Week 11 lectures, Math 804
1. MORE ON WEIRSTRASS ELLIPTIC FUNCTION P(2): INTEGRAL
FORMULA

Lemma 1.1. Introduce
L) 2= hO = [ -t - g
¢

where the path of integration may be any curve which does not pass
through a zero of 4t> — gy t — g3, then h(P(z)) = =z.

Proof. On differentiating ([LT]), we obtain

2
(1-2) (%) = 4C3 — 92C¢ — g3
so that

(1.3) ( = Pz + o) = P(z £a)

Now, in ([ITI), if we let { — o0, we obtain z — 0. This means that
P(z + =a) blows up at z = 0. This means that « is either 0 or a
point congruent to it. Thus ( = P(z) and the Lemma is proved. 1

Lemma 1.2. The elliptic function P satisfies the following addition

theorem:
P(z) P'(2) 1
(1.4) P(y) Py 1] =0
Plz4+y) —Pl(z+y) 1

Proof. Consider the following set of two linear equations for determin-
ing A and B:

(1.5) P(z) = AP(x) + B

(1.6) P'(y) = AP(y) + B

These determine A and B uniquely in terms of z and y, unless P(z) = P(y),
i.e. unless z = £y (mod 2wy, 2w, ). For A and B as determined above,
consider

(1.7) P'(¢) — AP() - B
It has a triple pole at ( = 0 and consequently three irreducible zeros
(i.e. three zeros within a cell). Two of these zeros are clearly ( = z

and ¢ = y and the third irreducible zero must be congruent to —z —y
1
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(recall that the sum of pole location within a cell, which is zero in this
case, is congruent to the sum of zero locations). Thus,

P(-z-y) = AP(—2-y) + B
which implies
(1.8) Pz4+y) = AP(z+y) + B

Since ([H), (CH) and (LCJ) can be viewed as three equations for two
unknowns A and B, their consistency conditions require that ([C4) is
satisfied. |

Remark 1.3. A more symmetrical form of (I.4) is

P(u) P'(u) 1
(1.9) det | P(v) P'(v) 1] =0
Pw) Pw 1

foru + v + w = 0.

Lemma 1.4. Another addition theorem for the Weirstrass elliptic func-
tion is that:

(1.10)  P(z + y) = E {7;8 — 77;((;’))} — P(z2) — P(y)

4
Proof. Retaining the same notation as in Lemma [[2 we see that the
values of ¢ for which P'({) — A P(¢) — B vanish, are congruent
to one of the points z, y, —z — y. Hence P”(z) — {4 P(z) + B}’
vanishes when ( is congruent to the points z, y, —z — y. Recalling the
differential equation satisfied by P, this means that

(L11) 4 P%(C) — A* PXC) — (24B + g2)P(¢) — (B* + gs)

vanishes when P(() is equal to any one of P(2), P(y), P(z + y). For
general values of z and y, P(z), P(y) and P(z + y) are unequal and
so they are all the roots of

(112) 42% — A2Z> — 2AB + g)Z — (B> + ¢35) = 0
Consequently, from the relation of the zeros of a cubic to its coefficients,
it follows that

1
(1.13) P(z) + Ply) + P(z+y) = 1 A?

However, from solving for A and B in ([C3) and (CH), and using the
value of A, we obtain the relation ([LI0) and the theorem is proved.
|



Corollary 1.5. The duplication formulae is given by

1(P"(2)\”
1.14 2z) = - - 2
(114 Pe) = {0} - 2P0
Proof. Consider the formula ([CI0), with y — =z, then using L’Hopital’s
rule, (CI4) follows. 1

Remark 1.6. Differentiating

(1.15) Pi(z) = 4P(2) — ¢ P(2) — g5
we obtain on cancellation of P'(z),
(1.16) 2P"(z2) = 12P%(2) — gy

Using (L13) and {LIA) in the relation [I.14), it is possible to express
P(2z) in terms of P(z) alone, though one ought to be careful in the

proper interpretation of the square-root.

2. RELATIONS SATISFIED BY €1, €5 AND e3
Definition 2.1. Define e; = P(wi1), ea = P(ws) and e = P(ws),
where w3 = —w; — Ws.

