxda’--- e (1—e ) e (a)
[tV =1 dudr da - 6*1*1’7”'7(11;;;1

all the integrals being taken from the null values of the variables to their infinite values.
There is no longer a question now but to reduce, by the method of No. VII, the numera-
tor and the denominator of this expression into convergent series. The applications that
we make, in the following article, of these researches, to diverse problems on chances,
will shed a new day on this analysis.
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