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T'have given, in the first volume of the Mémoires de la Societé des Sciences de Turin,
a new method for treating the theory of recurrent series, and by making it depend on
the integration of linear equations in the finite differences. I myself proposed then to
push these Researches further, and to apply them principally to the solution of several
problems of the theory of chances; but other objects having since made me lose this
from sight, M. de Laplace has preceded me in great part, in two excellent Memoirs
sur les suites récurro-récurrentes, and sur l’intégration des équations différentielles
finies et leur usage dans la théorie des hasards, printed in volumes VI and VII of the
Mémoires presented to the Academy of Sciences of Paris. I believe however that we
can again add something to the work of this illustrious Geometer, and to treat the same
subject in a more direct, more simple and especially more general manner; this is the
object of the Researches that I am going to give in this Memoir; we will find some
new methods for the integration of linear equations in finite and partial differences,
and the application of these methods to several interesting Problems of the Calculus of
probabilities; but the question here is only of equations of which the coefficients are
constants, and I reserve for another Memoir examination of those which have some
variable coefficients.

ARTICLE 1. — On simple recurrent sequences, or on the integration of linear
equations in finite differences between two variables.

Although the theory of the ordinary recurrent sequences is enough known, I believe
I must begin by treating it in a few words in order to serve as introduction to that of the
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récurro-récurrente sequences which form the principal object of this Memoir. Besides
I will have need to employ, as much as it will be possible, only some new and more
simple methods than those which one has already.

1. Let the sequence be

Yos Y1, Y2, Y35 - - - Yz Yz +-15 Yo +2,Y2+35 - - - »

in which one has constantly this linear equation among n successive terms
Ayz + Bya:+1 + Cy:c+2 +- 4+ Nszrn = 07 (A)

A, B, C, ... N being any constant coefficients whatsoever; this will be a simple re-
current sequence of order n, and equation (A) will be the finite differential equation
which there is question to integrate in order to have the expression of the general term
Y. of the proposed sequence.
For this I suppose
y = aa”,
a and « being some undetermined constants; I will have therefore

Yotr1 = aam+17 Yzt+2 = CLO{£+2, )
and the substitutions being made into equation (A), it will become divisible by aa”;
and one will have after this division

A+ Ba+Ca?+ ...+ Na" =0. (B)

One sees by this equation: 1° that, since the coefficient a is not found, this coefficient
remains arbitrary: 2° that the equation being with respect to « of degree n, it will
furnish, in general, n different values of «, which I will denote by «, 3, 7,. . .. One will
have therefore thus, by taking also different coefficients a, b, c, .. .n different values
of y, namely ac®, a3%, ay®,. . .; and, as equation (A) is linear, it is easy to see that the
sum of these different values of y, will satisfy it also. So that one will have, in general,

y=aa® +aB*+ay"+...;

and as this value of ¥, contains n arbitrary constants a, b, c, ..., it will be the complete
integral of equation (A) of the n'" order.

2. If one supposes that the first n terms of the proposed sequence are given, one
could by their means determine the n arbitrary constants a, b, c, . ..; there will be for
this only to resolve the n equations

Y= a+b+c+...,
Y1 ac+bB+cy+...,
yo = ac® +bB32+cy2+...,

Yno1= aa" P +bB" L eyl

In the case n = 1, one has
a = Yo,



in the case of n = 2, one will have

a_yl—ﬁyo p_ YL~ %0
- a—-p" o’
in the case of n = 3, one will have
o 2= BN+ by - (atyytayg _y2— (et By +aby
(a=B)(a—=n) B-a)B—=n) (v—a)(y—=B)

and thus in sequence.
Thence and from the known theory of equations it is easy to conclude that if one
makes, for brevity,

A+ Ba+Ca?+Do®+...4+ Na™ =P,

B+Ca+Da?+...=Q,
C+Da+...=R,
D+..=8,

.
one will have, in general,

 Quo+ryr+ Sy + ...
“= ar ’
da

and changing in this expression of a the quantity « into [, -, ..., one will have the
values of the other coefficients b, ¢, .. ..

If it happens that two or more roots are equals, there will be only to suppose their
differences infinitely small, and one will find, in the case of 8 = «, that the two terms

aa” + bs”"
of the expression of y, will become of this form
aa® 4+ bza®

where one will have

d
; £y0+%y1+%y2+...
a = 1P )
2 da?
Qo+ Ryr + Sy2 + ...
- ldzP )
2 da?

b/

and if one has v = [ = a, then the three terms
ac® + bB* + ”

will become
//x(x B 1) x—2

a”ax—i—b”a:ozx_l—i-c 5 a ,



whence one will have

1 d*Q 1 d’°R 1 d%s
a// _ 2 da2y0+§ da? J1 + 2 da2y2+"'
1 d*pP ’
2.3 da3
dQ dR ds
p! — da¥0 T gy Y1t g Y2t -
- L d3pP )
2.3 da3
v QYo+ Ryi +Sya +...
= 1 &P ’
2.3 da3

and thus of the rest.

3. If in the proposed equation (A) the coefficients A, B, C,... N, instead of being
constants, are some given functions of x, which we will designate by A,, By, Cy,
... N, so that one has the equation

Aa:yz + Bccszrl + C:I:yx+2 +...+ Nzszrn =0, ©

one will not be able, by the preceding method nor by any other known method, to
integrate it in general, unless it is only of the first order; but if one supposes that one
knows a posteriori n particular values of y, which we will designate by a, By, Ya»
...itis clear that one will have, in general,

Yo = a0 + 0By +cyp + ...,
and that this expression of y, will be complete, since it contains n arbitrary constants
a, b, c, ...
4. Moreover one could in this same case find the complete integral of the equation

AryT + BaYoy1 + C:cym+2 + oo+ NoYogn = X, (D)

X, being any function of z whatsoever.
Because since, in the case of X, = 0, one has

Yo = Az + b8y + Y + ...

for the complete integral, a, b, c, ... being some constants, we suppose now that the
quantities a, b, c, ... are, in general, some functions of z which we will designate by
Gz, bz, Cz,y - .., SO that the integral of equation (D) is

Yo = Ga0e + bofo + CaVe + .. - B
making = vary, one will have
Yo+r1 = Go10at1 + bop1fat1 + Cog1Vat1 + -0,
or else, by designating by the characteristic A the finite differences, so that

Aa, = Gyy1 — Gy,



and thus of the others,

Yot1 =AgOgy1 + bgBri1 + CoVor1 + ...
+ azr1Aay + Ber1Aby + Yer1Acy + ...

Therefore, if I make

anrlAaa: + Ba:JrlAbw + 7z+1Acx +...=0, (D
I will have
Yot1 = QpQpi1 + bafet1 + CoVotr1 + -
as if the quantities a,, b;, ¢, ... had varied not at all.

Making x vary anew, I will have therefore

Yr4+2 = Ap4+10042 + bz+15m+2 + Cot+1Vz+2 +...
= QzpQypq2 + bzﬂz—O—Q + CeVet2 + - -
+ agpolay + Bey2Aby + Yor2Acy + ..,

and, making similarly
Ogy2Aay + BrpaAby + Ypqp2Acy + ... =0, (@)

I will have
Yazt2 = QzOpt2 + bxﬁerQ + CeVzt2+ .-

Likewise, by making x vary and supposing
Qp130as + Bry3Aby +Yoy3lc, + ... =0, 3

one will have
Yzrt+3 = QpQpt3 + befris + Vo3 + -
I continue thus to make z vary and to suppose null the part of y depending on the
variations of a,,, b;, ¢, . .. to the following equations inclusively,
aw-}-n—lAam + ﬁw-}-n—lAbw + ’Yw-i—n—lAcw --=0 (n - 1)
Yrdn—1 = QzQzpin_1+ bz5x+n71 + CaVntn—1+ - ;

and, making again z vary in the last equation, I will have

Yatn =0g0ztn + bzﬁx+n + CaVagn + ...
+ ong_nAaz + ﬂz—‘,—nAbz + fo—O—nACm + ...

Let one substitute now these values of ¥, Y541, - - -, Yo+n i0to equation (D); and as all
these values, the last excepted, are the same as if a,, b, c, ... had not varied, and as
the last differs from that which it was under this hypothesis only by the terms

Qg inAag + BrynAby + YoynAcy + ...



which are added to it; that besides the values of 4., Y11, . . . in the case of oz, Bey Vi, - - -
constants, satisfy by hypothesis equation (C), whatever be the values of these constants;
it follows that the first member of equation (D) will be reduced to

Nz (aa;-‘rnAaz + Bl-‘r’ﬂAbl + ’YJ;-&-nACa; + .. ~)7

so that one will have the equation

Xy
Qg inAag + BeynAby + VeynAcy + ... = N (n)
Therefore one has thus n linear equations (1), (2), (3), ..., (n) among the quantities
Aay Aby, Acy, . .., whence one will draw the values of these quantities as functions of

x, which I will designate by P,., ), R, . ... Therefore, passing from the differences
to the sums and designating these by the characteristic X, one will have

Uz = Pr, ba= Qu, Ca=)» Ruy...,

this which being substituted into formula (E), it will become

Vo=00d PotBed Qutvad Rot...

for the complete integral of equation (D).
It follows thence that the equation

Azym + B:L’ya:+1 + Czy:v+2 +...+ N:I:yx+n =X,

is generally integrable all the time that one knows n particular values of y, in the case
of X, = 0; the Theorem analogous to this that I have given for linear differential
equations in Volume III of the Mémoires de Turin.! Mr. le Marquis de Condorcet and
Mr. de Laplace had already remarked that this Theorem on the equations in infinitely
small differences was also applicable to the case of the finite differences: and this last
has given a general and ingenious demonstration of it, but a little complicated (see
Tome IV of the Mémoires de Turin and the Mémoires presented to the Academy of
Sciences of Paris in 1773).2 It is this which has engaged me to treat here this matter by
a new and as simple a method as one can desire it.

5. REMARK. — The principles of the preceding method can be applied also to
ordinary differential equations, and are, in general, of very great usage in all the integral
Calculus. Although this is not the place here to occupy ourselves with this matter, [ am
going nevertheless to treat it in a few words, reserving for myself to treat it elsewhere
with more extent.

And first, if one has a linear equation of order n such as

dy d2 y dn y
Py—&—de +Rdx2 —|—...+de” = X,

YOeuvres de Lagrange, t. 1, p. 471.

2The paper of Laplace is “Recherches, sur I’integration des équations differentielles aux différences
finies, & sur leur usage dans la théorie des hasards,” Savants étranges, 1773 (1776) p. 37-162. See also
Oeuvres 8, p. 69-197.




where P, @, R, ..., V and X are some given functions of z, and if one knows the
complete integral of this equation in the case of X = 0, which will be necessarily of
the form

y=ap+bg+cr+...,

a,b, c,... being some arbitrary constants in the number of n, and p, ¢, r, ... some
functions of = where the constants a, b, ¢, ... do not enter, and which are so many
particular values of y under the hypothesis of X = 0, one will be able to deduce
easily from it the complete integral of the proposed. Because by regarding the arbi-
traries a, b, ¢, ... as some indeterminate variables, and supposing null in the values of

dy, d*y, d®y, ..., d"~'y the parts which depend on the variability of these quantities
a,b, c, ..., one will have
dy=adp+bdqg+cdr+..., 0=pda+qdb+rdc+...,
dPy=ad’p+bd>qg+cd*r+..., 0=dpda+dqdb+drdc—+...,
By=ad®p+bd3q+cd>r+..., 0=d?pda+d?qdb+ d?rdc+ ...,
d" ly=ad" 'p+bd*" lq+cd* r+..., 0=d" pda+d*lqdb+d* rde+ ...,
next

dy=ad'p+bd*q+cdr+...+d" pda+d*tqdb+d" " trde+...

In this manner one sees that the expressions of y, dy, d%y, ..., d” 'y have the same
form asif a, b, c, ... were constants, and that that of d"y differs from that which it was
in this case only by the terms

d" pda+d" tgdb+d" trde+ ...

which are added; now as in the case of a, b, c,... constants, the values of y, dy,
d?y...., d™y satisfy by the hypothesis to the proposed equation when one supposes
X = 0, whatever be besides the values of these constants, it is easy to conclude that
if one substitutes into this equation the values above of y, dy, d2y, ..., d™y, all the
terms will be destroyed, with the exception of the terms of the value of d™y which de-
pends on the variation of the quantities a, b, c, ... and on the term X, which had been
supposed before null. So that one will have, in dividing by V, the equation

d" pda+d* tgdb+d" trde+ ... = —da™;

|4

and this equation being combined with the n — 1 equations of condition

pda+qdb+rdc+...=0,
dpda+dqdb+drdc+...=0,
d"2pda+d"2qdb+d" %rdc+... =0,

one will draw from it by the ordinary rules of the elimination of values of the n dif-
ferentials da, db, dc, .. .; and thence one will have by integration those of a, b, c, ...



which one will substitute into the expression of y. This which is much more simple
than all that which one finds in Tomes III and IV of the Mémoires de Turin on this
matter.

In general, if one knows the complete integral of any equation whatever of order n
such as

dny
P=0

dz™ + ’
P being a function of x, y, %, ceey %, one will be able to make this integral serve
to find that of the equation

d™y

— 4+ P =1I,

dz™ +

n—1
II being also a given function of z, v, dm e %

Because let M/ = 0 be the complete integral of which there is question, M will be

a function of x, y and of n arbitrary constants a, b, ¢, .. .; so that y will be reciprocally
a function of = and of the same constants, which will satisfy consequently the equation
dn
T +P =0,

whatever be the values of these constants.
We suppose now that M = 0 is equally the integral of the equation

d™y
pP=1
dn ’
but in regarding there the quantities a, b, c, ... as variables; under this hypothesis, the

expression of y in x, a, b, ¢, ... will be the same as in the case of a, b, c, ... constants,
but those of dy, d2y, ... will be different; however, if in the successive differentiations

one supposes null the parts of the differentials dy, d?y, ..., d® 'y which result from
the variability of the quantities a, b, ¢, ..., one will have these n — 1 equations of
condition p p p
Pda+ldb+ Lde+ ... =0,
da dc
d? d? d?
o+ L ah+ L de+... =0,

dx da dx db dx dc
Y gar TV gy TV gy =g
dx"—2da dxn—2db dxn—2dc ’
by means of which the values of these differentials will be yet the same asif a, b, c, ...
were constants; so that by substituting these values like that of y in the quantity P, one
will have again the same function of z, a, b, ¢, . -as in the case where the quantities

mn— mn—

a, b, ¢, ... would be constants. Now as the value of 4 — 2——¥ is the same as in the case of
a, b, ¢, ... constants, it is clear that that ofd & d &=t Y will be equal to that which it would

be in the same case, more to the variation of 2——4 owing to the quantities a, b, c, ...,

which is . e .
y 'y y
Y g db
den—tda T gty ™ gt e

de+ ...



consequently, if one denotes by Y dx the first part of this value, one will have for the
dr— 1 y

complete value of d Tar=t

the quantity

d™y d™y d™y
Yd d db
Y e aa T gt P dentde

where Y will be, after the substitutions, the same function of x, a, b, ¢, ... as in the
case of a, b, c, ... constants; but in this case one has, by hypothesis,

de+ ...,

Y+P=0,

whatever be the values of these constants; therefore the same equations will yet hold
in the case where the quantities a, b, ¢, ... are not constants; consequently in this last
case the equation

dny
P=1II
dx™ +
will become, being multiplied by dx,
" " "
Y _dat+—2 b+ -—Y et .. =Tda.

dz"1da dx™—1db dz™1ldc

This equation being combined with the n — 1 equations of condition found above, one
will have, after having substituted throughout the values of y and of its differentials
in z, a, b, c,... drawn from the finite equation M = 0, values which are the same
as in the case of a, b, ¢, ... constants, one will have, I say, n differential equations
of the first order among the n variables a, b, ¢, ... and the variable x; if therefore one
integrates these equations, one will have the values of a, b, ¢, ... in z, which being next
substituted into the equation M = 0 will give the integral of the proposed equation.
I swear that the integration of the equations in a, b, ¢, ... and x will be most often
very difficult, at least as difficult as that of the proposed equation
d™y .
T + P =1I;
and there is perhaps only the single case of the linear equations which we have treated
above, where the integration of the equations of which there is question succeeds, in
general, because the constants a, b, c, ... are also necessarily linear in the complete
integral M = 0; but the grand use of the preceding method is in order to integrate
by approximation the equations of which one knows the complete integral very nearly,
that is to say by neglecting some quantities which one regards as very small.
For example, if in the equation

d™y

— +P=1I

dx + ’
one supposes that the function II is very small vis-a-vis P, and that one knows already
the complete integral M = 0, in the case of II = 0, by employing the preceding
method, and drawing from the n differential equations in a, b, c, ... and z, the values

of da, db, dc, ..., one will have some equations of this form

da = Alldx, db= Blldz, dc=Clldz,...,



A, B, C being some finite functions of x, a, b, ¢, ..., and II being also a function of
the same quantities, but very small by hypothesis; whence one sees that the values
of %, %, %, ... are also very small of the same order; thus, by regarding first the
quantities a, b, ¢, ... as constants, one will be able by the known methods to approach
more and more the true values of these quantities.

It is not to fear that the functions A, B, C.,. .. become infinities; because that sup-
position contains the necessary conditions in order that the complete integral M = 0
of the equation J

n
ﬁ +P= 07
becomes from it a particular integral; for why one can see my Memoir sur les intégrales
particuliéres des équations différentialles.’

