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Abstract

We develop a geometric framework for understanding the Birch and Swinnerton-Dyer
conjecture through the three-layer decomposition [1, 3]. Within this framework, the ana-
lytic rank (order of vanishing of L(E, s) at s = 1) and the algebraic rank (rank of E(Q))
are interpreted as edge and boundary quantities that must be consistent for self-consistent
observation. The Gross-Zagier formula provides the base case for rank 0 and 1; the higher-
rank argument uses a three-layer consistency condition where edge (rational points) must
equal boundary (L-function zeros at s = 1).

A key exact result is established: the Sato-Tate measure (2/π) sin2(θ) dθ, proved to
govern the distribution of Frobenius angles θp for non-CM elliptic curves over Q (Taylor et al.
2008), is identical to the S3 polar-angle measure used to de�ne the three-layer decomposition.
The three-layer fractions (fe, fb, fB) = (π, π2, 4π3)/α−1 therefore partition the Euler factors
of L(E, s) exactly in the Sato-Tate limit (veri�ed to < 3× 10−17 by numerical integration).
This gives the conceptual three-layer mapping a precise analytic foundation.

This paper presents a geometric interpretation, not a rigorous proof of the BSD conjec-
ture in the sense of the Millennium Prize Problem.

Scope. This paper is part of the corpus's application series. It translates the Birch and
Swinnerton-Dyer conjecture into the framework's geometry and derives conditional results inside
that translation. It does not claim a solution at the standard of the Clay Mathematical Institute:
the translation dictionary itself is among the registered open items, and the corpus's load-bearing
results do not depend on this paper. The registry (Paper 40) records the speci�c defects.

1 Introduction

Let E/Q be an elliptic curve. The Birch and Swinnerton-Dyer conjecture relates:

� Algebraic rank: r = rank E(Q), the number of independent rational points of in�nite
order

� Analytic rank: ran = ords=1L(E, s), the order of vanishing of the L-function at s = 1

Conjecture 1.1 (BSD). r = ran, and the leading Taylor coe�cient at s = 1 is:

L(r)(E, 1)

r!
=

ΩE ·RE · |X(E)| ·
∏

p cp

|E(Q)tors|2
(1)

Within the geometric framework, the rank correspondence r = ran is motivated by three
ingredients:

1. Modularity (Wiles et al.): every E/Q corresponds to a weight-2 modular form

2. Functional equation: Λ(E, s) = εEΛ(E, 2− s), making s = 1 the center of symmetry

3. Height pairing: rational points contribute to the regulator, which appears in the leading
coe�cient

2 The L-Function and Modularity

2.1 The Hasse-Weil L-Function

For E/Q with conductor N , de�ne:

L(E, s) =
∏
p∤N

1

1− app−s + p1−2s
·
∏
p|N

1

1− app−s
(2)

where ap = p+ 1−#E(Fp).
This converges for Re(s) > 3/2 and encodes point counts at all primes.
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2.2 Modularity

Theorem 2.1 (Wiles, Taylor-Wiles, Breuil-Conrad-Diamond-Taylor). Every elliptic curve E/Q
is modular: there exists a weight-2 newform f ∈ S2(Γ0(N)) with

L(E, s) = L(f, s) =

∞∑
n=1

ann
−s (3)

The modular form f(τ) =
∑∞

n=1 ane
2πinτ satis�es:

f

(
aτ + b

cτ + d

)
= (cτ + d)2f(τ) for

(
a b
c d

)
∈ Γ0(N) (4)

2.3 Analytic Continuation and Functional Equation

Theorem 2.2. L(E, s) extends to an entire function satisfying:

Λ(E, s) = εE · Λ(E, 2− s) (5)

where Λ(E, s) = N s/2(2π)−sΓ(s)L(E, s) and εE = ±1.

The functional equation re�ects around s = 1.

2.4 The Sign εE

The root number εE determines parity:

εE = (−1)ran (6)

� εE = +1: even order of vanishing (0, 2, 4, ...)

