7. ETA EVALUATIONS USING GENERALIZED WEBER
FUNCTIONS

INTRODUCTION

This chapter is intended to continue the work which we began in chapter two, of
providing actual eta evaluations. As hinted in the previous chapters we are now
able to provide a number of new evaluations which depend not on Weber functions
but on the modular equations for their generalizations. In particular we will make
use of the Schlafli type modular equations which we developed earlier.

As in chapter two we need to be very familiar with the various identities which our
functions satisfy. These are recorded in chapter five, at least for the level 3 and 5
functions.

1. Crass NUMBER F1VE EVALUATIONS USING LEVEL THREE FUNCTIONS

We begin by adapting a technique of Weber. We let w be the root (—r + +/—m)/2
where m = 4n — 72, of the quadratic form 22 + 7z + n. Note in particular that

(1) w/n=-1/(w+r).

We cannot make use of this in the case of the class number seven discimininant
d = —T1, since to express 71 = 4n — 72 for a prime degree n is not possible
(consider the equation modulo 8).

We do have however 131 = 4 x 53 — 92.

We make use of the Schlafli type modular equation for level three functions and
degree n = 53. In general this will provide a polynomial relationship between g (7)
and g;(537) for general 7.

Firstly we make the transformation 7 — 7+ 1 in our modular equation. This simply
makes it a polynomial relationship between (5" g2(7) and —g3(537). Alternatively,
since this will be an identity for all 7, sending 7 — 7/53 this becomes a relationship
between (5! g2(7/53) and —gs(7).

However for the value 7 = w = (=9 4+ +/—131)/2 this will become a relationship
involving (15! g3(w) and —g3(w) or between the values ¢5* g1((1 + +/—131)/2) and
G 2o ((1+/—131)/2).

The relevant modular equation defines

Avo = (Wo0)? 4+ 3%/ (uvse)?  and  Bog = (Voo /u)? — (u/vs0)?.
Thus in our case if we let © = g1(w) these functions will reduce to the values
(2) A=x*+9/z* and B=0.

The following piece of code calculates the modular equation of degree 53 and stores
it in the variable m. It has been adapted from the code used in chapter 6.
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etaq = prod(n=1,300,1-9"n+0(q~300))

etaqb3 = subst(etaq+0(q~6),q,9°53)+0(q"~300)

gq = etaq/subst(etaq,q,q"3)

gq53 = etagb3/subst(etagb3,q,q9"3)

a = vector(14) ;b=vector(10)

al1] = 1;p[1] =1

al2] = q~(-9)*(gq*gq53) "2+372/(q" (-9) *(gg*gq53) ~2)

b[2] = q~(-13)*(gg53/gq) "3-q~ (13)*(gq/gq53) "3

for(i=3,14,al[i]l=ali-1]*al2])

for(i=3,10,b[i]=b[i-1]1*b[2])

n = al[14]-b[10]

m = A"13-B79

div9(y)=for(k=0,100,if (y-k*9==0,return(k)))

1(z)=for(i=0,9,if ((z-i*13)%9==0,return(B~i*A~ ((z-1%*13)/9))))

larr (x)=for(p=0,9,if ((x-p*13)%9==0,return(b[p+1]*al[div9(x-p*13)+1]1)))

for(j=0,116,if (polcoeff(n,j-116,q)<>0,m=m-polcoeff(n,j-116,q)*1(116-]
) ;n=n-polcoeff(n,j-116,q)*larr(116-j)))

In order to find the minimum polynomial for z = g;(w) we simply substitute the
values given by (2), remove the denominator by multiplying by x5 and factorize
the resulting polynomial in x. This can be done with the following code fragment

A = x7449/x74
B=0
factor(eval(m))

We find that there are only two factors which have degree divisible by 5 and it is
not hard to substitute the value g; (w) into both and find that the correct minimal
polynomial is 220 — 1328 + 38216 + 92 + 185212 4- 352210 + 55528 4 8126 + 102621 —
105322 4 243.

The major disadvantage of this approach is that it does not calculate the complex
absolute value of the eta quotient but the quotient itself. It is not trivial to deter-
mine the minimum equation of one from the other. We would like to calculate the
minimal polynomial of |z|?/4/3 since it is this value which we conjecture is a real
unit in the Hilbert class field. Unfortunately our methods have not led to such an
evaluation.