Lemma 2.2. eq, e; and e3 are all unequal to each other and are distinct
roots of

(2.17) 413 — gt — g3

Proof. First we note that

(218)  Pl(—w1) = = Plwr) = —P'Q2uw; — w1) = — P'(w1)
Hence P'(wy) = 0. The same is true for at we and ws. Since P’(z) is

an elliptic function whose only singularities are triple poles at points
congruent to the origin, P’(z) has three and only three irreducible zeros.
Therefore the only zeros of P’(z) are at points congruent to wy, ws and
ws.

Next, consider P(z) — e;. This vanishes at w; and since P’ (wy) = 0,
it has a double zero at w;. Since P(z) is a second order elliptic function,
the only zeros of P(z) — e; is at wy. In the same manner, the only
irreducible zero of P(z) — eq is at wy and the only irreducible zero of
P(z) — es at ws. It follows therefore that e; # ey # e3, as otherwise
one of P(z) — e; would have a zero at more than one point. Also,
from the differential equation for P(z) and the vanishing of P’ at wj,
it follows that

(219) 4 Pg(w]') — g2 P(Wj) — g3 = 0
Thus, each e; is a distinct root of (2I7) and the lemma is proved. |
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Remark 2.3. From the formulae connecting roots of (Z.17) with their
coefficients, it follows that

(2.20) €1 + €3 + e3 = 0
1
(2.21) ey + eges + ezer = _1 g2
1
(2.22) €1 e = 7 g3

Once ey, ey and ez are found in terms of go and g3, expressions for wy,
wo and ws follow from the inverse relation given in Lemma [T

Exercise 1: Suppose g and g3 are real and the discriminant g3 — 27 g2 > 0.
Show that e; are all real; choosing them so that e; > ey > e3, show
that

(223) w1 = / (4t3 — ggt — gg)_l/2 dt

€1

€3

(2.24) wy = —i / (43 — gyt — g3) Y2 dt

—00

so that wy is real and ws is purely imaginary.

Exercise 2: Show that, in the circumstances of Exercise 1, P(z) is
real on the perimeter of the rectangle whose corners are 0, w3, w; + w3
and w;. Determine that P(z) conformally maps this rectangle to the
upper-half plane. We know that the upper-half plane can be mapped
to the interior of the rectangle given through Schwartz Christoeffel
transformation. Relate this formulae to that given as the inverse of
P(z) in Lemma [[T1

Lemma 2.4. Fxpression for the addition of a half-period to the argu-
ment of P(z) is given as:

_ (er — e2)(er — e3)
(225) Pl tw) = e+ T
Proof. Using (ILI), we get
o) e+ - 76+ Pl = § (BT

Since

(2.27) PP(z) = AT_, [ P(z) — e]



we have

[P(2) — s [P(2) — es]
P(z) — e

This results in (Z220) and the Lemma is proved. |

(228) Pz + wy) = — P(z) — e

3. REPRESENTATION OF GENERAL ELLIPTIC FUNCTION IN TERMS
OF WHITTAKER

Lemma 3.1. An arbitrary even elliptic function ¢(z), with irreducible

zeros and poles at *a; and b; respectively, with j = 1,2,...n can be
written as
P(z) — P(ar)
329 = A Hfr: n
6:) o) = AT {50

for some constant Ay. If any of the constants a, or b, is congruent to
the origin, the corresponding factor P(z) — Pla,) or P(z) — P(b,) is
omitted in the product in (Z29).

Proof. Consider the function

1 P:) — Pla)
(3:30) 75 e e

It is an elliptic function of z. It has no poles since the zeros of ¢(z)
concide with the zeros of the numerator; while the poles of ¢(z) coincide
with the zeros of the denominator. Thus, from Liouville’s theorem,
(B30) must be some constant A;. Hence (B29) follows and the lemma

is proved. |

Lemma 3.2. Any elliptic function can be expressed in terms of the the
Weirstrass elliptic function P(z) and its derivatives.