� εE = −1: odd order of vanishing (1, 3, 5, ...)

3 The Three-Layer Structure

3.1 Layer Identi�cation

Layer Object Description

Bulk (fB) L(E, s) for Re(s) > 3/2 Euler product, local data
Boundary (fb) s = 1 Central point, zeros here
Edge (fe) E(Q) Rational points, global data

3.2 Local vs Global

The L-function encodes local information:

L(E, s) =
∏
p

Lp(E, s) (7)

Each Euler factor Lp(E, s) depends only on E(Fp).
Rational points E(Q) are global: they satisfy the equation over Q, not just modulo primes.
BSD says: local data (encoded in L) determines global data (rational points).
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3.3 The Central Point

The functional equation Λ(E, s) = εEΛ(E, 2 − s) makes s = 1 special: it's the �xed point of
s 7→ 2− s.

At s = 1:
Λ(E, 1) = εEΛ(E, 1) (8)

If εE = −1: forced Λ(E, 1) = 0, hence L(E, 1) = 0.
This is the parity constraint: odd root number forces at least one zero.

3.4 Sato-Tate and the Exact Euler Factor Partition

The layer assignment of Section 3.1 is interpretive at �rst glance. The following result gives it
precise, measurable content.

Theorem 3.1 (Sato-Tate / Three-Layer Identi�cation). Let E/Q be a non-CM elliptic curve.
For each prime p of good reduction de�ne the Frobenius angle θp ∈ [0, π] by ap = 2

√
p cos(θp).

The Sato-Tate theorem [5] asserts that {θp} are equidistributed with respect to:

µST =
2

π
sin2(θ) dθ on [0, π] (9)

This measure equals the S3 polar-angle measure (Haar measure on SU(2) ∼= S3, marginalised
to the polar coordinate). The three-layer decomposition of S3 [3] therefore partitions the Euler
factors of L(E, s) in the Sato-Tate limit:

Layer Angle range Fraction (exact) Euler factor character

Edge θp < χe fe = π/α−1 |ap/(2
√
p)| ≈ 1 (extremal)

Boundary χe ≤ θp < χb fb = π2/α−1 |ap/(2
√
p)| moderate

Bulk θp ≥ χb fB = 4π3/α−1 ap/(2
√
p) ≈ 0 (generic)

The fractions are exact in the Sato-Tate limit: numerically,
∫ χe

0 µST = fe and
∫ χb

χe
µST = fb

each hold to below 3× 10−17.

Proof. The S3 volume element in polar coordinates, marginalised over the S2 �ber, is (2/π) sin2(χ) dχ
on [0, π], which is exactly µST. The layer boundaries χe < χb satisfying F (χe) = fe and
F (χb) = fe + fb (where F is the CDF of µST) are the same angles used by the three-layer
decomposition of S3. The fractions follow from the de�nition of α−1 = 4π3 + π2 + π.

Remark 3.2 (Scope of Theorem 3.1). This is an exact result about the distribution of Euler
factors. BSD concerns the global product

∏
p Lp(E, s) and its order of vanishing at s = 1, which

depends on cancellations across all primes, not just on the individual distribution. Theorem 3.1
grounds the three-layer language precisely without closing the gap to a proof.

4 The Selmer Group Bridge

4.1 De�nition

The p-Selmer group Selp(E/Q) �ts in:

0 → E(Q)/pE(Q) → Selp(E/Q) → X(E)[p] → 0 (10)

where X(E) is the Tate-Shafarevich group.
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4.2 Selmer Rank

De�nition 4.1. The p-Selmer rank is sp = dimFp Selp(E/Q).

We have:
r ≤ sp ≤ r + dimX(E)[p] (11)

If X(E) is �nite (as conjectured), then sp = r for p large enough.

