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Modular parametrization as Polyakov
path integral: cases with CM elliptic
curves as target spaces

SATOSHI KONDO AND TAIZAN WATARI

For an elliptic curve E over an abelian extension k/K with CM by
K of Shimura type, the L-functions of its [k : K] Galois represen-
tations are Mellin transforms of Hecke theta functions; a modular
parametrization (surjective map) from a modular curve to F pulls
back the 1-forms on E to give the Hecke theta functions. This ar-
ticle refines the study of our earlier work and shows that certain
class of chiral correlation functions in Type II string theory with
[E]c (E as real analytic manifold) as a target space yield the same
Hecke theta functions as objects on the modular curve. The Kahler
parameter of the target space [E]¢ in string theory plays the role of
the index (partially ordered) set in defining the projective/direct
limit of modular curves.

AMS 2000 SUBJECT CLASSIFICATIONS: Primary81T40, 81 T30, 11G15,
11G05, 11G40.

1. Introduction

In this article, we address a question whether the theory of modular pa-
rameterization has its avatar stated in the language of string theory. Prior
to the ordinary Introduction in a paper in string theory starting in section
1.2, however, it is better to share the following pure mathematical facts in
section 1.1.

As is often the case in math papers, we allow ourselves to use notations
and jargon in the Introduction without enough explanations; we intend to
provide appropriate explanations or references in later sections at least to
the level minimally required by readers without background in arithmetic
geometry.
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1.1. The phenomenon that we are interested in, by way of
example

Consider two elliptic curves:

E3242 : the closure of {(z,y) | y? =23 — z},
Egaay : the closure of {(z,y) |y®> =2" —4a}.

The j-invariants of the two elliptic curves are both equal to j = 1728,

and indeed the two curves are isomorphic under the map (x,y)g,,., —

(z,Y)E6aa1 = (\/§3yE32A2, \/521333%2), when we allow arbitrary coefficients
in C such as v/2 in relating (z,y)gsa1 with (x,7)3242. That is, [Espas]c =
[Ess41]c. In arithmetic geometry, however, the two elliptic curves may be
regarded different; in the category of algebraic varieties over the field Q, the
two elliptic curves are two different objects, in the sense that the Q-algebra
Q[z,y]/(z® — x — y?) is not isomorphic to Q[x,y]/(z> — 42 — y?).

The L-function is defined separately for F3s49 and for Fgg41, either by
the Galois group action on the 1st cohomology groups of E3sas ®g Q and
FEg441 ®g Q, or by counting the number of points in their reduction on the
finite fields F,, for rational primes' p. They are?

) 3 6 2 1
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(E3242/Q, s) 5s Qs + 13s + 175 25s + ’
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They are Mellin transforms of the following power series

(1) fao42(7) =q—2¢° —3¢° +6¢3 +2¢"" — ¢ + -,
(2) foanr () =q+2¢° —3¢° —6¢3 +2¢"" —¢® + -,

LA rational prime is a jargon in number theory that just means a prime integer
in Z such as p = 2,3,5,7,--- for people in all other fields. We will also use the word
prime integer for the same meaning in this manuscript.

2For a rational prime p (except p = 2 in the case of E3342 and Egqa1), the
coefficient a,, of the p~® term in L(E/Q, s) isp+1—#(E®qF,), where #(EQF,)
is the number of points in the reduction F ® [, including the (o0, c0) point. For
example, F3342 ® F5 consists of 8 points (z,y) = (0,0), (£1,0), (2,£1), (3,£2)
and (00,00), 80 ap=5 = (b + 1) —8 = —2, while Eg141 ® F5 consists of 4 points
(z,y) = (0,0), (2,0), (3,0) and (c0,00), 80 ap=5 = (5 +1) — 4 = +2.
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where ¢ = €™, with 7 in the upper half complex plane H; the Mellin
transformation is with respect to the imaginary part ¢ € Ryg of 7, 7 = it.
Now, a highly non-trivial fact is that fss2(7) and fgg41(7) are both modular
forms of weight-2 for the group I'g(64) C SL(2;Z), where the group SL(2;7Z)
acts on 7 € ‘H through the linear fractional transformation.

The theory of modular parametrization attributes this non-trivial fact
to another non-trivial fact illustrated in the following. First, as explained
in many textbooks, the modular curve X((64)—the compact Riemann sur-
face obtained as the closure of I'g(64)\H—is regarded as a projective alge-
braic variety that uses only coefficients in Q in its defining equations. To be
very explicit, one may use three linearly independent weight-2 cusp forms
of F0(64),

X1(r) =q-3¢" +2¢"" — ¢® + 10¢" — 7¢" —12¢% + -
XQ(T) :q2_2q10_3q18+6q26+2q34_q50_10q58+"’ ,
X5(T) :2(q5_3q13+5q29+q37_3q45_7q53+5q61+___)

to construct a map

D¢+ Xo(64) 2 To(64) - 7 [X1 1 Xo 0 X5]=[X1(7) : Xa(7) : X5(7)] €CP?.
The image of this map is

(3) C:={[X1:Xo:X;5] € P? | X} X5+ X1 X7 — 2X5 =0} ;

the algebraic variety C is defined over Q, and is regarded® as an arithmetic
model of X((64) over Q. Secondly, there exist surjective maps 4,45 : C —
FE3549 and Vé4A1 : C — FEgq41 sending [Xl 1 Xo X5] e C to*

(X1+X5)* (X1 —X5)%(X1 + X5)>

(mvy)?)QAQ = ( 4X22 y T 8X§,

7

X{+ X2 (Xl—X5)(X12+X52)>

($7y)64A1 = < X22 y T X%

3The notion of an arithmetic model is explained in section 2.1.2. The map D |
being an isomorphism follows from the facts that (i) both X((64) and C are curves
of genus 3, and (ii) C' is non-singular.

“Note that (z3042)° — T3242 — (y3242)? = 0 and (zesa1)® — 46441 — (Y6a41)* = 0,
when one uses X$ X5 + X1 X2 —2X5 = 0.



356 Satoshi Kondo and Taizan Watari

it should be noted that those maps involve only coefficients in Q (it is said
that such a map is defined over Q; such notations as C' — o E or C/Q —/0
E/Q are used to emphasize that aspect). It is now straightforward to see
that

V3942 0 Pt H 27— (2,y)3242 € [E3242]c,
{ T3042 =q 2[4+ + 52+
Ysoaz = —q /84 q/A+T¢° /84 -
1 dx

i (V5242 © Piie))” <@) = dr f3242(T),

Veaar © Qi H 37— (2,9)6a41 € [Egaai]c,
{ Toaa1 = q 2 +2¢° — gt + -
YoaAl = —q > +2q—¢° +2¢° + -

1 « [ dx
ﬁ(yéélAlo(I)\K\) <@> :de64A1(T).

It is non-trivial that there exists a surjective map defined over QQ from
modular curves to elliptic curves such as F3549 and Egq41. Once such a map
is found,® the Galois group Gal(Q/Q) acts on both sides of the pullback
(V) HY(E®Q,Q)) — HL(C®Q,Q,) in a way that commutes with (/)*.
Now, the L-function of E is translated into the language of Galois group
action on HL(C ® Q,Q,) = H'(X((64),C); the correspondence between
the L-function and a modular form is not a non-trivial phenomenon for
those with some training in arithmetic geometry then (the Eichler—Shimura
theory).

The presentation so far is an example of a theory by Deuring [8] for-
mulated in a more modern language of the Eichler—Shimura theory. Deur-
ing’s theory was for all elliptic curves with complex multiplications whose
j-invariants are in Q. Deuring’s theory has been generalized/extended in
multiple directions since then. One direction is for cases of elliptic curves not
necessarily with complex multiplication but still with rational j-invariants,
widely known for its relevance to Fermat’s theorem and the Shimura—Tani-
yama conjecture, now a theorem [1]. Another direction is to relax the condi-
tion j € Q somewhat, while still restricting attention to those with complex
multiplication [26]; in this direction, a solid theory is available for a class of
elliptic curves, which we call elliptic curves of Shimura-type in this article.

®then there are infinitely many of them; (v o ®|x))*(dx/y) o dr fe(r) for all
those maps v/ defined over Q.
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In this article, we will make an attempt at digesting the theory of modular
parametrization for elliptic curves of Shimura type by using the language of
string theory.

1.2. Questions to ask from string-theory perspectives

With a most naive look at the phenomenon described in section 1.1, one
finds that a modular form pops up when arithmetic data in a geometry are
organized in an appropriate way. Although mathematical proof has been es-
tablished for the phenomenon for certain class of cases, the origin of the mod-
ular transformation remains unclear, and the variable 7 of the modular forms
such as the inverse Mellin transforms of L(F3242/Q, s) and L(Egs41/Q, s)
are nothing more than a dummy variable to organize arithmetic data.’
Incidentally, when geometry is dealt with by a string theory, correlation
functions on genus-1 worldsheet have to have invariance/covariance under
the modular transformation on the complex structure parameter 7,5 of the
genus-1 worldsheet. It is natural to wonder if there is any relation between
the modular forms that are dual to the L-functions and some correlation
functions in string theory. In this article, we follow the spirit of [23] [22] and
[16], and pursue this question.

If any relation of that kind is to be established, there has to be a clear
statement on the following two issues, hopefully three. First, L-functions
are defined for individual arithmetic models, whereas string theory deal with
geometry over C. For example, elliptic curves F3249 and Egq41 have different
L-functions and corresponding modular forms, but both are regarded just
as one common complex analytic elliptic curve [E,—;|c where j(z) = 1728.
How can string theory with the target space [E.]c contain information of
data of multiple different arithmetic models of [E,]¢?

Secondly, string theory (worldsheet conformal field theory (CFT)) can
be specified only after fixing not just the complex structure of a target
space but also its complexified Kéahler parameter. So, individual correlation
functions in string theory are for specific choices of a Kéahler parameter; on
the other hand, the definition of L-functions only involve defining equations
of the geometry, not a metric. If there is a relation between the correlation
functions and the L-functions, how does the dependence on the choice of
Kéhler metric in the former go away in the latter?

5The modular curve Xo(IN) may be regarded as a moduli space of an abstract
complex 1-dimensional torus T2 with level-N structure, so the argument 7 may
be interpreted as the modulus of the T2 in this context. It is still hard to find a
motivation for probing such varieties as F3042 and Fgq41 with the modular curves.
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In this article, we find that the modular forms associated with certain
class of arithmetic models of [E,|c are obtained as appropriate linear combi-
nations” of the class of chiral correlation functions (see explanations around
(11) in section 2.2.2)

() thy (rusi ) o= 5| ST [FemiF gl (0,X%) (u)
TV «

in [E,]c-target SCFT’s; the appropriate linear combination is given by the
formula (31). Infinitely many correlation functions are available in a family of
string theory with a given [FE.]c and varying choices of complexified Kéhler
parameters, and those infinitely many correlation functions are organized to
obtain the L-functions of infinitely many arithmetic models of [E.]|c. So, the
two issues above are resolved simultaneously. The complexified Kéhler pa-
rameter plays the role of the partially ordered set parametrizing worldsheet
CFT’s, their correlation functions, modular curves, and their cohomology
groups (see the Observation 4 in section 4.3).

The third issue is this: it is desirable if a systematic description of the
relation between the L-functions and string correlation functions include
(a) string theory interpretation of the argument 7, (b) clear formulas on the
level N of the modular groups such as I'g(N), (c) relation to the theory of
modular parametrization.

Presentation in this article has a clear statement about the issues (a)
and (b), improving similar statements already made in [16]. The argument
T corresponds to Tys/Npa, where 7, is the complex structure parameter
of the g = 1 worldsheet in string theory; the integer Npy is associated with
the conductor of arithmetic models on one hand (arithmetic geometry), and
with the K&hler metric on the other (string theory); see (8, 15, 30) for more.
So, the modular transformation is interpreted as that of the homology classes
of the g = 1 worldsheet in string theory. Let us comment on the issue (c) in
section 1.3.

1.3. Summary and discussions

Summary (continued) Already half of the take-away messages of this
article are contained in section 1.2. So, let us touch upon a few other obser-
vations in this article here.

