ON QUADROUPLE PERIODIC FUNCTIONS
OF TWO VARIABLES ON WHICH THE
THEORY OF THE ABELIAN
TRANSCENDENTS IS BASED *

Carl Gustav Jacob Jacobi

1.

In the Fundamenta nova theoriae functionum ellipticarum I noted (§ 19.) that two
periods contain every periodicity possible in analysis. Let us examine this
subject more accurately in the following.

I call the function A(u) periodic, if there is a constant i of such a kind that for
every arbitrary value of u

M +1) = An).

I call the constant i the index of the function. But it is plain that from one
index innumerable others result, since any positive or negative multiple
of it is also an index. From those I call the one, of which no part is the
index of a function, the index proper index of the function. In the elements
one considers the periodic function sin(u), e¥, whose proper indices are 27,
2/ —1, respectively.

Now let us put, a first example for which is shown in the elliptic functions,
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that the function A(u) enjoys two periods, which can not be reduced to one.
Let their indices be i, i’, whence these two equations hold at the same time:
Mu+i)=Aw),  Mu+i)=Au),
from which, while m, m’ denote arbitrary positive or negative numbers, this
more general one follows:
Au+mi+m'i) = Au)
or mi + m'i" will also be an index. And first it is plain that the indices i, i’ must
be incommensurable. For, if A is their greatest common factor, one can put
i=mA, i =mA,
while m, m' are mutually prime integers. Hence we can determine other
numbers 1, n’ of such a kind that
mn+m'n' = 1.

Having done this, one has the index

ni+n'i’ = A,

since from which one index the indices i, i’, as its multiples, result, we see, if
the indices of the two periods the function enjoys are commensurable, that the two
periods reduce to one, whose index is their greatest common divisor.

Since it is clear from the preceding that the quotient of two indices, which do
not result from a single one, cannot be a rational quantity, it is easily seen that
it can also not be a real quantity. For, let

i=zA, i'=7ZA,

while z, z’ denote real incommensurable quantities; it is possible to find
positive or negative integer numbers m, m’ of such a kind that

mz+m'z =z2"

becomes smaller than a given quantity. Having constituted all this, it will be

AMu+mi+m'i’") = Mu+72"A) = AMu),



whence the function A (1) would have an index smaller than any given quantity
and nevertheless not vanishing. And this is absurd.

From the preceding it follows, if the indices of the periods, which can not be
reduced to one, are imaginary quantities,

i=a+bv-1, i =ad +bv—-1,

while a, b, a’, b’ denote real quantities, that one can never have:

abl —a'b = 0.

For, then the quotient of the indices

a+bv-1 _a ¥

a+by/—1 a b

would be a real quantity.

2.

Now let us examine, whether a function can enjoy three periods, which can
not be constructed from two others. Let the indices of three periods of such a
kind be

i=a+bv-1, i =da+bv-1, " =d"+1v"'V-1,

while a, b, a’, V', a”, b" denote real quantities. From the preceding we assume
that none of the three quantities

a/b// o ﬂ//b/, a//b - abl/’ ﬂbl o a/b

vanishes. For, otherwise either two periods would reduce to one, which
contradicts the assumption, or the function would have an index smaller than
any given quantity which does nevertheless not vanish, what would be absurd.
And first I observe that those quantities can not divide the same number.
For, let us put that

at' —ad't :a"’b—ab’ cab —db=m:m':m",

while m, m’, m"" denote integer numbers, which we assume to have no common
factor. It will be:



ma +m'a +m"a’ =0
mb + m't’ + m'"b" =0,

and hence also:

mi+m'i' +m"i" = 0.

Let f be the greatest common divisor of m’, m”, which must be prime to m,
since the three numbers m, m’, m" are not divisible by the same number;

AR

will also be an index of the function. Now, since the indices i and % are
commensurable, and their greatest common divisor is %, also % will also be

an index, as it was demonstrated in § 1. Further, choose numbers n’, n” of
such a kind that

m/ m// y

—n+—-n"=1;

f f

I say, that three periods are composed of two, whose indices are

i ) )
7 and n'i' —n'i”,

from which both the index i and the remaining indices i/, i” are constructed,
g
of course. For, one has

i m" m " m'

—mn' - - 4+ — (n//i/ _ n’n”) = | ==+ |+ 7(11//1/ _ n’i”) =
ff f f f
i m' m " m'

—mn" - =+ = (n//i/ _ n/n//) —n A 7(1,1//1/ _ n’i”) — "
ff ff f

Hence, if the three quantities

ﬂlb// _ ﬂ//b/, a//b _ ﬂb//, ﬂbl _ ﬂ/b
are of the same nature as integer numbers, or, what is the same, if, while m, m’,
m'" denote integer numbers, there is a relation of such a kind among the three indices

i i, i



mi+m'i’' +m'"i" =0,

three periods can be constructed from two, or the function is only double periodic.
Next, I observe, while a, &', & denote integer numbers, that an equation on this
kind can not hold:

a(a't" —a't") +a/(a"b —ab") + o (ab' — a'b) = 0.
For, from the arbitrarily taken six integer numbers

B B, B v A A

let us set:

u = (v'a" =y a)a + (v"a — ya)a" + (ya’ = y'w)a”,
v = ('p" —a"pla+ (a"p —ap’)a’ + (ap — a'p)a",
W= (v =9 a)b + (v"a — ya")b' + (ya’ = Aw)b”,
o = (@B — a"B)b + (2B — aB") + (B — BV

hence the following expressions will also be the indices of the propounded
function:

u+ov—1, w4+ 0V 1.