It is clear from the minimal polynomial that z? is of degree 10 over Q and so it
must be in the Hilbert class field. This is precisely what was proved using Gee’s
results in chapter 1.

We move on to the next discriminant of class number five which is d = —179. We
have that 179 = 4 x 47 — 32 and so the same technique as above can be applied.

We first make the transformation 7 — 7 + 1 in the modular equation of degree
47 for signature 3 functions. We end up with a polynomial relationship between
(15" g2(7) and (55" g3(477). Then we replace 7 with 7/47.

Now by virtue of the fact that (1) holds and m = 179, n = 47 and r = 3 we see
that our modular equation becomes, for 7 = w = (1 ++/—179)/2, a polynomial
relationship between (5" g1((1 ++v/—=179)/2) and (5> g1((1 + /—=179)/2).

Now for the modular equation of degree 47 we must have
Aso = (u0s0) 4+ 3/(uves) and  Bao = (Voo /u)® + (u/v00)°.

But from what we have just written we see that if we define = (5 ' g1((1 +
V/—179)/2) then A = 22 + 3/2? whilst B = 2.



7. ETA EVALUATIONS USING GENERALIZED WEBER FUNCTIONS 139

We modify the code that was used in the last example to obtain the modular
equation of degree 47. We make the substitutions just mentioned and then factor
the resulting expression to obtain a minimal polynomial for the value x.

There are two factors whose degree is divisible by 5. It is not hard to substitute
the value z = (5 g1((1 + +/—179)/2) into both factors and discover that in fact
220 + 1728 + 170216 + 6072 + 186922 + 340020 4 56072 + 54632° + 45902+ +
137722 + 243 is its minimal polynomial.

Once again z2 has minimal polynomial of degree 10 over Q and since we already
knew that 22 must be in some extension of the Hilbert class field (since it is a root
of a discriminant function quotient) which is degree 10 over Q we know that it must
actually lie in the Hilbert class field. Again this is what we proved in chapter one.

2. A Crass NUMBER FIVE EvaLuATiON USING LEVEL FivE FUNCTIONS

We return to the discriminant d = —131 of class number five. One of the values we
would like to evaluate is b1 ((3 ++/—131)/2) where by (7) = n(7/5)/n(7) is the level
five function defined in chapter five.

The method we use is virtually the same as for the last section. We again use the
fact that 131 = 4 x 53 — 92. We let w be the root of 22 4+ rz + n indicated at the
start of section one, where r =9, m = 131 and n = 53.

Our modular equation of degree 53 for level 5 functions is a polynomial relationship
between by (7) and b1 (537).

After applying the transformation 7 — 7+ 2 and replacing 7 with 7/53 it becomes
a polynomial relationship between (5! h3(7/53) and (g * hao(7).

Substituting the value 7 = w = ((1 + +/—131)/2) it becomes a relation between
Go ' 1((1+v/=131)/2) and (52 hi((1+ v~131)/2).

The modular equation of degree 53 for level 5 functions will have
Ase = (u0s0) 4+ 5/(uves) and Bao = (Voo /u)> + (u/vo0)?.

Letting = h1((1 + v/—131)/2) and plugging in the values above, these functions
can be expressed A = —2? — 5/2? and B = —2.

Following PARI code to required to generate the modular equation of degree 53 for
level 5 functions. It is included since it differs in important ways from the code we
presented for the degree 53 level 3 case and took the author some time to adapt
correctly from the earlier construction. In particular it needs to check that the total
order of each of the terms of the modular equation is even.

etaq = prod(n=1,500,1-9q"n+0(q~500))

etag53 = subst(etaq+0(q~10),q,q"53)+0(q"500)
gq = etaq/subst(etaq,q,q"5)

gqb3 = etaqgb3/subst(etagb3,q,q75)

a = vector(53) ;b=vector(19)

al1] = 1;b[1] =1

al2] = q~(-9)*(gq*gq53)+5/(q~ (-9) *(gg*gqg53))
b[2] = q~(-26)*(gq53/gq) “3+q~ (26) *(gq/gq53) "3
for(i=3,53,alil=ali-1]*a[2])
for(i=3,19,b[il=b[i-1]1*b[2])

n = a[53]-b[19]

m = A°52-B~18
div9(y)=for (k=0,100,if (y-k*9==0,return(k)))
1(z)=for(i=0,18,if ((z-i*26)%9==0,if (((z-i*26) /9+1)%2==0,return(B~i*A~