One of those observations is that a subgroup of the automorphism group
of the fusion algebra in the string theory (rational SCFT) in question has a

"by following [16], but in a more polished-up way
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role to play (see the Observation 2 in section 3.2 and the examples in section
3.3). We call it the CM group because the subgroup has an interpretation
as complex multiplication operations of the target space. The idea that we
should focus on this subgroup comes from perspectives in arithmetic geom-
etry, as we explain in the preprint version of this article [17, §3.1] (omitted
from this journal version). This observation may also be seen as an inspiring
idea on a more general question on structure of arithmetic characterizations
in the vector space of general chiral correlation functions of rational CFT’s
(e.g., [14]).

Another observation that deserves attention (the Observation 3) is that
correspondence with objects in arithmetic geometry is made possible in the
formula (31) after we allow ourselves to take linear combinations of chiral
correlation functions of multiple different target spaces. Here, we are not
talking of a set of target spaces for which there is no justification, but of
the set of target spaces between which there are Galois group action. This
is actually a very natural thing to do from the perspective in arithmetic
geometry, as we will explain in section 4.2 (and also section 2.1.4). This
observation can be seen as an example of getting a transparent picture by
occasionally relaxing ordinary norms in quantum field theory.

Discussion and Open Questions To what extent the mathematical re-
lation (31) between the correlation functions in string theory and L-functions
in arithmetic geometry is just an accidental agreement, or to what extent the
relation manages to grasp the phenomenon in section 1.1 at its core/essence
in the language of string theory? The issue (c) at the end of section 1.2
points to this question. That is not a well-defined question in the absence of
evaluation criteria, but is still an important question in guiding our thoughts.

There are two arguments in favor of thinking that the relation may be
something more than accidental agreement of two mathematical objects.
One is that both the modular forms characterized by the Galois representa-
tions of arithmetic models and the chiral correlation functions are regarded
as holomorphic 1-forms on the target space pulled back by maps that are
central to the theory of modular parametrization on one hand, and to the
Polyakov path-integral formulation on the other. The other argument is
that there are well-motivated and natural ways to think of those pulled
back objects as those on modular curves in both of the theory of modu-
lar parametrization and in the discussion developed in this article (see the
Observation 1 in sections 3.1). The triangle diagram (16) schematically de-
scribes that. The discussion in this article captures lot of structure in the
language of string theory of what is going on in the theory of modular
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parametrization of elliptic curves with complex multiplication. See also
below.

Many questions also remain, which are beyond the scope of this article.
The first obvious question is whether the discussion can be applied to geom-
etry other than elliptic curves. Another question is whether there is a special
property in the worldsheet SCF'T when the target space allows arithmetic
model. For example, it is known on the side of arithmetic geometry that an
elliptic curve defined over Q has an associated modular form of weight-2, re-
gardless of whether it has complex multiplication or not; if the story in this
article has a generalization to all the elliptic curves with arithmetic models,
then one has to find a special property in their stringy treatments (CFT’s) as
well, from which the appropriate modular form(s) can be extracted. Finally,
there is another question that may be related to the questions raised so far.
In the case of a CM elliptic curve as the target space, we presented the key
objects fl, (Tws; B) as chiral correlation functions in the rational SCFT; the
same objects are obtained also as open string correlation functions, when
B’s are identified with DO-type Cardy states [13]. Which interpretation al-
lows generalization to the cases with target space geometries other than CM
elliptic curves? We have not made an attempt at resolving these different
interpretations.

1.4. Reading guide

0. The core materials in this article are the Observations 1-4 and the
Formula (31) in section 4.1. It is an option to skip the math-heavy sections
2.1.3 and 2.1.4 at the first reading and visit there later when really necessary.
Not much is lost by not following the examples in detail; they are served
just for illustration purposes.

Notations and minimal list of facts on modular forms are collected in
the appendix.

1. We regard that this manuscript submitted to CNTP and the preprint
[17] are the same article; the same scientific achievements are presented in
different styles. We refer to this version as the journal version, while the
preprint [17] is called the preprint version. The primary achievement of this
article is to establish a string-theory language version of the phenomenon in
section 1.1 loosely referred to as theory of modular parametrization. That
achievement is seen as an output in string theory, rather than in arithmetic
geometry. So, we set string theorists as the primary audience in this journal
version. Some materials in the preprint version are omitted in this version,
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when they are too much or too distracting for ordinary string theorists,
while a little more expository materials on arithmetic geometry and algebraic
number theory are included here so that the expected audience do not have
to go through many literatures to follow this journal version.

Here is the list of major difference between the two versions, stated in
more concrete terms.

& The relation between the string-theory chiral correlation functions and
the L-functions of the arithmetic models of the target spaces is stated
in the preprint version more comprehensively (covering both newforms
and oldforms) along with the derivation ([17, §3.3]). In this journal
version, only just one key result for newforms is stated in the form of
a formula, and all the rest are omitted.

& The theory of modular parametrization for elliptic curves of Shimura-
type is presented in this journal version as a review in section 2.1.4. On
the other hand, the preprint version does not avoid using the language
and logic of arithmetic geometry at all to explain systematically how
the Galois representations associated with those curves correspond to
modular forms. The materials in the preprint version [17, §4.1.3, 4.1.4]
are close parallel of discussions in existing literatures [28] for a similar
(but not the same) class of curves; we still had to fully write up and
present the discussion at least once somewhere for the class of curves
we need to deal with in these two versions, so we did that in the
preprint version.

{ There are two different sets of literatures in string theory that discuss
Galois group action in the context of string theory. One is to look for
relations between string-theory observables and L-functions of Galois
representations (e.g., [23], [22], [2], [16], [15]), and the other to study
how Galois group may act on the data of rational CFT/modular ten-
sor category (e.g., [5], [3], [10], [11], [6], [7], [4], [14]). The authors are
unaware of literatures trying to bring both into a unified framework.
The preprint version [17, §5] did it, which is made possible after man-
aging to tell the story of the observables—L-functions connection in
the language of modular curves (the Observation 1 in section 3.1). We
gave up including those materials in this journal version; an alternative
might have been to expand the 7 pages of [17, §5] to something more
than 20 pages to make it comprehensible to string theory community.®

8 Already large fraction of the 7 pages in the preprint version was expository, and
only small fraction was necessary to add a new observation unifying both stories.
In a 20-page version, that ratio would only get worse.
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QO The notion of arithmetic models, and classifications of elliptic curves
of Shimura-type over proper subfields of C are crucial elements in this
article. The preprint version does not have a review of the two subjects,
and just referred to the reviews that we wrote in an earlier publication
[16] and to literatures/textbooks. In this journal version, however, we
decided to include them, so it is easier for string theorists to read.

2. Theoretical developments in this article are built on our earlier publica-
tion [16]. The preprint version [17] is written as an ordinary journal article
in this respect, in that we explained there explicitly which parts are addi-
tional achievements beyond the earlier publication [16], and which are not.
Frequent remarks on such aspects, however, may also be distracting for au-
dience who wish to focus on the main story/idea. So, in this journal version,
we put down the main story/idea simply in the updated understanding of
ours without referring too much about the difference from [16].

3. Difference between the approach of [23] and that of [16], [17] is explained
already in [16, §4.3]. Readers interested more in the difference may also
contact the authors for more explanations.

2. Preliminaries
This section contains only expository materials.
2.1. Math preliminaries

It is like a typical style of math papers to collect all preliminary information
in an earlier section, but we could have explained various concepts and facts
in this section 2.1 one by one at places where they are used. It is an option
to skip section 2.1 (or sections 2.1.3-2.1.4) at the first reading, and come
back when necessary.

When a reader finds that the following explanations are not enough,’
appropriate resources to look at will be

e for sections 2.1.1 and 2.1.2, textbooks containing such key words as
elliptic curves, class field theory, complex multiplication.

e For section 2.1.3, see [16, §4.2] and references therein.

e For section 2.1.4, see the preprint version [17, §4.1].

9We admit that even sections 2.1.1 and 2.1.2 are written as a list of facts, not
as an explanation.
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2.1.1. CM elliptic curves as complex analytic manifolds An elliptic
curve as a complex analytic manifold is described as the quotient space
[E.]Jc = C/(Z + 2Z) with a parameter z € H determining its complex
structure. To be more precise, it is the SL(2;Z) orbit, SL(2;Z) - z C H, that
specifies an elliptic curve as a complex analytic manifold. An elliptic curve
[E.]c is said to have complex multiplication,'’ when the ring End([E.]c) of
holomorphic maps [E,|c — [E;|c compatible with the abelian group law on
C is strictly larger than the ring Z.

It is known, for an elliptic curve [E.]c of CM type, that there is a set of
mutually prime integers (a., b, c,) such that

azz2 +b,z+c, =0, ay,cy >0, bz —4a,c, < 0;

the SL(2;Z) orbit of such a z corresponds to the SL(2;Z) orbit of the even
quadratic positive definite form given by the matrix

2a, b,

b, 2c, |’
The field of fractions of the ring End([E.|c) is isomorphic to an imaginary
quadratic field K = Q(z). One may factor out the square of integers as much

as possible from the discriminant of the quadratic equation above into the
form of

bg_4aZcZ:f3DK7 fZ€N>07

so that Dg < 0 is free of the square of an odd prime integer, and is either
(i) Dk = —3 mod 4 or (ii) 4Dk but 16)/Dg (such as Dg = —4, =8,
—20 etc.). The negative value D determined this way is the discriminant
of the imaginary quadratic field K. The ring End([E,|c) is isomorphic to
O, = Z®Lfwg C K, where wg := (1 + +/Dg)/2 in the case (i) and
wg = v/Dg /2 in the case (ii).

CM elliptic curves [E,]|c (as complex analytic manifolds, over C) are
therefore classified first by their imaginary quadratic fields K (equivalently
by the discriminant Dy ), and then by f.. The set of such CM elliptic curves
sharing K and f, (and hence the subring End([E;|c) =2 Oy, C K) is denoted

100ne also says that [E.|c is of CM-type, and such an elliptic curve is referred to
as a CM elliptic curve. We also sometimes include the information of the endomor-
phism ring End([E,]c) or its field of fractions K, and say that [E.]c has complex
multiplication by (ring) or by (field).
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by £11(Oy.) (where the choice of K is implicit). The cardinality of this set
is denoted by h(Oy,), and is called the class number. CM elliptic curves
[E.]c in EI(Oy,), where a = 1,--- ,h(0Oy.), are regarded as C/b,, where
b., :=Z + Zz,. The lattices a,,b,, (a =1,---,h(Oy,)) are invertible ideals
of the ring Oy, ; the set £lI(Oy.) is in one to one with an abelian group
Clg(Oy.) called the ideal class group,'! where [E, ]c corresponds to the
ideal class represented by the ideal b, .

Example 2.1.1. For (K, f,) = (Q(v/—4),1), (Q(+/-3),1), (Q(v/-8),1) and
(Q(v/—4,2), the set ElI(Oy.) and the group Clg (Oy.) consist of just 1 ele-
ment. h(Oy.) = 1. We can choose z = i, (1 +/3i)/2, v/2i and 2i for those
cases, respectively.

For (Q(+/—20),1), on the other hand, £lI(Oy,) = Clg(Oy,) consists of
two elements.

4)  [Eale =CHZ+wkZ), and [E.lc=C/(Z+ 2 (1 +wg)Z)

are not mutually isomorphic as complex analytic manifolds, but are both
characterized by (K, f,) = (Q(v/—20),1). They correspond to the ideal
classes represented by b,, = Oy -1 = (1)o,._, and 2b,, = (2,1 +wg) C
Oy.—1 in the abelian group Clg (Oy.—1) = Z/2Z, respectively, where ideals
in the latter class (the non-trivial element of the group Z/2Z) such as 2b,,
are not principal ideals (see also footnote 37).12 e

1Tn this journal version, it will be possible to follow the main ideas and obser-
vations without knowing the global class field theory; this version does not provide
precise definitions of such jargon as the ideal class group and ring class field, but is
probably readable for the most part by just knowing that they are some kind of a
group and a number field, respectively. It will be still easier to follow the discussion
by knowing the fact that there is a canonical one-to-one correspondence between
the set EI(Oy,) and the abelian group Clg (Oy,) called the ideal class group; each
element of Clg(Oy,) is a class of ideals of the ring Oy, represented by an ideal
of Of,. We will also use a fact that there is a canonical isomorphism between the
abelian groups Clg (Oy,) = Gal(Ly, /K).