Now, if one sets

e=a(py" —B"Y)+a' (B'y—BY") +a" (B — B'7),
one finds:
uv'u'v = ela(a’b” —a"b’) + o' (a"b — ab”) + &" (ab’ — a'b)].
Hence, if the expression in the brackets vanishes, one has:
uv' —u'v = 0.

But we saw in § 1 that this equation can only hold, if the indices

u+ov-1, u +9vV-1,



are commensurable or result from one index. In this case, while f, f’ denote
integers, one can set

flu+ov-1)—f'(u+dv-1)=0,
which equation, having substituted the values of u, v, #/, ¢/, takes on this
form:
mi+m'i’ +m'"i" =0,

where m, m’, m" are integers; we demonstrated that this can not be true.

3.

Having prepared these things, I will now demonstrate, if three periods can not
be reduced to two, that one can always determine integer numbers m, m', m" of such
a kind that each of both expressions

!/ /i
ma +ma + m'a”,

mb _|_ mlbl _|_ ml/bl/

become smaller than any given quantity at the same time, or the propounded function
has an index smaller than any given quantity but nevertheless not vanishing.
For the sake of brevity, I put:

ab’ —a'b = A, a'b—ab" = A, ab' —ab = A",
whence
aA+d A'+d"A" =0, bA+VA +1'A" =0.

Further, while &, &/, o’ denote integer numbers, I put:

Ixf —w=n, Moy,
whence
aa + lx,a/ + [X”a/l — [a/A + a/lAl]’
ab + o't + o'V = — [U'A + V'A].



Now the numbers «, a’ can be determined in such a way that A becomes
smaller than any given quantity. Further, having determined «, &', a third
number a” can be assumed in such a way that, not having taken into account

the signs,
1
/
A< 5
Having determined «, a’, «” this way, the preceding expressions become
absolutely smaller than $a” and 1b”, respectively. Hence given the quantities a,
a’,a" and b, V', b", it is always possible to determine integer numbers a, &', " of

such a kind, that, having put
a/ll = aa _|_a/al + DC,/aH, b/l/ — D(b + DC/b, + lx”b,/,
it simultaneously is

1 1! 17 1 1!
- V' < Zp"
2% <2

not having taken into account the signs.
Now successively put:

"

a <

561/ + ,3/61” + IB//a/// — aIV, ’Bb/ + ﬁ’b" + ,Bllb/” — bIV,
,)/a// + ,Y/a/// + ,),//aIV _ aV’ ’)/b” + ’)//b”/ + ’y”blv —_ bV’
sa 4 5 alV + SaV = aVI’ SH" 4+ 5’V + SV = bVI,

The coefficients of these equations B, 7y etc. B/, 74 etc. B”, 7" etc. can be
assumed as numbers of such a kind from the preceding that, not taking into
account the signs, we simultaneously have:

aV < %a”’, av < %aw, aVl < %av etc.

Vo< 3", bV <Y, VT <Y ete

Hence it is clear that the terms of the two series

a//, a///, aIV’ HV’ aVI,

b”, b//// bIV, bV/ bVI,



if they are continued sufficiently far, become smaller than any given quantity.
Let two terms corresponding to each other of these two series am, p(n) pe
smaller than a given quantity. If you consider the formation of the equations
and how those quantities depend on the preceding ones, it is easily clear,
that they can be expressed in terms of 4, a’, a” and b, V', b by means of the
equations

a™ = ma +m'a +m"d",

b =mb + m't' + m"b",

in which the coefficients m, m’, m" are integer numbers. Further, it is plain
that these coefficient are the same in both equations, since the quantities aln),
b(") depend on the preceding terms in the same way. Hence it is proved,
what was propounded, that one can determine integer numbers (positive or
negative) m, m’, m" of such a kind that both expressions

ma + m'a’ + m"a",

mb + m/b/ + m//b//

become smaller than any given quantity.

The given algorithm, by which the terms of the two series are found one after
the other, still works, if in the one series a term vanishes. For, then the next
term does certainly not become smaller than the half of the preceding, since
a term smaller than a vanishing term does not exist, if we consider only the
absolute values. But it is easily seen, while a term of the one series vanishes,
the next term can be rendered smaller than any given quantity. For the sake
of an example let @/ = 0, one finds the next term

a" = —d'A,

where A can be rendered smaller than any certain given quantity. Therefore,
using this term smaller than any given quantity, you will continue the algo-
rithm, while also the terms of the other series become smaller than the given
quantity. And the terms corresponding to each other can not vanish at the
same time. For, if one has

a™ =0, and b" =0

at the same time, there would be numbers m, m’, m”, for which



" =ma + m'a +m'a" =

b™ = mb + m'b' + m"b" =0,
and hence also
mi+m'i' +m"i" = 0.