It is clear moreover that this method, that I only exhibited here in passing, can be
applied equally to the case where one would have many differential equations among
many variables of which one would know the approximate complete integral, that is to
say by neglecting some quantities supposed very small. It will be consequently quite
useful for calculating the movements of the planets as much as they are altered by their
mutual action, since by setting aside this action the complete solution of the Problem is
known; and it is good to remark that, as in this case the constants a, b, c, ... represent
that which one names the elements of the planets, our method will give immediately
the variations of these elements originating from the action that the planets exert on
one another. I have already given an essay on this method in my Researches on the
theory of Jupiter and of Saturn [Mémoires de Turin, Tome III*]. It is presented here in
a more direct and more general manner; but I myself propose to develop it elsewhere
with more extension, and to apply it to the solution of some important Problems on the
System of the world.

ARTICLE II. — On doubly recurrent sequences, or on the integration of linear
equations in finite and partial differences among three variables.

6. We suppose that one has a sequence of which the terms vary in two different
ways and form a kind of Table in double entry of this form

Yo,05 Y1,0, Y2.,0, Y3,05- -+ Yzx,0, Yz+1,05- -+
Yo,1, Y11, Y21, Ys iy Yz,15 Yz41,15 -+
Y0,2, Y1,2, Y22, Y3,25 -+ Yz,25 Yzr41,2y -+
Y0,3, Y1,3, Y23, Y3,35 -+ Yz,3, Yz4+1,35 -+
ey ey ey e s ey e ,
Yo,t, Yit, Ya.t, Ys,ts Y ts Yx41,t,
Yo,t+15  Yit+1y  Y2,t+15 Y3 t+1y---5 Yz i+l Y4141,

.y ceey R 5 R 5

and that one had constantly among the terms of this sequence a linear equation of this

30euvres de Lagrange, T.1V, p. 5.
4Qeuvres de Lagrange, T. 1, p. 609.
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form
Ayet + BYoi1t + CYpgor + -+ NYagne
+ B/yz,t+l + Clyw-l-l,t-‘rl +...+ N/yw-i-n—l,t-'rl
+C"ygpr2 4+ N Ypyn—2,112 =0,

+ N(n) Yz, t+n

in which A, B, B, C, C', C"”, ..., N, N’',... are any constant coefficients what-
ever; the sequence of which there is question will be a double recurrent sequence of
the order n, and the preceding equation will be a linear equation in finite and partial
differences among three variables, of the integration on which will depend the research
of the general term y, ; of the sequence.

7. We suppose first that the proposed differential equation had only four terms and
that it is of the form

Ayyt + Byst1t + B'Yz 41 + C'yut1.041 = 0. (F)
I make
Yoo = ac® B,
a, «, (3 being some indeterminate constants; I will have thus

Yrt+1,6 = ClOﬂ?-‘rlﬁt7 Yo.pil = aoﬁﬁt‘*‘l) Yorl41 = aaz+16t+1;
substituting these values and dividing next each equation by aa® 3!, there will come
this here

A+ Ba+B'8+C'af =0,

by which one will be able to determine one of the two constants «, 8 by the other.
I draw 3 from this equation, I have

5= A+ Ba
- B+ C’
therefore, substituting this value of 3, I will have

. A+ Ba \'
Yzt = A B'+C'OL )

where a and « remain indeterminate.

_ A+Ba
B'C'a

ing to the powers of «, but so that these powers go by diminishing, and if one supposes,

in general,

B A+ Ba
B +C'«

t
Let one reduce now the quantity ) into a series which proceeds accord-

t
) — Toz“t + T/O[p.tfl + T//O[;Lth + T//Ia,u,tffi +...,

one will have

Yot = Taa™ 4+ T'aa® H=1 4 T g THi=2 4

11



Now, as a and « are arbitraries, one will have an infinity of different values of y, ¢,
and it follows from this that the differential equation (F) is linear, that one will be able
equally to take for . ; the sum of as many of these different values as one will wish.

Therefore, if one takes any number whatever of different constants a, b, ¢, ..., «,
B, 7, ..., one will have, in general,

Yo =T (a0t 4 b7 HHE 4 oy Hit 1)
+ T/ (aax-i-ut—l T bﬁx+ut—1 + C,yz-l—ut—l 4., )
+ T//T (aaz+#t72 + bﬂx+ut72 4 C"Y(E+Mt72 4. )
+ T///T (aam-&-pt—B + b/@r+/tt—3 + c,yx+/1t—3 + .. )

I remark now that because of the indefinite number of arbitrary constants a, b, c,. . .,
a, 8,7, ..., the quantity

aa™ TPt 4 pBITHE TRl

must be able to represent any function of x+ ut that I will designate by the characteristic
f thus, f(x + pt); and then it is clear that the similar quantities

aar—&-,ut—l_|_b6fc+,ut—1_|_c,ym+pt—1_i_. ., aaz+,ut—2+bﬁm+,ut—2+c,yx+,ut—2+. .

will become
therefore making these substitutions one will have, in general,

Yot =Tflx+pt)+ T flx+pt—1)+T"f(z+pt—2)+...

8. The determination of the form of the function f(z + ut) depends on the values
of y, ; when t = 0; indeed, if one makes ¢t = 0, one has

T=1, T =0, T'=0,...;

therefore
Yx,0 = f (f)
Whence it follows that one will have, in general,

Yzt = Tym+/tt,O + T/ym—i-ut—l,o + Tuyx+/1,t—2,0 + ... )

where one sees that the quantities Y4 ,¢,0, Yotut—1,0- --. are contained among the
terms which form the first horizontal rank of the Table of n° 6, provided that one
supposes that the sequence of this rank is also continued to the left in this manner

sy Y—(z+1),00 Y-2,0, ---5» Y-3,0, Y-2,0, Y-1,0, Yo,0-

If therefore one regards all these terms as givens, one will have by the preceding
formula the value of any term y,, ; whatever of the Table of which there is question, in

12



the case where it is supposed formed by one such law, that one has constantly, among
four terms contiguous or arranged in a square, an equation of the form (F) of n° 7.

9. If one supposes that all the terms of the first horizontal rank, which precede yy o,
that is to say the terms of this rank continued to rear, are nulls, this which can take place
in a great number of Problems, then the expression of y,, ; will be always composed of
a finite number of terms, because it will be necessary to reject all those where y; o will
be found s being any negative number whatever. One will have therefore in this case

Yot = o0 + T Yot pt—1,0 + T Yogpt—2,0 + - .. = T yo 6.

In all the other cases the series will go to infinity, unless one has B’ = 0 or C’ = 0;
since then, because ¢ equal to a positive whole number, the sequence of quantities
T, T', ... will be finite and will have only ¢ + 1 terms.

10. In order to show, by a known example, the application of the preceding formula,
I take the one of the Table of Pascal for the combinations, in which one knows that each
term is equal to the sum of the one which precedes it in the same horizontal rank and of
the one which is above this last in the same vertical rank; moreover the first horizontal
rank is entirely formed of units and the first vertical rank is entirely zero. Whence it
follows that one has first, in general, this equation

Yr+1,t4+1 = Yz,t+1 T Yo t
and that next one has

Yz,0 =1, asmuchasz =0, 1, 2,...,
Yor =0, asmuchast =0, 1, 2,....

This equation being compared to that of n° 7, one has
A=1, B=0, B =0 C=-1,

therefore
A+Ba 1

_B’—|—C’oz_oz—1;

this which being raised to the power ¢ gives the series

tt+1) o tEt+1)(t+2)

at4ta 74 T+ Ta*t*’ +...,
so that one will have in the general formula of the number cited = —1 and
t(t+1)

T=1, T =t T'=
2

Therefore, by the formula of n° 8, one will have, in general,

tt+1)
2

Yzt = Yo—t,0 T tymftfl,o + Yo—t—2,0+---
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But by making = 0 one must have, by hypothesis, yo, = 0, by supposing ¢t =

1, 2, 3,...; therefore it will be necessary that one has, in general,

tt+1)
2

Y—t0=1Y—t—10+ Y—t—2,0+ ...,

whatever be ¢, provided that this is a whole positive number; whence it is easy to
conclude that one must have

Y-10=0, ¥y 20=0,...,
and, in general,
Ys,0 = 0;

as much as s will be an entire negative, this which is the case of n° 9, in which we have
seen that the series becomes finite.
One will have therefore, according to the formula of this number,

Ht+1) tt+1)... (z—1)
g Vet T TR Ty Yo

Yot = Yo—t,0 T Wr—t—1,0 +

Such is the general expression of any term whatsoever of the Table of Pascal, by sup-
posing that the terms which form the first horizontal rank, and which are represented
by 0,0, ¥1,0, ¥2,0, - - -, are any. But in the case of the Table of Pascal these terms are
all equal to unity; substituting therefore unity in the place of these quantities in the
formula above, one will have

Ht+1)  t(t+1)(t+2) tt+1)...(z—1)
2 2.3 12, (z—t)

ym,t:1+t+

this which is reduced, as one knows, to this more simple expression

C+DE+2)(E+3). ..
Yot = 1.23...(z —t)

11. We have remarked above that the preceding solution gives, in general, a finite
expression of ¥, ;, when C’ = 0 or B’ = 0; we examine therefore first these two cases.

1° Let C’ = 0; then the differential equation (F) will have only three terms and will
be of the first order. And if one makes, for brevity,

B A _
B, _p7 B _Q7
one will have
A+ Ba (1+ q)
2T ha 1
B’ # z/’

this which being raised to the power ¢ and next compared to the general formula T'a*t +
T'oaM=1 ... will give

tt—=1) ;5

p=1 T=p', T =tp'q, T'= 5P

14



Therefore (8)

t(t — 1)

5 q2yx+t—2,0 +..-

Yot = D' |Yott,0 + tqYntt—1,0 +

One sees here not only that the series is always finite when ¢ is an entire positive
number, but yet that it contains only some quantities of the form y; o, s being positive;
whence it follows that in this case it suffices that the first horizontal rank of the Table
of n° 6 be given, in order that one can determine the value of any term that there is of
the same Table.

2° We suppose that one has B’ = 0; the differential equation will have also only
three terms, but it will be of the second order. Making in this case

B A
_5 =D, E =4q,
one will have
Ca 7Y al’

raising this quantity to the power ¢, and comparing with the general formula, one will
have p = 0, and the values T', T', T", ... will be the same as in the preceding case.
Thus one will have

t-1)

Yo =P Y0+ tqyz—1,0 + L 5 @ Yo—2,0+ - } .

This expression is always finite as long as ¢ is an entire positive number; but, when ¢ is
> , it contains necessarily some quantities such as y, o, s being negative. Thus it will
not suffice, in this case, that the first horizontal rank of the Table of n° 6 is given, it
will be necessary again to suppose given the preceding terms y_1 o, ¥—20, - ... If one
does not know these terms, but that one knows those which form the first vertical rank
of the Table, one will be able then to deduce these from those in the following manner.

I'make x = 0 and ¢ successively = 1, 2, 3, ...; I will have

Yo,1 = P(Yo,0 + qY—1,0)s
Yo.2 = P> (Yo,0 + 2qy—1,0 + ¢°y—2,0),
Yo,3 = D" (Yo,0 + 3qy—1,0 + 3¢°y—2,0 + ¢*y—3.0),

whence it is easy to draw

1
qy—-1,0 =—Yo,1 — Yo,0,
b
) 1 2
q"Y—-2,0 =—35%0,2 — —¥Yo0,1 + Yo,0,
p p

3 1 3
q°Y-3,0 =—3%0,3 — —5¥0,2 + —¥Yo,1 — Yo,0,
p p p



and, in general,

s 1 s n s(s—1) B
qY-s0 = psyo,s p7571y0,871 72;0572 Yo,5—2 — - --

I conclude thence that, if one considers these two sequences

1 1 1

Yo,0, Y10, z¥2,00 FY3,00 -0
1 1

Yo,0, Y01, pzY0,2,  p3Y0,35 - -

which are supposed givens, and if one denotes for more simplicity the terms of the first
by

and those of the second by
Y, Y, Y' Y" ...

if next one takes the successive differences of the terms of this last, which are denoted
by the characteristic A, so that one has, as one knows,

AY =Y’ -,
A%Y =Y —2Y' 4+,
AY =Y —3Y" +3Y' -,

if one supposes finally that the first sequence is continued to the rear by the terms

Y 1,Y o, Y 5, ...,
which are respectively equal to
AY, A?Y, A3Y, ...,
so that one has, in general
Y_ 3 =A%,

one will have the formula

=1, tHt=1)(t—2)

ot = LY, + Y,
Yzt = (Pq) + 1+ 23

Yz +...|,
in which all the quantities Y, Y, _1, ... are known.

12. But, if neither C’ nor B’ is equal to zero, then it is impossible to have, in
general, a finite expression for y, ; by the method of n° 7; however one can arrive there
by another method which we are going to expose.

I take the expression of 3 in a (7), which is

A+ Ba

b= "Fioa
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I make
B +Ca=—w,

whence I draw
w+ B’

c
and substituting in the value of 3, there arrives to me

B +(A—BB/> ey
w

o= —

el c’

I will have therefore thus

w B’ B ,  AC'\ 1
=g (1+7) =g ()l

These values being substituted into the quantity o3¢, reducing next this quantity to a
series according to the powers of % one will have an expression of the form

azﬂt = Vw® 4 V/wa:71 + V”wI72 + V//Iw$73 .. ,

which will be composed always of a finite number of terms, x and ¢ being some entire
positive numbers.

Now, since w is an indeterminate constant, it is easy to prove, by a reasoning similar
to the one which one has made in n° 7 relatively to the indeterminate «, that one will
have, in general,

et =Vf@)+ V' fla—1)+V"fla=2)+V"flz-3)+...,

the characteristic f denoting any function whatever.

Such is therefore the general expression of y, ;, and this expression has over that
of the number cited the advantage to be always finite.

13. We suppose now that the values given of y are those which form the first
horizontal rank, and the first vertical rank of the Table of n° 6, that is to say which
corresponds to ¢ = 0 and to x = 0; and we see how one must determine by their means
the different values of the function f(x), f(x —1),....

1° Let therefore ¢ = 0, and making for more simplicity

1
e

/
=m, B =n,

so that

r(z —1) n2w® 2

5 +...,

a = mw (1+E) and o® =m® |W” + znw® 1 +
w

one will have



therefore

z(x —1)

5 n2f(x—2)+...

Yo0 =m" | f(x) +anf(r —1)+
We suppose successively
x=0,1,2,3,...;
one will have
Yo,0 = f(0)7
yr0 = m[f(1) +nf(0)];
y2,0 = m?[f(2) + 2nf (1) + n?f(0)],
ys.o = m°[f(3) +3nf(2) + 3n?£(1) +n° f(0)],

whence one draws

f(0) = yo,0,
1 1
—f(1) = —wv1,0 — Yo,0,
n mn
1 1 2
—f(2) = — _ =
2 f(2) a2 Y20 = —oYLo ~+ %0,0,

L r3) = — 5 ot
n3 —mgngy?,,o m2n2y2’0 mnyLo 0,05

Whence one can conclude that, if one considers the sequence of terms

1 1 1
0,00 ——Y1,00 —5 3Y20 T3 3Y3,05---
y b mny b m2n2y b m3n3y ) )

and if one designates them by Y, Y/, Y” Y’ ..., if next one takes the successive
differences of these terms and if one designates them in the ordinary manner by the
characteristic A\, one will have

F(0) =Y, f(1) = nAY, f(2) = n®A%Y, f(3) =n’A°Y,..., f(s) = n°A%Y,

2° Let x = 0, and making, for brevity,

B AC’
—5217, B/—?Z%
so that q
p=r(1+3).

and consequently

tg  tt—1)q¢* tit—1)(t-2)¢
P=ph |1+ =
Br=piit w + 2w? + 2.3.w3 ’
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one will have

therefore

wou =2 | F(O0) +taf(-1) + S f(-2) 4.

Making successively

t=0,1,2,3, ...,
one will have
Yo,0 = f(0)7
Yo,1 = p[f(0) +qf(=1)],
yo.2 = p°[f(0) +2qf(—1) + ¢* f(—2)],

[£(
o3 = p°[f(0) +3qf(—1) + 3¢°f(—2) + ¢* F(=3)],

whence one draws

f(0) = v0,0,
1
Qf(*l) = —Y0,1 — ¥o,0,
p
1 2
¢ f(=2) = Svyo2 — =¥o,1 + Yo,0,
p p
1 3
qsf(*?’) = Eyo 3= —5¥%0,2 + —~¥%0,1 — ¥0,0;

therefore if one considers the series

1 1 1
Yo,0, —Yo,1, Y02, 3Y0,3,---,
p p p

and if one designates the terms of this sequence by Y, Y, Y, Y, ..., if next one
takes the successive differences of these terms and if one designates them by the char-
acteristic d, one will have

2 3 s
:%af(_2):672yvf(_3):6l>"'af(_s):6Y'

f0)=Y, f(-1)

Thus one will know the values of f(s), be it that s is positive or negative; and one will
have, in general, as above,

Ypt = V@) + V' fla-1)+V"fz-2)+...
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In regard to the values of V, V', V" ... itis clear that in order to find them it will be
only to multiply together the series above which gives the values of a® and of 5¢; one
will have by this means

V =m"p',
V' =m®p'(zn + tq),

-1 t(t—1

V// :mmpt |:£C(£C2 )n2+xn.tq+ ( 5 )q2:| ,
-1 -2 -1

v :mmpt |:Sc(l‘ 2)?Ez )n3 4 .CC(Q:2 )n2.tq
tt—1) 5 tt—1)(t—-2) 3
+ zn. 5 q° + 23 q

And if ¢ = n, this which has place when A = 0, one will have more simply
V =m"p',
V' =m*p'(x +t)n,
tle+t)(@+t— 1)n2
2 )
4 t—1 t—2
AL GRS CARES, Y

V// — mlp

V/// =m

The Problem is therefore resolved with all the simplicity and the generality that one
can desire.
14. In the Example of n°® 10 one has

A=1, B=0, B =1 C =-1;

therefore
m=1 n=1 p=0, g=o0c0 and pg=1.

