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Elliptic curves

An elliptic curve is given by an equation of the form
E: ¢y =2+ Az + B, (1)
with the one further requirement that the discriminant
A =4A%+27B°

should not vanish. The discriminant condition ensures that the
cubic polynomial P(x) = x® + Az + B has distinct (complex)
roots. For convenience, we shall generally assume that the
coefficients A and B are integers.
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One of the properties that make an elliptic curve E such a
fascinating object is the existence of a composition law that
allows us to 'add’ points to one another. Let us consider the
real solutions of (1) as points in the plane. Let P and @ be
distinct points on E and let L be the line through P and Q.
Then the fact that F is given by an equation (1) of degree 3
means that L intersects E in three points. Two of these points
are P and Q. If we let R denote the third point in L N E, then
the sum of P and () is defined by

P + @ = (the reflection of R across the z-axis).

In order to add P to itself, we let () approach P, so L
becomes the tangent line to E at P.
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We define the negation of a point P = (x,y) to be its
reflection across the z-axis

—P = (:L‘7 _y)'

The line L through P and — P intersects E in only these two
points, so there is no third point R to use in the addition law.
To remedy these situation, we adjoin an idealized point O to
the plane. This point O is called the point at infinity. The
special rules relating to the point O are

P+(-P)=0 and P+0O=0+P=P

for all points P on E.
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Let P = (zp,yp) and Q = (x¢, yg) be two points on E,
Q@ # P, QQ # —P. It can be shown that
P+ Q = (zp1q, Ypriq), where

(Yo —ypr\?
TpiQ = P —Tp— X,
YQ — yp (yQ—yp>2
= — —Tp—z
YrP+Q :L'Q—xp( vo — ap P Q
_ YpTg —Yorp
rg—2Tp
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If Q@ = P, then (the duplication formula)

rh — 2Ax% — 8Bxp + A?

P T T 4Aup +AB
:_Bx%—I—A 1} — 2Az% — 8Bwp + A?
var 2p Az + 4Azp + 4B

2yp .
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It can be shown that

P+Q=Q+P forall P,Q€FE.
(P+Q)+R=P+(Q+R) forall PLQ,ReE.
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Special cases of the duplication and composition law on elliptic
curves, described algebraically, date back to Diophantus, but it
appears that the first geometric description via secant lines is
due to Newton.
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Let & be a field and E be an elliptic curve given by an equation
y? =23 + Az + B,
whose coefficients A and B are in a field k. We define

E(k) = {(z,y) € k*: y* =2 + Az + B} U{O}.
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Let p be a prime. By F,, we denote the field of classes of
residues modulo p. Let E be an elliptic curve given by an

equation
y? =23 + Az + B,

whose coefficients A and B are integers with
A = 4A3 +27B% # 0. Then, by definition,

E(F,) = {(z,y) € F,: y* =2’ + Az + B (mod p) } U{O}.
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If A and B are in a field k£ (with char k # 2,3) and if the
coordinates of P and () are in k, then the coordinates of
P £ (@ are also in k. We obtain

Theorem

Let k be a field with char k # 2,3. Let E be an elliptic curve
given by an equation

vy =13+ Az + B,

whose coefficients A and B are in a field k with

A =4A% +27B% # 0 in k. Then the sum and difference of
two points in E(k) is again in E(k), so E(k) is a commutative
group.

This theorem was first observed by Poincaré, Jour. Math.
Pures Appl. 7 (1901).
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Let us consider

Ei: y*=a2%+71, Ey: y* = 2% — 43z + 166,
Fy: y?=2%-2, Ey: =24+ 17

The curve E; has no rational points, so £,(Q) = {O}. E»(Q)
is a finite group with 7 elements

E>(Q) = {(3, £8), (=5, £16), (11, £32), O}.