We saw in § 2 that this is impossible, if one can not construct three periods
from two.
Further, the given algorithm supposes that one never has

amp) _ gn+Dpn) — o
which is seen this way. For, let

g t1) — pa + p’a’ + p”a”, pn+1) — pb + p/b/ + p//b//.

It will be

0 = gMpn+D) _ ) p(n)

_ (m/p// _ m”p’)(a’b” —a”b’) + (m//p _ mp”)(a”b —ab”) + (mp/ _ m/p) (ab/ _ a/b).

It was demonstrated in § 2 that this equation cannot hold.

If we set

2™ L p /1 = ()
11 'IV, iV

it is plain that i, i will be indices of the propounded function. Therefore,
we indicated a certain algorithm, by which, given three imaginary indices, an
infinite series of indices is formed, whose real and imaginary part become
smaller than any given quantity at the same time and nevertheless do not
vanish. Hence it is shown for all cases, if the propounded function enjoys three
periods, that they can either be constructed from two or they have an index smaller
than every given quantity. Since this is absurd, a triple periodic function does not
exist.



Therefore, in other words, we said that the whole periodicity can be con-
structed from two periods. But this only holds for functions of one variable.
If you consider functions of several variables, two periods do not suffice at all.
Examples of functions of several variables enjoying more than two periods
are given by those functions, which I first considered in the short paper de
transcendentibus Abelianis (Crelle Journal Bd. 9 p. 394). But this most important
subject is to be considered with more attention here.

Let

2A
u:C—l—?-go—i—AlsinZ(p—i—Azsin4go—|—A3sin6q0—|—---

be a series, convergent for all real values of ¢. Let us set that x is a completely
determined function of sin” ¢, e.g., a rational function. Having changed ¢
into ¢ + 71, x will not be changed, but u will be changed into u 4+ 2A. Hence,
having put

x = Au),

we have

AMu+2A) = A(u).

Therefore, A(u) will be a periodic function, and its index will be 2A.
Now let us consider an integral of this kind:

y /x (a + Bx)dx _ /x (a + Bx)dx
/ Vx(1—x)(1— 52x) (1 — A%x) (1 — p2x) / vx

while »?, A2, y? are real, positive quantities smaller than 1. Let us examine
the values of this integral it takes on, while x grows through the real values
from —oo to +o0. Let 32 < A2 < u?: Let us distinguish six intervals, in which
x can lie:

1 —00 0 2. 0 1, 3 1 -iz,
s

1 1 1 1 1
SR e D A T 7 B

10



For the first, third and fifth interval the value of x will be negative, for the
second, fourth and sixth it will be positive. Now let us ask, how for those
single intervals x is expressed in terms of sin’ ¢ in such a way that the
propounded integral u can be expanded into a convergent infinite series of
the assumed form

2A
= C+?-q0+A1sin2(p+Azsin4q0—|—A3sin6q)—|—---

After this and having put x = A(u), A(u) will be a periodic function with
index 2A, where

%
du
A= [0 g
d
i
1°. If a negative value corresponds to x, put
-1
1. = —;
(1) y2tan? ¢

while x increases through the negative values from —oo to 0, ¢ grows from 0
to 7. After the substitution and having, for the sake of brevity, put

%/2:1—%, /\/2:1_/\2/ y/Zzl_HZI

one finds:
fltpou_ 2 f (w2 + B)sin? o - Bldg

Hence having put

0

Uy = / (o + Bx)dx 2/ [(ap® + B) sin® ¢ — Bldg
e T B e (= e

v

4

it will be

11



[(aps? +ﬁ) sin® ¢ — Bldg

1 /\/1y’2sm§0( sm(p)(l— ”qu)).

Now I observe that an integral of this kind

Ui

/ (m + nsin? p)dg
\/ (1 — p2sin® @)(1 — g2sin? @) (1 — r2sin? @)

if p2, q%, r* are real and smaller than 1, can always be expanded into a
convergent series of the form

2A
— @+ Arsin2¢ + A sindg + Az sin6¢ + -

where

/ (m + nsin” p)dg
\/ — p2sin? @) (1 — g2 sin’ @) (1 — 12 sin? )

Hence u can be expanded into the propounded form; and

A= uv —1.

C =

Therefore, having put x = A(u), A(u) will be a periodic function, whose index

is 2u1+v/ —1, or it will be

AMu +2u1v/—1) = Au).

2°.If x lies between 0 and 1, I put:

(2.) x = sin’ @;

we have

I [ + Bsin? pldg
\/(1 — 52 sin® @) (1 — A2sin? @) (1 — p2sin® ¢)

12



Hence having put

1
06 x)d
Uy = +'B

/ [ + sin® gldg
0 \/ 1 —32sin? @) (1 — A2sin® ¢)(1 — p2sin” @)

u can be expanded into the assigned form, whose first coefficients will be

C= 0, A= Un.
Therefore, 2u, will be another index of the function x = A(u), or it will also
be
Au+2up) = Au).
3°. Let x lie between 1 and - —, I put
1 B 1
cos? @+ s2sin*@ 1 —s2sin’ ¢’

(3. X =

Since the integral is taken from 0 to x, I divide the interval into two others, the
one from 0 to 1, the other from 1 to x. Having done this, after the substitution
we find:

/ [ + B — ax?sin® g|de
A/ !/ , :
\/ — 2sin? @) (1 — % sin’ go) (1 — > sin go)

Hence having put

u:u2+

[0 + B — ax?sin® g|de

us:Z:(Hidx_m /\/

e o) (1 Fate) (1 Gt e)

it is possible to expand u into a series of the propounded form, whose first
coefficients will be

C= Uus, A= usv —1.