Therefore one will find (because of p =0, ¢ = ccand p = 1)

V =0, V' =0, V"'=0, ..., V(t—l):O7
v — me, VD — m¥an, V(t+2) — e ac(az;l)nz7 V(t+2) — e z(xf;)ézfz) ng7
Next the sequence Y, Y’ Y ... will become yo.0, ¥1,0, Y20, ---, SO that one will

have, in general,
f(S) = Asy0707

s being a positive number. Finally, because p = 0, ¢ = oo and pq = 1, one will find

f(0) =yo,0, f(=1) = —yo,1, f(=2) =yoz2,.--, f(—5) = £yo,s;

the superior sign being for the case of s even, and the inferior for the one of s odd.

20



Substituting therefore these values into the general expression of v, ., one will have

z(z —1) z(x—1)(z—2)...(t+1)
2 12.3...(z—t)
z@—-D(x-2)...t z(—1)...(t—1) e —1)...(t—2)

123 AT i ) P T T w g3 0

A" tyo 0+ IAm7t71y0,0 + AI*t*zyo,o + ...+ Y0,0
Yo, t = m”

where the differences Ayj o, Azyo,o, ... return uniquely to the terms of the first hori-
zontal rank o0, Y1,0, ¥2,0; - - -, SO that

AYoo = Y10 — Y0.0,  A%Y0,0 = Y20 — 2Y1.0 + Y0,0, - - -

By means of this formula one can therefore have the value of any term whatsoever
of the Table of Pascal, by supposing that in this Table the first horizontal rank and the
first vertical rank are anything.

In the same Table of Pascal, the first horizontal rank is entirely formed of units, and
the first vertical rank is entirely zero with the exception of the first term, so that one has

Yo,0 = ]-7 Y1,0 = 1; Y2.0 = ]-7 ey
y071=O, yO,QZO,...;

therefore
Ayoo =0, A%yo=0,...,

Thus the preceding formula will become in this case

r(x—1)(x—2)...(t+1)
123.. (x—t)

Yzt =

this which accords with that which one has found at the end of n° 10.
15. Let be proposed now the general equation of the second order

Ayzt + Byoyi1t + Cyzias
+ B'Yz 111+ CYrrr,e41 =0. (G)
+ Cl/ya:7t+2

I make, as above,
Yoo = aa” [
substituting and dividing next all the terms by aa® 3!, there comes to me this equation

in o and 3
A+ Ba+B'B+Ca?+C'ap+C"3% =0, (H)

by which one will be able to determine [ in «.

I seek therefore by the known method of Newton the value of 5 in « expressed by a
descending series, that is to say in which the exponents of o go by diminishing. I raise
next this series to the power ¢ by means of the formulas known for this object; I obtain
thence a value of 5 in « of the following form

o o _mr
Bt =Tart +T'att=H £ T"aMt=H L Tt H"
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where the numbers p°, p'’, ', ... will be necessarily all positives and increasing.
Therefore, substituting this value of 3%, one will have this particular expression of
Ya,t, Namely

! "
Yot = Taa™ ™ + T aq™ M1 + T qa THH 4 L

in which a and o will be some indeterminate constants.
Thence, by a reasoning similar to the one of n° 7, one will draw immediately the
general expression

Yoo =T f(@+pt) + T'f(z +pt —p/) + T"flo+ pt — p") + ..

the characteristic f denoting any undetermined function whatsoever.

Now, as long as C"” will not be null, the equation in 5 will rise to the second degree
and will have consequently two roots; one will have therefore for 3, and consequently
also for 3%, two different series; therefore, if the other value of 3¢ is represented by the
series

Bt — Ual/t + U/ayt—y’ + U//aut—u” + Ul//aut—u”’ + ... ,

then numbers v/, v/, v, ... being also positives and increasing, one will draw from

it similarly a value of y, ;, which will be
Yot =Up(x +vt) + U'dp(z +vt—v)+ U p(a+ vt —1v")+ ...,

the characteristic ¢ designating also any indeterminate function whatsoever.
Reuniting now the two values of y, ¢, one will have, in general,

Yo =T f(x+pt) + T f (v +pt —p/) + T f(z + pt — p") + . ..
+Ud(x+vt) +U'dp(z+vt =)+ U"p(z +vt —1V")+...,

an expression which is necessarily the complete integral of the proposed, since it con-
tains two indeterminate functions.

16. It is clear that this expression of y,, ; will always be composed of an infinite
number of terms, unless the two values of 3 in « are not finite; this which takes place
only when equation (H) can be decomposed into two equations of the first degree. In
this case one will have for y, , a finite expression, and consequently one will have the
finite integral of the proposed differential equation. But it can happen in this same case
that the two values of 3 in « are equals; this which will give

U=1T, U=T,...,
V:M’ Vl:l””""?

so that the two arbitrary functions will merge into one alone; this which will render the
value of y, ; incomplete.

In order to remedy this inconvenience one will suppose, according to the method
used in these sorts of cases, that the two values of /3 differ between them by a very small
quantity, that is to say that one will take for the second value of 3, 3 + d3; this which
will give for the second value of 8¢, B* + t3*~'df3, where it is necessary to remark
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that the differential df remains undetermined, because by differentiating equation (H)
it will happen necessarily that the quantities by which the two differentials da: and
dp will be found multiplied, will be null all at once. Thence it is easy to conclude
that if one denotes by 7, /[ T", 7", ,T",... the values of T', T, T", T", ... which
correspond to ¢ — 1, that is to say which result from the substitution of ¢ — 1 in the place
of t, one will have for y, ; this other expression

Yoo =Tf(x+pt) + T fla+pt —p) + T fla+pt —p") + ...

+t,TFlz+pt -1+t T'Flz+pt—1)—p]+t,T"Flz+pt—1)— "]+ ...

in which the characteristics f and F' denote some functions any whatsoever.

17. In order to determine now the arbitrary functions, one supposes that the first
two horizontal ranks of the Table of n° 6 are given, that is to say one knows all the
values of y ¢ and y,. 1; one will make therefore 1 ° ¢ = 0, and, as in this case one has

T=1, T =0, T'=0,...

and likewise
U=1, U =0, U'=0,...

the formula of n° 15 will give

Yz,0 = f(iC) + ¢((E)a

one will make 2° ¢ = 1, and, denoting by 6, ¢, 6", ... v, v/, v, .. .the values of
T, 7,7, ...,U U, U", ... which correspond to t = 1, the same formula will
give

Yo =O0f (@ +p) +0' f(x+p—p') +0"fle+p—p")+...
+ovp(z+v)+vd'(x+v—v)+vd'(x+v—v")+..;

thus one will have two equations, by the aid of which, by giving successively to = all
the values 0, 1, 2, 3, ..., one will be able to determine those of the functions f(x) and
¢(x); but it is clear that this determination will be very difficult, in general, unless the
expression of y, + is not finite, this which will happen only when the value of 3 in o is
finite.

If the two values of 3 are equal, the determination of the functions f(z) and F(x)
of the formula of n°® 6 will be very easy; because by making ¢ = 0 one will have first

Yz,0 = f(x)v
and making next ¢ = 1, one will have
T =1,

=0, T'=0,...,

/ !

therefore

Ye1 =0f(x+p—p)+0flz+p—p')+...+ F(z);
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so that one will know immediately thence the general values of the two functions.

18. Moreover, although the expression of y,. ; found by the preceding method is, in
general, composed of an infinite number of terms, it is however a very extended case,
and which takes place in the greater part of the questions which lead to these sorts of
differential equations, in which the expression becomes finite; so that the determination
of the arbitrary functions are no longer of difficulty. This case is the one where one
supposes that if one continues to the rear the first two horizontal ranks of the Table of
n° 6, all the terms which would form these ranks so continued are nulls; that is to say
when one will have, in general,

Yz,0 = 07 Yzr,1 = 0

as long as = will be negative.
Indeed, it is easy to see that one will have then

f(=5) =0 and ¢(-—s) =0,

as long as s will be greater than i and v; so that as the numbers which are after the
characteristics f and ¢ in the general expression of ¥, + go continually by diminishing,
the functions of these numbers will become finally null, this which will render the
expression of which there is the question is finite.

It is easy now to apply to the differential equations of all orders, included under
the general formula of n° 6, the method that we just exposed for the equations of the
second order, and to draw some similar conclusions from it; thus we ourselves will not
expand further on this method.

19. In the case of the equations of the second order in three terms we have found
means to remedy the inconvenience of the general method, and to obtain a finite ex-
pression for y,, ¢ (12); by considering the artifice that one has employed in the place
cited, and that consists in expressing the two quantities « and 3 by a third indetermi-
nate w, in a finite manner, one will be convinced easily that it can also serve for all the
equations of second order, as one is going to see.

I take again therefore equation (H) of n® 15, and I make first the terms vanish where
the indeterminates are in the first dimension, by supposing

a=m-+e B=n+0,
and taking m and n such that one has
B+2Cm+C'n=0, B +2C"n+C'm=0,
this which gives

_ 2BC" - B'C'  2B'C-BC'

m c”2 — 400" n= cr”2 —400"?

for what if one makes, for brevity,

K=A+Bm+ Bn+Cm?+C'mn+C'"n?,
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one has this transformed by ¢ and 6
Ce+C'ed+C"0° + K =0,
which being multiplied by C' can be put under this form

(Ce+ h)(Ce+10) + CK =0,

— C/ C/Q 1 — Cl 0/2 1"
h= g +\ —CC", 1= | oo

by supposing

I make now
Ce+ h = w,
I will have CK
Ce+10=——-73
w
where I draw immediately
lw+ RCK w+ €K
— w 0 — w .,
‘TTcCi-hn h—1
therefore finally
lw + REK w+ EK
a=mtegThy PErT TS

Thus the two indeterminates « and 3 are expressed by a third indeterminate w in a
finite manner and without complex fraction, so that the value of o3¢ will be always
finite as long as = and ¢ will be integral positive.

And one remarks with regard to the preceding expressions that the ambiguity of the
radical which enters into the values of h and of [ influence not at all on the form of
these expressions; because by changing the sign of this radical one does only to change
h into [ and vice versa; now by making this change and setting at the same time — CnK
in the place of w, and consequently 7 in the place of —CTK, one will see that the new
expressions of « and (8 in 7 will be the same as the first in w.

This set, if one makes, in order to abridge further,

l hK 1 CK
r=——, §=-—

P=ca—ny T -w h—1 h—1’

one will have
q S
a=m+pw+—, B=n+rw+ —,
w w

5 Editor’s note: In the ori ginal text the second member of this formula has the 4- sign, which has the effect
to change K into — K in the expressions of « and of 3. We have believed we must restore the exactness of
the formulas.
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consequently

cat q x s t
a® B =(m+pw+ = n+rw+—) .
w w

This expression of o 3?, being developed and ordered according to the powers of w,
will be reduced to a finite series of the form

V4+V'w + V”w2 + V///w3 o+ V(ac-i—t)wa:-i-t

" "y "y (z+t) v
+U+F+F+...+W7
where the coefficients V, V', V", ...,'V, "V,""V,... will be some functions of z

and ¢, which one can determine by different means after known methods.

Therefore as w is an absolutely arbitrary quantity, one will be able to conclude from
it immediately by some reasonings analogous to those that we have made above (7) the
general expression of ¥, ;, which will be

Yot =VFO)+ V' F)+ V") +V"fB) 4 ... + VED flz 4 1)
HVEED)+"VE=2) + VE3) 4+ COV(—a - ),

the characteristic f denoting an arbitrary function.

20. In order to determine this function, or at least its different particular values
which enter into the preceding expression, we will suppose that in the Table of n° 6
the first horizontal rank and the first vertical rank are given, so that one knows all the
values of y, o and of yo ;. One will suppose therefore first ¢ = 0 and x successively
0,1,2,3,...;nextx = 0 and ¢ successively 0, 1, 2, 3, ...; one will have by this
means the equations necessary in order to determine the values of f(0), f(1), f(-1),
... But as by taking thus one falls into some rather complicated formulas, I am going
to give another way to arrive more easily to the end.

21. For this I remark first that as

s
pw+2:e, Tw+ — =0,
w w

one will have, by known formulas,

q ¢ ¢’
pw+ — =, p2w2+—2:62—2pq, p3w3+7=€3—3pq€,-~-7
w w w

and, in general,

A AA—3 AA—4)(AN—=5

pxw,\_~_q7/\ — A pged 24 ( )pzqgex—zx_ ( )( )p3q36)\—6+”.,
w 2 2.3

and likewise one will have

A _ YO
r’\w’\—&-s— = 9/\—/\7“36)‘_24-7)\()\ 3) 7‘2829’\_4——)\()\ J(A 5)r3s39k_6+. o
w? 2 2.3
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whence one draws

S (s*e* — g*0*) — M(pgs*e* =2 — rsg? 072 + . ..

PAsr — P )
I (rre* — p*0N) — A(pgrre* =2 — rsp?0*=2) + ...
or P — s

If one substitutes these values into the series

! "

/ V " 2
V+Vw+—+Vw +72+
w w
it is clear that one will have a conversion to this form

472 e+ 2"+ 7" + .. 4 zEtD utt
Jr/ZG + A + " 703 4o+ (z+t) Z@ert,

which will be consequently equal and identical to the quantity
a” B = (m+e)*(n+0),
by supposing that there is between € and 6 (19) the equation
Ce+C'eh+ C"0° + K = 0.

Now as € and 6 are two different functions of the indeterminate w, one can con-
clude from it immediately, by a reasoning analogous to the one of n° 7, this general
expression of y, ;, namely

Yor =ZF(0) + Z'F(1) + Z"F(2) + ...+ ZEF(z + 1)
+'Z¢(V)+ " Zp2)+ " 26 + ...+ @) Zp(x + 1),

where the characteristics F' and ¢ denote any functions whatsoever.
22. Let one suppose now, in order to determine these functions, ¢ = 0 and next
x = 0, one will have:

1° Whent =0,
(m+35)%(n+0) =(m+e)*=m"+azm® e+ wmx—%z +..
therefore
Z=m" Z =zm*t Z'= wmzfz, ce
'Z=0, "Z=0,...,
therefore
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whence by making successively x = 0, 1, 2, ... one will draw easily the values of
F(0), F(1), F(2),.... And by the method of n° 13 one will find that if one designates
the sequence of quantities

1 1 1
Y0,0, —Y1,0, 2 Y2,0, 3y3,05 o
m m m

by Y, Y', Y”, ... and if one denotes by A, A2, ... the successive differences of the
terms of this sequence, one will have, in general,

F(u) = mrARY.

2° When x = 0,

—1
(m+e)*(n+0)=m+0)"=n"+tn"10+ %ntdtﬁ +..

therefore
Z=n', 'Z=tnt"t "Z=tnt"2 ...
Z'=0, Z'=0,...,
therefore
1 t(t—1 2
s =t [g(0) £ (20 4 HE=D ) ]
n 2 n

by supposing ¢(0) = F(0).
Thence one will find, as before, that if one considers the sequence

1 1 1
Y0,0, —Yo0,1, 2y0,27 3y0,37 L)
n n n

and if one designates the terms of it by Y, 'Y, Y, 'Y, ..., if one denotes next by J,
02, ... the successive differences of these terms, one will find, I say, in general,

p(v) = n"d"Y.
Now by making ¢ = 0, v = 0, one has
F(0) =Y = ¢(0),

as this must be by the hypothesis.
Therefore if one substitutes these values into the expression of y,, ; of the preceding
number, one will have

Yor = ZY +mZ'AY +m?Z"A%Y + ... + m= Tt ZEF) ATy
+n' Z8Y +n2" Z8%Y + ...+ nttt @) grtty

a formula by which one will be able to know any term whatsoever of the Table of n° 6,
as soon as one will know those of the first two ranks, the one horizontal, the other
vertical.
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23. If now one compares together the two expressions of ¥, ; in n®® 19 and 21,
it will be easy to conclude from it the values of the function f through those of the
functions F' and ¢; and it is not difficult to see that one will have, in general, among

the same relations as among

1
A A A—2 A pr—2
€, e L0, 00

So that if one substitutes the values of the functions F' and ¢ found above, and if one
makes, for brevity,

1
AA A b
ps qar A’
one will have, X\ being positive,
_ 2 2
FO) =Astmt [Ady — P2y AAZ DT oy
m2 2 m?
_ 2.2
AP {MY N MAZ3) 8" aeay }
n 2 4
TS AN =3) r?s?
F(=A) =Ap*n? [mf — )\ﬁd* 2y + —5 F‘V y — .
AL A ANy PD A2 AX=3) P*¢® (aa _ )
Artm [AY /\m2A Y + 3 m4A Y—...|;

these are the values of the function f which would result from the equations of n° 20, as
it is easy to convince ourselves of it by the calculus; thus there will be only to substitute
these values into the formula of n° 19.

24. The method by which we just integrated in a finite and complete manner all the
differential equations of the second order among three variables could be extended also
to the equations of the superior orders if, in any equation in two indeterminates, it was
always possible to express each of these indeterminates by a finite rational function
and without a complex fraction of a third indeterminate; but as this takes place, for
the equations which pass the second degree, only in some particular cases, one must
regard the preceding method as limited to the differential equations of the first and of
the second order.