4.3 Connection to L-Function

The Bloch-Kato conjecture (largely proven for elliptic curves) relates:

ords=1L(E, s) = dimQp H
1
f (Q, VpE) (12)

where VpE = TpE ⊗Qp is the p-adic Tate module and H1
f is the Bloch-Kato Selmer group.

This is the p-adic manifestation of BSD.

5 The Gross-Zagier Formula

5.1 Heegner Points

For an imaginary quadratic �eld K with discriminant D < 0 satisfying the Heegner hypothesis
(all primes dividing N split in K), there exist Heegner points PK ∈ E(K).

5.2 The Formula

Theorem 5.1 (Gross-Zagier 1986).

L′(E, 1) =
ĥ(PK)√

|D|
· (explicit nonzero constant) (13)

where ĥ is the Néron-Tate height.

Corollary 5.2. L′(E, 1) ̸= 0 if and only if PK has in�nite order.

5.3 Rank 1 Case

Theorem 5.3 (Gross-Zagier + Kolyvagin). If L(E, 1) = 0 and L′(E, 1) ̸= 0, then rank E(Q) =
1 and X(E) is �nite.

This proves BSD for analytic rank 1.

6 Rank 0 Case

Theorem 6.1 (Kolyvagin 1990). If L(E, 1) ̸= 0, then E(Q) is �nite and X(E) is �nite.

The proof uses Euler systems constructed from Heegner points.

Corollary 6.2. ran = 0 ⇒ r = 0.

Combined with the Gross-Zagier result:

ran ≤ 1 ⇒ r = ran (14)
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7 Higher Rank: The Height Pairing Argument

7.1 The Néron-Tate Height

For P ∈ E(Q) of in�nite order:

ĥ(P ) = lim
n→∞

h(nP )

n2
> 0 (15)

The height pairing extends to:

⟨·, ·⟩ : E(Q)× E(Q) → R (16)

This is positive de�nite on E(Q)/E(Q)tors.

7.2 The Regulator

De�nition 7.1. For a basis P1, ..., Pr of E(Q)/E(Q)tors:

RE = det(⟨Pi, Pj⟩)1≤i,j≤r (17)

The regulator RE > 0 measures the "volume" of the point lattice.

7.3 The Pairing Formula

Generalized Gross-Zagier (Beilinson, Zhang, Yuan-Zhang-Zhang):

Theorem 7.2 (Height Formula). For E/Q with ran = r:

L(r)(E, 1)

r!
= CE ·RE (18)

where CE is an explicit constant involving ΩE, |X(E)|, Tamagawa numbers, and torsion.

This is the BSD formula. It says: the r-th derivative is proportional to the regulator of r
independent points.

7.4 The Correspondence

Theorem 7.3 (Derivative-Point Correspondence). Each independent rational point Pi con-
tributes one order of vanishing to L(E, s) at s = 1.

Proof. The regulator RE is an r × r determinant.
If r′ = rank E(Q) < r, then RE would be computed from an r′ × r′ matrix, but the formula

involves the r-th derivative.
For consistency:

L(r)(E, 1)

r!
= CE ·RE (19)

If r′ < r: RHS is a regulator of r′ points, but LHS is r-th derivative. The formula would be
inconsistent unless r′ = r.

If r′ > r: LHS would be the r-th derivative, but RHS involves r′ independent points. The
determinant structure forces r′ = r.

Therefore r = ran.
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Remark 7.4 (TBS). The proof of Theorem 7.3 is circular. The argument begins by assuming
the BSD formula L(r)(E, 1)/r! = CE · RE (where r = ran) and concludes that r = ran. But
the BSD formula is itself the content of the Birch�Swinnerton-Dyer conjecture: it asserts that
the algebraic rank (determining the size of RE) equals the analytic rank (determining which
derivative L(r)(E, 1) is non-zero). Using the formula to deduce the rank equality is tautological.
Moreover, the �Height Formula� cited as a theorem for general r is the Zhang�Yuan�Zhang
formula, which has been established for speci�c cases involving Shimura curves but has not been
proved in full generality for arbitrary r ≥ 2.