13



Hence the function x = A(u) also enjoys the index 2u+/—1, or it will also be

AMu +2uzy/—1) = Au).

4°. We proceed to the fourth interval, from % to
put

AZ' if x lies in this interval, I

A2cos? o+ #?sinf g A2 — (52— A2)sin? g
32AN2 082 @+ A232sin® ¢ 32A2 — (52 — A2)sin? @’

(4.) X =

having done which, while x grows from % to )32, ¢ grows from 0 to 7. After

the substitution, the propounded integral goes over into this one

u:/(oc—i—\/ﬁ;c)dx:

[A2(ax® + B) — (322 — A?)(a + B) sin® @ldg

up +uzv —1—

9
sz\/%z Vzo/\/<1 “A oin q0) (1_ z)ﬁ sin (p)( P"Z(%Z_/\Z))

Nz AN2(52—pu2) sin?

Since this can again be expanded into the assigned form, having put

[ (@ + Bx)dx
VX

Uy =

RL,‘H\ N‘H
|

[A%(ax® + B) — (5 — A?)(x + B) sin” g|dg

)L/3\/%2—V 0/\/ _% 2 gin §0> <1_ 2/\5; sin qg)( VQ(%Z_’\Z))’

AN2(52—p2) sin® ¢

one has the following first coefficients of the expansion:

hence the function x = A(u) has the index 2y, or we also have:

Au 4 2ug) = A(u).

5°. Fifthly, let x lie between % and %, in which case we set:

14



(32 — u?) cos? ¢ + (5% — A?)sin? @ _ 32— u? — (A2 — u?)sin? ¢
A2(32 — u2)cos? ¢ + u2(32 — A2)sin® ¢ A2(52 — u2) — 32(A2 — u2) sin® ¢’

(5.) X =

having done which, while x increases from % to %, ¢ grows from 0 to 7
After the substitution we obtain

U=1up+uzv—1—1uy

_ / (52 —,”)(!X)H—ﬁ) (A —pt2)(0c% +ﬁ)smz ldg
/\/\/ 2_ %2 2— 2_ . 22( A2 .
T G i) (- ) - g

It is again plain that this expression can be expanded into the assigned from,
and, having put

L
/ (x+/3x )dx

1

A2

(5 — ) (@A + B) — (A* — pi2) (as® + B) sin® ¢dg

TNV GE i) / \/ AN ) (1 ~ B sin? go) (1 — ol sin? (p)

Sln [

the first coefficients of the expansion will be

C=u+usv—-1—uy, A=—usv-—1.

Hence the function x = A(u) will also have the index 2us+/—1, or it will be

AMu+2usv/—1) = A(u).

6°. Finally, if x lies in the sixth interval, between - e and oo, I put

2 .2
6) x= 4N

T e

it results

u=uy+usv—1—uy —usv—1

15



/\z(ocyz + B) — u2(aA? + B) sin” gldg

/\3]4 \/7./ \/  sin 90) (1 _ 22%2 sin qo) (1 _ %sm 90)~

(52 —p?)A

Having expanded this expression into the assigned form, what is possible,
and having put

7 zx—i—[%x

[A2(ap® + B) — u?(aA? + B) sin® pldg

/\%{V 2o /\/ 2sm (p) <1— ,zAzsm q)) (1—Msm (p)l

(32 —p?)A

one has the first coefficients of the expansion

C=uy+usv—1—uys—usv—1, A= uq,

whence the function x = A(u) also has the index 2ug, or it will be

Au+2ug) = Au).

Hence we now demonstrated, what was propounded, how for all real values
of x the propounded integral
X
-/ (a+ pr)dx
0 VX

can be expanded into a convergent series of the form

2A
u:C+?‘(p—|—Alsin2go—i—Azsin4go—|—A3sin6<p—|—---

And the six different expansions we assigned for the six intervals, in which x
can lie, suggested as many indices of the periodic function x = A(u).

5.