In order to take the place of this defect, we are going to give in the following Article
another method which will extend to the equations of all orders, and which will join in
the advantage to give always finite integrals, the one to render the determination of the
arbitrary functions very easy in all the cases.

ARTICLE II. — Where one gives a general method for the integration of linear
equations in finite differences among three variables.

25. We consider the differential equation of the nth degree of n° 6, and we make,
in general,
Yot = ac” B
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it is easy to see that after the substitutions and division by aa® 3¢, there will come this
equation of the n™ degree in « and 3

A+ Ba+Ca®+...+Na"
+B'B+Caf+...+ Na"'p
+C"B*+...+ N"a"?B =0, 1))

+ N(”) ﬂn

by which it will be necessary to determine (3 in « or vice versa.

I remark now that one can express, in general, /3 in powers of « only by an infinite
series, this which will give, as one has seen it in Article II, an expression of y, ; in
infinite series; but as one has no need of the value of 3, but only of that of 3%, where
t is counted greater than n, I observe that one can reduce this value to a rational and
finite series of terms ordered according to the powers of «, provided that one admits
also the powers of 3 inferior to 3™; because it is clear that if one takes the value of 5™
given by the preceding equation, and if one substitutes it as much as is possible into
the value of 3¢, if next in the terms resulting from this first substitution, one substitutes
anew as much as it is possible the same value of 3", and thus in sequence until one has
lowered the powers of 3 to below 3" it is clear, I say, that one will arrive to a formula
of this form

Bt :T—I—T/Oz—l—T//aZ+T///043+...+T(t)0ét
+ TR+ ,T'ap+ T"a?f+...+ T Vat~1p
+,T8+ ,Tap+...+ ,T02a =28 (K)

where the coefficients 7, 77, T",..., T, , T',... will be some given rational func-
tions of ¢ and of the coefficients A, B, B’, ... of the equation in « and S.

26. Multiplying therefore this expression of 3! by aa®, one will have a particular
value of y, ; in which the two constants a and « will be at will; and as the proposed
differential equation is linear and contains only terms without y, it is clear that one will
be able also to take for y, ; the sum of as many similar particular values as one will
wish, by supposing that the quantities a and « are different in each of these values.

Thence and from this that the quantities 3, 32, 32, ...to 3" ! are necessarily some
irrational functions of «, irreducibles among them, it is easy to conclude by a reasoning
analogous to the one which one has employed in n° 7 that one will have, in general,

Yo =Tf(@) + T fle+ 1)+ T"fe+2) +T" f(e+3) + ...+ TV f(x + 1)
+ T @)+ T+ )+, 7" a4 2) .+ T (et —1)
+, T 2f(x) + //Tl 2f(1‘-|—1) .t ,,T(t_2) 2f($+t—2)
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where the characteristics f, ' f, 2f,..., " f denote some arbitrary functions any
whatsoever independent among themselves; so that as the number of these different
functions is n, and consequently equal to the exponent of the order of the proposed
differential equation, one must regard the preceding expression as the complete integral
of this same equation.

27. In order to determine now the values of these different functions, I suppose
that the first » horizontal ranks of the Table of n° are given, so that one knows all
the different values of ¥, 0, Y21, Yz,2, - - -» Yz,n—1, that is to say all the values of y ;
which correspondtot =0, 1, 2, ..., n — 1.

Now making t = 0 one has 3! = 1; therefore in formula (K) of n° 25 one will have

T=0,T=0,..., T=0,...,...;

!
making ¢ = 1 one will have 5; = f3; therefore

,I =1, and all the other coefficients nulls;
making ¢ = 2 one has 3, = (3?; therefore

,I'=2, and all the other coefficients nulls;

and thus in sequence.
Therefore: if one makes ¢ = 0, one will have in the formula of n°® 26

Yoo = f(2);
if one makes ¢ = 1, one will have

Yz,1 = 1f(3€)§
if one makes ¢ = 2, one will have

Yz,2 = 2f(33);

and thus in sequence until
Yrn—1 = n_lf(‘r)'
One knows therefore by this means all the arbitrary functions; and substituting their
values into the general formula, one will have
Yo =TY2.0 + T Ysi1.0+T"Yrr20+T"ysrz0+ -+ TOyurro
+,Tyer + ,T'Yei1a + T Yaron + o+ T Dy 1,
+ ,Tysz+ T Yar12+ oot , T Dy as

+ (n—l)TygE’nf1 Tt (n—l)T(tin+1)yz+t7n+l,n71'

28. In order to determine the coefficients 7', 77, 7", ..., /T, /T, /17", ..., ...
of formula (K) of n° 25, one can employ different methods.
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And first it is clear that if one draws from equation (I) the value of 3 in «, if one
substitutes it next into equation (K), and if after having ordered the terms according
to the powers of «, one makes each term equal to zero, one will have a sequence of
equations by which one will be able to determine the sought coefficients.

This method can be rendered simpler by the consideration of the different roots of
equation (I). Indeed, if one represents equation (K) thus

Bt=A+ AB+ ,AB* +... + (nil)Aﬁ”‘l,

A being a polynomial in « of degree ¢, , A another polynomial in « of degree ¢t — 1 and
thus in sequence; and if on the other hand one designates by 8, 8", ... the n roots of
equation (I) ordered with respect to 3, one will have these n different equations

Blt :A+ /Aﬂ/‘i’ ”Aﬁ/2+”.+ (n_l)A/B/nfl’
/B/It :A+ /Aﬂll + //A5//2 N (n_l)Aﬂ”n717

by means of which one will determine separately the n quantities A, A, , A,...in
B, 8", .... Then there will be no more than to substitute in the place of §’, 8", ...
their values in o reduced to ascendant series, and advanced only to the ¢ power for
the quantity A, to the (¢ — 1)* power for the quantity , A, and thus in sequence.

29. But as soon as one will have determined by this method or by any other what-
soever the first terms of the polynomials A, ,A, , A, ..., one will be able to find all the
following in a more simple manner while searching by aid of the differential Calculus
the law which must rule among them. For this one will differentiate logarithmically the
equation

Bl=A+ JAB -+ ,,ABQ +...+ (nil)Aﬁ"_l,

by making vary altogether the quantities a and 3, this which will give

tdB dA+Bd,A+p5%d, A+ ...+ (A+2, AB+...)d3
8 A+ A+ AR+ ... ’

one will substitute in the place of df its value in o and do drawn from equation (I)
by differentiation, and making the fractions vanish one will order all the terms with
respect to the powers of [3; it is easy to understand that in this new equation the highest
power of 3 will be able to be only 32"~!; thus there will be only to lower the n — 1
powers 3", "1, ..., 32"~ ! below the n'™ degree by means of equation (I); after what
one will order the equation with respect to the n remaining powers of S and one will
make separately equal to zero all the quantities multiplied by each of these different
powers of 3; one will have n differential equations of the first order between « and
the n quantities A, ,A, , A,.... One will substitute now into each of these equations
the expressions of A, | A, ...in «, and by the comparison of the terms one will obtain
some equations among the coefficients 7', 77, T, ..., T, ,A’,..., ... by which one
will be able to determine the coefficients.

30. If instead of supposing givens the n first horizontal ranks of the Table of n° 6,
in the same way as one has done in the preceding solution, one would wish to re-
gard as givens the n first vertical ranks of the same Table, that is to say the values of
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Yo,t5 Y1,t>Y2,t, - - - Yn—1,¢5 it is clear that one could resolve this case by the same method
by changing only ¢ into z, that is to say § into «, or, that which reverts to the same, by
operating in regard to 5 and to « as one has done in regard to « and (3; there will be for
this no new difficulty.

It will not be the same if the given ranks were in part horizontal and in part vertical;
however, as this case can take place in many of the questions, we are going to give the
method to resolve it.

31. We suppose therefore that one knows the first m horizontal ranks of the Table
of n° 6 and the first n —m vertical ranks of the same Table, that is to say that one knows
the values of y,.0, Yz.15 Yz,2, - - - Yz,m at the same time as Yo ¢, Y1,¢> Y2,¢5 - - - » Yn—m,t
and that one demands the value of any term whatever y;, ;.

Having made vy, ; = aa”3', one will have (25) equation (I) between « and 3; I
consider in this equation the term N (™) =™ 3™ which is given by all the other terms
of the same equation, and I observe that by substituting the value of o~ 3" which
comes from this term in the quantity o®/3?, and next in the terms arising from this
substitution, as much as it will be possible, one will arrive necessarily to an expression
of o3t by the powers of « and of /3, in which the highest of these powers will be
the (x + ), and where the two powers o ~™ and 3™ will never be found together,
since one supposes that one has made them vanish by the substitution of the value of
anfmﬁm.

This equation of a® 3¢ will be therefore of the following form
B =V 4+Va+ V"2 + V"o + ..+ VEt)gett
+,VB+ Viag+ V'a®B+ V"o B+... 4+ VEtH-Darti-lg
+ VB 4+ Vap?+ V'a?B2 + V"3 4. 4 Vet qett=2g2
+ VB + () V'aB 4 VBT 4 VT et g
F iy VBT A+ ) Va8 L VIR L VT D g
F s VBT 4 iy VIaB™ T VIR L VT gl gt

+ (o4 Vﬂx+t + (=4) V/aﬁz+t + (=4) V//a2ﬁx+t o+ (o) V(n—m—l)an—m—lﬂm—&-t,

where the coefficients V, V', ..., |V, V', ... will be some known functions of = and
t, and some coefficients of equation (I).

32. I remark now the values of the powers and of the products of « and of 8 which
comprise the preceding expression of a* 3! are necessarily different and irreducibles
among them, since equation (I), whence the relation between a and /3 depends, contains
moreover the product o~ 3™, which is not found at all in this expression. From this
consideration and the principles posed higher, it is easy to conclude immediately the
general expression of y,; by doing in it only to substitute into that of a*f%, in the
place of each product such as o 3%, any function whatever of r and s, that one will be
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able to designate by f(r, s); one will have thus
Yor = VF(0,0)+ V' f(1,0) 4+ V" £(2,0) + V" £(3,0) + ... + VT f(x 4 1,0)
+ V0,1 + VL) + VD) 4+ VPGB + .o+ Ve D st —1,1)
+,VE0,2)+ V(1,2 + VI F2,2) + VB2 4 VORI fa 4t - 2,2)

+ oy VIOm) + VI Fm) + VI F2m) + o VO D (= m = 1,m)
+ (m+1)Vf(0,m + 1) + (m+1)V/f(l,m + 1) + (m+1)V”f(27m + 1) 4.+ (m+1)v(n—m—1)f(n —m—1,m+ 1)
+ i) VIOm+2) + o VI F(Lm+2) 4+ o VI F@m+2) 4t o VO f(n—m = 1,m 4 2)

"

33. In order to determine the values of the function f, one will suppose successively
t=0,2,....m—1,andnextx =0, 1,2, ..., n —m — 1, since by the hypothesis the
corresponding values of y,, ; are givens.

Now, by making ¢ = 0, the quantity o3¢ becomes a®; therefore in the formula of
n° 31, one will have then

y@) = 1, and the other coefficients nulls;
by making ¢ = 1, one has o* 3; therefore

,V(Z) =1, and the other coefficients nulls;

by making ¢ = 2, one has o® 3%; therefore

NV(I) =1, and the other coefficients nulls;

and thus in sequence until

(x) —
(m_l)V =1,

whent =m — 1.
Likewise, by making x = 0, o” B! becomes 3; therefore one will have, in the same
formula,
) V =1, and the other coefficients nulls;

by making = = 1, one will have a3?; therefore

B V' =1, and the other coefficients nulls;

one will have similarly, when x = 2,

® V" =1, and the other coefficients nulls;
and thus in sequence until
Vn—m—l -1

)

()
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whenz =n—m — 1.
If one makes therefore in the expression of y,, ; of the preceding number succes-

sivelyt =0, 1, 2, ..., m — 1, one will have
Yz,0 = f(xv0)7 Yz,1 = f(.I‘, 1)7 Y2 = f(l‘,?), sy Yrom—1 = f(x,m - 1)7
whatever be z. And if one makes successively z = 0, 1, 2, ..., n—, —1, one will have

yO,t = f(07t)7 yl,t = f(l,t), y2,t - f(27t)a ey yn—’m—l,t = f(n —m — lat)7

whatever be ¢. One will know therefore in this manner the values of the functions which
enter into the expression of which there is question, and substituting these values, one
will have the following formula, which contains only some known quantities.

Yt = VYoo +V'yr0+ Voo + V" ys0+...+ V(Z+1)yac+t,0

+ ,Vyoa+ ,V’y1,1 + ,V//y2,1 + ,me3,1 +...+ ,V(z+t_1)yz+t,1

+ ,Vyoo+ ,Viye+ ,V'yo+ V" yz24+... + ,,V(z+t72)yz+t—2,2
+,,Vyos—+,,Viys+,,V'ys+,, V" yss +...+ ,,,V(z+t73>yz+z—3,3

" (n—m—1)

+ (m) VyO,m + (m) Vlyl,m + (m) V"ZIZ,m + (m) V Y3,m +...+ (m) V Yn—m—1,m
+ ety VU041 () VWrmer 4 () Vi2ims 4 )V Wm0
+ (m+2) VyO,m+2 + (m+2) V/yl,m+2 + (m+2) V//y2,7n+2 + (m+2) V”/y3,m+2 +...+ (m+2)

/ " " (n—m—1)
t iy VY0tt T iy V ULett T )V V2t + o)V YBare + o iy V

34. As for the manner to determine the coefficients V, V', V" ...V, V' V" ...

one will be able to employ some methods analogous to those that we have proposed
above (28).

Indeed, if one seeks the value of 3 in « or of « in 8 by equation (I), and if one
substitutes it into the formula of n° 31, one will have, by the comparison of the terms
affected with the same powers of « and of 3, a sequence of equations by which one
will be able to determine the coefficients of which there is question. One will be able
also to employ the differential Calculus in order to find the law of these coefficients:
because by differentiating logarithmically the equation

a"ft=V 4+ ...

of n° 31, substituting next in the place of % its value drawn from equation (I), and
making vanish, by means of this equation, the terms where will be found o~ g™,
in the same way one has taught it in n® 29, one will have an equation of which each
term must next be supposed equal to zero; this which will give a sequence of equations
which will contain the relation which must rule among the coefficients of which there
is question.

Further, as all that is no more than an affair of analysis, we will not occupy our-
selves with it further, contenting ourselves for the present to have reduced the integra-
tion of the linear equations in the finite and partial differences to a known theory, which
demands of other help only those which the ordinary methods can furnish.
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REMARK L

35. T am going to terminate this Article with some important Remarks. The first,
that one will be able always to find as many different expressions of ¥, ; as there will
be terms in the last column of equation (I), which correspond to the last column, or
to the highest rank of the proposed differential equation of n°® 6. Indeed, to each of
the terms to which of which there is question such as N (m)a”*mﬂm, which comes
from the term N (m)ym+n,m7t+m of the differential equation, will correspond, as one
has seen, an expression for ¥, ; in which the terms given from the Table of n° 6 will
be those which form the first m horizontal ranks, and the first n — m vertical ranks;
and it is easy to be convinced, with a little reflection, that one would know how to find
one such expression only by means of a similar term; so that, if the term of this form
lacked in the differential equation, it would be then impossible to be able to express,
in general, the value of y, ; by means of the first m horizontal ranks and of the first
n — m vertical ranks of the Table of n° 6. For example, in the case of the differential
equation (F) of n° 7, where one has only a single term of the highest order, so that n
being equal to 2, m has only a single value equal to 1, the general expression of y ;
demands necessarily that one knows the first horizontal rank and the first vertical rank
of the Table cited, and it is also that which we have supposed in the solution of n°® 13.

REMARK II.

36. The second Remark concerns the case where equation (I) has some rational
factors, so that it can be decomposed into as many particular equations. In this case,
one can simplify the general method by considering in part each of these equations and
seeking the expression of y, ; which results from each of them; because the sum of
these different expressions of y,. ; will be the complete expression of y,. s which agrees
with the differential equation proposed. Indeed, we suppose that equation (I) of degree
n can be decomposed into two rational equations of degrees p and g, so that p+ ¢ = n;
it is easy to prove that, if one makes

7 "
Yz,t = ym,t + yw,ta

the differential equation in y, ; of order n will be able also to be decomposed into
two equations, the one in y; , of order p, the other in ./, of order ¢; and these two
equations will be such that, if one sets into the first o3 in the place of ¥/, , and in
the second place a* 3! in the place of Yy ¢» there will result from it the two equations
of degrees p and ¢ which are the factors of equation (I) resulting from the substitution
of a” % in the place of y, ; in the proposed differential equation. And this conclusion
will take place for all the factors of the same equation (I).

In regard to the arbitrary functions, it is clear that the expression of y;,t will contain
in it a number p, and that the expression of y;’, will contain in it a number g; so that
the expression of y,, ; will contain in it a number equal to p + ¢, that is to say equal to
n; consequently this expression will be complete.

In order to determine now these functions according to the values given by ¥, o,

Y, 1» -+ -5 Y0,t> Y1,¢5 - - - (33), one will suppose first that the given quantities are
Yo0> Y1r -+ > Yo.0r Yigr- -+, atthe same time as y., o, Yo 15+, Yo.i» Yigr -+
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one will determine, by aid of the first ones, the arbitrary functions of the expression of
y;,t, and, by aid of the second ones, the arbitrary functions of the expression of y‘;”t, by
the general method of the number cited; next there will be no more than to substitute
in the place of these quantities their values in ¥, 0, Yz, 1, -- -5 Y0,t> Y1,t5- - --

For this one will remark that, since one has a differential equation in y’m, and one

in 3/ ,, and since moreover
/ /!
Yzt = Yzt + Yzt
7

one can always, by elimination, find the value of ¥, ,, at the same time as that of 3/ ,,
in y, + and its differences; thus one will know thence the values of the quantities of
which there is question through those of y, o, Yz, 1, - -

If equation (I) had many rational factors, one would make relatively to all these
factors some reasonings analogous to the preceding, and one will draw from it some
similar conclusions.