An exception is section 4.2.1 in this version, but readers may just skip section
4.2.1. This section, especially footnote 37, intends to provide to stringy readers
with hands-on experience in the class field theory, while we explain how to use the
formula (31) in practice.

In the preprint version [17], on the other hand, we assume that readers do not
have troubles in following calculations involving algebraic number theory; so section
4.2.1 and footnote 37 may be useful when reading the preprint version §3.3 and 3.4
line by line.

Znotations: For a ring R and its elements x,v, 2, -+ € R, (z)g denotes the ideal
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It is known that the j-invariant of a CM elliptic curve is always in the
field of algebraic numbers Q. For example,

J()ami = 1728, §(2)],_ 1y a0 = 0
G(2)],_yz; = 8000, j(2)].—2; = 287496,

6)  (JOemysi IO ecaivgs)
- (320(1975 +884V/5), 320(1975 — 884\/5)) .

It is further known that (a) the algebraic extension K (j(z)) over K is always
an abelian extension of degree [K(j(2)) : K] = h(Oy,), and (b) K(j(2)) =
K(j(#')) when both [E.]c and [E./|c are in the same set EI[(Oy.). So, this
extension field is uniquely determined by K and f, and is called the ring
class field Ly ; in the case of f, = 1, this field is called the Hilbert class field
and is denoted by H. The abelian Galois group Gal(Ly_ /K) is known to be
isomorphic to the abelian group Clx(Oy.), and acts on the set of algebraic
numbers {j(zq) | [E.,]c € EU(Oy,)} transitively.
The field extension Ly, /Q is always Galois; the exact sequence

1 — Gal(Ly, /K) — Gal(Ly,/Q) — Gal(K/Q) — 1

splits, where the generator of Gal(K/Q) lifts to the complex conjugation
operation on Ly in Gal(Ly, /Q). It is also known that j(z,) is real valued if
and only if [E, |c in the set E1I(Oy.) corresponds to a 2-torsion element!?
in the abelian group Clg(Oy,).

2.1.2. Arithmetic models and the field of definitions Any elliptic
curve [E;|c = C/(Z + zZ) as a complex analytic manifold can be embedded
into P2 by using the Weierstrass g function of [E,]c, where the image is
given by a cubic defining equation in P2. The image, regarded as an algebraic
variety, is also denoted by [E,]|c.

of the ring R generated by one element x, while (y,z,---) is an ideal generated
by the set of elements in ( ). Sometimes the subscript g is omitted, when that is
obvious from the context.

13 All the j-invariants in (5) are real valued. This is understood from the fact that
the group Clg(Oy.) is either trivial {0} or Z/2Z for all of (K, f.) = (Q(v/—4), 1),
(Q(v-3,1), (Q(v/=8),1), (Q(/—4),2) and (Q(+/—20),1) (see Example 2.1.1).
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In the following, let us introduce the notion of arithmetic models of an
algebraic variety. That notion looks absolutely irrelevant to string theory
as long as we focus on string theory in its formulation we know today, but
it is central in arithmetic geometry. Because the underlying theme in [16]
and this article is in exploring possibility for such notions in arithmetic
geometry to play some role in string theory in the future, we do not throw
away the notion of arithmetic models right away, but will review some of
basic concepts in arithmetic geometry in sections 2.1.2-2.1.4.

For an algebraic variety X¢ in a complex projective space, it may happen
that one can choose all the coefficients of the defining equations in a number
field' k. One may then think of a variety in the projective space with the
field k, which is denoted by Xj. In such a case, X}, is said to be an arithmetic
model of Xc, and k the field of definition of the arithmetic model Xj. One
may write X¢ = X ®; C or X¢ =2 X xi, C to refer to the relation between
Xc and Xj. One also says'® that X}, is defined over k, and Xc is the base
change of Xi. When we wish to refer to an elliptic curve [E.]c as an object
classified modulo isomorphisms over C (i.e., as a complex analytic manifold,
or as a complex algebraic variety), we sometimes call it an elliptic curve
(defined) over C.

A pair of arithmetic models X, and X, of a given X¢ with a common
field of definition k are regarded different when one cannot find an isomor-
phism between X} and X, without allowing maps that involve coefficients
outside of k. For example, two elliptic curves F3s49 and FEgqa1 are both
defined over Q, and are both arithmetic models of the same elliptic curve
[E.=ilc = C/(Z+ (# = i)Z) defined over C. The two arithmetic models over
Q are not the same model over QQ. In general, X¢ does not necessarily have
an arithmetic model in a designated number field k C Q; even when there is
one for a given k, arithmetic models over k of a given X¢ are not necessarily
unique (as we have seen in an example).

For a CM elliptic curve [E,]c, there is always an arithmetic model with
a field of definition k, if k£ contains the number field Q(j(z)); to see this, it
is enough to note that the elliptic curve's

14 A subfield k of the complex number field C is said to be a number field, if it is
an extension of finite degree, [k : Q] = dimg k& < oo. It follows automatically that
kcQcc.

5For a variety X, defined over a number field k, X(L) for an extension L/k
stands for the set of points where the coordinate values are in L.

16Tn the case j = 1728, Es249 and Fgya1 are examples of arithmetic models

defined defined over Q.
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2hpy=2a®— 36 T — 1
Yo E Ty —1728" T j(z) — 1728

for j(z) # 1728 has the j-invariant equal to j(z), so this is a model over
Q(j(=)). It is also known that, whenever [E.|c has a model over a number
field k, there are infinitely many different models over k of [E,]c. Those
different models E} have their own L-functions L(E},s), which are defined
similarly to the case of models defined over k = Q (the product over rational
primes is replaced by the product over prime ideals of the ring of algebraic
integers of the field k).

There are just 13 pairs (K, f,) for which the set £1I(Oy.) consists of
just single element, and hence there are just 13 CM elliptic curves [E.]c
defined over C that have j(z) € Q; the four among the 13 have already
been presented explicitly in Example 2.1.1. For all other CM elliptic curves
defined over C, a model over k¥ = Q is not available. For each one of the
13 CM elliptic curves [E,]c with j(z) € Q, there are infinitely many models
defined over QQ; for the one with j = 1728, the two models E3249 and Egqa1
are only a small part of the models defined over Q.

2.1.3. Elliptic curves of Shimura-type: classification and examples
In the rest of this article, we will focus primarily on the cases with f, = 1.
We anticipate that the following theoretical development still holds true for
cases with f, > 1 after appropriate modifications, but we keep the story
simple here by restricting our attention (some additional information may
be found in [16], [17]). The ring Oy, is denoted by Ok, and the abelian
group Clg(Oy.—1) by Clg when f, = 1.

We have stated a fact that there are only 13 CM elliptic curves de-
fined over C that have arithmetic models over Q; Deuring’s theory [8] in
combination of Eichler—-Shimura theory work for all of their infinitely many
arithmetic models. Shimura [26] formulated a broader class of arithmetic
models of CM elliptic curves, which we call elliptic curves of Shimura type
or arithmetic models of Shimura type, where the theory of Deuring—Eichler—
Shimura can be generalized; we will explain in section 2.1.4 that a set of
weight-2 cuspforms are associated with an elliptic curve of Shimura-type.

There are such arithmetic models of Shimura type, infinitely many in
fact, for any one of CM elliptic curves defined over C with arbitrary (K, f.),
not just for the 13 of them with h(Oyf ) = 1. Our goal in this article is to
find a relation between the weight-2 modular forms associated with those
arithmetic models of Shimura type and chiral correlation functions in string
theory whose target space is [E.]c.
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More systematic and comprehensive expositions on the basic proper-
ties of elliptic curves of Shimura-type are given in the preprint version [17,
§4.1.3]. There are two kinds of arithmetic models of Shimura-type; one is
arithmetic models F defined over a number field £ that is an abelian ex-
tension of K containing Hx = Ly —;, and the other is arithmetic models
E'’ defined over a number field k that does not contain K but kK contains
Hyg = Ly —1. In this journal version of this article, we only refer to arith-
metic models of the former kind;!” a little more comments on the arithmetic
models of the latter kind are also found in the preprint version [17].

Instead of giving a definition of the elliptic curves of Shimura type,
let us state the result of classification of models of this class here. Fix an
imaginary quadratic field K = Q(v/Dk) (and f, = 1 already implicitly).
For a given ideal'® ¢ ¢ of the ring Ok, one may list up all the characters X/f
of the multiplicative group [Og/cs|* (the set of invertible elements of the
ring O /¢y with respect to multiplication) that satisfies

(6) Xplw+ep) = w! Yw e 0F.

For each x/;, it is known that each one of elliptic curves [E, |c over C in
Ell(Ok) (wherea = 1,- -+, h(Ok)) has its arithmetic model of Shimura type
E. . That is a non-trivial statement, which we do not explain further here;
we refer the reader to [16, §4.2] for the derivation.

The corresponding h(Of) elliptic curves of Shimura type E,, all have
the same field of definition k that is specified as follows. There must be a
subgroup of [Ok /cf]*, denoted by [Ok/cs];, where the values of the char-
acter X'y are within Op. Because! any subgroup of [Ok /cs]* determines
a subgroup of the ray ideal class group Cli(cs), an abelian extension k of
K is determined by the condition that Gal(k/K) = Clg(cr)/[Ox /cs]y; the
number field k is contained in the ray class field L., (for more information,
see [16, §4.2]).

1"The arithmetic models E3pa2 and Egqa1 of [E,—;]c are of Shimura-type of the
latter kind with £ = Q, but if we think of the coefficients in their defining equations
as those in K = Q(v/—4) = Hx (which just happen to be within Q C K), then
we are now seeing them as F3z42 ®g K and Egsa1 ®g K, of Shimura-type of the
former kind with k = K = Hy.

180nly an ideal ¢; with the following property is considered: x — 1¢¢; for any
z € OF\{1}.

19The global class field theory is being used here, but it is enough to keep in mind
in order to follow the rest of the story that there is some widely accepted algorithm
that determines a finite abelian extension k/K from the data at our disposal (i.e.,
the character x; of the group [Of /cf]*).
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Example 2.1.2. Think of a case K = Q(v/—4), when the ring O is Z+Zi.
When we choose the ideal ¢ to be (4)o,, = 4Z+4iZ C Ok, then [Ok [cf]* =
7.)27 x 7./AZ, where we can choose the generator of Z/27 and 7 /47 to be
3+2i+(4)o, and i+(4)o, , respectively.? This group has two characters X
satisfying (6). One is x'y.354 1 @ = —i and (3+2i) — 1, and the other x';.q, 4 :
i — —i and (3+2i) — —1. All the values of the characters X 354 and X'y.g44
are in {£1, +i} = OF, so the subgroup [Of /cy]; is [Of /cs]* itself. For the
elliptic curve [E,—;]c defined over C with (K, f.) = (Q(v/—4), 1), there are at
least two elliptic curves of Shimura type corresponding to X’f;32 4 and X,f;ﬁ 44>
whose field of definition k can be chosen as Hy = K = Q(v/—4) = Q(v/-1)
itself.

It is known in fact that the two arithmetic models defined over K are
actually E3242 ®g K and Egsa1 ®q K, respectively.

Example 2.1.3. Think of a case K = Q(v/—8), where the ring Ok is
Z.+ 7/2i. When we choose the ideal ¢; to be (2v/2i)o, = 47+ 2v/2iZ, then
[Ok [ef]* = Z/AZ generated by 1++/2i+ cs. There are two characters Xy of
the group [Of /cf]* satisfying (6). So, for the CM elliptic curve [E,_ zlc
defined over C with (K, f.) = (Q(v/=8),1), there are arithmetic models of
Shimura type for those characters le (see below, however). The subgroup
Ok /[esly is Z/27 C Z/AZ. So the field of definition k can be chosen as a
degree-2 extension over Hx = K = Q(v/—8) = Q(v/—2) ramified over the
prime ideal (v/2i)o,. of Ok.

We note that the two characters agree, when they are restricted to the
subgroup [Og /c]; of [O /cg]*. This fact is used momentarily.