140 7. ETA EVALUATIONS USING GENERALIZED WEBER FUNCTIONS

((z-1%26)/9)))))

larr (x)=for(p=0,18,if ((x-p*26)%9==0,if (((x-p*26) /9+p) %2==0,return(b[p
+11*a[div9 (x-p*26)+11))))

for(j=0,467,if (polcoeff(n,j-467,q)<>0,m=m-polcoeff (n,]j-467,q)*1(467-]
) ;n=n-polcoeff (n, j-467,q) *larr(467-3)))

Making the substitutions above for A and B and factorizing we find there is only
one factor whose degree is divisible by 5. Thus we find that 22° — 1328 + 3626 +
5612 4 33522 — 255220 + 16752% + 1402526 + 4500z — 812522 + 3125 is the
minimum polynomial of x = b ((3 + v/—131)/2).

3. CLASS NUMBER SEVEN EVALUATIONS

We wish to deal with the class number 7 case, d = —71. Firstly we write —71 =
712—72x71. Thus we can take w to be the root (—714+/=71)/2 of 2 +712+18x 71.
We note that w/71 = —1/((w + 71)/18).

We use the modular equation of degree 71 for level three functions. We can make it
into a polynomial in g1 (7/71) and g1 (7). Plugging in the value 7 = w given above it
becomes a relation between g((714+/—71)/36) and g1 ((—71 ++/—71)/2). But this
can be made into a relation between (g g((—1 ++/—71)/36) and g1 ((1 +v/—71)/2)
or between (s g1((1 ++v/—71)/2) and g1 ((1 ++/—71)/2).

Now the modular equation of degree 71 (which is given in chapter six) defines
Ano = (Woo) + 3/ (o) and  Bog = (Voo /u)® + (u/vs0)®.

Thus if we let = (1291((1 + v/—71)/2) then we have that A = 22 + 3/2? and
B = 2 for the particular value of 7 we have chosen.

Substituting these into the modular equation of degree 71 and factorizing we find
only one factor whose degree is divisible by 7. In fact the minimal polynomial of
the value z is 228 4 2224 4+ 57222 + 177220 4 29628 + 864216 + 20812 4 2592212 4
2664210 + 47792% 4 46172° + 4862 + 2187.
We move on to the next discriminant of class number 7, d = —151. We write —151 =
1512—152x151. So we can take w = (—151++/—151)/2 aroot of 2% +1512+38x 151.
We see from the quadratic equation that w/151 = —1/((w + 151)/38).
We use the modular equation of degree 151 for level five functions. It starts as a
polynomial relationship between by (7) and b1 (1517). After sending 7 — 7 — 3 and
then making the change 7 — 7/151 it becomes a relation between h3(7/151) and
[’)3(7‘).
For the specific value 7 = w that we have chosen this becomes a relation between
h3((1514++/—151)/76) and b3((—1514++/—151)/2). This can be changed to a relation
between hs((—1 + v/—151)/76) and ¢§ h1((3 + +/—151)/2) or between (g h1((3 +
v/—151)/2) and (¢ h1((3 + v/—151)/2).
The modular equation of degree 151 must have

Ao = (U000 + 5%/ (uv00)® and  Boo = (Voo /) + (1/V00).

If we take © = b1 ((3++/—151)/2) then the values of these functions at w are equal
to A= —2%—53/2% and B = —2.

We adapt the PARI code that we used for the discriminants -131 and -179 and find
the modular equation of degree 151 for signature 5 functions. We then substitute
in the given value of A and B and factorize.

There are two factors whose degree is divisible by 7 and we easily find that the
mimimum polynomial for the value z above is 228 — 23226 + 1912%* + 146222 —
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4249220 4+ 6199218 + 27581216 — 100057214 4+ 137905212 + 154975210 — 53112528 +
912502°% + 596875x* — 35937522 + 78125.

It is unfortunate that our technique does not provide eta evaluations similar to
those of chapter two, namely evaluations of the absolute value of an eta quotient.
Of course we should still be happy to provide eta evaluations as we have, of the
square of an eta quotient but an important question is raised by the difference in
results between chapter two and the current chapter.