REMARK III.

37. The third Remark has for object the case where equation (I) has some equal
factors; in this case one knows by the theory of equations that these factors will be
necessarily rationals; so that, according to the method of the previous number, one
will be able to consider these factors equal apart and independently of the others; thus
the difficulty is reduced to the case where the equation in « and 8 will be any power
whatsoever of another equation. We designate this last equation by

II=0,
and let the proposed equation in « and j3 be,
nm =0;

I say that if one seeks the general expression of y,. ; according to the equation IT = 0 by
the methods explicated above, and if one names this value y;i, if next one designates
by Yy 1 Yirt» - - - some other similar expressions, in which the arbitrary functions are
different, one will have for the general expression of y,, ; resulting from the equation
I =0,

! " ! "
Yot = Ypt T Yz—10 OF Yau = Ypy T Yz 11>

if m = 2;
Yo, 0 = y;:,t + CEy;slfl,t + z(z — 1)9;/72,157
or
Yot = Ypt + TYy_1 4+ TYr 141
or
Yot = Yt + W 1 2y g, g,
or finally

1"

Yot = y;,t + tyézl,tfl +t(t — 1)%,#2»

if m = 3; and thus in sequence; these different expressions of y,, ; revert always to the
same.
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Indeed, if one secks the value of o3¢ according to the equation II = 0, one will
have for the equation IT?> = 0 the same value of o 3¢ and moreover this here

za® 1Blda or ta®BiTdp,

do and df3 being some indeterminate quantities; and for the equation II? = 0, one will
have, beyond the value of a” Bt which corresponds to IT = 0, these two others here

ra” 1plda, x(x—1)a®%da?,
or else these two here
za® 1B, xta® 1B dadp,

or
ta®BYdB,  tza® 1B dadp,

or else again
ta”B1dB,  t(t—1)a"B % dp?,

and thus in sequence; being indifferent to make « or 5 vary at each new differentiation.
Thence and from this which we have already said in n ® 16 and 36 it is easy to deduce
the preceding formulas for the general expression of y, ; and to continue them farther
for all the exponents m.

As for the determination of the arbitrary functions, it has no difficulty; because there
will be only to determine first those which enter into the expressions of 3, ,, of g/ , . ..

DY Yr.00 Y1 <+ 5 Yo,u0 Y45 - - -» DY the values of ¥ o, yi 1, o5 Yy 45 Y1 s - - -5 MEXE
one will determine these last by those of ¥, 0, Yz,1, - -, Yo,¢5 Y1,¢, - - - according to the
formulas

Yot = y:/v,t + xy;clfl,t +...

given above, combined with the differential equation which corresponds to the equation
IT = 0, and which is the same for all the quantities y;, ;, ¥ ,, ... since they differ
among themselves only by the arbitrary functions.

REMARK IV.

38. The fourth Remark will take in some transformations that one can use in order
to facilitate the integration of the equations in the finite and partial differences. If in the
equations in v and 3 resulting from the substitution of o” 3" in the place of y,. ; in the
proposed differential equation, one makes

a=ae™y" +ad ey +a' e " 4.,
B = bePy? + b’eplvq/ + b”ep//'yq” +...,

a,a,ad,. ... bb, b, ...,m,m,m", .., n,n,n, . p 0,00 d, 4",
...being some given constants any whatsoever, and €, v two new indeterminates, one
will have one transformed from ¢, v which will be able in many cases to be simpler and
more tractable than the first equation in «, 3.
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Now I say that if one regards this equation in €, as resulting immediately from
an equation in finite and partial differences among the three variables x, ¢ and z, ¢, by
the substitution of €*y" in the place of z, ;, and if one deduces from it by the methods
above the general expression of z, ¢, it will be easy to conclude from it the general
expression of y,, ; in the following manner. One will substitute for that the same values
of o and S in the quantity o 3%, and developing the terms one will have an expression
of this form

awﬁt — Agmerpt,ynw«th + Bemw+pt+u7nx+qt+y + Cemw+pt+7r,ynw+qt+p 4.

Now €”~" is a particular value of z, ;, likewise as a”/3" is a particular value of y, ;;
thus passing from the particular values to the general expressions, one will have imme-
diately

Yo t = Aznwxc+pt7 na+qt T Bzmx+pt+u,nx+qt+u + Cme+pt+7r,7Lac+qt+p +..

One would be able to transform anew the equation in € and v, and one would find
in the same manner the corresponding value of z, ;.
We suppose, for example,

a=a+pt, B=b+qy,
one will have

a®B' = A+ Be+Cy+ De* + Eey + Fy? 4 ...

by making
A = a®1,
B =za"p x 1, C =th""1qg x a®,
1
D = ;v(x2 )az*2p2 x b, E = xcﬂ*lp X tbtflq, ce
and thence

Yot = AZQ7() + BZLO + CZ()’l + DzQ,O + Ele —+ ...

If one would wish to make successively the two substitutions, one would have first

x(r—1
Yar = Yo, +xa” pyl, + %ax’lﬁy'zt +.

and next

tt—1
+ ( 5 )bt_2q221)2+...

Reciprocally one will be able to determine the values of z, ; by those of ¥, ; by
substituting into €“~¢ the values of € and ~y in « and 3 and changing next each product

from « and 8 such as a”3° into y, 5.

ylx7t = thw,O + tbt_lqsz
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REMARK V.

39. The fifth Remark is that it can happen in the solution of the Problems that
the terms given in the Table of n° 6 are not those which form the first horizontal or
vertical rank of this Table, as we have always supposed until here, but of some others
whatever. Then among the different forms that one can give to the general expression
of y, ; it will be necessary to choose that which will render the determination of the
arbitrary functions by the given terms, the easiest; but one would not know how to give
the general rules for this, and it is necessary to abandon this research to the sagacity of
the Analyst.

In general, it will be necessary always that there be as many indefinite lines of
terms given in the Table of n° 6, as there are units in the exponent of the order of the
differential equation; but it is not necessary that these lines be horizontal or vertical;
they can equally be inclined in any manner whatever, and even they can be curved or
rather composed of an assembly of straight lines differently inclined. We will see some
Examples of it in Article V.

REMARK VI

40. My last Remark concerns the case where one has to integrate many linear
equations which contain as many different unknowns such as yg ¢, 2z ¢, Uz, ... ; it
is easy to convince oneself that one can always by elimination arrive to a single final
equation which contains only a single unknown y,, ;; but it will be often very painful to
start in this way, and one will arrive to the end in a much simpler manner by applying
immediately our methods to the proposed equations. For this one will make first

— x ot _ x Qt _ x ot
y:c,t_aa57 zz,t_baﬁa ’U,z}t—COéﬁ,...,

this which will give, after having divided each equation by o® 3%, as many equations in
«, B and in a, b, c,. .. as there are of these last quantities, and where these quantities
will be all linear; so that if one eliminates the quantities g, g, ..., one will arrive to a
final equation in « and /3 which will contain the relation which it must have between
these two indeterminates, and which will be the same as one had found by the substitu-
tion of aa® ¢ in the place of Yz ¢ in the equation in y,, ; resulting from the elimination
of the other unknowns z, ;, Uz ¢, ... One will be able therefore to find according to
this equation and by means of the methods exposed until here, the general expression

of y,; we will denote this expression by y:’” Now as the equations in a, b, c, ...

are purely linear, one will be able to find the values of 3. £/ ... through some rational

a
functions of « and (3; let be therefore

b A ¢ C

a B a A7
A, B, C,...being some rational entire functions of « and ; as a is a constant which

remains arbitrary, one will be able to set everywhere a A in the place of a; by this means
the quantities aa® 3%, ba® B, ca® 3, . .. which are the particular values of y, 1, zz.t,
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Ug.t, - .. will become aAa® B, bBa* [, cCa® [, ... Now the quantities A, B, C' ...
are necessarily of this form
A=Pa™B" +Pa™B" + ...,
B=Qa’B+Qa” B +...,
C=Ra"B+Ra" B +...,

P,Q, R, P, ...,mmnm,... being some given constants; therefore the particular
values of which the is question will become of the form

Paax—&-mﬁt—i-n + P/aa:c-i—mlﬁt—&-n' + ...,
t ! at+q’
Qaa™ P 4 Q' aa™ P BT 4

’ ’
RaaerrBtJrs + R/aaerr 5t+5 + o

but, by hypothesis, a3t is the particular value of Yy.+> therefore passing from the
particular values to the general expressions, one will have also, in general

_ / /oy

Yzt = Py£+m,t+n + P yr+7n’,t+n’ +... )
’ 10

Zat = QYuipirg T @ Vrtptrg T

/ /!
ul’,t = Ryz+r,t+s + R yz+r/,t+s’ +... ’

and there will be no more than to substitute in the place of y; , its general expression
found previously.

ARTICLE IV. — On the triply recurrent sequences, or on the integration of the
linear equation in finite and partial differences among four variables.

41. If one imagines a sequence of which the terms vary in three different ways, and
if one supposes that there is always among a certain number of successive terms of this
sequence one same linear equation, of which the coefficients are constants, this will be
thence a triply recurrent sequence; and the equation of which there is question will be
a linear equation in the finite and partial differences among four variables, of which the
integration will be the object of this Article.

In imitation of that which we have practiced with regard to the doubly recurrent
sequences, we will designate any term whatsoever of a triply recurrent sequence by
Ya,t,u> SO that by making successively

r=0,1,2,3,..., t=0,1,2,3,..., u=0,1,2,3,...,

one will have all the terms which will be able to enter into this sequence; whence
one sees that these terms will be able to form a Table in triply entry in the form of a
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parallelepiped, just as the terms y,, ; of the doubly recurrent sequences form a Table in
double entry in the form of a rectangle (6).
42. This put, let the equation of the third order be

Ay tutBYzst+1,t.0 + CYstit+1,u + DYatit+1,u+1
+B'ys t+1.u + C'Yat 1.t ut1 =0, L)
+B”y;v,t,u+1 + C//yzmt—i-l,u-&-l

which is, as one sees, of a form similar to that of equation (F) of n°® 7.
In order to integrate this equation I suppose

_ Tt _ u
yr,t,u = ax B ’

a, a, B, v being some constants; substituting this value and dividing next the whole
equation by aa® 3ty%, I have this here

A+Ba+ BB+ B'v+ CaB + C'ay+ C"By + Dapy = 0. M)

whence I draw the value of 7 in « and 3, namely

A+ Ba+B'B+CaB
~ B"4+C'a+C"B+ Dafj’

or else, by dividing the top and the bottom of this fraction by a3,

B B, A
_C—FU—FF‘FOTB
D+ <+ S+ 5

"
« af

’y:

I raise now this quantity to the power u, and developing the terms according to the
different powers of é and of % I will have

1 1 1
’VuZV-i-V/*—I—V”f—‘rVWf—I—...

o o? o’
1 1 1
- V= VI— 4+ ...
GV gt Vit

1

+//V7

1
ﬁ2+,,v'—+...

aB?
1
—+ /NVE—F”.,

+,V

where the coefficients V, V', ..., [V, ,
of the constants A, B, B’, .. ..
Multiplying therefore this expression of v* in series by aa®3?, one will have a
particular value of ¥, ; ,; and because a, o and (3 are indeterminates and because the
equation is linear, one will be able to take also for y, ¢, the sum of as many similar
expressions as one will wish by changing at will the values of a, « and 3. Thence it is

V', ... will be some known functions of u and
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easy to conclude, by a reasoning analogous to the one of n° 7, that one will have the
general expression of y, ¢ ,, by setting in that of a”/3'y" in the place of each product
of o and § such as a”3° any function whatsoever of r and s, that one will be able to
designate by f(r, s). Thus therefore, one will have immediately

Yrtu =V (@, t)+ V' fz—1,0)+ V" fx —2,t) + V" f(x = 3,t) + ...
+ Vfx,t—1)+ Vfx-1t-1)+ ,V'flx—2,t —1)+...
+ Vi@ t=2)+ , V' fle—1,t—-2)+...
+,,Vf@t=3)+...

43. In order to determine now the values of the function f(z,t), I suppose that one
knows all the values of y,, ; , when v = 0; now making u = 0, it is clear that one has
~* = 1; therefore V' = 1, and all the other coefficients are null; therefore the preceding
formula will give, when u = 0,

Yz tu = f(.'lf,t)

Therefore, if one makes this substitution, one will have

Yzt =VYzt.0 T VY100 + V" Y200+ V" Y310+ ...
+ Vysi—10+ ,V'yo10-10+ , V" Yo—24-10 + - ..
+ ,Vzi—20+ ,V Ys-1,t-20+ ..
+ ,,VYzi-30+--.

This solution is, as one sees, completely analogous to that of n° 8; also it is subject
to the same inconvenience, which is to give for y, ; , an expression composed of an
infinite number of terms, unless three of the four quantities B”, C’, C"', D vanish
at once, in which case the value of v* will be finite, u being (hypothesis) a integral
positive number.

However the preceding solution will be able to be used in each case where the given
terms Yy, ¢ o are null for all the negative values of x and of ¢; because then it is clear
that the expression above of y,, ; ,, will always be terminated; and this is that which can
take place in a great number of questions.

44. But one can, by means similar to the one of n° 12, obtain a finite expression of
Ya.t,u in all cases. Indeed, if in the value of 7y of n® 42 one makes

B"+C'a+C"B+ Daf3 = w,

this which gives

5= w—B"—-C«
 C"+Da
and if next one makes in this value of /3
e
C" +Da=mn, whence o= h o
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one will have, by substituting successively these values

n—C"
= C'C”" —DB" —C'n+ Dw
= D 7
__ D(BC' = DA~ By) +(€'C" = DB' — Cn)(C'C" — DB" — €' + D)
D2nw ’

expressions which have the advantage of being under a finite form and of not contain-
ing at all a complex fraction; so that if one multiplied together these quantities raised
respectively to the powers x, t, u, and if one developed the terms according to the
powers and the products of 7 and of w, one will have for a®3¢y* a finite expression,
as long as z, t, u will be entire positives.

We suppose therefore

n—C” IX C'C" — DB" — C'n + Dw t
D D

y (BC’ ~DA-By  (C'C" - DB~ Cy)(C'C" — DB" — C'y + Dw)

D D2
=7+ Z/77 + Z//nQ + ZWU3 4.+ Z(x+t+2u)nx+t+2u
+,Zw+ Z'nw+ ,Z"Pw + ...

+ ,/Zw2 + HZ’nw2 +...

+,, Zwd + ...

+ (14w Zwtt 4+ (t4) Z (@) prtuthu
where the coefficients Z, Z’, ..., ,Z, ... are some known functions of x, ¢, u and
of the constants A, B, B’, ...; there will be no more than to multiply this series by

n~t~%w™" in order to have the value of o® 3¢y in 7 and w; and as 77 and w are indeter-
minates, one will be able to draw from it immediately the complete value of y, ; ., by
-Tr —S8

doing only to change each product such as n~"w™*° into f(r, s); in such manner, one
will have therefore

’

Yptuw =2Zft+uu)+Z' ft+u—1u)+Z"ft+u—2,u) + Z" f(t+u—3,u)+ ...

+ ,Zft+uu—1)+ Z'ft+u—Lliu—1)+ Z"f(t+u—2,u—1)+...

+ ,Zft+uu—2)+ ,Z' ft+u—1,u—2)+...
+ ,,Z2f(t+uu—3)+. ..

45. In order to determine now the values of the function f(r, s), one will do as above
u = 0, and one will suppose next successively x =0, 1, 2,3, ..., t=0,1,2, 3, ...;
one will have, by this means, a sequence of equations, whence one will draw the differ-
ent values of the function of which there is question in ¥g.0.0, ¥1,0,0, ¥0,1,0, - - -; but it
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will be difficult to arrive by this means to some formulas simple enough, such as those
which we have found for the case of three variables alone (13).

46. One can also apply to the equations which are the object of this Article the
general method of the preceding Article, and to draw from it some similar conclusions.

Indeed, it is first evident that if o/ 3™~™ is one of the terms of the highest dimen-
sion of the equation in «, 3, 7 resulting from the substitution of o 3'y* in the place
of Y.+, in the proposed differential equation, it is evident, I say, that by substituting
successively, as much as it is possible, the value of this term into the quantity o 3¢~%,
one will be able to reduce it to a finite sequence of powers of «, 3, v, among which
there will never be found the product o!3™~™. Next one will be able to prove by the
principles of n° 32 that there will be only to put into this expression of a3ty in the
place of any product whatsoever such as a”3°~9 any function whatsoever of the three
numbers r, s, ¢ that one will be able to designate by f(r, s, q), in order to have imme-
diately the general and complete expression of ¥, ; ,,. Finally one will demonstrate as
in n° 33, that these functions will be respectively equal to the first terms of the proposed
recurrent sequence, so that one will have, in general,

f('l", S, Q) = y:C,t,u;

it will be necessary therefore to suppose given all the terms of the form y,. 5 , in which
one will not have all at once

r=or >[, s=or>m, q=o0r>n;

and then one will have, by means of these terms, the general expression of g ; 4.

47. For example in the case of n° 42, the equation in «, 3, -y, containing in the
rank of the highest dimension the term Da3+y, one will be able to reduce the quantity
a® Bt to a finite series of the form

P + Qo + Ra? + Sa? +Tat. ..
+Q'B + R'af +8'a?p +T'a%B...
+QN’Y +R"oz’y —|—S”oz2’y —&—T”a?”y...