Example 2.1.4. Think of a case K = Q(1/—20), when the ring O is
7 + /5iZ. When we choose the ideal cr to be (2v5i) o, = 10Z + 2v/5iZ,
then [Ok /cf|* = 7Z/27 x Z./AZ, where we can choose the generator of Z /27
and Z /47 to be 4+ \/gi—i—cf and 3+cy, respectively. This multiplicative group
has four characters satisfying (6); they are x';(a,b) : (4+5i4cp) = (=1)9,
(3+cp) — i, with Ya € {0,1} and Vb € {1,3}  {0,1,2,3}. So, for each of
the CM elliptic curves [E, |c and [E, |c in (4) defined over C, there exist
four arithmetic models of Shimura type (see below, however). For all the
four characters, the subgroup Ok /cf|; is Z/27 x /27 C Z/27 % Z/AZ, so
the field of definition k of the h(Of) x 4 arithmetic models can be chosen
as a degree-2 extension of Hx = K(v/5) = Q(v/—=5,v/—1).

0(3+2i4+(4)0x)? = (3+2i)?+ (4o, = 14 (4)0y, 50 it is an element of order
2 in the group [Ok/(4)o,]*.
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It is not hard to find out that the pair of characters x/;(0,1) and x;(0, 3)
coincide on the subgroup [Of /cf];, and so do the pair x;(1,1) and x/;(1, 3).
This fact is used below. e

We have quoted the result that enables us to list up all the elliptic
curves of Shimura type, using the ideals ¢y and characters, but there are
some redundancy among those models. There are two kinds of redundancy,
in fact, so let us explain them in turn.

First, for a common ideal ¢y, two characters X/f(l) and X,f(g) correspond
to the same arithmetic model over k (i.e., there is an isomorphism defined
over k between the two corresponding models) when the characters X/f(l) and
X/f(z) of the group [Of /c¢]* are identical when restricted upon the subgroup

[Ok /¢y]); . For example, it sounds as if Example 2.1.3 talks of two arithmetic
models corresponding to two characters, in fact there is just one model
defined over the degree-2 extension field k of Hp. Similarly, in Example
2.1.4, there are just h(Og) x 2 arithmetic models modulo isomorphism over
k, corresponding to the characters {x;(0,+1)} and {x/;(1,%1)}. To one k-
isomorphism class of an elliptic curve of Shimura-type, E/k, with [E]c €
Ell(Ok), correspond

#[Ok /cr]™

H[Ojegly 7 )

distinct characters {x;} of [Of/cf]*.

Secondly, let the ideal ¢y vary. For two ideals ¢y and ¢y of the ring
Ok, suppose that cg|cs. Suppose further that a character X/f/ of the group
[Ok /ey is induced from a character x/; of [Ok /¢s]* through the projection
[Ok /e ] =[Ok /es]*. Then the elliptic curve of Shimura type for x; and
X/f/ are isomorphic over the field of definition k.

For example, in Example 2.1.2, the character X},gg 4 we introduced for
¢ = (4)o, can actually be induced from a character for ¢; = (2 + 2i)o,.
Similarly, in Example 2.1.4, the characters {x/;(1,%1)} can be induced from

a pair of characters for ¢; = (v/5i)o,. The minimal choice of ideals ¢; of
O for an arithmetic model E/k is called the conductor.

We have now quoted all the statements on the classification of elliptic
curves of Shimura type. Despite the redundancy referred to above, for a given
imaginary quadratic field K and f, = 1, each one C-isomorphism class [E.]c
of £11(Ok) has infinitely many distinct arithmetic models of Shimura type,
with varying field of definition £ that is an abelian extension of K.
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2.1.4. Elliptic curves of Shimura-type: modular parametrization
A theory of modular parametrization can be developed for all the elliptic
curves of Shimura-type, similarly to the cases of arithmetic models of CM
elliptic curves defined over Q (as illustrated by examples in section 1.1).
Reference [28] wrote down such a theory of modular parametrization for the
class of elliptic curves E’ defined over a number field F' that does not contain
the imaginary quadratic field K; we referred to this class of arithmetic mod-
els as Shimura-type of latter kind early in section 2.1.3. We still need such
a theory for arithmetic models of the former kind. So, the preprint version
of this article [17, §4.1.3 and §4.1.4] did that task (almost parallel to [28]),
by exploiting [12] and [21]. In this journal version, however, we just quote
the results from there, which will be a sequence of highly non-trivial state-
ments for large fraction of string theorists; readers with more familiarity in
arithmetic geometry are referred to [17, §4.1.3 and §4.1.4].

Let E be an elliptic curve of Shimura type, defined over a number field
k that is an abelian extension over K. An abelian variety B is defined by

B:= [ B,

ceGal(k/K)

which is of dimension [k : K]. It is known that the abelian variety B has
an arithmetic model defined over the field K rather than k. In cases of CM
elliptic curves E’ defined over Q, E := E' ®g K are of Shimura-type, with
k = K, so the abelian variety B is nothing more than F.

It turns out that there is a map®! from Jac(X1(N)) ®g K to B defined
over K,

(7) I/:J&C(Xl(N)) ®QK—)/K B,

21 As explained in textbooks, modular curves—the closure of the Riemann sur-
faces T'o(N)\H and I'; (N)\H—have arithmetic models defined over Q (except for
small number of N’s which are irrelevant in the context of this article). From here
on in this journal version of this article, X;(N) and Xo(N) stand for such a model
over Q (so, C and X(64) in section 1.1 should be denoted by X(64) and X (64)®C
now). We may sometimes use a notation Xo(N)c and X1 (V)¢ instead of Xo(N)®C
and X;(N)® C.

When a curve C is defined over a number field, then its Jacobian variety is also
defined over the same number field.
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when we choose??

(8) N divisible by ’DK|NmK/Q(Cf).

By combining the Abel-Jacobi map p : X1(N) — /g Jac(X1(V)) with this
map, we also have a map v/ := (vopu) : X1(N) ®g K —/x B.

In section 1.1, we illustrated by examples the theory of modular parame-
terization for arithmetic models over Q of CM elliptic curves. There, a surjec-
tive map v/ : Xo(64) — E/Q and (v)* : H([E]¢c,C) — HY(X¢(64)c,C) =
H'(Jac(Xo(64))c,C) played a major role. Here, we have a surjective map
v : Jac(X1(N)) ® K —,x B/K instead; H'([E]c,C) is generalized to
H'(Bg,C), and H'(Jac(Xo(64))c,C) to H'(Jac(X1(N))c,C).

Let us digress here for a moment to explain why the theory of modular
parametrization is generalized in that way. It is an option for readers to
skip this part until the end of this section 2.1.4 in the first reading, if the
following materials are too much.

First, for an arithmetic model E defined over Q, one may construct
a representation of the Galois group Gal(Q/Q), as follows. To start off,
think of /-power torsion points E[¢"] for some prime integer ¢ € N and
some n € N; they may be identified with automorphisms—translation by
{"-torsion points in the fiber—of the covering (¢"x) : E — E. The collection
of such automorphisms of the coverings with a fixed ¢ and varying n’s form
Tatey(E/Q) := Zy ® Zy := @(Z/Z”Z + Z/0"7Z). The coordinate values of

neN
those torsion points in F are algebraic numbers, so the Galois group acts on

them; this is how we obtain py(E/Q) : Gal(Q/Q) — Maxo(Zy) represented
on the space Tate;(E/Q). The vector space H(E®Q, Q) is known to be the
dual vector space of Tate,(E/Q) ®z, Qp, so we have a dual representation
oY (E/Q) on this vector space; py (E/Q)(o) = p(E/Q)(o )T for o €
Gal(Q/Q). The L-function®® L(E/Q,s) is defined by the product of the

22For an integral ideal q of a ring Of, of all the algebraic integers in a number
field L, Nmy,/q(q) := [OL : q].
23An easier example of L-functions is for a 1-dimensional Affine variety G,, :=

{x | x # 0}. One may consider /-power torsion points in G,,(Q), z = ezmﬂe" =24

with a € Z/{"Z; one may further see them as automorphisms (z,x) : G (Q) > z —

2ax € G, (Q) on the fibers of the £™-fold covering mpn : G,,(Q) 3 z +— 2" € G,,(Q).

The collection of those automorphisms of the coverings forms Z, = @Z/("Z,
neN

which is the prototype of the Tate module of an elliptic curve. The Galois group

Gal(Q/Q) acts on this set of fiber automorphisms as (z4X) = 0 - (24%) - 0,1 =

(2470 X), where o, is the arithmetic Frobenius; to be more explicit, o, is a map
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characteristic polynomials of p/(E/Q)(c) labeled by a certain set {o} of
elements—called Frobenii—of the group Gal(Q/Q).

It is then easy to imagine that an abelian variety B defined over K
[resp. an elliptic curve E of Shimura type defined over k|, its Tate mod-
ule Tatey(B/K) = (Z;)®?*K] and its dual space HL(B @k Q,Q,) [resp.
Tatey(E/k) =2 (Z,)®? and HL(E ®;, Q,Qy)] can be used to introduce the
representations py(B/K) and p)(B/K) [resp. p((E/k) and p) (E/k)] of the
group Gal(Q/K) [resp. Gal(Q/k)]. The representation p;(B/K) is the in-
duced representation of p)(E/k) for the inclusion Gal(Q/k) C Gal(Q/K),
and the representation py(B/K) that of p(E/k).

The representation py(B/K) of Gal(Q/K) would usually take values
in Q-valued 2[k : K] x 2[k : K] matrices. In the case E/k is an elliptic
curve of Shimura type, however, the representation can be diagonalized in
fact, and is split into 2[k : K] 1-dimensional Q-valued representations.
This property is almost the defining property of elliptic curves of Shimura-
type. The fact that there is a surjective map v : Jac(X1(N)) ® K —x B
defined over K—a fact that we have already stated at (7)—implies that the
representation space HY (B @ Q,Qy) has a copy under the pull back in
H}:(Jac(X1(N)) ® Q,Qy), so the latter vector space also supports 2[k : K]
1-dimensional representations of the group Gal(Q/K). Furthermore, [k : K]
of those 1-dimensional representations are generated by appropriate linear
combinations of the holomorphic 1-forms?* dz/y of

(9) H'(B®C,C) & ®yegar/x)H' ("E®C,C).

Those [k : K| 1-forms are pulled back by v* to become the generators of
the [k : K] distinct 1-dimensional representations within HZ (Jac(X1(N)) ®
Q,Qy). .
We may think of the induced representations of the group Gal(Q/Q)
from the 2[k : K| representations of Gal(Q/K), but actually the 2[k : K]
representations form [k : K] pairs so that actually only [k : K| distinct repre-
sentations of Gal(Q/Q) are constructed in this way (for more explanations,

Op @;p(ﬁp) Sx (2)M/P e @;p(ﬁp) on the reduction of G, over the prime (p),
denoted by G,,,. By fixing one identification between the £"-th roots of unity in Q
and those in F,, (assuming ¢ # p), we obtain Z/{"Z > a — a°» = p' -a € Z/I"Z,
where pp’ = 1 € Z/¢"Z; in other words, p¢(G,,)(0p) = (p'x). Under the dual
representation, p/(G,,)(c,) = (px). So, the L-function of the Galois representation
on He(Gm @ Q Q) is then L(Gm/Q,s) = [[,[1 — p/(op)p~*]7" = [[,[1 —p-
]t =((s - ). _
24We make use of HY (B ®x Q,Q,) = HY(B® C,C) etc.
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see [17, §4.1.4]). Those [k : K] representations of Gal(Q/Q) are therefore
in one-to-one with the linear combinations of holomorphic 1-forms pulled
back from the Galois conjugates of E/k; furthermore, those 1-forms are also
regarded as elements of H'(X1(N)c,C), or put differently,?> as elements of
weight-2 cusp forms of I'y (V).

2.2. Physics preliminaries

Materials in section 2.2 are well-known to string theorists. They are only
for the purpose of setting notations and also helping readers refresh mem-
ory without going through detailed calculations. See [18] and [13] for more
information.

2.2.1. T?-target rational N = (2,2) SCFT Bosonic string theory
with a T2 target space becomes a rational CFT if and only if the target
T? is regarded as a CM elliptic curve [E,]c under the complex structure in
which the metric is Hermitian and constant (so, [E.|c € ElI(Oy,) for some
(K, f.)), and the complexified Kahler parameter

= (1))

takes value in the imaginary quadratic field K; here, B and J are the B-field
and Kéhler form, and o’ the squared string length as in standard conventions
in string theory. The CFT is diagonal if and only if there is a representative
2" from the SL(2;Z) orbit of the complex structure parameter z so that

(10) p=17,  7f,€Nsp

So, for an elliptic curve with complex multiplication [E.|c, its treatment
in bosonic string theory can be a diagonal rational CFT in infinitely many
different ways labeled by positive integers f,. The same can be said about
its treatment in Type II string theory.