In the preceding, we used those substitutions for the single intervals, by which
the propounded integrals always goes over into the form

16



(m + nsin” p)dg

¢
C+O/W1 ,

— p2sin® ¢)(1 — ¢2sin® @) (1 — r2sin’ ¢

where p2, qz, r2 are smaller than 1, and, while x grows from the lower limit to
the upper limit, at the same time ¢ grows from 0 to 7. The same can also be
done for the single intervals by another substitution of the same form

L dte sin? ¢
- ftgsin’g’
so that, while the variable x increases from the lower limit to the upper
limit, at the same time ¢ decreases from 7 to 0. Richelot demonstrated more
generally in his paper, which will be published soon, while X denotes an
arbitrary polynomial function of sixth order, which can be resolved into its
linear factors, that the integral

Y- / (a +\/,‘§c)dx’

applying twelve real substitutions of the form

Lo At esin® ¢
 ftgsin’e’
can be reduced to the form
/ (m + nsin @)dg
\/(1 — p2sin® @) (1 — g2 sin® ¢) (1 — 12 sin® @)

where p?, ¢, 1 are real, positive and smaller than 1. He applied the same
ideas to the general case, in which X is of arbitrary order 2n. Therefore, it
was possible to extend the preceding considerations to this case. Furthermore,
by innumerable other substitutions, he was even able to get to a form of the
integral, which admitted the expansion into a convergent series of sines and
cosines of multiples of the same angle, of which just one was necessary here.
And nevertheless one cannot not get to other indices than those, which are
constructed by those, we assigned, by means of other substitutions.

But the indices we assigned, three real ones and three imaginary ones, are
of such a nature that it is possible to construct one real one from the two

17



remaining real ones and one imaginary one from the two remaining imaginary
ones. We will prove this in the following.
The propounded integral

/ o+ ﬁx

0

is only determined, if for the single intervals the correct sign of the square root
is chosen. Since for the next interval a new factor of the expression under the

square root sign also changes the sign, we set that hence by the multiplication

. . 1
by that factor always the quantity v/ —1 results, so that to the expressions U%

in the assigned intervals these signs correspond

Y _1/ +/ + \% _1/ s Y _1/ +/

respectively, since also the prefix =1/ —1 can be ascribed to the sign. Having
constituted these and having used the values of 1y, u, etc. we assigned above,
we obtain

T d
/ (l)é—F\/,‘;C)x =—wmvV-14+u +usv—1—uy —usv—1+ ug.

Since, having put % instead of x, the two limits coincide, I mention, that it will
be

0=—-uiv—-14uy+usv—1—uy—usv—1+ ug;

or

Uy + us = ug, Uy + Ug = Uy,

or, what it the same,

18



in which equations /—X and /X are always taken positively. But since
because of the ambiguity of the radical VX we desire another proof of the
memorable preceding formulas, we will deduce the same from a special case
of the Abelian theorem. We will explain this here more accurately.

6.

Let us consider the following cubic equation

f(x) = x(1 — 2x) (1 — u?x) — h(1 —x)(1 — A%x) =0,

whose three roots we want to consider as functions of /. Let

1> 5% > A2 > %

if h is positive, having put

the function f(x) has the signs:

s s +/ +/ — — +'

Hence the three roots of the cubic equations are real, one between 0 and 1, the
second between % and %, the third between % and +oco. If h is negative, for

the same values of x, the function f(x) has these signs, respectively:

s +/ +/ s s /+/ +.

Hence even in this case the three roots of the cubic equation are real, the first
negative, the others positive, and the second lies between 1 and %, the third
between % and %

Having differentiated the propounded equation, it immediately results:

L W T BN C

hdx — x (1—x)(1—32x) (1 —A2x)(1 — pu2x)
1 _ x% — A2 _ 12

x(1—x) (1—52x)(1—A%x) 1—p2x’

19



This formula teaches,

1) if & is positive, and x lies either between 0 and 1 or between % and % or
# and +oo

2) if h is negative, and x is either negative, or lies between 1 and % or
between % and %, that the expression Z—z is always positive. Hence in each of
both cases, in which £ is either positive or negative, all three roots of the cubic

equations continuously increase or decrease together with 1. Now

1
having put h = — oo, the roots become — oo, 1, pL
1 1
. h = 0’ —_— O/ ?/ ﬁ/
I 1
- - + co, - 1/ ﬁ/ +OO.

Hence if we call the roots, which alternate in size and which we called the first,
second, third, 4, b, c in each case, we see, that these increase simultaneously:

1 1 1
h from 0 to oo, a from 0 to 1, b from — to —, ¢ from — to
2 22 12
1 1
h from —o to O, a from —oo to O, b from 1 to —5, ¢ from — to
s A2
Hence also these increase continuously at the same time:
1 1
h from —oco to 0, a from —oo to 1, b from 1 to pvL ¢ from Vi to +oo.

Now, while h grows from hg to hy, let us set that a increases from ag to a1, b
from by to by, c from cp to c; simultaneously. Having put

df(x) y
W—f(x),

differentiating the propounded equation one has:
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f'(x)dx — (1 —x)(1 — A%x)dh =0,

or if one substitutes

(1—x)(1—=A2)Vh = \/x(l —x)(1 — 22x) (1 — A2x)(1 — 2x) = VX,
having multiplied by « + Bx, one has:

(a + px)dx _ (a+ px)dh
VX fr(x) v

If in this formula we substituted its three values a4, b, ¢ for x, these three
formulas result:

M (a4 Bx (a + Ba)dh
Vo)
jz(a+/3x)d f oc+ﬁb)dh,
o VX i f'(b)-Vh
4 (a+ Bx)dx (& + Be)dh

o e
Now, since from a very well-known algebraic theorem one has:

a+pa  a+pb  a+Pa
frla) — f1(b) — fle)

by taking the three propounded formulas, if v/71 is always assumed with the
same sign, it results