+ R" 32 +8"ap®
+ RYBy +SVay?
+ R'~? +8Vp2
+ 8V
+8¥igy?
e

in which is found all the powers of «, 3, , either alone, or combined among themselves
two by two, but never the three quantities together. And as the term DS is the only
one of the highest dimension in the equation of which there is question, it follows that
one will be able to find only this single finite expression of a*3!y“. Consequently one
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will be able to have only a single complete expression of y, ; ,,, which will result from
the substitution of f(r,s,q) or else of y, ; , in the place of a” 347 in the preceding
formula.

In this case therefore it will be necessary to suppose known all the terms such
as Y s,q, one of the three numbers r, s, ¢ being null; that is to say all the terms
Yr.s,05 Yr.0,q> Y0, s,q» Which form the three faces of the parallelepiped of the Table in
triple entry of which we have spoken in n° 41.

In regard to the coefficients P, Q, Q’, Q”, R, ... one will be able to employ some
methods analogous to those that one has proposed in Article III; but as in the case of
equation (M) one can represent the three quantities «, 3, v by some finite and rational
functions of two other indeterminates, as one has found in n° 44, it will be simpler to
substitute these values of a, 3, v into  and w into the expression o* By, and next in
the series

P+Qa+QB+...,

and to determine next by the comparison of the homologous terms the values of the
coefficients P, @), Q.

48. I will not push further these Researches on the integration of the linear equa-
tions in the partial and finite differences of which the coefficients are constants; it is
easy to see through what means one will be able to apply to the equations of all orders
the methods which we just exposed; I am going to show now the usage of these meth-
ods in a small number of chosen Problems concerning the theory of probabilities, this
which will serve not only to cast more publicly on these methods, but yet to give to the
Analysis of hazards a new degree of perfection.

ARTICLE V. — Application of the preceding methods to the solution of different
Problems in the Analysis of chances.

PROBLEM L

49. A player wagers to bring forth a given event, b times at least, in a number a of
trials, the probability of bringing it forth at each trial being p;, we demand the lot of
this player.

We designate by 1, ; his lot when there are more than x trials to play, and when he
has yet to bring forth the event in question ¢ times; it is clear that the sought lot will be
Ya,b- Now by supposing that we play a trial, it is easy to form by the known principles
of the Analysis of chances the following equation

Yot = PYo—1,t-1 + (1 = P)ys_1.4;

which is, as we see, linear of the second order in finite and partial differences among
three variables.

Moreover, we see by the conditions of the Problem that the player wins when ¢ = 0,
x being any whatsoever; and that he loses when x being equal to zero, ¢ is greater than
zero; thus we will have y,, o = 1, z being any whatsoever, and yo; = 0, ¢ being > 0;
so that, in this case, the given terms of the Table of no. 6 will be those which form the
first horizontal rank and the first vertical.
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Such are therefore the conditions of the Problem; in order to resolve it, there is no
concern but to integrate conveniently the differential equation found according to the
methods exposed in Article II.

For this, I put this equation under the following form, by increasing by one unit the
numbers x and ¢,

Yzt + (L= D)z t+1-Yot1,041 =0,
and I note that it is contained in formula (F) of no. 7 by making

A=p, B=0, B'=1-p, C =-1.

Employing therefore the solution of the same section, we will have

Go__ PP,
l-p—a «

therefore

t(t+1)
2

e o it

whence we deduce (8) the general expression

t(t+1)
2

Yot = D" |:y.'c—t,0 +t(1 = p)yz—t—10+ (1= p)*Ya—t—2,0+ - } .
This expression goes to infinity; but as it is necessary, by the conditions of the Problem,
that we have yo; = 0 when ¢ is > 0, it is clear that it will be necessary that we have
separately

Y-10=0, y-t-10=0, Y—4-20=0,...,

whatever be ¢, provided that it be > 0; whence it follows that the quantities y, o must
always be null when s will be a negative number, which is the case of no. 9, where
we have seen that the series must be finite. Next the conditions of the Problem give
also vy, 0 = 1, whatever be z; therefore, substituting these values into the preceding
expression, we will have

tt+1)
2

yz,t:pt|:1+t(l—p)+ (1_p)2+..l,

where it will be necessary to take only as many terms as there are units in x — ¢ — 1.
Therefore finally, changing = to a and ¢ to b, we will have for the sought lot

b(b+ 1)
2

R ]

Yap = P’ [1 +b(1 —p) +

This Problem is resolved in the Doctrine of Chances of Moivre (page 13, edition of
1756), by induction, and our solution agrees perfectly.
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COROLLARY.

50. If the question were to bring forth the given event b times neither more nor
less, in a trials, conserving the same denominations as above, we would find first the
same differential equation, and consequently the same general expression of y, ;; next
we will prove also that y ; must be zero when ¢ > 0; which will render null all the
quantities 5 0, where s will be negative; but, in regard to y, o, it will be necessary to
consider that this quantity expresses the lot of the player when he must again play x
trials, and that he must no longer bring forth the given event; now, as the probability
of not bringing forth this event at each trial is 1 — p, that of not bringing it forth in x
successive trials will be (1 — p)®; thus we will have

Yz,0 = (]- - p)Ia

and, in general,

Yso = (1 —p)°,
s being any positive number or zero. By these substitutions, the expression y, ; will
become

t(t+ 1)

z— tt+1)---(z—-1
Yo =p (1 —p)*" 1+t+T(1_p)2+ ( ) ( )

1.2...(z—t) |’

which can be reduced to this simpler form

e

Yt =

Therefore, changing x to a, t to b, we will have for the sought lot

S i e A

Ya,b =

We would be able, besides, to deduce immediately the solution of this last Problem
from that of the preceding section; because it is easy to understand that, if from the
probability of bringing forth a given event at least b times in a trials we take off that
of the bringing it forth at least b + 1 times in a similar number of trials, there must
remain the probability of bringing forth the same event only b times in a trials; whence
it follows that, if we designate by Y, ; the value of ¥, ; of no. 49, we will have for the
case of the present Corollary

Ya,b = Ya,b - Ya,b+1~

It is in this manner that the Problem in question is resolved in the Work cited of de
Moivre, page 15; but what we have just given for it is not only simpler, but it has the
advantage of being deduced from immediate principles.
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PROBLEM II.

51. We suppose that at each trial there can happen two events of which the respec-
tive probabilities are p and q; and we demand the lot of a player who would wager to
bring forth the first of these events at least b times and the second at least c times, in a
number a of trials.

Let, in general, y,. ; ., be the lot of the player when he has yet x trials to play, and
when he must yet bring forth the two events, one ¢ times and the other u times; it is
clear that the sought lot will be y, p, ..

Now if we suppose that we play one trial, and if we consider the different cases
which can occur, we will form easily, according to the known principles of the theory
of chances, the equation

Yotu = DYs—1t—1u + Wa—1tu—1+ (1 =D — Q)Ya—1.t,u;

which is, as we see, in finite and partial differences among four variables.

Now it is clear: 1° that the player loses when x being null, ¢ and u have still any
positive value; whence it follows that we must have, in general, o+, = 0 when ¢ or
u > 0; 2° that if we make v = 0, we have the case of the Problem preceding, so that
the value of ¥, ; o must be the same as that of y,. + of no. 49 above; 3 ° that if we make
t = 0, we will have also the case of the same Problem by changing only p to ¢ and ¢ to
u; consequently, the value of vy, o, Will be also the same as that of y, ; of no. 49, but
by changing ¢ to u, p to q.

This put, I set the differential equation under the following form

PYstutl + Watt1u+ (1 —D — OYst+1ut1 — Yotit+1,u+1 =0

and comparing it to formula (L) of no. 42, I will have, by making, for brevity, n =
l-p—gq

1
VZBxl_Q_L’
q « af
whence
w 4" U P wlu+1) [ 5 2np p?
= — 1 — — - 7 - Jul
gl o +a n+ﬂ+20[2 n+ﬂ+52
u(lu+1)(u+ 2 3n? 3np? 3
(w+D(u+2) (5 307 AN 40 IR

2.3.a3 I6] I} I6]

and from there I will have immediately, by the formula of no. 43, this general expres-
sion

Yz tu = qu[ym—u,t,O + u(nyz—u—l,t,o + pym—u—l,t—l,O)
u(u+ 1)
+—5
u(u+ 1)(u+2)
2.3

(n2y17u72,t70 + 2npYs—u—2,t—1,0 + p2ym7u72,t72,0)

(N3 Yr—u—3.0.0 + 30 DYz—u—3.t-1,0 + 3P Yo—u—31-2.0 + DY —u—3t-3.0)

+]
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This formula goes to infinity; but as it is necessary when = 0 we have yo ¢, = 0,
whatever be ¢ and u, provided that they are not null at once, it is easy to see that all
the terms of the form y,. 5 o in which r will be negative, must necessarily be null; so
that the formula will become finite, and that it should be advanced only to the terms,
inclusively, which will be affected with the coefficient

uwu+Du+2)---(z—1)
1.2.3...(x —u) ’

Thus therefore we will have no more than some terms of the form y,. , o where r
will always be positive, but where s can become negative. In order to know the values
of y, s,0 When s is negative, I make in the general formula above ¢ = 0 in which case
the value of y, o ,, must be equal to that of y, ; of no. 49 by changing ¢ to u and p to
¢; and as this equality must take place whatever be = and u, I deduce easily from it, by
the comparison of the terms affected with the same coefficients u, W, ...,these
equalities

Yr—u,0,0 = 17
NYzr—u—1,0,0 T PYz—u—-1,-1,0 = 1 — @,

N2 Yp—u—2.0,0 + 20PYs—u—2.-1.0 + P Yr—u—2—20 = (1 — q)?,

and thus in sequence; whence we deduce successively, because n =1 — p — g,

Yr—u,0,0 = ]-7 Yr—u—1,-1,0 = ]-7 Yr—u—2,—-2,0 = ]-1 ceey

so that we will have, in general,
Yr,s,0 = 1

when s will be zero or negative, r being positive or zero.

We can moreover convince ourselves a priori that y,. ; o must be equal to 1 when
s is negative; because by supposing s positive, this quantity expresses the lot of the
player, when there remain to him still r trials to play, and when he must still bring forth
one of the events s times; now, if s becomes negative, it is clear that we will have the
lot of the player when he has already brought forth the event in question more than
s times needed; in which case, by the conditions of the game, he is counted to have
already won; consequently his lot must then be always equal to unity.

Therefore, in general, in order to have the value of the terms ¥, s o which can enter
into the expression above of ¥, + ., we will note: 1° that these terms are all null for all
the negative values of r; 2° that these terms are all equal to unity for all the negative
or null values of s, r being zero or positive; 3° that r and s being positives or zero, we
will have for the preceding Problem

s(s+1)
2

yr,s:pt 1+S(1_p)+

Thus the problem is resolved.
We see from this how it would be necessary to take it if the number of events were
anything; there will be difficulty only in the length of the calculation.
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PROBLEM III.

52. The same things being supposed as in the Problem II, we demand the lot of
the player who would wager to bring forth, in an undetermined number of trials, the
second of two events b times before the first had happened a times.

I designate by y.. ; the lot of the player when he must still bring forth the second
event ¢ times before the first happens z times; it is clear that y, ; will be the sought lot.

We imagine now that we play a trial, and as the probability of the first event is p
and that of the second is ¢ at each trial by hypothesis, we will form easily the equation

Yot = PYz—1,¢t T QYz,t—1,

and we will note that the player wins when ¢ = 0 and x any positive, and that he loses
when x = 0, and ¢ any positive; so that we will have y, o = 1,  being > 0, and
Yo+ = 0, t being > 0.

This put, if we set the differential equation under the form

PYat+1 + qYot1t — Yot1,e41 = 0,

and if we compare it to formula (F) of no. 7, we will have

_ 4> _ 9 .
/B_ p_a 1_57
therefore
tt+1)p?  tt+1)(t+2)p3
t—at |1 tB £ £ o4 ...
ﬂq[+a+ 2 a2 23 @

and consequently (8),

tt+1) ,
9 p

Yot =" |:y;c,0 + tpYu—1,0 + Yu—2,0 + - } .

Now since yo,; = 0, it will be necessary that we have

Y0,0=0, yo,-1=0, yo,—2=0,...,

so that we will have the case of no. 9, where the series becomes finite, and as besides
we must have y, ¢ = 1, there will result from it this expression

Ht+1) , tE+1)(t+2) HE+1) - (t+a—2)
T 0y Dot 12..(z-1 7 1

Yor =¢q" |1+tp+

whence there will be no more than to change = to a and ¢ to b.

51



ANOTHER SOLUTION OF PROBLEM III.

53. We can also find another solution of the preceding Problem by means of the
formulas of no. 13, which give in all cases a finite expression for y, ¢.
By applying these formulas to the present case, we will have

m=1, n=p;

so that the quantities Y, Y”,Y",... will be y0,0, ;¥1,0, 52,0, - -, and because the
conditions of the Problem demand that

Yo,0 = 0, Y10 = 1, Y2,0 = 1.

this series will become

whence, by taking the successive differences, we will have

1 1 2 1 3 3
Y=0AY =, A’V = - AY = — — =+
p p p p D D
therefore
fO)=0, f)=1, f2)=1-2p, f(3)=1-3p+3p°
f(4)=1—4p+6p—4p°, ...,

whence it is easy to conclude that we will have, in general,
flx) =010 -p)" = (-p)",

as long as x is 0 or > 0.
Next, as the conditions of the Problem require also that

Yo,0 = 0, Yo,1 = 0, Yo,2 = 0,...,

it follows that the quantities Y, 'Y,” Y, ... will all be null; consequently their differ-
ences Y, 62Y, ... will be null, which will give

F(0)=0, f(-1)=0, f(-2)=0,... and f(—z)=0.

Finally, as A = 0, and as that which we just named p in the place cited is = — =, =
q, we will have

r+t)(z+t—1
CEIRIED e

V=g, V=(@+t)p, V'=
Therefore substituting these values into the formula

Yer =Vf@)+V'fla—1)+V"fla —=2)+ -+,
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we will have

Yo =4 [1=p)" = (=p)" + @+ )[1 - p)*"" = (=p)"Ip

(x+ t)(a;+ t—1) [(1—p)"2 = (—p)® 22+ +

(@+t)z+t—1)---(t+2) .
12.. . (z—1)

We can again simplify this expressing by noting that
A=p)" = (p"=A-p" = (A=p)"Pp+ 1 -p)*%p* — - £p",
A=p) = (=p)" =1 =)= (A =p) " p+ - Fp

and thus in sequence; so that by substituting these values and ordering with respect to
the powers of 1 — p, we will have

Yo =" [(1=p)" "+ (@+t—1)(1—p)*p

N ((x+t)(x+t—1) _ac+t_1) 1 +...+pm—1}

2 1
or else by reducing

($+t—1)2(1'+t_2)(1_p)1*3p2+
(zrt=D+t=2)(t+1) .,
12.. . (x—1) }

This expression of y, ¢, although under a different form from that which we have
found in the preceding number, reverts however at base to that one, as we can con-
vince ourselves easily be developing the powers of 1 — p, and ordering next the terms
according to those of p; that which can serve to confirm the exactitude of our methods.

Besides, we see that in the Problem in question the method of the first solution is
preferable to that of which we just made usage, not only because the process is easier,
but mainly because the result is much simpler.

PROBLEM IV.

Yot =¢ [(L=p)" "+ (@+t-1)(1-p)* *p+

54. We suppose that at each trial there can happen three different events, which I
will designate for more clarity by P, Q, R, and that the probabilities of these events are
respectively equal to p, q, r; we demand the lot of a player who would wager to bring
forth the event R c times before the event Q happens b times, and the event P happens
a times.

Let y, ¢, be the lot of the player when he has yet to bring forth the event R w times
before the event Q happens ¢ times and the event P happens « times; we will have y, 4 .
for the sought lot. Now, by supposing that we play one trial, we will attain the equation

Yzt u = PYz—1,tu + QYz,t—1,u + TYz,t,u—13

and since the player is counted to have won when v = 0 and z, ¢ greater than zero; but
on the contrary he is counted to have lost when ¢ = 0, and z, u greater than zero, and
when z = 0 and ¢, u greater than zero, it follows that we will have

Yx,t,0 = 1a Yz,0,u = Oa Yo,t,u = Oa
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x, t, u being any whole positive numbers.
The differential equation above being set under the form

DYz, t+1,utl + @Yzt 1tutl T "Yer1t41,u — Yorl,t4l,utl = 0,
is found contained in the formula (L) of no. 42, and we will have

raf B r
qa+pf—af  1-2-—

’Y:

=l

whence

p,a\  uwu+l) p* 2pq ¢
u — u 1 - 1 i = =
i (2 ) D (2 2m
uw(u+1)(u+2 3 3p? 3pq® 3
(wtDuw+2) (p°  3p%q  3pa° @\, ]
2.3 ad o288 ap? B3
And thence we can deduce immediately the value of y, ; ,, by changing in the expres-
sion of 4" each product such as ﬁ 0 Yz—p,t—0,0, in the same way we see it by the
comparison of the general formulas of no. 42 and 43. Thus we will have

++

Yzt =" [Yo,0,0 + U(DY2—1,6,0 + @Wa,t—1,0)
u(u+1
(T>(p2yzfz,t,0 + 2pqYs—1,4-1,0 + @Y ,t—2,0)
ulu+1)(u+ 2
%?E)(ngx—g,t,o + 3p%qYe—21-1,0 + 3P¢*Yr—1,0-2.0 + @ Yu.1—3,0)

1.