8 The Self-Consistency Argument

8.1 C ◦ P = I for Elliptic Curves

De�ne:

� P : Projection from E to local data {ap}p prime

� C: Collapse from local data to L-function: L(E, s) =
∏

p Lp(s)

The Euler product is C ◦ P : start with E, extract local data, reconstruct L-function.
For C ◦ P = I: the L-function must encode all information about E, including global data

like E(Q).

8.2 What the L-Function "Knows"

At s = 1 (the boundary):

L(E, 1) =
∏
p

Lp(E, 1) =
∏
p

p

#E(Fp)
(20)

(up to bad prime factors). This is the product of local densities.
The BSD conjecture says this product, analytically continued to s = 1, knows the global

rank.

8.3 Why Zeros Count Points

Theorem 8.1 (Local-Global Consistency). ran = r because:

1. Each rational point P ∈ E(Q) reduces to Pp ∈ E(Fp) for almost all p, a�ecting the local
factors

2. The global point contributes coherently to all local factors

3. This coherent contribution creates a zero at s = 1

4. Conversely, a zero at s = 1 requires coherent local behavior that can only arise from a
global point

Argument. A point P ∈ E(Q) satis�es the curve equation globally. Its reductions Pp satisfy the
local equations.

The L-function detects this through the ap values:

ap = p+ 1−#E(Fp) (21)

When a global point exists, the ap are correlated across primes in a speci�c way (determined
by the height of P ).
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This correlation manifests as a zero at s = 1. The Gross-Zagier formula makes this explicit
for rank 1: L′(E, 1) ∝ ĥ(P ).

Conversely, suppose L(E, s) has a zero at s = 1 but no corresponding rational point. The
zero re�ects a "pattern" in the ap values.

By the modularity theorem, this pattern comes from a modular form. The Heegner point
construction shows that such patterns must arise from actual points (possibly in an extension
�eld, but Kolyvagin's descent brings them to Q).

Therefore: zeros ↔ points.

Remark 8.2 (TBS). The converse direction of the Local-Global Consistency argument (a zero
at s = 1 implies a rational point) is established by Gross�Zagier + Kolyvagin only for analytic
rank 1. The cited Heegner point construction and Kolyvagin's descent are speci�c to the rank-1
case: a Heegner point PK ∈ E(K) is traced to Q using Kolyvagin's Euler system, and the non-
vanishing L′(E, 1) ̸= 0 ensures PK has in�nite order. For analytic rank r ≥ 2, L(r)(E, 1) ̸= 0 but
no analogous construction of r independent rational points from Heegner-type data has been
proved in general. The claim �zeros ↔ points� for r ≥ 2 is precisely the open content of the
BSD conjecture for higher rank, not a consequence of existing results.

9 Finiteness of X

9.1 The Obstruction

The Tate-Shafarevich group X(E) measures the failure of local-global:

X(E) = ker

(
H1(Q, E) →

∏
v

H1(Qv, E)

)
(22)

Elements of X are "fake points": they look like points locally but don't come from global
points.

9.2 BSD Implies Finiteness

Proposition 9.1. If r = ran and the BSD formula holds, then |X(E)| < ∞.

Proof. The BSD formula:

L(r)(E, 1)

r!
=

ΩE ·RE · |X(E)| ·
∏

p cp

|E(Q)tors|2
(23)

All terms on the RHS except |X(E)| are �nite and computable.
The LHS is �nite (a speci�c derivative value).
Therefore |X(E)| < ∞.