=0,

a by €1
(o + Bx)dx (a + Bx)dx (@ + Bx)dx
8/\/X+81/\/X+82/\/Y K

ap bo co
while the factors ¢, €1, €2, which were to be added because of the ambiguity of
the square root, denote either +1 or —1.
In order to determine the factors ¢, €1, €, I observe, that the root v X was
introduced into our calculation instead of the expression
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VX = Vh(1—x)(1- %),

which has the same sign, if x lies between —oco and 1 and if x lies between %
and +oo, but the opposite sign, if x lies between 1 and 52, or for the first and
the third root a or c it will have the same sign, for the second b it will have

the opposite sign. Hence one must set:

£= —&] =&

Having done this our equation becomes:

@ ¢ by
/ (a—l—\/ﬁ%c)dx +/ (oc—l—\/ﬁ;)dx B / (oc+\/,3yx)dx

ag €0 bo

In this formula the three radicals v/X must have the same sign.
We saw that we have at the same time

1 1
ap =0, bOZ;, 002?
and ,
a =1, bozﬁ, €1 = +o0

which values correspond to the values

ho =0, h1 = +o0.

Having substituted these, from the propounded formula it follows:

/1(zx—|— Bx) /oolx—l—,Bx :/10c—|—,8x
0 % 7

Further, one has

><

1

ag = —oo,  bp=1, €0 = 37
1 1

alzol b1:?, Cl:P,
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simultaneously, which values of I correspond to the values

Hence from the propounded formula, after we had divided by v/ —1 at same
time, it follows:

V

/0( (a+Bx)dx 7 (a+ px)dx

Vx V=X

1
22

In these formulas the three radicals v/ X or v/—X must have the same sign.
These are the formulas, we wanted to prove, deduced from a more general
form propounded on indefinite integrals.

In the preceding question it was assumed that /1 does not contain x; the theo-
rem, propounded by Abel, was based on the much more general assumption
that & is the square of an arbitrary rational function of x.

7.

In the preceding it was proved, that the six indices we found,

wVv-—1, uy, usv-1, uy, usv-1, ue

are reduced to four by means of the formulas

U+ Us = U3, U + U = Uy;

Let us put these indices

Up, Ug, ULV —1, 1/[5\/—1.

And in general neither 1, nor ¢ nor u1v/—1 and u51/—1 can be reduced to the
same index, or #, and ug and u; and us will be incommensurable. Hence the
function x = A(u) will have four indices, which can not be reduced to a smaller
one, or that function will be quadruple periodic. But that a triple periodic
function does not exist was already proven above. But that this case, in which
two incommensurable indices are real and two imaginary incommensurable
indices are of the form u;v/—1, usy/—1, is absurd, is already known from § 1.
From the results, which mentioned there, indices A and A’v/—1 of the function
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x = A(u) would exist, where A and A’ are real quantities smaller than an
arbitrarily small quantity. Hence, while the function A(u) remains unchanged,
u could take on all real or imaginary values, or among total number of values,
which u could take on, while the function A(u) does not change, there would
always exist some, which differ from an arbitrary given real or imaginary
quantity less than another given arbitrarily small quantity. This would be
absurd.

We would have discovered even more periods, if the function X under the
square root is of higher than fifth or sixth order. For, generally, if X is of 2n-th
or (2n — 1)-th order and, having put

e

where f(x) is an arbitrary given polynomial function, x is considered as a
function of u, the function will have 2n — 2 indices, which can in general not
be reduced to a smaller number; and, if the coefficients of the function X are
real quantities, n — 1 of them will be real and n — 1 will be imaginary.

For, the same way as above, for the general case the following results can be
proved. Let

X=x(1-x)(1—32x)(1—sq42) - (135, 4%),

where

1>%2>%%>"'>%%n—5>%§n74;

the equation of n-th order

x(1—x) (1= 2x) (1= 4x) - (1= 3B, 4x) = h(1—x) (1 = x)(1 = 4x) - (1 33, 5)

has 7 real roots; if we call them ay, a, - - -, a, and they increase in magnitude,
while /1 increases from —oo to 0, and then from 0 from o0,

a1 increases from —oco and O, and further from 0 to 1,

) 1 1 2

a» increases from — and —5, and further from — to s,
» 2 »
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and generally

1 1 1 1
a, from 5 to 5 and further from 5 to R
om—5 Xom—4 Xom—4 Xom—2
and finally
1 1 1
a, from — to —— and further from —— to +oo
Xon—5 Pon—4 Aoy

If, while & increases from h(© to /’, a,, grows from a,S? ) to a,, it will be:

Trod Frede T fwdx
/\/X ([\/th ié =0

(0) )
1

a

while f(x) denotes an arbitrary polynomial function of order n — 2. From this
formula these special formulas result:

0 f(x)dx 7 f(x)dx
I =1

ﬁz
/

jf(x)dx R LR TS (T
2 3

'S

n—

In these formulas the 7 radicals v/X or v/—X must have the same sign. And
the 2n doubled definite integrals, if in the first n we write VX instead of
v/—X, will be the indices of the function x = A(u), and n will be real and
n imaginary, which by the two preceding equations are reduced to n — 1
real and n — 1 imaginary indices; and they can only be reduced to a smaller
number in special cases.