Proof. We note that any elliptic function f(z) can decomposed as:

B30 G) = ) + 2]+ 1) - 12 o)

Each of the terms f(z) + f(—z2) and [f(2) — f(—=2)]/P'(2) are clearly
elliptic functions. Applying Lemma 4.1, each of these terms can be
written in the form (B2Z9). Thus the Lemma is proved. |

Remark 3.3. There is an expression connecting two elliptic functions
with the same period. This can be obtained as follows: As discussed be-
fore, each elliptic function can be expressed in terms of P(z) and P'(z).
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Eliminating P(z) and P'(z) algebraically between these two equations
and

(3.32) Pi(z) = 4P%2) — ¢ P(2) — g5

we can obtain an algebraic relation connecting the two elliptic functions
directly.

Remark 3.4. One cannot perform the following integration in terms
of elementary functions:

33) [t A0 s+ 6+ A+ 0 de

However, ellptic functions provide an alternate expression for the an-
swer.

Lemma 3.5. Define

(3.34) f(x) = apx® + 4a2° + 6ay 2* + 4dazxr + a4
and let
(3.35) z = / [F()] Y2 at
zo
where xo is any oot of f(x) = 0; then it is possible to express x as a
rational function of P(z), with invariants go and g3, where
(336) ga2 = Qg Q4 — 4(11 as + 3 (Zg
(3.37) g3 = apay ay + 2a; ayaz — ay — apai — aj ay

Proof. By Taylor’s theorem:
(3.38)
f(t) = 4143 (t—I‘o) + 6A2 (t—l‘o)2 + 4A1 (t—I‘o)g + Ao(t—1‘0)4

where

(339) A(] = aO,A1 = a0x0+a1,A2 = a0x3+2a1x0+a2

(3.40) As = agx) + 3ay 2] + 3as e + as

On writing 7 = (t —xo) " and (z —29)™' = &, we have
(3.41) © = / [4 A3 7% + 64, 7° + 4A; T + Ao]_1/2 dr
13

We remove the quadratic term in the cubic involved through the trans-
formation

(3.42) T = A7 (0—%/12)



(3.43) €= Al (s — % A)

and we get

(3.44) z = /00{4 od — g0 —g3y V? do
where

(345) ga = ?)Ag - 4A1A2,g3 = 2A1A2A3 — Ag — A(]Ag

On substituting (B339) and (B240) into (B:4H), (B36) and B310) follow.
From (B44), it follows that

(3.46) s = P(z)
with invariants g, and g3. From the transformations given above,

-1
(3.47) T = x9 + %f/(xo) {P(Z;92793) - 2—14 f”(xo)}

So the lemma is now proved. |

4. QUASI-PERIODIC FUNCTION ((2)

Definition 4.1. We introduce ((z) through the equation

d¢
4.4 B R
(1.15) = = -P()
coupled with the condition that
(4.49) lim [C(2) — 1 =0

Since the series for P(z) — 272 converges uniformly throughout any

domain from which we exclude the neighborhoods of the points €2,
(i.e. not including m =n = 0 term), we get

(4.50)

__1:_ ’ — —2 d = — ’ —an_2—Q_2 d
C(2)-2 /O{mz) 2} ds mz/ {(z= Q) AR
Hence

1 ' 1 1
(4.51) =) = - + ) {Z_van gt ng }

It is easily seen that the general term of this series is O(|Q2;7 ) as
|€2,.,| — o0 and hence the series in (fE]]) defines an analytic function
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over the whose z—plane except at simple poles, with residues 1, at all
the points of the set €2,,,,. It is easily shown that

(4.52) ((=2) = —C(2)
and hence it is an odd-function. We now show below the quasi-periodicity
of ¢(z): On integrating the relation

(4.53) P(z + 2wy) — P(z) = 0
it follows that

(4.54) C(z 4+ 2wy) = ((2) + 2m
Evaluating this relation at ( = —w; and using the oddness property
of ¢, it follows that

(4.55) m = ((wr)

In like manner,

(4.56) C(z 4+ 2wy) = ((2) + 2my
where

(4.57) ne = ((ws)
Lemma 4.2. Forn, and ny defined as above,
(4.58) Mwy — Towy = %Wi

Proof. To obtain this relation, consider [, ((z) dz, taken around the
boundary of a cell. There is one pole of ((z) inside the cell with residue
+1; hence [, ((z) dz = 2 m 4. However, the contour integral can be
alternately expressed as:

(4.59)
t+2w1 t+2wa

omi = [ K@ Cralde— [ (@) C(er200)) o = o + A
t t

Thus, the relation (ELS) follows. |
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