The astute reader will have realised that in chapter two we made use of Weber’s
modular equations of irrational form. These involve all the Weber functions and
not just a single function. However the modular equations which we developed in
chapter five and have used here are of Schlifli type and only involve the function
g1 or b1, etc. The question is, what sort of modular equation plays the part of the
equation of irrational form for our higher level functions?

In the next section we develop a modular equation which seems to be such a gen-
eralization. It involves all the level three functions at once. Even though it does
not help us to provide eta evaluations similar to those of chapter two we report on
the development of this kind of modular equation since it leads to identities which
are most curious indeed and perhaps worthy of further study. This will be a final
act in our development of modular equations which has arisen from our study in
the evaluation of the Dedekind eta function.

4. A PERMANENT IDENTITY

It will be necessary to consider modular equations of prime degree p where p =
1 (mod 3).

For our functions g; of level 3 we define functions associated to each g;

vl = g:(p7)

; 3
= (2) ailtr + 30me)p) for - )j2< e < (012
where 36mc = ap + 1 is the smallest natural number congruent to 1 modulo p.

Note: we also extend this defintion to the function g, where we write simply v
and v, for the appropriate functions associated with g.

Also for convenience, we let u(Y) = g;(7), and also let u = g(7).

We will be interested in functions ¥(7), built polynomially from the functions

u(i)vgi), which are invariant under the full modular group; or what is the same thing,
invariant under both the modular substitutions S and 7'. Thus these functions will
belong to the modular function field C(j).

In addition we will demand that these functions ¥(7) have no poles in the complex
upper half plane or at i0o. The first of these conditions ensures that W is expressible
as a polynomial in j, and the second, in light of the g-expansion for j, ensures that
it is in fact a constant. Thus we will have the identity ¥(7) = C for some constant
C and all 7 in the upper half plane. This identity will be the modular equation we
are after.

The condition that there be no poles on the upper half plane is automatic, given

that our functions will be built from terms like u(i)v((f) which themselves have no

such poles.

Now to simplify matters, an argument similar to that in chapter five shows that

we only need to construct a function ¥o(7) built polynomially from the u(i)vg),
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which vanishes at ¢ = 0. This then ensures an identity ¥ (7) = 0 which will be
the modular equation we are after.

We now investigate the action of the modular substitutions on the functions u(*)
and v(¥. Firstly for the u(? the relevant data is easily found and summarized in
the following table.

‘ w u® 4@ 4B
To71+1|eu eu® o 4O
T — —1/7 | u® U u® 2

27i _ 2mi
where e = €12 and e = e~ 12 .

Now for the v’s. Firstly consider the action 7 — 7+ 1.

For veo : g(p(T + 1)) = e g(pr) = e oo

For i = 2,3 we have v%) : ai(p(r 4+ 1)) = e 12 5 git1(pT) =€

where we adjust, as we will from now on without comment, (i + 1), by three if

necessary, so that it is in the range 1..3 and for i = 1 we have v gi(p(t+1)) =

_ 2mi (p+2) _2mi (p42) (2)
e 12 3 gz(pT):e 127 3 VUso .

For the other vg) we note that

mi (p—1 i
_212 (p3 )U(()éJrl)

T+36mc+1 7+ 36m(c+1) —ap

p p

Thus

2pmi

_ 2ami
Ve(T+1)=e 12 vy =€ 12 veqy,

since a = —p (mod 12). Note we also adjust the ¢ + 1 by p if necessary (which we
can do in light of the periodicity of our function) so that it lies in the correct range.

Now noting that a = 2 (mod 3) in light of the fact that p = 1 (mod 3), we also have

v D(T—I— =e 53 Vo1 (T)

v (t4+1)= i e v&)l (1)

(
C

v (r+1) =TT oY (7)
(

again adjust ¢ 4+ 1 wherever necessary.

Turning to 7 — —1/7 we have

s a(on/r) =ai(o/o) = () of)

and vice versa, and
3 3 3
vo: | — —1/p7) = () pT) = () vgé)
0 (p) a(=1/pr) p g1(p7) ’

Similarly we have

and vice versa.

v® - ga(—p/7) = 8s(7/p) = (2) o

and vice versa, and

vy : (;) a(-1/p7) = @) g3 (pr) = (i) o

and vice versa.
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Now consider the other v{" and ve for ¢ # 0, oco.

We solve

(o)) () =05 2) G o) ()

This gives the following series of equations assuming the first matrix on the right
is in SLy(Z).