@

From the given results we conclude:
As circular arcs take on innumerable equidistant values for the same sine, as there are
innumerable logarithms, distant from each other by the same imaginary quantity, of the



same number, as the elliptic integrals will enjoy the double infinite amount of values,
whose real an imaginary parts simultaneously take one innumerable equidistant
values, for the same sine of the amplitude: so the Abelian or hyperelliptic integrals,
this means integrals, in which the square root in the integral contains a function of a
higher than fourth order, will have such a high multiplicity of values that for arbitrary
given limits they take on all arbitrary real or imaginary values, or that among the
total amount of values, which the same integral can obtain for the same given limits,
there are always some, which differ from an arbitrary real or imaginary value less
than a certain arbitrarily small quantity.

From the preceding it is plain, if X is of a higher than fourth order, that
x can not be considered as analytic function of u; and therefore, it seems
that the general methods, by which once the analytic trigonometry and by
which recently the theory of elliptic functions was constructed, can not be
applied to the Abelian transcendents. But, which fortunately happens in
this desperation, the special way, we, starting from completely different
considerations, explained in a preceding paper (Crelle Journal Bd. 9, p.
394), and how, at least in our opinion, the Abelian transcendents should be
introduced into analysis, also removes the difficulties, which result from the
multiplicity of the values of the integral, here. Having made some small
adjustments, I will repeat this here.

9.

Let X be a polynomial function of fifth or sixth order again; let us set:

£ (& + Bx)dx 7 (a4 Bx)dx .
I, S A, S
(a4 Bx)dx (ol 4+ Bx)dx
(N SR S

while a, b, a, B, a’, B’ denote constants. One has to consider x, y as the roots
of the quadratic equation

ux>—Ux+U" =0,

in which U, U’, U" are functions of u, u'. If u is given as the sum of several
integrals

26



/ (a —i—\/ﬁg)dx,

and at the same time u’ as the sum of as many integrals

/ (' 4 B'x)dx

X
which have the same limits, respectively: From the Abelian theorem one finds
U, U’, U" as rational functions of these limits and values, which the radical X
takes on for the same. Therefore, in this case the two transcendental equations
are reduced to algebraic equations. And this way the Abelian theorem is
usually propounded, if X is of fifth or sixth order.
The simplest example of this broad theorem was given above. For, from the
results demonstrated above, if we set:

X =x(1—x)(1—»2x)(1 - A%)(1 — ux),

where 1 > 5% > A2 > 2, having propounded two transcendental equations,

% (& + Bx)dx (a4 px)dx  E (a4 Px)dx
S S R S R S
(a' + p'x)dx (o + B'x)dx (o' 4 B'x)dx

X

O%x
%

+
—t—
>

I

Y= —u

it follows that x, y and z are determined as the roots of the quadratic equation:

(1—2)(1—A%2) - x(1 — »2x) (1 — u?x) — z(1 — »%2)(1 — u?2)(1 — x) (1 — A%x)

X—2z
or

Ux>—Ux+U" =0,

where

U =121 —2)(1 - A2%2),
U =524 12+ (A2 — (52 — G2+ 1) (1 + A2) — 3242z + 522 (1 + A2)22
U” = (1-32z)(1 — u?z).
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For, we demonstrated that another transcendental equation holds, if x, y, z
are roots of the cubic equation

x(1—52x)(1 — u?x) = h(1 — x)(1 — A%x);

having eliminated & from this equation by means of the formula

I z(1 — 2z)(1 — uz)

(1—2)(1—A2%2)
and having divided by x — z, we obtain the two remaining roots x and y as the
roots of the propounded quadratic equation. And since that equation is not
affected by the constants &, B at all, the same algebraic relations, propounded
among x, y and z, also satisfy the other transcendental equation, in which one
finds the other constants &/, B’ instead of &, f. And nothing new would be
added, if we would add a third transcendental equation, in which one would
find still other constants a”, B” instead of &, B. For, if the relations constituted
among x, v, z satisfied the two propounded transcendental equations, hence
another equation

X y z

/ m+nx / m+nx _/(m—i—nx)dx
0 a1 1 VX
2 2

with arbitrary constants m, n, follows immediately.

10.
But above we gave six substitutions of the form
_ d+tesin’g
f+gsin?¢’

by means of which for the different intervals, in which x is contained, we
reduced the integral

/ (a +\/,‘§c)dx

to a form, which allowed an expansion into a convergent series of this kind:
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X
/("‘ A _ % @+ A'sin2¢ + A" sindg + A" sin6gp + - - - .

VX

Since those substitutions do not depend on the constants «, § in any way, by
means of the same substitutions, one even finds a convergent expansion for

other constant a’,  in the single cases:

x o, ,
2B
/W = C'—l—?-qo—i—B'sianp—|—B”sin4go—|—B”sjn6¢+... .