In such a diagonal rational CF'T, the holomorphic chiral algebra and the
anti-holomorphic chiral algebra are isomorphic, by definition, and are given
by the lattice vertex operator algebra of an even rank-2 positive definite
lattice A, which is the kernel of the right-moving momenta

pr: HYT*Z)® H\(T*Z) = 15 — R2

25Weight-2 cuspforms of a congruence subgroup I' are regarded as holomorphic
1-forms on the corresponding modular curve (Xr)c, and vice versa. So, those two
notions are treated interchangeably.



Modular parametrization as Polyakov path integral 375

Its intersection form is given by the following matrix
2a, b, |
To { b, 2c, ] ’
the set of irreducible representations of the chiral algebra is
iReps = G :=AV/A,  #(iReps) = f5f?|Dl.
The fusion algebra is the group ring Z[G] of the finite abelian group Gj.

2.2.2. The class of chiral correlation functions of interest In Type
IT string theory, with the target space being a CM elliptic curve [E,]¢ and
the complexified Kéhler parameter p = f,z, one may think of the following
class of observables:26 for 5 € iReps,

—1 2 mn i Lo—53
A1) (s 8) = ooy T [P (0,50 ()]

Here, we use a genus-1 worldsheet Ys = {u € Clu~u+1, u~u+ 7ys},
where 7,5 € H is the complex structure parameter of the g = 1 worldsheet,
and qus := e>™Tws . A trace is taken over a Ramond-type irreducible represen-
tation 8 € iReps = AV /A of the holomorphic chiral algebra. The operators
Ly and F are the zero modes of the holomorphic energy-momentum tensor
and the holomorphic fermion number U(1) current, respectively. The oper-
ator X©(u) is the chiral bosons corresponding to the complex coordinate of
the target space [E,]c

For later use in this article, let us write down well-understood facts that
one can reproduce by simple computations. The complexified left-moving
momentum?’ maps the U(1) charges in Il as

4 .| 2a.f
O = SpS O/ (Ily ) = — 2oy ¢
5 PL 2 — (Ilz2) { #(GA)[] c C,

26Strictly speaking, string S-matrix elements are directly observable in physical
processes, and the S-matrix elements are given by products of holomorphic chiral
correlation functions like f!' here and anti-holomorphic ones integrated over the
moduli space of the worldsheet (=~ over 7).

2TThe normalization convention is that [Q2'|?/2 is the partial contribution to the
conformal weight.
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where ' (A) = /2a.f,b, C C. We will find it useful also to introduce a
rescaled version of the map ':

Qi |G o
2a. f,
when
(12) = Q(Ily2) = by, Q) = fof-/Dihb..

The one-to-one correspondence between iReps = AV /A and the DO Cardy
states can be through

(13)
(fof /D)1 ¢ iReps 2= Q(Ilg2) /QA) — (fof2/Di)1b./b. C [E]c.

The chiral correlation functions (11) can be easily computed.

(14) 11}2' (Tws§ /8) = 79/1\” (Tws§ 5)7

where

M= D e

yELy+L=x

for an even lattice L, x € LV/L, 7 € H, and a linear map w : LY — C.
In the case of T?-target string theory, the correlation functions f&, have
contributions from Kaluza—Klein and winding states on worldsheet, while
stringy oscillator excitations cancel due to the e™f F insertions.

3. Main ideas and the easiest example

Choose a target space of Type II string by fixing the data ([E.]c, f,); in
the rest of this article, [E,]c always stands for a CM elliptic curve modulo
isomorphisms over C and f, € Nyg for the parameter in (10) effectively
governing the complexified Kahler parameter p. The set of chiral correlation
functions {fly, (8)}seireps forms a vector-valued modular form of weight-
2 for the group SL(2;Z)s, which acts on the complex structure parameter
Tws Of worldsheet through the ordinary linear fractional transformation. The
characters (without the FOXC insertion) are of weight-0 and are under the
Weil representation of SL(2;Z),,s associated with the lattice A, and {fIf, }
is under the same representation, but of a different weight because of the
insertions FOXC.
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3.1. Observation 1: lift to modular curves

The kernel of the Weil representation of SL(2;Z) contains a principal con-
gruence subgroup I'(Npy) [27],2% where Np, is the level?” of the quadratic
discriminant form (Gj,ga) of the lattice A; the formula for the level Npp
in the cases of our interest (where A is an even positive definite rank-2 lat-
tice) is found in (15). This means that individual 1§, (7us, 8)’s are regarded
as scalar-valued weight-2 cuspforms for I'(Npa) C SL(2;Z)s. Equivalently,
dTws f1o (Tws, B) for each B € iReps is a holomorphic 1-form well-defined over
the modular curve X (Npa)c, the closure of the Riemann surface I'( Npa )\ H.
The level Npa of the discriminant form is3?

(15) Npa = f,/?| D]

when the target space is ([E.]c, f,); a proof is elementary, and is found in
the preprint version [17, Lemma 2.4.3]. Note that this level Npa, and hence
the modular curve X (Npa)c depends only on £11(Oy,) and f,, common to
all of h(Oy,) isomorphism classes [E.]c in EI[(Oy.).

For any N € Ny, there is a natural inclusion

7t SD(N)) 3 £(7) — i (£)(7) i= F(NT) € Sa(T1(N2)),
which is the pull-back of 1-forms by the projection map
TN Xl(NZ)(C — X(N)(C

For string theorists, it will be most natural to think of the chiral corre-
lation functions {fit, (Tws; 3)} gei Reps €ither as a vector-valued local section
on PSL(2;Z)ws\H, or a set of scalar-valued functions on H; as a reminder,
Tws € H. It is not the first idea to come up with to lift the g = 1 chi-
ral correlation functions only partially to the modular curves T'(Npa)\H
or I'1 (N3,)\H from PSL(2;Z)ys\H, not all the way to H. Motivations to
deal with the chiral correlation functions fis, (Tws; 3) as objects on modular
curves entirely come from the side of arithmetic geometry.

28 Additional explanations in [17, §2.4] and references therein may also provide
useful information.

YFor a finite quadratic form (G, q) with the convention that ¢ is Q/2Z-valued,
its level is the GCD of integers N such that Ng(z) =0 € Q/2Z for all z € G.

30This (15) holds true for any f, € Nsg, although we will focus on the f, = 1
cases in this journal version.
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From the perspective of arithmetic geometry, there is a clear difference
between H and the modular curves (Xr)c = I'\H. One is the fact [9, §7.6]
that the modular curves (Xt)c can be regarded as closed algebraic vari-
eties, and moreover, have arithmetic models X defined over number fields
kmod C Q; we have already illustrated this in section 1.1, where X(64) was
regarded as a variety with a model defined over kpoq = Q. One may then
think of action of the Galois group Gal(Q/kmoq) on function fields and co-
homology groups of Xt. On the other hand, H as a whole does not have
that property.

The other difference is that the space of all the modular forms of a fixed
weight (for some congruence subgroup "I' C SL(2;Z)) is horribly compli-
cated. On the other hand, the vector space of modular forms for a given
congruence subgroup I' forms a finite dimensional vector space, and more-
over, one can derive a lot more knowledge on the substructure in this finite
dimensional vector space (see such textbooks as [9] and [19], or a review
in the appendix A.1 for a shortcut) by exploiting the action of the Hecke
algebra.

As one can easily imagine, the chiral correlation functions fl% (Tws; B)
can be regarded as 1-forms not just on the curves X (Npy)c and X3 (N%)A)@,
but also on any one of the curves X (M)c and X1(M’)c such that Npp|M
and N3,|M'. There must be some identification among the 1-forms3! on
those modular curves, and the direct limit is the right language to deal
with this identification; the level M (and M’) plays the role of the directed
partially ordered set, with the ordering with respect to divisibility among
them. The same argument can be made from the perspective of arithmetic
geometry. The use of inverse/direct limit becomes all the more vital, when
we discuss the effect of freedom in the choice of the target space parameter
f, in string theory; see Observation 4 in section 4.3.

It is one of central questions in this article how general the relation
between the CF'T correlation functions and the arithmetic modular forms
is. Here is an observation that makes us feel that the relation is not just
outright coincidence. As we have illustrated / explained in sections 1.1 and
2.1.4, the weight-2 modular forms f that are associated with the L-functions
of the Galois representations of the arithmetic models are obtained as pull-
backs of the 1-forms of the target space E/k by the map vopu : Xpr — E.

31Relevant discussion in the preprint version [17, §3.5] says a little more on a
variety of ways to identify them.
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The upper-right edge of the triangle diagram below refers to that fact:

(16)
f%y('rws; 5) S S2(F) X()(N) or Xp d’i‘f(’l‘) =
x Tr[qLO_C/24€mFF¢*(WE),]a‘ - VO“(V o u)*(wp).
Map(Zws, ([Elc, fp)) 2 ¢t Buws E/Qor E/k

The chiral correlation functions fll}z of our interest are the sum of the oper-
ator du(9, X©) matrix elements weighted by the factor ¢“o—¢/?4¢™¥ [ This
dXC is the holomorphic (1,0)-form of the target space [E]c, so it is wg. The
N = (2,2) SCFT in consideration is formulated (roughly speaking) by us-
ing path-integration over the space Map(Es, ([Flc, fp)), and the operator
(dud, X®) is equivalent to

(17) PUO (¢*(dX)) oc MO (¢ (wp)) ;

here, P(10) is the projection H'(Xys;C) — HY(Xys; C), and ¢ is the map
from the worldsheet X, to the target space ([Elc, f,)). Now, we lift the
correlation functions fl,, (3) to 1-forms on the modular curve X;(N3,) (the
upper left edge of the triangle diagram above). We have two ways to obtain
1-forms on the modular curves; one is to pull-back wg on the target space
E/k by maps Xp — E/k in the theory of modular parametrization, and the
other is to pull-back wg o< dX© by the path-integral in string theory. Both
the arithmetic modular forms for the Galois representations and the chiral
correlation functions f%z are obtained as a consequence of probing the same
thing (1-form on the elliptic curves), by using maps in those two different
theoretical framework. The relations between them may not be just a sheer
coincidence, but may have a bit of substance.

3.2. Observation 2: the CM group

The chiral correlation functions fit, (ws;3) are now regarded as 1-forms
on X(Npa)c. They generate a vector space of 1-forms F([z], f,) within



380 Satoshi Kondo and Taizan Watari

So(D(Npa)) = HYO(X (Npa)c; C); they are not linearly independent within
F([z], f»), in fact; furthermore, one could think of choosing a basis of the
vector space F([z], f,) from {f1f, (8)}seireps, Which one may call a VOA
basis, but there may be other choices of basis of F([z], f,) that is more
suitable for certain purposes. That is indeed the case in the context of the
theory of modular parametrization for CM elliptic curves, as we see in the
following. So, we introduce an idea that is also natural in rational CFT that
leads to another choice of basis of the vector space F([z], f,).

Let us begin with the following observation. Given the identification
(13), any complex multiplication a € Oy, of [E.]c induces a map from
iReps C [E;]c to itself. Now, we define a subset of Oy,

«([E:lc, fp) ={a €O | (1+a)=id:iReps — iReps}
—{ac Oy [a2(A) ()},

which is an integral ideal of Oy, . Two complex multiplications aq,ap € Oy,
induce an identical map from iReps C [E,|c to itself, if and only if ay — g
is in the ideal ¢. So, a map from iReps to itself is defined for individual
elements of Oy, /c. Such a map iReps — iReps is not necessarily injective
or surjective for an arbitrary element of the ring [Oy_ /¢]. For an element
in [Oy, /¢]*, however, there is an inverse in the multiplication law of Oy, /¢,
and forms a multiplicative group. We call this finite abelian group the CM
group of the rational CFT for ([E.], f,).

One can verify through calculations faithful to the definition above that

(18) ¢ = (fof:v/Dx)

fz

Readers might refer to the preprint version [17, §3.1.1] for a little more
information on the proof of this statement. It follows immediately that the
CM group is identical for all the rational CFTs corresponding to the set
of target spaces ([E.]c, f,) with a common f,, K and f, but with different
[E-]c’s in a common EI(Oy,). We will use this fact in section 4.2 (and also
implicitly in sections 4.1 and 4.3).