36mc=0, —-1=6A+vp, p=pB, 0=BA+ap, ad—pFy=1.

Clearly the third and fourth equalities imply o = —A. Then the final one follows
automatically from the others. Thus it only remains for us to satisfy the second of
these requirements. We need

—36mcA — 1
v = Tomes T €.
p

So we want 36mcA — 1 = 0 (mod p). If we additionally impose the condition that
A = 36mc’, then clearly we need c¢’ = —1 (mod p), i.e: ¢ = —1/c (mod p) as we
might have expected.

Now, referring to the linear tranformations of the functions g, g1, g2 and g3 as given
in chapter five, we obtain the following.

wrom) = (2 (§) 00,0 = (5) o0

p
since 3 =p =1 (mod 3).

vﬁl) : vgl)(—l/T) = (—1)%1 (%) V_1/.(T) = (2) v_1/¢(T)

since vp = —1 (mod 36).

i 3 i) 2
v£2) : v£2)(—1/7') =% <p) e 1 U(_Sl)/c(T)-

i 3 ) i 3 )
o9 1) = () I ()= % (B) 0 (o

since if p =1, 4, 7 (mod 9) then 42 = 1, 4, 7 (mod 9) respectively.
As with our previous modular equations, we don’t particularly care how the various
functions are permuted. We only care about the various roots of unity that are
induced by the two transformations. These are summarized in the following tables.
‘ UVoo UVY UV ‘ ) uvél) uvt!
S| & €1 &1 €9 €3 €3
T

€6 €6 Ee €6 [ €6

(3) (3) (3)

| w® w® w® | w® w® wl

UV UV, UV

™
~

S €4 €5 €5 €5 €5
T g €6 Eg €6 6 €6
2(pt+1)mi _ 2(pt+5)mi 27i a—5 _ 2mip—1 2mi at+1
whereglz 12 ,E2 = € 12 ,E3 = €12 3 gy =€ 12 3 g5 = €12 3
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These roots of unity clearly depend on p modulo 36. There are six cases p =
1,7,13,19,25,31 (mod 36). However in all cases it is convenient to introduce

A, = (uvc)3 _ (u(l)vﬁl))?) _ (u(2)1}£2))3 + (u(3)v£3))3

B. = 1/(uve)? — 1/(uWe)3 — 1/ (@02 41/ (u®0P)3

We then find a polynomial F'(x,y) so that the g-series of Fi, = F(Aw, Bso) disap-
pears upto and including the constant term. The F. = F(A., B.) are then permuted
upto sign by our transformations. In the cases p = 7,19, 31 (mod 36) they are per-
muted exactly. In the remaining cases, they are permuted always with a factor of
-1. However in all cases the ¢-series of the F, can be transformed into each other
upto sign if the total degrees of the terms of F' are either all odd or all even.

We look at the g-series for some small primes and give the corresponding modular
equations:

For p="T:

Ass(q®) =0+ O(q)
For p =13:

Ass(4°=) =0+ 0(q)
For p =19:

Ax(q®) =0+ 0(q)
For p = 31:

Ass(®) =0+ O(q)
As can be seen these are all the same. In fact numerically we have tested the
modular equations of this form for many values of the degree p. Not only do we
obtain A = 0 for p a prime satisfying the specified congruence but in fact the
relation appears to hold for all natural numbers (in fact the identity appears to be
even more general than that).

We do not prove this identity here since the proof must surely involve either deter-
mining special arithmetic properties of the g-series involved or the application of
some heavy analysis. Both of these would be beyond the scope of this thesis, not
being directly relevant to eta evaluations.

Nevertheless we conjecture that this identity holds for all degrees n where n is a
natural number.

At first glance this identity might seem to follow from the identity involving sixth
powers of the functions g; which is reported in the second section of chapter five.
However closer inspection reveals that this is merely the special case of our new
identity where n = 1.

In fact this new identity seems to be some kind of permanent identity (see Fine [1]
8§41 for examples of permanent identities). There are many open questions related
to this sort of identity not the least of which is whether they truly are the correct
generalization of the modular equations of irrational form given by Weber for his
functions.

We have not looked for similar identities for our level 5, 7 or 13 functions and there
are clearly a multitude of future research directions which have opened up to us
and which might be pursued in the future. Due to constraints of time and space
we cannot pursue them all here but it will be interesting to see these questions
investigated further in the future.
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