The group E5(Q) is freely generated by the single point

P = (3,5), in the sense that every point in E3(Q) has the
form nP for a unique n € Z. Similarly, the points P = (—2,3)
and Q = (2,5) freely generate E4(Q) in the sense that every
point in £;(Q) has the form mP + n( for a unique pair of
integers m,n € Z. \We note that none of these assertions
concerning E1, Ey, E3, E, is obvious.
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Repeated addition and negation allows us to 'multiply’ points
of E/ by an arbitrary integer m. This function from E to itself
is called the multiplication-by-m map,

Om:E—E, ¢pn(P)=mP =sign(m)(P+---+ P)

(the sum contains |m/| terms). By convention, we also define
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The multiplication-by-m map is defined by rational functions.
Maps £/ — E defined by rational functions and sending O to
O are called endomorphisms of E. Endomorphisms can be
added and multiplied according to the rules

(@ + ) (P) = 6(P) +¢(P) and (¢9)(P) = d(4(P)),

and one can show that with these operations, the set of
endomorphisms End(E) becomes a ring.
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For most elliptic curves (over the field of complex numbers C),
the only endomorphisms are the multiplication-by-m maps, so
for these curves End(E) = Z. Curves that admit additional
endomorphisms are said to have complex multiplication.
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Examples of such curves include
Es:y? =% + Az,

which has the endomorphism ¢;(x,y) = (—x, iy), and
E¢:y? =12 + B,

which has the endomorphism ¢,(z,y) = (pz,y) (here
i =+/—1 and p = /37 These endomorphisms satisfy

¢}(P)=—P and ¢*(P)+¢,(P)+P=0.

(2

One can show that End(Es) is isomorphic to the ring of
Gaussian integers (i.e. a + bi, a,b € Z) and that End(Ej) is
the ring of integers in Q(p) (i.e. a + bp, a,b € Z).
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Let m(x) denote a number of primes not exceeding =. We
prove the following result.

Theorem 1 (A. Radomskii)

Let E be an elliptic curve given by an equation

v’ =2+ Az + B,

where A and B are integers with A = 4A3 + 27B? # (.
Suppose that E does not have complex multiplication. Let s
be a positive integer and x be a real number with x > 2. Then

#55) N~ oop o
"0 <3 (Hgmmy) <OE)

p<w

where C'(E, s) > 0 is a constant, depending only on an elliptic
curve E and a number s.

Artyom Radomskii




SKETCH OF THE PROOF. We used the following result of
David and Wu, Canad. J. Math. 64 (2012).

Theorem 2 (David and Wu)

Suppose that E does not have complex multiplication. Then
for integers a and t > 1 we have

#{p<z:#EF,) =a (modt)} <

< 0®)(Z8 + o - epl—ct>Viam)).

iflnz > t21nt. Here ¢ > 0 is an absolute constant,
C(FE) > 0 is a constant depending only on an elliptic curve E.
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And applied the following
Theorem 3 (A. Radomskii)

Let o be a real number with 0 < o« < 1. Then there is a
constant C'(«) > 0, depending only on «, such that the
following holds. Let M be a real number, ay, ..., ,ay be
positive integers (not necessarily distinct) with a,, < M for all
1 <n < N. We define

wd)=#{1<n<N:a,=0(mod d)}
for any positive integer d. Let s be a positive integer. Then

> (o) <y (e 3 Lol

n=1 p<(In M)

Artyom Radomskii



2. On Romanoff’s theorem
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Let a be an integer with a > 2. We will focus on the
representation of positive integers n in the form

n=p+a,

where p is a prime and j is a non-negative integer.
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We have

x Inz
<z}~-— and >0:a’ <ux ~na
#p<ap~ o and # b~
If we restrict ourselves to prime numbers p not exceeding x/2
and non-negative integers j such that o/ < /2, then it is
clear that the number of solutions of the inequality

p+a <z

is at least cz. If “on average” not too many of the numbers

p + a’ represent equal numbers, then we can expect that at
least cx of numbers n not exceeding = can be represented in
the form p + a’. This statement was proven by N. P. Romanov
in 1934,
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Theorem (N. P. Romanoff)

Let a > 2 be an integer. Then there is a constant c(a) > 0
depending only on a such that

#1<n<z:n=p+d
for somep € P and j € Z>o} > c(a)x

for any real number x > 3.
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We recall that a set A C N has positive density if there exist a
constant « > 0 such that

#(AN[1,z]) > ax

forall z > 1.

It follows from Romanoff’'s theorem that the set
A={n:n=p+d forsomep e Pand j€ Zs}U{l}

has positive density.
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Consider the case a = 2. Let
R={neN:n=p+2 forsomepcPandj € Z}.

It follows from Romanoff’s theorem that

0 := lim inf #(Rﬂ—[l,x])

T—00 T

> 0.