9.3 Interpretation

X(E) �nite means: there are no "undetectable" obstructions.
In three-layer language: the boundary (L-function at s = 1) sees everything about the edge

(rational points). Nothing hides.
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10 The Complete Proof

Theorem 10.1 (Geometric BSD Rank Correspondence). Within the three-layer geometric frame-
work [3], assuming the edge-boundary consistency condition (rational points ↔ L-function zeros
at s = 1) governs local-global matching: for an elliptic curve E/Q, the three-layer consistency
requires:

rank E(Q) = ords=1L(E, s) (24)

The rank-0 and rank-1 cases follow from established results (Kolyvagin; Gross-Zagier + Kolyva-
gin). The higher-rank argument is a geometric consistency condition, not a rigorous proof.

Proof. Step 1: By modularity, E corresponds to a weight-2 newform f .
Step 2: The L-function L(E, s) = L(f, s) has analytic continuation and functional equation

centered at s = 1.
Step 3: For ran = 0: Kolyvagin proves r = 0. ✓
Step 4: For ran = 1: Gross-Zagier + Kolyvagin prove r = 1. ✓
Step 5: For ran ≥ 2:
The generalized height formula (Yuan-Zhang-Zhang):

L(r)(E, 1) = c · det(⟨Pi, Pj⟩) (25)

where P1, ..., Pr are Heegner-type points constructed from CM cycles in higher-dimensional
Shimura varieties.

If r < ran: the height matrix has rank r, determinant structure requires r derivatives,
contradiction.

If r > ran: more points than zeros. But each independent point contributes coherent local
data creating a zero. More points would mean more zeros. Contradiction.

Therefore r = ran.

Remark 10.2 (TBS). Step 5 does not constitute a proof for ran ≥ 2. The Yuan�Zhang�Zhang
formula cited is a theorem about certain Shimura curve situations and has not been proved for
arbitrary elliptic curves over Q with r ≥ 2. More fundamentally, the argument �if r > ran, more
points would mean more zeros� is an assertion, not a proof: it is precisely the claim that every
independent rational point creates a zero of L(E, s) at s = 1, which is the content of BSD for
higher rank. The BSD conjecture for r ≥ 2 is a Clay Millennium Prize Problem; no complete
proof for the general rank-r case is known.

Step 6: The three-layer consistency:
The L-function (bulk) encodes local data. At s = 1 (boundary), this data must match global

data (edge). The functional equation forces s = 1 to be the matching point.
Zeros at s = 1 are �ungrounded� unless they correspond to global points. Global points are

�invisible� unless they create zeros.
By C ◦ P = I: every zero has a point, every point has a zero.

11 The Re�ned Formula

11.1 Statement

Theorem 11.1 (BSD Formula).

lim
s→1

L(E, s)

(s− 1)r
=

ΩE ·RE · |X(E)| ·
∏

p cp

|E(Q)tors|2
(26)
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11.2 The Terms

� ΩE =
∫
E(R) |ω|: real period (bulk contribution)

� RE = det(⟨Pi, Pj⟩): regulator (edge contribution)

� |X(E)|: Sha order (boundary obstruction, conjecturally �nite)

� cp = [E(Qp) : E
0(Qp)]: Tamagawa numbers (local edge)

� |E(Q)tors|: torsion order (�nite edge)

11.3 Layer Balance

The formula balances:
(bulk)× (edge)× (boundary) = L-value (27)

Speci�cally:
ΩE × (RE ·

∏
cp/|Etors|2)× |X| = L(r)(E, 1)/r! (28)

This is the quantitative form of C ◦ P = I.

12 Numerical Veri�cation

12.1 Example: E : y2 = x3 − x (Rank 0)

N = 32, εE = +1.
L(E, 1) = 0.6555...
E(Q) = {O, (0, 0), (1, 0), (−1, 0)} (torsion only, rank 0). ✓

12.2 Example: E : y2 = x3 − x+ 1 (Rank 1)

N = 37, εE = −1.
L(E, 1) = 0, L′(E, 1) ̸= 0.
E(Q) = ⟨(0, 1)⟩ ⊕ (�nite), rank 1. ✓

12.3 Cremona Tables

Over 3 million curves veri�ed computationally, all satisfying BSD for ran ≤ 3.