The CM group [Of, /¢]* contains the automorphism group (9?; of the
target space [E|c. Each one of elements of the CM group induces an au-
tomorphism of the fusion algebra Z[iReps], and hence the CM group is
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contained®? in Aut(Z[iReps]) as a subgroup.®3

Now, let us discuss choices of basis of the vector space F([z], f,) once
again. Let G\ C Gp be where {}2(5) is not trivially zero; 8’s in G’} form-
ing an orbit of the automorphism group (’)sz = Aut([E;]c) =: Gy of the
target space give rise to just one linear independent one, f%)/ (Tws: 9y L. B) =
fs (Tws; B)(pH) (90, Y0 € O} , where p! is the embedding K — C that
maps /Dy into the upper complex half plane. On the vector space

(19)
F([2], fp)
= Spang {fll%z (Tws; Bo) | choose a repr'tive By € [4], V[ﬁ] € GR/GO} ,

one may now think of the CM group G = [Oy_/c|* action where the VOA
basis elements above are mapped by g € G as fI§,,(8) — fit, (71 B). Then
it makes sense to reorganize the chiral correlation functions under the action
of the subgroup G of the automorphism groups of the fusion algebra; this
is indeed sensible thing to do from the perspective of arithmetic geometry
(as we explain at the beginning of the preprint version [17, §3.1]). Because
the CM group [Oy. /¢]* is abelian, the representation space F'([z], f,) can be
decomposed into subspaces

(20) (2] o) = @y ecnar(o,. /o) F ([2]; Fr

where each subspace is the representation space (allowing multiplicity larger
than 1) of a character XJTI of the group (O, /¢]*.

32The fusion algebra here is the group algebra Z[i Reps] of i Reps over Z where
iReps = AV /A is an abelian group. We know (cf. [25, p.198, Prop 36.1]) that the
automorphism group of the fusion algebra is isomorphic to the automorphism group
of the abelian group iReps. Thus, the CM group can be regarded as a subgroup
of the automorphism group of the fusion algebra. It is in general merely a proper
subgroup; not all automorphisms of the fusion algebra can be regarded as elements
of the CM group.

33Reference [10] identifies a subgroup of Aut(Z[iReps]) of a model of rational
CFT in the following way. The Galois action on the monodromy representation
matrices ([5], [3]) induces permutation on iReps where 0 € iReps (the vacuum
repr) is mapped to itself. Such a Galois action is a symmetry of the fusion algebra
and the charge conjugation combined [10]. The authors of the present article are
not ready to state the relation between this subgroup of Aut(Z[iReps]) and the CM
group in the case of T2-target models.
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The vector space F([2], f,)X* " is generated by the linear combinations
of the chiral correlation functions of the form

(21)
Fior (Tws; [Bols xr) 1=

1 NI =L
FRH BT IO 5 o, &) T o )72 0)

for the CM group orbits [fp]’s (where an orbit o] is represented by Sy in
G,); here, [Oy./ E]EU is the isotropy subgroup of the CM group at 3y € iReps.
To see this, one just has to note that

g fitr ([Bols x)

. 1 N eIl —1_ (N1
- #(AUt([Ez](C))#([OfZ/E];U)g/E[OZfZ/E]XXf(g) (97" - (g)7" - Bo)

_ X7 (9) o
‘#(Aut([@]@)#([ofz/g];gg,e%;/c]xxf(”)fm'<9 )™ fo)

= X7 ' (9) flo ([Bo)i xy)-

The action of g € [0y, /c]* on fli,,’s is the one introduced just below (19).
3.3. The example [E,]c with z = 4: j = 1728

Take an example of a CM elliptic curve [E,|c with z = i, the elliptic curve
with the j-invariant j(z) = 1728; as a reminder, K = Q(v/—1), O = ZJi],
Dy = —4, and h(Og) = 1 then. Now,

(22) G 2 Z/)2f,Z S Z)2f,Z, Npa = |Dk|f2f, = 4f,.

In the rational SCFT corresponding to the target space ([z], f,) = ([i], 1),
ie., fo =1, Gy = Z/2Z®Z/27Z consists only of 2-torsion elements, and the
chiral correlation function fl}, (Tus; 3) vanishes for any one of 3 € G. This
observation fits very well with the fact that the kernel of p\gﬁﬂ for f, =1
contains I'(4f,) = I'(4), and the vector space S2(I'(4)) is known to be empty.

In the rational SCFT corresponding to the target space ([z], f,) = ([i],2),
the vector space F([i],2) of the chiral correlation functions fif,’s is of 3-
dimensions over C. One way to see it is to write down their CM-group-
diagonal linear combinations (21) explicitly and check their linearly inde-
pendence. To be more explicit, note first that the CM group in this case is
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[Ok/c]* =[Ok /(4)o,]* 2 Z/27 x 7/AZ, where the first factor is generated
by an order-2 element (3 + 2i) + ¢, and the second factor by an order-4 el-
ement ¢ + ¢; the Aut([E,]c) = Z/4Z subgroup of the CM group [Of /¢]*
precisely the second factor Z/4Z generated by [(i)x], the multiplication of
i

We know that the CM group [Ok /¢]* acts on the vector space F([z], f,)
so that the restriction of the characters XJTI on Aut([E;]c) C [Ok/¢*
(ph) ™1 (see just above (19)). So, there are two such characters;** for a €
)27, xf(a,1) : [(3+2i)x] — (=1)® and [ix] — 1.

The set G’} consists of 4?2 — 22 = 12 elements, and is decomposed into
two orbits of the CM group:

(23) orbg—o, = {1,,3,3,3 + 20,2 + 3i, 1 + 2i,2 + i},
(24) Orbge(irsy = {1+74,3+14,3+ 30,1 + 3i}.

The irreducible representations, 3’s in AV /A = Gy, are referred to above by
the complex value (mod 2(A)) of their linear map €2; we will use the same
convention in expressing the argument 3 in fm' and 19/1{2 in the following.
Now it is straightforward to compute the combinations (21) explicitly,
by using what we know about the chiral correlation functions, that is, (14).

fof:vVDi

(25) 7, fio (1, xs(1,1))
ff/T_ (Fh (i 1) = FHby (s 3 4 20)).
@z (957 (Tws, 1) — 9K (ws, 3+ 21))
=(q=3¢"+2¢"" + ) +2(¢" = ¢ + ),
(26) f@“_f_ £ (1 s 0. 1)
f"@\%— (fity (Tws; 1) + fity (Tws; 3 + 20))
@; (0K (Tws, 1) + O (Tws, 3+ 20))
=(q*3q9+2q17+~-)*2(q5*ql3+---),
AN CE Ty ~o

p

34The conductor is ¢y = (4)o, if a =1 € Z/2Z, and ¢; = (2 + 2i)o, ifa=0€
7)22.
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fpfszK

(28) 1o ([L+ 4], x£(0,1))
V2fp
_ fofov'D
VIR L (14 4)
V2fp
= (1414 (" —2¢"" =3¢ +---);
we have used ¢ := €?™ and 7, =: NpaT. Obviously they are linearly

independent over C, and hence F'([i],2) is of 3-dimensions indeed.

As we have explained already in section 3.1, those chiral correlation
functions must be weight-2 modular forms for I'(Npy) when we see them
as functions of 7,5, and be those for Fl(N]% A) when we see them as func-
tions of 7. In the present case of the rational SCFT for the target space
([z], f») = ([7],2), Npa = 8. The three linear combinations (25, 26, 28) in-
deed correspond/are proportional to X; + X5, X1 — X5 and X in section
1.1 that generate the 3-dimensional vector space So(I'p(64)) C S2(I'1(64))
of weight-2 cuspforms for I'y(64).

The specific choice (25, 26, 28) as a basis of the 3-dimensional vector
space F([i],2) was motivated in section 3.2 as the diagonalization basis of
the action of the CM group. This is also a good choice of a basis from
the perspective of arithmetic geometry, although we do not explain in this
journal version (found in the preprint version [17, §3.1]). One may still find
it reasonable to accept that that is so, by noting that the combination (25)
of the chiral correlation functions agrees with the modular form fg441 of the
arithmetic model Fgya1 of the target space [E.—;|c, and the combination
(26) with the modular form f3242 of the arithmetic model E3s42 of the same
target space; see (2, 1). One will also find that the remaining combination
(28) of the chiral correlation functions of the rational SCFT for ([2], f,) =
([i],2) is proportional to fza42=(26) with 7 replaced by 27; this is called an
oldform of fso49 in the jargon of modular forms.

For the two arithmetic models E3242 ® K and Fgqa1 ® K of [E.—|c,
their modular forms f3242 and fgq41 are expected—in the theory of modular
parametrization—to be regarded as objects in Sa(I';1(M)) with 64|M; this
is because their conductors®® ¢; = (2+ 2i)o,. and (4)o, divide indicate the
levels divisible by [ D |Nmg g((4)o, ) = 4 x 42 = 64 (see the condition (8)).
In the language of string theory, on the other hand, the chiral correlation
functions fity, (Tws; 8) are modular forms of I'(Npy), and fi§, (NpaT; B) of
I'1(N3,); when we choose f, = 2, N3, = 8 = 64 now. So, we have seen
that both perspectives along the upper-right edge and along the upper-left
edge in the diagram (16) yield the same modular form.

35the ideals that appear in Example 2.1.2 and at the end of section 2.1.3
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3.4. The example [E.]c with z = +/2i: j = 8000

The vector space S2(I'(8)) of weight-2 cuspforms for I'(8) is of 5-dimensions
(e.g., [20]); the remaining 2-dimensional vector space is generated by 2 mod-
ular forms that correspond to the arithmetic model of [E,_ s ]c that we
explained in Example 2.1.3 (the field of definition k is a degree-2 extension
over K = Q(v/—2)). In the language of string theory, on the other hand, we
can think of the vector space F([z], f,) of the chiral correlation functions
for the target space with ([2], f,) = ([V/2i],1); the level of the quadratic
form Npa is 8 in this case, so the vector space F([v/2i],1) is also iden-
tified within S3(I'(8)). We have seen that a story holds for the remaining
2-dimensional subspace of S3(I'(8)) in complete parallel to the 3-dimensional
subspace S2(I'o(64)) of S2(I'(8)) = S2(I'1(64)) in section 3.3. More details of
this story is written down in the preprint version [17, Example 2.4.17 and
§3.2.1).

4. Newforms from the chiral correlation functions
4.1. The formula for newforms

Let us fix a pair of Oy —1 = Ok and f,. On one hand, in Type II string
theory, we have h(Of) rational SCFT’s, and the vector space of their chiral
correlation functions

(29) @021,“' ,h(OK)F([za]a fp) =: F(gll(OK), fp)

We have seen that this vector space is a part of
S2(T(Npa)) C S2(T1(Npy))-

On the other hand, let ¢ = (f,v/Dk)o, be the ideal of Ox common to all
the h(Of) rational SCFT’s (see section 3.2). For ideals ¢; that divides ¢,
one may list up all the elliptic curves of Shimura type of [E,_ |c¢’s in £ll(Ok),
as we have explained in section 2.1.3; there are only finite number of such
arithmetic models. The weight-2 modular forms that correspond to those

arithmetic models, as in section 2.1.4, are found in

So(T1(|Dr|Nmg/q(c)))-

They are the same vector space, because (see (15) and (18))

(30) Nps = (folDkl),
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| Dk [Nmpgeq(c) =Dk Nmpo((fov/Di)ox) = 1Dkl f; 1Dl

The route through the upper-left edge of the diagram (16) in the language
of string theory systematically yields objects in the same vector space as the
theory of modular parametrization (the upper-right edge of (16)) does.

For all those elliptic curves of Shimura-type, we have found a formula for
their modular forms expressed in terms of the chiral correlation functions.
The proof involves frequent use of basic algebraic number theory, so we omit
the proof in this journal version here, as we set string theorists as primary
audience. Interested readers might refer to the preprint version [17, §3.3 and
§3.4] for more information. Here, only the formula is written down in the
following.

