Probability to obtain a Goldbach decomposition of an even number (Denise Vella-
Chemla, august 2022)

1. An illustrative example

Let us take the example of looking for Goldbach decompositions of the even number n = 98.

98 = 0 (mod 2)

o _ ] 98=2(mod3)
%71 98 =3 (mod 5)
98 =0 (mod 7)

Let us call dgg a potential Goldbach decomponent of n = 98. dgs can be congruent, except 0, to
every number that n = 98 isn’t congruent to. The V symbol in the above congruence system is
to be read as an exclusive or, its extended use is to be understood as the fact to respect as many
congruence systems as combinatorics permits to have (combining one possibility of each exclusive
or).

dog = 1 (mod 2)

dgs = 1 (mod 3)

dos =1V 2V 4 (mod5)

dos =1V2V3V4V5V6 (modT)

Remark : we notice that obeying the system of systems of congruences is a sufficient condition
but not a necessary condition to obtain a Goldbach decomponent of n. The demonstration of the
validity of this characterization of Goldbach decomponents of an even number n that are greater
than /n is provided in section 2.

Sdgs =

What can be easily understood is that modules that don’t divide n “eliminate more congruence
classes” (2 by each prime module lesser than /n) than modules that divide n. Let us take the
worst case, where two congruence classes are eliminated for each prime module lesser than /n (for
n an even number of the form 2*p with p prime for instance), we find all the same

I -2

p prime
3<p<n
different congruence classes by applying the chinese remainder theorem to each of the congruence
systems combinatorialy found (see Sy, above). All those solutions are lesser than D =[] »p.
3<p/

Could it be possible to miss the targeted interval, i.e. that all solutions should be greater than n,
between n and D 7 In section 3, we will see that the probability to obtain at least one solution
lesser than n tends to 1 very quickly.

2. Characterization of the Goldbach decomponents of n greater than \/ﬁﬂ

Let n € 2N 4 6 be an even number greater than 6.

Leila Schneps wrote this proof that the characterization of those Goldbach decomponents was valid.



For each p € P* an odd prime number lesser than y/n (i.e. 3 <p < /n), let us define the set :
F.p)={me2N+1:3<m<n/2, m#Z0[p], m#Znp}
The intersection of the sets F,(p) for each p prime between 3 and /n is denoted as :

D,, = n Fn(p)

peP
3<p<y/n

We are going to show that D,, and its complementary n — D,, contain only prime numbers.

Lemma 1 : Let m € 2N+ 1 be an odd integer. If m is divisible by no prime number between 3 and
\/m, then it is prime.

Proof : If m is composite, we have m = pq, where p is the smallest prime number in m’s canonical
factorization in prime numbers and where ¢ is the product of all the other factors. Since m is odd,
p > 3, and since ¢ > p (q being the product of integers > p), m = pq > pp = p* and so /m > p (the
sqrt function being increasing). We have thus shown that if m an odd number is composite, it is
divisible by a prime number between 3 and y/m. The lemma is obtained by contraposition. U

Lemma 2 : D, CP

Proof : Let m € D,,. Then m € F,(p) for all prime number p between 3 and /n. Thus, m is odd
and m is divisible by no prime number p between 3 and y/n (since m # 0 [p]), and so a fortiori by no
prime number between 3 and \/m (sincem <n/2 = m <n = /m </n). By lemma 1, m is
therefore prime. O

Lemma 8 :n—D, CP

Proof : Let m € D,,. Then m € F,(p) for all prime number p between 3 and /n. Therefore, n —m
is odd (since m is odd and n is even) and n — m is divisible by no prime number p between 3 and
V1 (since m # n [p]), and thus a fortiori by no prime number between 3 and \/n —m (because
n—m<n = /n—m <4/n). From lemma 1, n —m is thus prime. U
The sets D,, contain only Goldbach decomponents of n.

Lemma 4 : Let n € 2N+ 6. If D,, # @, then n verify Goldbach’s conjecture.

Proof : If D,, # @, it contains an integer p necessarily prime (from lemma 1), such that g =n —p
is also prime (from lemma 2), and so n = p+ ¢ verify Goldbach’s conjecture. O



3. Probability P(n, k,p) to pick a number lesser than or equal to k, without replacement,
when we pick uniformly p integers among the n first integers.

The probabilityﬂ P(n, k,p) to pick an integer lesser than or equal to k, without replacement, when
we pick uniformly p integers among the n first integers is computed using the following formula :

P _E_i_n—k k +n—k—1 k +n—/<;—2 k
n n \n-—1 n—1 n—2 n—2 \ \n—p+1)

The first term of the sum corresponds to the fact the first number picked is lesser than k. The
second term of the sum corresponds to the fact that the first number is greater than k£ at the
first pick, this number is not replaced (we don’t have the possibility to pick it another time) and
the chance is tried on the remaining numbers, probability being uniform on remaining numbers, etc.