Now by the conditions of the Problem it is necessary that y, ; ,, become equal to zero
when z = 0, or t = 0 whatever be u; and it is clear, by the preceding expression, that
this condition obtains the one that each quantity such as y; ; o is null when x = 0 or
negative, or when ¢ = 0 or negative. Moreover, it is necessary also by the conditions of
the Problem that y, ; o be = 1 when x and ¢ are greater than zero. Whence it follows
that the general expression of y, ¢ ,, will become finite, and will be represented in the
following manner

u(ut1)

5 (p® + 2pq + %)

Yo tou = |l - u(p + q) +

w(u+1)(u+ 2
_ wlut D+ 2) 2)?5 L% + 3520 + 3¢ + ¢°) + -+

by continuing this series only as long as the powers of p will be less than x, and those

of q less than t.

So that if we designate, for more simplicity, the coefficients u, u(“;r )

u(u+1)(u+2)
2.3

5 P
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yu', u’, v, ..., we can give to the expression in question this form

Yot =7 |1+ up+u"p? + - +u@ Vp®

+ulq+2u//pq+3uu/p2q+ +xu(’”)p$_1q

z(x+1 1) o
+u/q2+3u1/pq2+6uzvp3q2+ S+ ( 5 )u(z 1)p 1q2

wt=D gt 4ty Opgt=1 4 t(t+1)u(t+1) 2 11

2
where the coefficient of the last term u(*1t*=2)p—14t=1 will be equally
e+ 1) (z+2)-(z+t—2) or tt+1)E+2)--(t+z—2)
23...(1—1) 23.. . (z—1) ’

these two quantities being equal to each other, as we can convince ourselves by multi-
plying the one by the denominator of the other, and vice versa.

COROLLARY I.

55. If we supposed that at each trial there could happen four different events P, Q,
R, S of which the respective probabilities are p, ¢, r, s and if we sought the lot of a
player who would wager to bring forth the event S z times before the events R, Q, P
could happen respectively u, ¢,  times, the Problem will always be resolved by the
same method, and we will find, for the sought lot, the expression

z(z+1)
2

2(z+1)(24+2)

3
53 (p+aqg+r)+

s |1+ 2(p+q+7)+ (p+a+7)°+
in which, after having developed the powers of p + g + r, it will be necessary to retain
only the terms where p will be raised to a power less than x, ¢ to a power less than ¢, and
r to a power less than u; so that all the terms which must enter into the expression in
question will form a rectangular parallelepiped, in which the three sides which depart

from the same angle where there is the term s© will be formed by these three series

s 1+ zp+ @]f 4+t 2z + 1)§Z2+ 2)(x_(i)+ z—2) $_1:| 7
s¢ -1+zq+@q2+...+ Az +1)(= +2)(t (Z)+t_2)qt1:|’
.l 2(z+1) , (z+1)( +2)-(z+u—2) ,

S _1—|—zr—|—Tr NI O , }7

and the number of all the terms will be equal to (x — 1)(¢ — 1)(u — 1).
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COROLLARY II.

56. In general, if the events which can happen at each trial are A, B, C, D,.. ., and
their respective probabilities a, b, ¢, d, ..., and if we demand the lot of a player who
would wager to bring forth the event A « times before B happens [ times, C' -y times,
D ¢ times, . . ., we will find this expression

ala+1)

a® |T+alb+ctd+ )+ (b+c+d+---)>

ala+1)(a+2)

b d+--- )3+ ...
53 (b+ect+d+--)"+ ;

in which, after having developed the powers of b + ¢ + d + - - - , it will be necessary
to retain only the terms where the powers of b will be less than 3, those of ¢ less than
v, those of d less than J, etc.; so that the number of all the terms which must enter into
this expression will be

B-=DO=DE =1

and it is easy to prove by the known Theorem on the form of the coefficients of the
powers of multinomials, that each of these terms will be of the following form

ala+1)-(a+l+m+n+---—1) (+1)(1+2)---(I4+m+n+---)
12...(l+m+n+--) 1.23...mx123...nx1...

by giving successively to [, m, n all the integer values from zeroto 5 — 1, v — 1, 6 —
1, ... respectively.

REMARK.

57. The problem of which we just gave a very general and very simple solution
contains in a general manner the one that we call commonly in the Analysis of chances
the Problem of points, and which has been resolved completely only for the case of
two players. (See the Analyse of Monmort, Propositions XL and XLI, second edition:
The Doctrine of Chances of Moivre, Problem VI, second edition; the Mémoire of M. de
Laplace printed among the Memoirs presented to the Académie des Sciences in 1773,
Problems XIV and XV.)

If two players A and B playing together to several games have the respective prob-
abilities p and ¢ to win each game in particular, and if there is lacking to player A x
games or points, and to player B ¢ games or points to win, we will evidently have the
case of Problem III (52), and y,; ; will be the lot or expectation of player B; and our two
solutions accord with those which we find in the Work cited of Monmort. Nos. 191,
192.

If there are three players A, B, C of whom the respective probabilities to win each
game are p, ¢, 7, and if there is lacking to A x games, to B ¢ games, to C u games,
we will have the case of Problem IV (54); and y, ; ., will be the lot or expectation of
player C, and thus in sequence.

In general, if there are as many players as we wish, A, B, C, D,... of whom the
respective probabilities to win each game are a, b, ¢, d, ..., and if there is lacking to
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them respectively «, 3, 7, 4, . .. games, we will have by Corollary I above the general
expression of the lot of player A and consequently also that of the lot of each of the
other players by changing among them the quantities a, b, ¢, ... and «, 3, 7, . . ..

PROBLEM V.

58. The probability to bring forth a given event at each trial being p, a player
wagers that in a trials at least he will bring forth this event a number of times which
will surpass by b the number of times where he will not bring it forth.

Let y, ; be the lot of the player when he has no more than z trials to play, and when
he must still bring forth the given event a number of times which surpasses by ¢ the
number of times where he will not bring forth this event; it is clear that the sought lot
will be yq .

If we imagine now that we play one trial, it is easy to from the following equation

Yzt = DYa-1,t—1 + (1 = D)Yz—1,141;

and as the player wins when ¢ = 0 and x whatever, and to the contrary he loses when,
x being null, ¢ is still positive, it follows that we will have y,. o = 1, x being whatever,
and yo,; = 0, ¢ being > 0.

I make for greater simplicity 1 — p = ¢, and I put the equation above under the
following form

PYzt + @Y t+2 — Yot1,441 = 0,

which is, as we see, contained in the general formula (G) of no. 15; and there will
come from it, according to formula (H), this equation in « and 8

p—af+af®=0;

whence it will be necessary to deduce the value of 3 and next that of 5% in « by a
descending series. For this it is necessary to employ the method that I have given in
my Mémoire sur la résolution des équations littérales, printed in the volume of this
academy for the year 1768. In no. 26 of that Memoir we find two formulas which give
the two values of ™ in the equation

a—bx+cx’ =0,
and which can be applied in the present case by making
xZﬂ? mZt’ a:p7 b:a’ C:q;

we will have thus

5t pt tpt+1q t(t + 3) pt+2q2 t(t + 4) (t + 5) pt+3q3

:J_‘_ att2 * 2 attd 2.3 atte L
or
. aof tpat™? t(t—3)pPal~t  t(t—4)(t —5) pPalb
B = ? - g1 + 92 qi—2 - 2.3 at—3 +-
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These two values of 3¢ being compared in the general expressions of 53¢ of no. 15, we
will have

N:_1»N/:2>MH:4;~~

1 tt+3
szt, letpt+1q7TH= ( + ) t+42 2,.“

5 P q
v=1,v=21"=4,...
2" U_l U — tq U — t(t_?’) p2
ot o at—1 - t—27"""
q q 2 g

Therefore we will have (section cited)

t(t+3)

5 P f(w—t—4)

Yot =p' [f(ff— 1) +tpgf(zx —t—2)+

t(t +4)(t + 5)
2.3

Pfle—t—6)+--

t(t — 3)
2

+% |:¢($ +1t) —tpgp(x +t—2) + P2Pd(x +t —4)

_Wp3q3¢($+ﬁ_6)+... )

the characteristics f and ¢ denoting two arbitrary functions, which we will determine
in the manner following according to the conditions given in the Problem.

The first condition demands that when x = 0, we have yo ; = 0, ¢ being any whole
positive number; it is easy to convince ourselves that we can satisfy this condition only
by supposing that the function designated by the characteristic ¢ is always zero, and
that the one designated by the characteristic f also becomes null when the number
of which it is a function becomes negative. In this matter the expression of y, ; will
become finite and will be of the form
t(t +3)

2

PPefla—t—6)+-|,

Yot =D | flx —t) +tpgf(z —t —2) + P f(x—t— 4)

t(t +4)(t +5)
2.3
by taking only as many terms as there are units in 174 + 1or I’TH + 1.
The other condition of the Problem demands next that when ¢ = 0 and x whatever,
we have y,. ; = 1; butin this case we will have, by the preceding formula, y, o = f (z);
therefore f(x) must always be equal to 1, as long as x is not negative. Therefore the
values of f(x —1t), f(x —t—2),...in the expression above will always be equal to 1.
Thus we will have

t(t+3 tt+4)(t+5 )
ym,t:pt 1+tpq+¥p2 2+Mp3 3

2.3 L

and taking only as many terms as there will be units in 2% + 1 or in Z==1 + 1.
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If we wished that ¢ be negative, then by changing ¢ to —¢, in the general expression
of ¥+, we would only change p to ¢ and f to ¢ and vice versa, and, making the same
reasoning as before, we would find

t(t+3
Yot = ¢ 1-+tpq-%*£4§442p2q24--~

It is this which is moreover evident in itself ; because the case of ¢ negative is
the same as if ¢ remaining positive, we exchanged between them the events P and @),
which produces no other difference in the solution than to substitute ¢ in place of p and
vice versa.

This Problem corresponds to Problem LXV of Moivre, and the preceding solution
agrees with the second solution of that Author (page 210, third edition.)

ANOTHER SOLUTION TO PROBLEM V.

59. In the preceding solution we have need to resolve an equation of second degree
in order to have the value of 8 in « through the equation

p—af+ap®=0;

but if instead of determining (5 in o we wished on the contrary to determine « in f3,
we would have then only one linear equation to resolve, and this value of « in 5 would
have the advantage of being finite and of giving directly an expression for y, ; in finite
terms.

Indeed, we will have

a:%+w;

I raise this binomial to the power x, and I reunite, for greater simplicity, the extreme
terms and those which are equally extended from the extremes; I will have thus

a® :(pxﬁ—:c 4 qxﬁx) +$pq(p3:—262 +q;c—25x—2)

z(z—1 T— —z z—1 pr—
+-4£43;442p2q2(p BT LTI 4

a formula which will need to grow only to the terms which will have for coefficient

z(z—1)(z—2) - (ZH)
1.23...

if x is odd, or else
z(z—1)(z—2)-(£+1)
1.23...
if z is even, by taking care, in this last case, to take only the half of this coefficient.
Multiplying this value of o by 3¢ I will have this expression for o 3t:

azﬁt :(pmﬁt—m + qwﬁt+x) 4 qu(pw—2ﬂt+2—x + qz—25t—2+w)

r(r—1 4 pt—d— —d pt—dta
+ (2 )p2q2(pgc 4Bt4x+qw 4ﬂt 4+1>+.“
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whence, by the principles established in Article II above, we will deduce immediately
this general expression of ¥, ; namely

Yo =[p"f(t — ) + " f(t + 2)]
+apg[p” Af(t+2 —x) +¢"2f(t — 24 2)]
z(zx —1)

+ szqz Pt +A—a)+¢" T f(t— 4+ )]

the characteristic f designating an arbitrary function, which must be determined by the
conditions of the Problem.

For this result, it is necessary to recall that when x = 0 we must have vp; = 0, ¢
being > 0, and that when ¢ = 0 we must have y, o = 1,  being = or > 0; therefore:
1° we will have f(t) = 0, ¢ being any positive number; 2° we will have

L=[p"f(—=a) + ¢" f(x)] + apalp” 2 f(2 — ) + ¢" > f(z — 2)]
x(z—1)

+ =P )+ = 4]

x being any number positive or zero. If we make successively z = 0, 1,2, 3,... we
will be able to deduce from this equation the values of

f0), pf(=1) +qf (1), P*f(=2) + ¢ F(-2), ...,

and we will find, in general, by the formulas already known,

P f(—s)+q f(s) = 1—spg+- ¢’

23 L 234

by taking in this series only as many terms as there are units in “";1 orin 5 + 1.

Therefore, since we must have, in general, f(s) = 0 as long as s > 0, we will have
for the Problem in question

2

r(r—1)¢?

Yot =D f(t—x)+x§f(t+2—x)+ 5 Ef(t+4_x)+... 7

by taking only as many terms as there are units in m_Tt“ or in %‘t + 1; and there will

be no more than to substitute into this formula, in the place of each function such as
f (=), the quantity

1 sq s(s—3) ¢*

f(_s):E_p571+ 2 p572_.”’
where the number of terms must be 342-1 or % + 1.
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THIRD SOLUTION OF PROBLEM V.

60. As the equation which determines 3 in « is of the second degree, and as the
given terms of the Table of no. 6 are those which form the first horizontal rank and the
first vertical rank, we will have the simplest and most direct solution all at once by the
method of Article IIT (31), by converting the quantity o®¢ into a finite series of the
following form

azﬂt :VJrV/OerV”OZQ +V”/Oz3+"'
+ /Vﬂ + //Vﬁ2 + ///Vﬂ3 toe

because then we will have at once (33)

Yzt =Vyo,0+V'y10+ V" 420+ V"ys o+ - -
+ /VyOJ + Vy072 + ///Vy073 +oee

And as the conditions of the Problem demand that y, 0 = 1, x being = 0, 1, 2, ...,
and as yo+ = O, ¢t being = 1, 2, 3, ..., we will have in the case of the proposed
Problem

ym’t :V+V/+VI/+VII/+"'

Thus the difficulty is resolved by finding the sum of the coefficients V, V', V"' ... of
the first part of the expression of o® 3%

For this I substitute in place of « its value in 3 in the quantity o®3%; I have, as in
no. 59,

OéI,Bt :(pmﬁtfx =+ qm6t+z) 4 qu(pm72ﬂt7m + qa:72/6t72+z)

z(r—1 4 p—d 4 ot
+ (2 )p2q2(px 4ﬂt4a:+qm 46t 4+z)+.“

When z < t, this formula will contain only some positive powers of ¢, and will form
consequently the second part of the sought expression of o3¢, the first becoming
then all null; which gives consequently ¥, ; = 0, as it must be when the number of
remaining trials is less than the number ¢. But, in the case where x > ¢, the preceding
formula contains necessarily some negative powers of (3, which it will be necessary to
eliminate in the following manner.

If we raise successively to the square, the cube, etc., the equation

a:%+w,

we will be able to deduce from it the values of

2 3
p p p
E+q6772+q262773+q3637"'

in o, and we will have, in general, by the formulas already known,

s(s—3 o_a  S(s—4)(s—5 o—
L L. (L. WA

s
%+q565 _ asiquasf2+
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by continuing this series only as long as the powers of o will be positives.
We designate, for greater simplicity, this series in & by A(®); we will have therefore
s Als) s
1; +¢°B° = A®); therefore /=" — <q) B°.
B p* p

Therefore, if by means of this formula we make vanish in the expression above of a* 3!
all the negative powers of 3, it will be reduced to two series, one composed of positive
powers of «, and the other composed of positive powers of 3; thus it will have the form
demanded.

As for our object it suffices to know the first series, we will consider uniquely the
negative powers of 3 which enter into the expression of o3¢, and making, for greater
simplicity,

t=x— u,
we will have this formula
z(zx—1
px57u+quxp372ﬁ27u+ ( 5 )p2q2><pz74q47$+~~,
. . . . . +1 .
by taking in it only as many terms as there are units in “Z= orin 3 + 1.

Next we will put in the place of each negative power S~ its value in «, %, by
neglecting the positive powers of 3; in this manner we will have, for the first part of
the expression demanded of o B, the formula

z(x—1
pt A(s) + ,CCqu(S_Q) + ( 5 )quQA(s—él) + |,
in which there will be no more but to suppose « = 1 in order to have the sought value
of Yz t-

Now, since in our case ¢ = 1 — p (58), it is clear that § = 1 gives & = 1 in the
equation

a=%+w,

therefore also in the equation which is derived from it

p ® sps _ A(s)
Bs
by making 3 = 1, the quantity o contained in A®®) will become = 1; therefore we will

have, when o« = 1,
A = p* 4 ¢

therefore, making this substitution and putting back « — ¢ in the place of u, we will
have
Yoo =p" (07 +q") +apg(pTT T 4"

r(r—1 4 i
(2 )p2q2(pact4_~_qxt4)+._.
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by continuing this series only as long as the exponent of the quantities
pwftf... + qut,...

will be positive or zero, and by taking care, in this last case, to take 1 in the place of
p° + ¢°, because A©) = 1.
This solution is the same as the first solution of Moivre (page 209).

PROBLEM VL

61. Supposing, as in the preceding Problem, that the probability of bringing forth a
given event at each trial is p; a player wagers that in a trials or less he will bring forth
this event a number of times such that this number will be either greater by b than the
number of times where he will not bring forth the same event, or else less by c than this
last number:

Let y,; be the lot of the player when he has no more than z trials to win, and
when the difference between the number of times where the given event has already
happened and the number of times where this event has not happened is expressed by
t — c; it is clear that at the beginning where x = a we will have ¢ — ¢ = 0, consequently
t = c¢; so that the sought lot will be y, .