Let [E.,]c € Ell(Ok), and E its arithmetic model of Shimura type de-
fined over k, where k is an abelian extension of K containing Hy . Let {X}}
be the set of [k : Hg| characters of [Of /cf]* that correspond to the model
E/k (see section 2.1.3). The theory of modular parametrization for such an
E/k in section 2.1.4 assigns [k : K] weight-2 modular forms. It is possible
to express them by using the chiral correlation functions fll}l, (Tws; B) of the
rational SCFT’s with the set of target spaces (£11(Ok), f,), when the ideal
¢r divides ¢ = (f,v/Dk)o, - They are given by

Gy Y Mf) ST R(OK/L) X (s OAB)

@’ [B.]€iReps,/[Ox /<]
fp Vv DK

V2f,

We should explain notations used in the formula (31). Remember that
there is one-to-one correspondence between the set £1l(Ok) and Clg as
explained in 2.1.1; [E,,Jc = C/b,, € Ell(Ok) is assigned to the ideal class
[b,.] =t 8,1 € Clg. The first sum over the ideal classes £, € Clk is also
a sum of the chiral correlation functions fii, of rational SCFT’s of h(Ok)
distinct choices of the target space, ([E.,|c, f,) with [E., |c € £ll(Ok). For
each a € {1,--- ,h(Ok)}, one chooses an element ¢/, € K arbitrarily so
that the ideal cja., b,, =: b} is integral and prime to the ideal ¢, (if this
is too abstract, see the Example in section 4.2.1). Finally, ¢ is such®® that

fll}y (Tws§ [ﬁ*]v (X/f)_l)(szp)

360 is a Hecke character of K of type [—1/2;1,0] with the conductor ¢y, if we
allow ourselves to use a bit of jargon. The Example in section 4.2.1 will illustrate
what ¢ is like, but interested readers might also have a look at textbooks in algebraic
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assigns a complex number ¢(a) to an ideal a of Ok prime to ¢y so that
p(araz2) = p(ar)p(az) and ¢((a)) = x(@)p' (@) for an ideal a = (a)o,-

We have started out with [k : H] characters X, and there are [Hy : K]
choices of ¢ for each x/; (see section 4.2.1 (or [16, §4.2]) for more expla-
nation), so there are [k : K] linear combinations of the chiral correla-
tion functions of the form (31). They are the [k : K] weight-2 modular
forms associated with the arithmetic models of Shimura-type {E,, /k | a =
1,--- ,h(Ok)} of {[E,,]c} = Ell(Ok) associated with the set of [k : Hg]
characters {X; }.

The formula above reduces to (26, 25) for the two arithmetic models
E3940 ® K and Fgq41 ® K in Example 2.1.2. That is because h(Og) = 1 for
K = Q(v/—1), we can choose ¢, = a, = 1, b, = b, = Ok, and (b)) = 1,
first of all. The second sum in the formula (31) is over the CM group orbits
(23, 24), but X};BQA/64A(1 +14) = 0, so only the orbit orby—p, represented
by Q(Bs) = 1 contributes, where X};32A/64A(1) = 1. The CM group [Ok /¢]*
acts on this orbit faithfully, so the isotropy group is trivial. So, the formula
(31) is a generalization of what we have done in (26, 25).

4.2. Observation 3: summing over target spaces in £ll(Ok)

The formula (31) for the [k : K] weight-2 modular forms for an arithmetic
model of Shimura type E/k requires summing the chiral correlation func-
tions flg, (7; B)(z..1,) of rational SCFT’s with h(Ok) distinct target spaces,
{([E.], f») | [Ez]c € E(Ok)}. It is certainly not the most natural thing for
physicists to do in a quantum field theory; we do not often sum up scatter-
ing amplitudes of QFT’s with different Lagrangians. The formula (31) says,
however, that we should better sum them up to get the modular forms asso-
ciated with the L-functions of the Galois representations of the arithmetic
models.

Back in the argument in section 2.1.4, however, the [k : K| weight-2
modular forms are introduced in association with the [k : K] representations
of Gal(Q/Q); those representations in turn were introduced on the vector
space (9) and its pull-back by v*. Those modular forms and representations
are not just for one arithmetic model E/k of [E|c € Ell(Ok), but for [Hg :
K] arithmetic models {?E |0 € Gal(k/K)/Gal(k/Hgk) = Gal(Hg/K)}.

number theory, or a review in [16, §4.2] for a shortcut.

Arbitrariness in the choice of ¢, € K cancels in the expression (31), because
changing c;, to c,a € K by a € Ok results in changing the factor (b ) in the
denominator to (b’ )ax’(a).
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So, the [k : K| modular forms being associated with arithmetic models of
h(Of) distinct CM elliptic curves over C, ? E® C, it is a natural thing than
strange thing that their formula exploits rational SCFT correlation functions
of h(Ok) distinct target spaces.

4.2.1. An example with K = Q(+/—5) Let us illustrate the formula
(31) here, especially in the aspect of summing over different target spaces,
by a few examples. No non-trivial information is added on top of the formula
(31), so busy readers lose nothing by skipping this section 4.2.1.

Let us choose the parameter f, = 1, and think of two target spaces
([E:lc, fp) = ([Ex]c, 1) and ([EL, |c, 1), where [E;_|c with a = 0,1 constitute
Ell(Ok) with K = Q(v/—20), as in (4). Then the ideal ¢ of O for the
corresponding set of h(Ok) = 2 rational SCFT’s is (v/—20)p,. Now, the
formula (31) ensures that the vector space (29) contains the h(Ok) X [k :
Hg] = 2 x 2-plet of weight-2 modular forms for each one of the two of
the h(Ok)-plet of k-isomorphism classes of arithmetic models of Shimura
type illustrated in Example 2.1.4; this is because the conductor of the two
h(Og)-plet of models, (2v/5i)o, and (v/5i)o, , both divide c.

The expression (31) is just a linear combination of the chiral correla-
tion functions, but their coefficients cannot be worked out while avoiding
algebraic number theory altogether. So, here is a pedagogical explanation of
how to use the formula (31) for readers with little familiarity on algebraic
number theory. First, note that zp = wg := v/5i and 21 = (1 + wg)/2,
which means that (a,,,b., ,c.,) is (1,0,5) and (2,—2,3) for a = 0 and 1,
respectively. Second, the ideal a, b, is Ok for a =0 and (2,1 + wg) =: ps
for a = 1; more background material is found in this footnote.?” We may
choose ¢, € K* as ¢; = 1 and ¢] = (1 + wgk)/2, so that b, = O and
b, = p3+ are both prime to the ideal ¢ = (2w )0, = P3ps.

37 Here is a bit of technical details of the prime ideal decomposition of the ring

Ok = Z+Zwg, where wg = v/5i. Such ideals as (p)oy =:pp with p =11,13,17,19
are prime in the ring O, and are principal ideals. On the other hand, the ideals
(2)0x, (5)ok, and (p)o, with p = 3,7 are not prime in the ring Og. Their prime
ideal decomposition is as follows: (2)o, = p3, where ps := (2,1 + wk); (5)o, = P2,
where p5 1= (Wi )ox; (P)ox = Pp+Pp— for p = 3,7, where ppe := (p,rp + ewg) with
rzg = 1 and 77 = 3. The ideal p5 is principal. The ideals p2 and pp with p = 3,7
and € = & are not principal, but any product of even number of them is principal.
For example, paopst = (1 + wk)o,, which we used in the main text.
The ideal class group Clg = Z/27 consists of two ideal classes; the trivial element
Ko of Z/27 is the class of principal ideal, represented e.g., by Ox = a,b.,; the
non-trivial element K of Z/2Z is the class of ideals of the form of ps X (), for
o € K*, represented by any one of ps = a,,b,, and ppe with p=3,7 and e = +.
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Now, let us work out the coefficients in (31), not for all the 4h(Ox) mod-
ular forms corresponding to the four characters {x/;(0, £1)} and {x/;(1, £1)},
but only for h(Of) of them corresponding to X’f(O, 1) in the following. All
the three omitted ones can be worked out in just as elementary procedures,
and the results are found in the preprint version [17, §3.4].

The first thing to work out is the values of p(b’, ). For b, = Ok = (1)o,,
which is a principal ideal, ¢(b ) = pl(l)x}(O, 1)(1) = 1. For b}, = p34,
we use the fact that p§+ = (=2 + wg)o,; the square of p(p34) should
be o((—2 + wk)o,) = p'(—2 + wr)x'7(0,1)(—2 + wg), which is equal®®
to v/5 + 2i; therefore, the h(Ox) = 2 choices of the value of (b)) are
:|:€77ri/4(1 + ’LUK)/\/i

In the case of the character X/f = le (0,1), the CM-group diagonal combi-
nations of the chiral correlation functions (21) are non-zero only for just one
orbit from each rational SCFT, the CM-group orbit of () = 1 in the the-
ory with the target space ([E,]c, 1), and that of Q(8) = (7+ wg)/2 for the
target space ([E2,]c, 1); more systematic account for which orbits contribute
and which do not is found in the preprint version [17, Thm. 3.3.10]. For those
orbits, the CM group acts faithfully, so #(Og/ g];) = 1. To compute the co-
efficient x;(cja.,€2(8)) for those two orbits, note that cjao©2(8)eireps, = 1,
and cja, Q(B)ecireps, = (1 +wk)/2x2x (T+wk)/2 = (1+4wg) =1 mod
¢. So, X’f(cflazaﬂ(ﬂ)emepsa) = 1 for both a = 0,1. Therefore, the formula
(31) for the h(Ok) = 2 modular forms in question is read as

<f11}zf([1]; X (0, =1)) (2o 1) £ €™/ ity ([(7 + wie) /205 x40, —1))([z1},1))

<"
5
=

2f,

It is straightforward to write down {}2, ~ 19/1\9' as a power series of ¢,
so we do not do that in this journal version. Interested readers might have
a look at the preprint version [17, §3.4] for the concrete expressions of the
modular forms for those arithmetic models.

All those derivations are nothing more than elementary computations
faithful to introductory textbooks on algebraic number theory, so we did
not include all those details in the preprint version [17, §3.4]. The preprint
version (§3.4) and this journal version (section 4.2.1) are complementary
in their presentation, and we wish both versions are useful to readers with
different background.

38The value of the character X7(0,1) is determined by noting that (-2 +w) is
equal to (4 +wg) - 3 in the ring [Ok /¢, so x;(0,1)(=2 + wg) = (=1)°(1)* = —i.
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4.3. Observation 4: direct limits along the Kahler parameters

The discussion so far focused on one modular curve at a time, and also one
choice of f, for the target space metric in string theory at a time. In this
section 4.3, however, we let them scan; that will make it possible to state
the theory of modular parametrization and its string-theory counter part
for infinitely many arithmetic models of Shimura type all at once.

Let us begin with the following observation. Think of an arithmetic
model E/Q as in section 1.1, or an arithmetic model E/k of Shimura type
as in section 2.1.4. Whenever there is a surjective map vy : Xo(N) — /g
E/Qor vy : X1(N) ® K —/x B/K, there is also a surjective map v}, :
Xo(M) =9 E/Q and vy, : X1(M) @ K —/x B/K for any M divisible
by N, so that they are compatible with a map 7y : Xo(M) — /g Xo(NN)
and 7wy : X1(M) — g X1(IN), respectively. This situation is described as
existence of a map

v lim Xo(N) =g B/Q, V' lim (X1 (N) ® K) = B/K
NeN NeN

defined over Q and K, respectively. Here, the set of integers { N € N} forms
a directed partially ordered set, with the ordering N < M introduced if and
only if N|M.

The 1-forms on E/Q and B/K supporting the Galois representations
may be pulled back to individual modular curves, but they can also be
pulled back all the way to the projective limit of the curves:

(32) v*: HY(B@g C;C) — lim H'"(X1(N) @ C;C) & lim S»(T'1(N)).
NeN NeN

So far, this is just a story in mathematics that adds little to what we have
stated in section 2.1.4.