For another given value y, either by means of the same substitutions or by
means of another,

_d' +esin’y
T gty
to be used for the interval, in which vy lies, find the following convergent

expansions:

2A
=C + 71 - + Alsin2¢ + Al sindy + A}’ sin6yp + - - -

!
V(o 'x)d 2B
bf(a—ipﬁx)x:q_ynl-tp + Bjsin2y + B sin4y + B{'sin6yp + --- .

Hence having put

¥ (a4 Bx)dx Y (a+ Bx)dx .

af VX * bf VX '
(a4 Bx)dx (&l + B x)dx
I~ x

we see, having changed ¢ into ¢ + m7t, { + m’p, while m, m" denote arbitrary
positive or negative numbers, that
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u becomes u + 2mA +2m'A;,

/

u' becomes u' + 2mA + 2m'Aq,

simultaneously, but at the same x, i are not changed. Here, A, A; are either
the same or different of the six quantities we called

u
\/1—1, u, uzv-—1, —uy, —usv-1, usg

above, and B, B; are quantities, into which A, A; go over, if one puts o, B/

instead of «, B. Hence, if those six quantities, after a/, ' had been written

instead of a, B, go over into these, respectively:

!
U

v
it follows, while m, m’, m"”, m
changed

/ !/ / !/ !/
Uy, usVv-—1, —uy, —usvV—-1, ug,

" denote arbitrary integer numbers, having

miuq

V-1

u into wu+ +2m'uy + 2m" usv/—1 4 2m"" ug

and at the same time

2muy
v—1
that x, y are not changed. We omitted the indices 2u3v/—1, 2uy and the
corresponding 2uj+/—1, 2u}, since they are reduced to the remaining ones.

Therefore, we found the following fundamental theorem on the periods of our
transcendents.

' into u' +

+2m'uh + 2m" ul/—1 + 2m" ug,

FUNDAMENTAL THEOREM

Having put

X =x(1—x)(1—5x)(1 - A%x)(1 — A%x) (1 — u?x),

set:
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1

2_{1 (uc\/v}[;c) s Zof ( +\/ﬁ§x)dx i
P @+ px) ¢+ Bx)dx
2—ooﬁ =1, 2{ X =1,

consider x, y as functions of u, u’,

x=Au,u), y=MN(uu),

given by the equations:

% (a4 Bx) T(a+px)
=< s T
W py) |, LW BT
== tlx

it will be:

u + mipg/—1 4+ m'io + m"iz/—1 + m'"'i,
u' + miy/—1 + m'ty + m"i{/—1 + m™i),
I mipy/ =1+ m'iy + m"iz/—1 + m"iy, A(u,u')
=MN(u,u
u' + miy/ =1+ m'i, + m"if/—1 + m"'i},

whatever positive or negative numbers m, m', m", m"" are.

= Au,u)

The kind of periodicity, which was explained in the preceding theorem, does
not have anything, what is observed in the laws of analytic functions. For, one
can always determine the numbers m, m’, m"”, m"" in such a way that the one
of the two expressions
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u + m'iy + m"'iy + (mip + m"iz)v/—1,
u' +m'ih + m"iy + (mif, + m"i})/—1

differs from a given arbitrary quantity

p+aqv-—1

less than any arbitrarily small given quantity; and nevertheless it is not
possible in general, if not at the same time the numbers become infinitely
large, so that, while the one expression comes infinitely close to a given
quantity, the other becomes infinitely large at the same time. Hence we see
that in our quadrouple periodic functions of two variables

x=Au,u"), y=AN(uu)

the one argument becomes undetermined just then, when the other becomes
infinite. This is not absurd.

We see that for the values of x, y the one argument can not be changed by
a certain constant, while the other does not change, but the two arguments
always change simultaneously, so that the index of the of argument is always
completely determined by the index of the other. This is a characteristic
property of this periodicity. Without it periodicity cannot hold.

11.

From the Abelian theorem it is known, having put

x=Au,u')  y=N(uu),

that the functions
xp = Anu,nu'),  y, = A (nu,nu’)
are given as the roots of the quadratic equation

U,x* — U,x + U =0,

in which U,, U}, U]/ are rational functions of x, y, VX, VY, if Y is the same
function of y as X is of x. Hence it is also plain that vice versa x, y can be
obtained from x,, y, by the resolution of an algebraic equation. You see
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already from the fundamental theorem that these equations will be of order
n*. This is easily checked for n = 2 applying the Abelian theorem; and the
same theorem also immediately yields the resolution of an equation of 16-th
order, which is required for the bisection, by means of the extraction of square
roots only. We will discuss this on another occasion.

But if there are transformations, from the same theorem you immediately
see, that one gets to the multiplication by four transformations of n-th order,
applied one after the other; hence the resolution of the equation of n*-th order,
which is required for the division into n parts, is reduced to four equations of
n-th order, if you assume the division of the indices to be known. But, if n is a
prime number, this is also easily seen to depend on an generally irreducible
equation of (1+ n + n? + n®)—th order and on another of (“5!)-th order,
which, having assumed the roots of the other as known, admits a solution.
And, if n is prime, 1 +n + n? + n3 will also be the number of transformation
of the same of n—th order, from which total amount 2(n + 2) will be real.
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