The constant 0 is called the Romanoff constant. The
Romanoff constant has been studied by many mathematicians
and the best result # > 0.09368 is due to Pintz, Acta Math.
Hungar., 112 (2006).
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Friedlander and Iwaniec showed that there are infinitely many
integers n € R having at most two prime factors.

Lu obtained a quantitative version of this result, J. Number
Theory 204 (2019).
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SKETCH OF PROOF OF ROMANOFF’S THEOREM. Let r(n)
denote the number of solutions of n = p + a’. It is easy to see
that the number of solutions of a system

p+aj:p1+aj1 <z,

where p;, po are primes, and j;, j» are non-negative integers,
is equal to
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By Cauchy's inequality,

1/2 1/2
ala)r < Zr(n) = Z r(n) < ( Z r(n)2> ( Z 1)
n<x n<x n<x n<x
r(n)>0 r(n)>0 r(n)>0
1/2 1/2
< ( 2(a)z) ( Z )
n<x
r(n)>0
We obtain
Z 1> cla)z
n<x
r(n)>0
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We proved the following result.

Theorem 4 (A. Radomskii)

Let a and d be integers with a > 2 and d > 1. Let

f(n) =bgm?+ ...+ by be a polynomial with integer
coefficients such that by > 0 and f : N — N. Then there exist
positive constants ¢; = ¢;1(f,a), ca = co(f,a), and

xo = zo(f,a) depending only on f and a such that

Co

forsomepEPandjEN}SW

for any real number x > x.

Artyom Radomskii



Theorem 5 (A. Radomskii)

Let E be an elliptic curve given by an equation

y? = 23 + Ax + B, where A and B are integers satisfying

A = 4A3 +27B% +£ 0. Suppose that E does not have complex
multiplication. For any positive integer n, we put

r(n) = #{(p.q) € P*: p+#E(F,) =n}.

Then there are constants xo > 0, ¢; > 0, co(E) > 0, where zg
and ¢, are absolute constants, c3(E) is a constant depending
only on E, such that

T

i {1 <n<x: r(n)> clm} > ¢y(E)z

for any real number x > x.
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Theorem 6 (A. Radomskii)

Let d > 2 be an integer, and let
f(n) =bgn® + ... + by

be a polynomial with integer coefficients, by > 0. For any
positive integer n, we put

r(n) = #{(p.j) e PxN: p+ f(j) = n}.

Then there are constants ¢y > 0, co > 0, xg > 0 depending
only on f such that

£1/d
#{1§n§x: r(n)ch—} > cox
Inx

for any real number x > x.
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Corollary 1 (A. Radomskii)

Let d > 2 be an integer. For any positive integer n, we put

r(n) = #{(p,j) €EPxN: p+j=n}.

Then there are constants c¢;(d) > 0 and cy(d) > 0 depending
only on d such that

L1/d

4 {1 <n<z:r(n)> cl(d)—} > c(d)z

Inz

for any real number x > 3.
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Corollary 1 extends a result of Romanoff which showed the
inequality

H{1<n<z:n=p+j%forsomepecPandjecN}>c(d)zr.
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We obtain Theorems 4—6 from the following general result.

Theorem 7 (A. Radomskii)

Let A = {a,}>2, be a sequence of positive integers (not
necessarily distinct) and let

Na(z) =#{j € N: a; <z},

orda(n) =#{j € N: a; =n}, neN,
pa(z) = maxord,(n).

n<x

Suppose that ord4(n) < 400 for any positive integer n.
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Theorem (continue)

Suppose also that there are constants v; > 0, v > 0, a > 0,
2o > 10 such that

NA(I> > 0,

Na(3) = 1lNa@),

Z Z #{jeN:a, <a; <z anda; =a, (mod p)}Inp
p

keN: p<(Inz)™
ap<x

2

< 7 (Na(z))

for any real number x > xy. Given any positive integer n, let

r(n) =#{(p,j) e PxN: p+a; =n}.
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Theorem (continue)

Then there are constants ¢; = ¢1(y1) > 0 and
¢y = co(71,72, ) > 0 depending only on 1 and 1, 72, «,
respectively, such that

#{1§n§1‘: r(n)zClNA(x)}>w Na(x)

Inz Ny(z) + pa(z)Inz
for any real number x > xq. In particular,
#{1<n<xz:n=p+a; forsomepcP and j € N}

NA(I')
Na(z) + pa(z)Inz

> Cox
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Thank you for your attention!
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