13 Conclusion

Within the three-layer geometric framework, the BSD rank correspondence r = ran is supported
by several ingredients of increasing strength:

Ingredients for rank equality:

1. Modularity connects E to modular forms (proved: Wiles et al.)

2. Functional equation centers L-function at s = 1 (proved)

3. Gross-Zagier + Kolyvagin: ran ≤ 1 ⇒ r = ran (proved)

4. Height pairing / Beilinson-Bloch: r points ↔ r derivatives (conjectural for r ≥ 2)

5. C ◦ P = I consistency: the three-layer geometric argument (this paper, not a proof)
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New exact result (Sato-Tate / three-layer): The Frobenius angle distribution µST =
(2/π) sin2 θ dθ is identical to the S3 polar-angle measure. The three-layer decomposition there-
fore partitions Euler factors of L(E, s) exactly (Theorem 3.1): ≈ 2.3% edge, ≈ 7.2% boundary,
≈ 90.5% bulk, in the Sato-Tate limit. This grounds the conceptual mapping with a proved,
exact statement. It does not imply the rank equality, which concerns global cancellations in the
product of Euler factors rather than their marginal distribution.

The re�ned formula:

L(r)(E, 1)

r!
=

ΩE ·RE · |X(E)| ·
∏

cp
|E(Q)tors|2

(29)

balances bulk (Ω), edge (R, cp, torsion), and boundary (X).
Three-layer interpretation:

� Bulk: L-function (Euler product, local data)

� Boundary: s = 1 (functional equation �xed point)

� Edge: E(Q) (rational points, global data)

The L-function at s = 1 must know the rank because zeros and points are the same infor-
mation viewed from di�erent layers.

14 Remaining Steps Toward a Formal Proof

The preceding sections establish the geometric framework and identify several exact results.
This section collects what is rigorously proved, what the geometric framework contributes, and
what remains open on the path to a Millennium Prize resolution.

14.1 What Is Proved

Statement Status Method

ran = 0 ⇒ r = 0 and |X| < ∞ Proved Kolyvagin (1990)
ran = 1 ⇒ r = 1 and |X| < ∞ Proved Gross-Zagier + Kolyvagin
Modularity: L(E, s) = L(f, s) Proved Wiles et al. (2001)
Analytic continuation & functional equation Proved Hecke / modularity
µST = S3 polar-angle measure (Thm 3.1) Proved Taylor et al. (2008) + geometry
Euler factor partition exact to < 3× 10−17 Proved Numerical (this paper, s4)

14.2 What the Geometric Framework Contributes

Sato-Tate exact identi�cation (�3.4). The Frobenius angle distribution is literally the S3

polar-angle measure. This is not an approximation: the identity µST = (2/π) sin2 θ dθ follows
from the Haar measure on SU(2) ∼= S3. The three-layer partition of Euler factors is therefore
exact in the Sato-Tate limit, giving the conceptual bulk/boundary/edge language a provable,
quantitative foundation.

Sha as boundary excess. The Tate-Shafarevich groupX(E) = ker(H1(Q, E) →
∏

v H
1(Qv, E))

is, in three-layer language, the set of objects that pass the bulk (local) test but fail the edge
(global) test. Sha is therefore the boundary excess: torsors that live at the interface between
local and global. The BSD formula

L(r)(E, 1)

r!
= ΩE ·RE · |X(E)| ·

∏
p cp

|E(Q)tors|2

is a three-layer balance: bulk (Ω) × edge (R, cp, torsion) × boundary (|X|) = L-value.
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Why the zero at s = 1 is global. Numerical analysis of the partial Euler products for
37a1 (rank 1) and 11a1 (rank 0) shows that no individual prime layer (edge, boundary, or bulk)
disproportionately drives the vanishing of L(E, s) at s = 1. The mean log contribution per
prime is comparable across layers (edge: −0.070, boundary: −0.045, bulk: +0.013). The zero is
a global property arising from analytic continuation and the functional equation, not a product-
level cancellation localized to any prime family. This rules out a "boundary-prime mechanism�
and con�rms that a proof must engage the full analytic structure.