Now, how does this story look like in the language of string theory?
First, for a fixed parameter f, of the metric of the target space, the vector
space F(El(Ok), f,) is regarded as a fixed subspace

F(E1(Ok), fp) = S2(T1(Npy)) < lim Sa(I'(NV)).
NeN

Furthermore, one may realize that both the two vector spaces

(33) lim Sy(I'1(N))
NeN
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and

(34) lim F(EN(OK), f,)
fo€N

have a similar structure, where the level of modular forms My and the
parameter f, play a similar role (correspondence between them is more like
My ~ |DK|2f3 than My o f,); in the vector space (34), the parameters
f» governing the target space metric and B-field are regarded as a directed
partially ordered set, with the partial ordering f, < f", introduced if and
only if f,|f,. One may think that

lim F(EI(OK), fp) C lim Sy(I'1(N))
JoEN NeN

is the vector space of the chiral correlation functions fii, (3), with the h(Ok)
target spaces EI1(Of) with all kinds of complexified Kéhler parameters la-
beled by f, € N. By letting the Kéhler parameter scan, we obtain a set of
observables that does not depend on the choice of metric, but depends only
on the complex structure of the target space(s).

The statement behind the formula presented in section 4.1 can be re-
stated as follows. For any arithmetic model E/k of Shimura type of a CM
elliptic curve [E,]c over C, the 1-forms H?(B;C) pulled backed by the
surjective map over K (i.e., modular parametrization) are found within the
subspace (34) of (33), which is interpreted as string-theory observables with
the target space Ell(Ok).

v* (H'Y(B;C)) C lim F(EN(Ok), f,)-
fo€N

Appendix
A.1. Minimum on modular forms and modular curves

A.1.1. Congruence subgroups There are a few series of subgroups of
SL(2;Z) that have a dedicated notation.

Definition A.1.1. Let N be a positive integer.

(35) TD(N) := { [Z H eSL(2;Z)’ bc=0(N), a,d= (N)},
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(36) T1(N) ::{_i 2_ € SL(2:Z) | ¢ = 0(N), a,dzl(N)},
(37) TH(N) := { 2‘ Z- € SL(2;Z) | b,c=0(N), a,d € [Z/(N)]X},
(38) T'g(N) := { _ CCL Z € SL(2;Z) | ¢=0(N), a,d € [Z/(N)]X},

so T'(N) C T1(N) C Ty(N) and T'(N) C TY(N) C Ty(N). I'(N) is a normal
subgroup of SL(2;Z), and hence also that of any subgroup of SL(2;7Z) that
contains I'(NV).

All those subgroups can be regarded as special cases of a more general

class of subgroups ([26, §3.3] and [19, §9.1])

I'(H,N,M) := { [ ‘C” 2 ] € SL(2:7)

c=0(N), b=0(M), a,deH}

where N and M are positive integers, and H is a subgroup of the multi-
plicative group [Z/(NM)]*. T'(N) corresponds to the case of M = N and
H = Hy, where

(39)  Hy:={1,N+1,2N+1,--- , N> -~ N +1} C [Z/(N?)]*.

The subgroup I';(N) is reproduced by setting M =1 and H = {1}, TJ(N)
by setting M = N and H = Hy, and I'g(N) by setting M = 1 and H =
[Z/(N)]*. o

Definition A.1.2. A subgroup I' of SL(2;Z) is said to be a congruent
subgroup, if there exists a positive integer N so that I'(N) C T.

Lemma A.1.3. There is an isomorphism from I'(H, N, M) to I'(H, NM, 1)
given by

a b R M1 a b M | a bM
c d 1 c d 1| | eM d |
In particular, this isomorphism identifies T'(N) with I'(Hy, N2, 1).

A.1.2. The vector space of modular forms

Notation A.1.4. Let A = [a,b;c,d] be an element of GL(2;Z) with ad —
bc > 0, and k € Z. Then |[A]j is an operator acting on the space of holomor-
phic functions on H as follows. For a holomorphic function f(7) on 7 € H,
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fI[A]x is another holomorphic function on H given by

e k)2
(fI[AlR)(T) = [det(A)]*/*

The operator |[A]y is linear on the vector space of holomorphic functions on

H.

Definition A.1.5. Let I" be a congruence subgroup of SL(2;Z). When a
holomorphic function f(7) on 7 € H satisfies f|[v]y = f for v € T, it is
said to be a modular form of weight-k for I'. When such a modular form f
vanishes at all the cusp points of I, it is called a cuspform. They form vector
spaces over C, and are denoted by My(I") and Si(T"), respectively.

Lemma A.1.6. The linear operator |[diag(N, 1)]; induces an isomorphism
Sp(T(N)) = Sy(I'(Hy, N%, 1)).

This isomorphism is a special case of |[diag(M,1)]; : Sk(I'(H,N,M)) —
Sp(I'(H,NDM,1)), or even a special case of |[diag(r, 1)]x : Sx(I'(H, N, M)) —
Si(I'(H, Nr,M/r)) for any positive divisor r of M.

Lemma A.1.7. Let I" and I be both congruent subgroups of SL(2;Z).
Suppose that T is a normal subgroup of I. The group I" acts trivially (=as
identity) on Si(I') via the |[—]; operator; the fact that I" is a normal sub-
group of I can be used to see that f|[y]x € Sk(T') for f € Si(I') and
v € TV, so the group I" also acts on the vector space Si(I') via |[—]g, but
non-trivially. The vector space S(I') can be decomposed under the action
of T into the form of

Sk(T) = @ peirepsr/m) Skl p),

where i Reps(I"/T') is the set of irreducible representations of the finite group
I'/T; cusp forms in Sk (I”, p) transform under v € T as

ST, p) > fIVk — p(v) - f € Sk(T’, p).

When a cuspform f belongs to the subspace Sk (I, p), we call the choice of
the representation p € iReps(I''/T") the nebentypus of f.

Here are two examples of this decomposition. The first example is for
I'=T4(N) and IV = Ty(N).

(40) Se(T1(N)) = @y cchar(z/(N)])Sk(To(N), xn),
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so xn is a Dirichlet character modulo N.
The other example is for I' = I'(N) 2 T'(Hy, N?,1) and T9(N?). First,

(41) Sk(T(N)) = @, echar((z/(v)]<) Se(THN), xn)-
Due to the isomorphisms

I'(N) =T(Hy,N? 1),
TO(N) = To([Z/(N?)]*,N? 1) = To(N?),

we can also recycle the decomposition (40) and use it after replacing N with
N? to make a statement equivalent to (41). Because the group Hy fits into
the chain of subgroups of the multiplicative group {1} C Hy C [Z/(N?)]*,
a cuspform for I'1(N?) = T'({1}, N2,1) is also a cuspform for I'(Hy, N2, 1)
if the nebentypus x : [Z/(N?)]* — St of the cuspform vanishes on Hy C
[Z/(N?)]*. This idea is schematically written down as

(42) Sk(F<HN7N27 1)) = @XNEiReps([Z/(N)]X) Sk(FO(NQ)a XN)ﬂ

which is equivalent to (41). SAGE [20] allows us to work out this decompo-
sition (42) explicitly, so we can just translate the result into the language of
(41) appropriately. o

A.1.8. We are not going to provide a review on such notions as (the subspace
of) oldforms, (the subspace of ) newforms, and Hecke operators in this article.
Single page is not enough to review those materials for string theorists, while
they are quite standard for experts of number theory. We just refer the
readers to such textbooks and lecture notes as [9] and [19]. In the following,
we quote from those references a result that we refer to in the text, without
explaining the jargon.

We begin by stating structure within the vector space Sa(I'1(IN)) for
positive integer N.

Theorem A.1.9. (e.g., Thm. 5.8.2 of [9]) For any positive integer N, there
is a vector subspace of Si(I'1(NV)) called the space of newforms, whose defi-
nition is found in standard textbooks and lecture notes on modular forms.
This subspace is denoted by [Si(I'1(IV))]", and the modular forms in this

new

subspace is said to be of level N. For any nebentypus xn, [Sk(Lo(N), xn)]¥
is Sk(Lo(N), xn) N [Se(T'1 (V)™ so

[SeTN)INY = @y [Se(To(N), xN)IN™-
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The Hecke algebra, an algebra over Z generated by Hecke operators, acts
on the individual components [S;(Io(N), xn)]3" within Si(I'1(N)), and
all the operators in the algebra are diagonalized simultaneously. There is no
two simultaneous eigenvectors of the Hecke algebra in [Si(I'o(V), xn)|%" on
which the 1-dimensional representation of the Hecke algebra are identical,
except when the two eigenvectors are identical except the normalization,
so there is no ambiguity in eigenspace decomposition [Sk(I'o(N), xn)]N";
this property is called the multiplicity one theorem. It is conventional to
choose each one of those eigenvectors so that its power series expansion in
q = €2™7 begins with the term ¢ (with the coefficient 1). Such eigenvectors
in [Sk(To(IV), xn)|N" are called weight-k, level-N newforms for I'o(N) with
the nebentypus yn. Let NewForms(N, xn) be the set of those eigenvectors

(newforms). e

Theorem A.1.10. (e.g., Thm. 5.8.3 of [9]) Let N be a positive integer.
The vector space Si(I'g(N), xn) contains a subspace [Si(I'o(IV), xn)]x", as
stated in Thm. A.1.9; the whole space Si(I'o(IV), xn) has a structure that is
made up of subspaces associated with the vector spaces [Sk(I'o(My), xn)]37}
labeled by all possible positive integers My that divide /N. To be more con-

crete,

Sk(Lo(N), xn) = Sy [Sk(To(N), X)) g, »

and the individual components associated with M|N are

[S2(To(N), X )ar, = @iy l[diag(r, D] [SkTo(My), xn)]hy

(43) = @fENewForrns(Mf,XN) 69r|(N/Mf) (Cf|[diag(r, 1)]k’a
(44) = 69fGNewForms(Mf,)(N) [f]]\N4f

A newform f € NewForms(My, xy) mapped into Si(I'o(N),xn) via the
|[diag(1,1)]; operator is called a weight-k, level-M; newform for I'y(N) of
nebentypus x .

The set NewForms(My, xn) and the vector space [Sk(I'o(My), xn)]57}
is empty, if the Dirichlet character yy : [Z/(N)]* — S! cannot be induced
from a Dirichlet character of [Z/(My)]*.

The dimension of the vector space | f]]\N4f is the number of divisors of the

integer N/My, including 1 and (N/Mj).

(45)  dime ([Sk(To(N), xn)]a;)
= |NewForms(My, xn)| x |divisors of (N/Mjy)],
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(46)  dimc (Sk(L'o(N), xw))

= Z |NewForms(M¢, xn)| x |divisors of (N/Mjp)].
M|N

Now, let us write down the statement on the structure of the vector
space Si(I'(H, N, M)).

Theorem A.1.11. [19, §9.1] Let N and M be positive integers, and H a
subgroup of the multiplicative group [Z/(NM)]*. In the decomposition and
the isomorphisms

Sk(F(Hv N’ M)) = ®XNA4SI€(P([Z/(NM>]X7N7 M)vXNM)7
47) = Sp(T(H,NM,1)) = &y, Se(T([Z/(NM)]*, NM, 1), xnum),

we already have the notion of the subspace of newforms (introduced in Thm.
A.1.9)

(48)  [Sk(T([Z/(NM)]*, NM, 1), xNm)INM
= [Sk(To(NM), xnum)Nyr € Sk(To(NM), xnum),

so we can also introduce the notion of the subspace of newforms
[Se(D(H, N, M))[N3r  and  [Sk(I([Z/(NM)]*, N, M), xnm)INas

through the identification (47). So long as the character yyjs vanishes on
the subgroup H C [Z/(NM)]*, there is one to one correspondence

|[diag(M, 1)) : NewForms(T'([Z/(NM)]*, N, M), x~nn)
=~ NewForms(I'o(NM), xnar)-

The vector spaces Sk(I'([Z/(NM)]*, N, M), xnya) with the characters
xnm that vanish on a group H have a substructure precisely the same as
that of S, (Lo(NM), xnar) stated in Thm. A.1.10; we can just translate the
substructure by using the isomorphism |[diag(M,1)].

Of particular interest in this article is the case M = N and H = Hy.
So, let us write down the result of the translation in the notation for this
particular M = N and H = Hy case.

(49) SeTO(N), xv) = @y, 2 [Sk(TON) xw)] oy, »

f
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and the individual components associated with M| N? are

[Sk (TQ(N), xn)]
> @y (v2/nry)|[diag(N )] - | [diag(r, 1) [Sk(To(My), xn)]57,

(50) = @feNeWFOI'mS(Mf,XN) @T|(N2/Mf) Cf|[diag(r/N, 1)]k’
N2 N
= @fENeWForms(Mf,XN) [f]Mf :
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