If we suppose now that we play one trial, we will find the equation

Yot = PYz—1,041 + (1 — P)Yo—t, 11,

which is, as we see, similar to that of the preceding Problem, with this sole difference
that p is here in the place of 1 — p; what comes from this here the number ¢ does not
express the same thing as in the preceding Problem.

Now, according to the conditions of the Problem, it is easy to see that the player
must win when ¢ — ¢ = b and when ¢t — ¢ = —c, whatever be x, which givest =0+ ¢
or = 0, and consequently ¥, , = 1, ¥4 5+ = 1, x being positive or zero.

Next we see that the player will lose when = being null, £ — ¢ will be contained
between the limits b and —c, that is to say that ¢ will be between the limits 0 and b + ¢;
therefore we will have yo, = 0,¢being 1, 2, 3, ..., b+c— L

Thus the given terms of the Table of no. 6 are, in this case, those which form the
first horizontal rank, next those which form the first vertical rank to the (b+c+ 1) term
alone, and finally those which form the (b+ ¢+ 1)* horizontal rank; so that the first line
of the given terms is a straight line and horizontal; and that the second is composed of
two straight lines, one vertical and finite, the other horizontal and indefinite; which can
serve as example of what we have observed in no. 39.

Since therefore as the differential equation is of the same form as that of the pre-
ceding Problem, we will be able to use the same means to integrate it; but I note first
that the first solution leading to a general expression of y, ; composed of an infinite
number of terms, would not know how to be applied conveniently to the present case.
We will take therefore first the second solution, and we will have by changing only p
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to g and g to p (59)

Yor =[q"f(t — ) +p" f(t + )]
+apglg” P f(t+2— )+ p P f(t -2+ )]

x(x —1
( >p2q2

5 [ ft+d—a)+p" ft—d+a)+-,

this formula must be continued only to the terms which will have for coefficient

z(z—1)-- (2H) o z(z—1)--- (2 +1)
1.2... 1.2... ’

and taking care to take only the half of this coefficient in the case of = even.

The question therefore is no more than to determine properly, according to the
conditions of the Problem, the functions indicated by the characteristic f. For this
result, I will make first z = 0, which will give yo, = f(¢); therefore, since we must
have yo, = Oaslongast =1, 2,3, ..., b+ ¢ — 1, it follows that we will have, in
general, f(s) =0,sbeing=1,2,3,...,b+c— 1.

Next we will make ¢ = 0, in which case we must have, as in Problem V, y, o = 1,
whatever be x; making therefore successively z = 0, 1, 2, ..., I will have, in general,
as in the solution of no. 59, by changing only p into q and vice versa,

¢°f(=)+p°f(s) =1 —spg + 78(32_ 3 e _ e D 5) ?;S Oy,

by taking in this series only * or £ + 1 terms.
Finally I will make t = b+c = n and as we must have then also y,, ,, = 1, whatever
be z, I will deduce from it in the same manner the general formula

(s=3) 20 s(s=4)(s=5) 3

s S
¢ fn—s)+p°f(n+s)=1—spg+ R S ey AU MR

or else
¢fn—s)+p°fln+s)=qf(—s)+p°f(s)

By means of these formulas, by making successively x = 0, 1, 2, ..., we will
be able to find all the values of the unknown function which enters into the general
expression above of y, ;.

But we can much simplify this solution by the substitution of 1 — 2, ; in place of
Ya,t- Because we will have first the differential equation

Zpt = PZp—1441 + (1 —P)2Zg—1,4-1,

which is the same form as the equation in ¥, ;; consequently we will have likewise, in
general, by employing the characteristic ¢, in order to designate an arbitrary function,

Zay =[q"0(t — x) + P d(t + )] — apq[q” 2Pt + 2 — x) + p* 2(t — 2 + )]

+ T D 2 2 tg(a 44— ) 4 5l — 4+ 0] 4
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Now, as in making x = 0 we must have yo; = 0, as long as ¢ is between the limits
of 0 and b + ¢, we will have therefore zp; = 1,¢tbeing=1,2, 3, ..., b4+c—1; and as
in making ¢t = 0 and t = b+ ¢, we must have y, o = 1 and y, . = 1, « being positive
or zero, it follows that we will have 2, o = 0 and 2, y4. = 0, z being 0, 1, 2, ...

Therefore: 1° we will have, by making = = 0, ¢(t) = 1; therefore, in general,
¢(s) = 1 for all the values of s, namely s = 1, 2, 3, ...,b+ ¢ — 1: 2° by making
t = 0, and x successively 0, 1, 2, ..., we will find, in general,

q*¢(—s) +po(s) =0,

s being likewise = 0, 1, 2,3,...: 3° by makingt =b+c,andx =0, 1, 2, ..., we
will find similarly
Cob+c—s)+p°db+c+s) =0,

sbeingalso=10,1,2,3 ....
Therefore finally, if for greater simplicity we put the expression for z,, ; under the
form

r(z—1) z—2 2

2ot =P d(x +t) + xp” Lgp(z +t —2) + 5P Cox+t—4)+---,

if next we make x = a, t = ¢, and if we put back 1 — p in place of ¢, we will find, for
the sought value of y, ., that is to say for the lot of the player, the following formula

ala—1
1—p¢la+c)—ap® ‘ola+c—2)— %pw_zq%ﬁ(a +e—4)—---,
and we will determine the values of the arbitrary function by these conditions
o(s) =1, sbeingl, 2,3,....,.b+c—1,

and

p°o(s) + (1 —=p)°d(=s) =0

sbeing 0, 1, 2, 3, ... to infinity.
p5¢><b+c+s>+(1—p>5¢<b+c—s>—0} ¢ g

Let for example,

we will have the formula

1-p"$(10) — 7p°(1 — p)(8) + 21p°(1 — p)*¢(6) — 35p° (1 — p)>p(4)
—35p*(1 = p)*p(2) — 21p*(1 — p)°(0) — Tp(1 — p)°p(—2) — (1 — p) " P(—4);

now the condition

gives first
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next the condition

will give

finally the condition
p°o(B+s)+ (1 —p)p(5—s)=0
will give

IRPRY:
O

Therefore substituting these values we will have after the reductions

. (10) = 0.

1-21p%(1 = p)* = 13p*(1 - p)?
for the sought lot.
ANOTHER SOLUTION OF PROBLEM VL.

62. 1 come now to resolve the same Problem by the method of Article III; but
instead of taking it as we have done in the third solution of the preceding Problem (60),
where we have regarded as given the terms of the first horizontal row and those of the
first vertical row of the Table no. 6, it will be more convenient here to suppose given
the terms of the first two horizontal rows; which requires only to reduce the value of 3*
to an expression of the following form (25)

Bt :T—l—T'a—l—T”aQ+T"/a3+~-~+T(t)at
+ [/T+ /T,Oé + /Tl/a2 Lt /T(tfl)atfl]ﬂ;
because then we will have at once (27)
Yot =TY2.0+ T Yor1,0 + T Yor20 + T Yots0+ -+ T(t)ll;wrt,o
+ ,TYor + , T Yor110 + , T Ypy21 + - + ,T(t_l)ym+t71,1~

Now as the quantity S must be determined (58, 61) by the equation

q—af+pp*=0,

of which the two roots are
NN
= %
if we designate these two roots by 5 and 3", and if we make, for brevity
A=T+Ta+T"'?+T"a®+---+TWa,
A=T+ Ta+ T'a®+---+ TVl

66



we will have (28)
B/t :A+ /Aﬂt, 6//t — A—|— /Aﬁl/a

whence we will deduce

131 (Rrt—=1 _ prt—1 1t __ QI
A:ﬁﬂ(ﬁﬁ//_ﬁ/ﬁ )7 /A:BIB/_E//;
namely " t—l
<a+ a? — 4pq 7<a7\/a274pq>
A=—
! (2p)t= 1/ a? — 4pg

¢ ¢
(a +ya?— 4pq> — (a —ya?— 4pq)
' (2p)ty/ 02 — 4pg

Thus there will be only to develop these ™ and (t — 1)* powers and to order next
the terms with respect to «, we will have the values of the coefficients ', T/, T”, ... at
the same time those of | 7', 7", ,T”,...,in p, ¢, and t; but we will not have the same
need to know these values, as we are going to see.

In fact, as the conditions of the Problem demand that y,, o = 1, = being any positive
or zero (61), if we make ¥, ; = 1 —1y, itis clear that the expression of y,, ; will become

Yop = A+ A= Tuy — T'ugpr — T upyo — - — ,T(til)um-t—l,
by supposing that in the quantities A and , A we have made o = 1; now
Bt =A+ ,AB,
and, because ¢ = 1 — p, if we make § = 1, we have o = 1 according to the equation
q—af+pp*=0;

therefore
1=A+ A

when o« = 1; therefore
Yo =1 — Tuy — ,T/Uz+1 — /T”qurg — = /T(t_l)uwH,L

Next it is necessary also, by the conditions of the Problem, that y, 4. = 1,
being any positive or zero; therefore if we denote by B, B’, B”, ... the values of
,T,, T, , T, ..., whent = b+ c, we will have for the determination of the quantities
u, the equation

Bu, + BlUx-&-l + B//ux_:,_g + -+ B(til)ux,b-i-c—l =0,

whence we see that these quantities form a simple recurrent series of order b + ¢ — 1;
so that if we make the equation

B+B/()[+B”Oéz + B//,Oé3 4. +B(b+cfl)ab+cfl — 0, (a)
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and if we denote by o', o, o’”, ... the different roots of this equation, we will have,
in general (Article I),

uw:Ma/x+Na//x+PaI//w+.._’

M, N, P being some undetermined constants.
We will make therefore this substitution into the expression above of y, ; and as
we have, in general
A= T+ Ta+ T+

if we denote by , A, ,A’, /A", ... the valuesof , A which correspondtoa = o, o, &', ..

we will have
Yot = 1 — M,A/alw — N/A//O//w . P,A/”a'”w — (b)

and there will remain no more than to determine b + ¢ — 1 constants by means of the
last condition of the Problem whichis yo; = 0, ¢t being 1, 2, 3, ..., b+ ¢ — 1; so that
it will be necessary that these constants are such, that we have (x being = 0)

M, A'+N, A"+P A" + ... =1, (c)

by supposing successively t = 1, 2, 3, ..., b+c—1inthe quantities , A, ,A’, A", ...
Now it is clear that equation (a) above is no other than that this one here ,A = 0
by making ¢ = b + ¢; moreover, if we make

o = 2vbccos 0,

it is clear that the expression for , A found above will become

. q sintf
A p/) /pgsinf’
therefore, making ¢ = b + ¢, the equation in question will become

sin(b + ¢)6

sin 0
whence we deduce
_Am
b+
7 being the angle of 180 degrees and A any number of the sequence 1, 2, 3, ..., b+c—
1. We know thence the b+c—1roots o, o/, o”, ..., in the same way the corresponding
quantities ,A, ,A’, ,A”,...; and we will have, in general,

AT q t sin At
) AN b+c
a"V = 2,/pgcos ——, AW = =] ——.
pacosy +c ! (\/;) \/Pgsin b)fc

Substituting therefore these values into formula (b) and making for greater simplic-
ity

b+c=n
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and

\/Pgsin

we will have

t
e ()

LA 2r\" . 2w

X [(1) (cos 5) sin — +(2) <cos n) sin —~

" in oL —r\” — 1)t
+ (3) (COSE> Sinl+...+(n_1) (COS (n )ﬂ'> sin (n—1) 71'} ;
n n n

n

and equation (¢) by which it will be necessary to determine the constants (1), (2), (3),
.. o(n—1) will be

t
(1)sint—ﬂ+(2)sin2t—7r+~“+(n— 1)sinw = ( q) ,
n n n P
which must take place by making successively ¢t =1, 2, 3, ..., n — 1.

In order to deduce thence the value of each of these constants, it will be necessary
only to multiply the whole equation by the sine which has for coefficient the constant
which we wish to determine, and to add next together the n — 1 particular equations
which correspond tot = 1, 2, 3, ..., n — 1; in this manner all the other constants will
disappear, and the sought constant will be found multiplied by %; this is what we can
be assured by the known formulas for the summation of series formed of sines or of
cosines.

Thus in order to have, in general, the value of (1) we will multiply the equation by
#T and, operating as we just said, there will come

n
2 nt ~1
n(u)\/gsinm+psinu7r+~~+<\/g) sini(n )/nr.
2 p n q n p n

Now the second member of this equation is reduced by known formulas to
n
i () e
p D n
1- 2\/% cos FF 4+ £

the upper sign being for the case of p odd, and the lower sign for the one of . even.
We will have therefore, in general,

() o
p p n
1—2\/gcos‘,‘—rf+§ 7

whence, by making successively ¢ = 1, 2, 3, ..., n — 1, we will deduce the values
of the constants (1), (2), (3), ..., which we will substitute into the expression above
for y,,.; next we will have no more than to make z = a and ¢t = ¢ in order to have the
value of the demanded lot.

sin

(1) =
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REMARK.

63. The preceding Problem returns to the one which concerns the duration of the
games which we play by reducing, and of which Messers de Monmort, Bernoulli and
Moivre have occupied themselves. (See the Work of Monmort, page 268, second edi-
tion; the one of Moivre, page 191, third edition.)

We propose ordinarily this Problem thus: Two players each having a certain num-
ber of tokens play together with this condition that the one who loses a game will give a
token to the other; we demand how much the odds are that the game, which can endure
to infinity, will be finite in a certain number of games at most, so that one of the two
players will have won all the tokens of the other. It is easy to understand that if we
denote by b and ¢ the numbers of tokens of the two players, by p and 1 — p or ¢ the
respective probabilities that these players have in order to win each game, and by a the
number of games in which we wager that the game will end, it is easy, I say, to under-
stand that we will have exactly the case of our Problem VI. Thus of the two solutions
which we just gave of this Problem, the first corresponds to the method of Problem
LXIII, and the second corresponds to that of Problem LXVIII of the Work cited of
Moivre; but our solutions have the advantage of being more direct, more general and
more analytic than those of that Author.

Problem V above can also be brought back to the duration of games; but it is neces-
sary to suppose that one of the players having first b tokens, the other having none, and
that the game ends only when the latter one will have won the b tokens of his adversary.

PROBLEM VII.

64. Let a number a of urns be arranged in sequence, and of which each contains
n tickets in part white and in part black at will; let us draw at once from each of these
urns a ticket at random and let us put next the ticket drawn from each urn into the
following urn; by observing to put in the first urn the ticket drawn from the last; we
demand what will be probably the number of black tickets in each urn after a number
b of parallel drawings.

Let y,.; be the number of black tickets that there will be probably in the 2 urn
after ¢ drawings; it is easy to see that after a new drawing this number will be probably

increased by Y=t and diminished by y;’ , so that we will have the equation

n

1 1
Yot+1 = Yot + —Yz—1t — —Yat,
n n

which is reduced to this form

Yot + (0= D)Yur1t — nYer1,e41 = 0.

Here the given quantities are the values of v, ; when ¢ = 0 and when x = 1, 2, 3,
..., n, which indicate the numbers of black tickets that there are in each urn before the
first drawing; so that one of the conditions of the Problem is that the terms y, o be all
given from z = 0 to z = n inclusively: the other condition to which it is necessary to
satisfy is that the tickets drawn from the last urn return to the first; and it is clear that
for this there is only to suppose that the a urn precedes the first, that is to say that
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that urn is also the 0™; so that the value of y, ; which corresponds to z = a is always
identified with that which corresponds to x = 0; which will give this other condition
Ya,t = Yo,t, whatever be £.

Now if we return to the differential equation found above in formula (F) of no. 7,
we have

A=1, B=n-1, B' =0, C =-n;
which reenters into the second case of no. 11; so that, because of
B 1 A 1
1

we will have immediately

t
Yot = 1_1 y _~_Ly' L +My 50+
x,t n x,0 n—1 r—1,0 2(71— 2) r—2,0 )

the number of terms being s + 1.

Now as we must have yo; = ¥,,:, Whatever be ¢, it is clear that in order to satisfy
this condition, it will be necessary that we have

Y0,0 = Ya,0, Y-1,0 = Ya—1,0, Y-2,0 = Ya—2,05---
and, in general,
Y—5,0 = Ya—s,0,
s being any positive number or zero. Thus, as the values of y,, o are supposed known

from z = 1 to z = a inclusively, we will know all the values of v, ¢ which can enter
into the preceding expression for ¥y, ;.

COROLLARY.

65. If we do not wish that the tickets drawn from the last urn reenter into the first,
but that we always put into that one a white ticket after each extraction, there will
be then only to suppose that the 0 urn which is counted as preceding the first urn,
contains only some white tickets, which will give yo, = 0, ¢ being whatever; and we
will see easily that in order to satisfy this condition, it will be necessary to suppose

Yo0=0, Y-10=0, y-20=0,...,
and, in general,
Y—s,0 = 0;
s being any positive number or zero. Thus it will be necessary, in this case, to take only
x terms of the general expression of y, ; by neglecting all the following.

In general, if we suppose that each ticket drawn from the first urn is replaced by a
ticket drawn at random following any law which varies, as we wish, at each drawing,
in a manner that the probability that this ticket is black is any given function of ¢
that we will designate by (¢), we will consider that, as the probability that the ticket
which enters into the 2" urn at the ¢ drawing is black is represented by Yz=Lt in
the preceding solution, the probability (¢) which corresponds to the first urn for which
x = 1 will be % so that we will have yo; = n(¢); consequently we will know the
first vertical row of the Table of no. 6; and thence we will be able, by the formulas of
no. 11, to deduce the values of y_g g.
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