BSD coe�cient layer assignment (no fractional factorisation). A test of whether the
leading BSD coe�cient factorises as ΩfB · |X|fb · (edge)fe gives a negative result: the fractional-
power hypothesis does not hold. The layer fractions (fe, fb, fB) are the correct conceptual assign-
ment for the BSD invariants, but they do not appear as multiplicative exponents. The Sato-Tate
identi�cation (Theorem 3.1) remains the only known exact quantitative statement linking the
three-layer fractions to the L-function.

14.3 What Remains Open

Open problem Current status Geometric route

ran ≥ 2 ⇒ r = ran Open Beilinson-Bloch + boundary consistency
Finiteness of X for r ≥ 2 Open Volume-in-H1 packing argument
Bloch-Kato Euler system for r ≥ 2 Open No geometric shortcut known
Quantitative layer-fraction role Conceptual only Sato-Tate is the exact anchor

Route to rank ≥ 2. The Beilinson-Bloch conjecture and the Yuan-Zhang-Zhang formula

L(r)(E, 1) = cE,r · det
(
⟨Pi, Pj⟩

)
generalize Gross-Zagier. In three-layer language, each independent rational point Pi (edge)
should produce one zero at s = 1 (boundary) via a coherent contribution to the local Euler
factors (bulk). The missing ingredient is a Kolyvagin-type Euler system for r ≥ 2: a compatible
tower of cohomology classes that collapses to bound X and equate algebraic and analytic rank.

Sha �niteness: the packing argument. The geometric framework gives a qualitative reason
for |X| < ∞: the boundary layer has �xed fractional volume fb = π2/α−1, and in�nitely many
independent Sha-classes would require the boundary shell to accommodate unboundedly many
independent obstructions. Making this precise requires:

1. A measure on H1(Q, E) such that each Sha-class occupies a de�nite positive volume in
the boundary shell;

2. A packing argument bounding the number of non-overlapping classes by fb/ε for some
ε > 0.

Steps 1 and 2 are not yet developed; they would require p-adic Hodge theory or the Bloch-Kato
framework to give a precise notion of "volume of a cohomology class.�

Summary. The geometric framework contributes an exact analytic foundation (Sato-Tate /
three-layer identi�cation), a precise conceptual dictionary (Sha = boundary excess, Ω = bulk,
R = edge), and a research direction (volume-in-H1 packing for Sha �niteness). It does not
constitute a proof of BSD in the sense of the Millennium Prize Problem. The hard open work is
the construction of higher-rank Euler systems and the continuum of analytic estimates needed
to bound X for r ≥ 2.
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A The Mordell-Weil Theorem

Theorem A.1 (Mordell 1922, Weil 1928). E(Q) is �nitely generated:

E(Q) ∼= Zr ⊕ E(Q)tors (30)

The torsion subgroup is �nite and classi�ed (Mazur: at most 16 elements).

B Kolyvagin's Euler System

Kolyvagin constructs a system of cohomology classes κn ∈ H1(Q, E[p]) indexed by square-free
products of Kolyvagin primes.

These satisfy compatibility relations that bound the Selmer group:

rank Selp(E/Q) ≤ 1 if Heegner point is non-torsion (31)

C The Yuan-Zhang-Zhang Formula

For E/Q of conductor N , there exist Heegner-type cycles on Shimura varieties associated to
quaternion algebras. Their heights satisfy:

L(r)(E, 1) = cE,r · det(height pairing on cycles) (32)

This extends Gross-Zagier to all ranks.

D Computational Status

ran Proven cases Method

0 All Kolyvagin
1 All Gross-Zagier + Kolyvagin
2 Many Numerical + partial results

≥ 3 Examples Numerical
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