This probability is computed for

p= I (z-2)

x premier
3<a<vk
and
n= [[ =
x premier
3<a<vk
The following python program was used :
" @ import math
def P(n, k, p}:
assert(l <= p and p <= n and k <= n-p)
5, t=0,1

for i in range(p):
5 += t*(k/(n-1))
t *= (n-k-1)/(n-1)
return s

for n, k, p in [(38, 26, 3),
(210, 50, 15),
(2310, 122, 135),
(30030, 170, 1485),
(510516, 298, 22275),
(9699690, 362, 378675),
(223092878, 530 , 7952175},
(6469693230, 842, 214708725),
(200560490130, 962, 6226553025)]:

print(f'n = {n}, k = {k}, p = {p} : P n(k,p) = {P(n, k, p)}')

n=30, k=26, p=3: Pn(k,p) = 0.9990147783251231

n=210, k=50, p=15 : P_n(k,p) = ©.9856514594832753

n = 2310, k = 122, p = 135 : P_n(k,p) = 0.9994752040784769

n = 30030, k = 170, p = 1485 : P n(k,p) = 0.999824267526177

n = 510510, k = 290, p = 22275 : P_n(k,p) = ©.9999976037996607

n = 9699690, k = 362, p = 378675 : P n(k,p) = ©.9999994514468453

n = 223092870, k = 538, p = 7952175 P nik,p) = ©.9999999955788792

n = 6469693230, k = 842, p = 214708725 : P_n(k,p) = ©.9999999997119475

n = 200560490130, k = 962, p = 6226553025 : P_n(k,p) = 0.9999999921336346

2Thanks Jacques.



Let us provide its results in the following table :

k n|k*+1 p| P(n,k,p)

5 30 26 310.9990147783251231

7 210 50 15 | 0.9856514594832753
11 2310 122 135 | 0.9994752040784769
13 30030 170 1485 | 0.999824267526177
17 510510 290 22275 | 0.9999976037996607
19 9699690 362 378675 | 0.9999994514468453
23 223092870 530 7952175 | 0.9999999955788792
29 6469693230 842 | 214708725 | 0.9999999997119475
31 | 200560490130 962 | 6226553025 | 0.9999999921336346

To confirm the program results, we use a function that calculate the complementary events proba-
bilities, i.e. the probability that during the p pickings without replacement realised under a uniform
discrete law in interval 1..n, all picked numbers would be greater than £k according to the formula

n—pn—p-—1 n—p—k+1

P(n,p,k) =1— P(n,p, k) = e Ty e

The probability to obtain a Goldbach decomponent of an even number is equal to 1 above prime
number 37 if computation precision is fixed to 20 decimal digits.
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Fichier Modifier Affichage Insérer Exécution Outils Aide Les modifications ne seront pas enregistrées

o + Code + Texte # Copier sur Drive
Q [ 1 import functools
def prod(iterable):
{x} return functools.reduce(lambda x, y: x*y, iterable, 1)
() P=12]
Pmax = 100

for n in range(3, Pmax+l, 2):
if all(n%p for p in P):
P.append(n)

def o(n, p, k):
assert(l <= p and p <= n and 1 <= k and k <= n-p)
t, a, b=1, n-p, n
for i in range(k):
t, a, b = t*a/b, a-1, b-1
return t

print(f'{"N":>3} | {"n":>a@s} | {"p":>aes} | {"k":>6} | {"1 - P(n,p,k)":>28} | {"P(n,p,k)":>28}")
print(f'{"-"*3}-+-{"-"%40}-+-{"-"*40}-+-{"-"*¥6}-+-{"-"*28}-+-{"-"*28}")

for N in P:
if N> 3:
n, p, k = prod(x for x in P if x <= N), prod(x-2 for x in P if 2 < x and x <= N), N*N+1
q =Q(n, p, k)

> print(f'{N:3} | {n:aed} | {p:aed} | {k:6} | {gq:28.26f} | {1-g:28.26F}")

This program results are provided in the following table :

4



00000000000000000000000000°T | OTF6 | GLEG0IGT6LIGTLESTITSTOV6EYSSTESPIFY | 0L09CLIEELFTGOTECLTHSTCST6EI6LISC0ET | L6
00000000000000000000000000°T | 6. GZ906CES089ETETSETSELIVESSOSTLYIY | 0TESCET09LEG0S90LL0GSSTEIBSTILIILET | 63
00000000000000000000000000°T | 0689 GLEFE6ITOTLEOSILTLRFCLLIIRCTTES 06L566LT07CISCETSRELE689GTETI0LIT | €3
00000000000000000000000000°T | ZFZ9 GLEFSTELE0SET6TY LLI00LIGSVES9 0£THSSPR0668L06TLI0VELILITILITE | 6L
00000000000000000000000000°T | 0£ES GL8TECIT0LECEITTORESTEETICS 0LVE2E1T90CTFE06F566508963L0F | €L
00000000000000000000000000°T | ZF0S GTTE0ESTRLIEITTFISSIPEI0TT 068GTPLI60968699GT0ES0F6LES | TL
00000000000000000000000000°T | 067 GTI0VSTERTE0TISSESTSTLI 0606L8GG0L9G080TSSTEERSESL | L9
00000000000000000000000000°T | TZLE GZ90050968560L9ETS6898 0L3E860L690F6SETRESSTLIT | 19
00000000000000000000000000°T | Z8FE GLSTTGELECLY LLEFRGSY 0L068931GVST0SE09L556T | 69
00000000000000000000000000°'T | 018G 61899210697 F9ELE6. 0ELPPO06TLLYRET68GTE | €6
00000000000000000000000000°T | 015& GZ9G86TORINTTRIST OTPT6VS8GGSLESSFTI | LT
00000000000000000000000000°'T | 0SST STPPO0F069VSTE 0£00L9TEETILZR0ET | €F
00000000000000000000000000°T | 89T GTT6LSTTE66TS 0TZLESE9IT0STT0E | T
00000000000000000000000000°T | 0LET GL8GCE6T6LIT 0TSPEI8ELOTYL | L&
67GGS3T998EEE6666666666666°0 | 596 6Z0£5C9329 0067095002 | 1€
928628TSI8STPE666666666666°0 |  TFS GTLSOLYTT 083£696979 | 62
L6ST90SLT669988LEG66666666°0 | 08G GLTGS6L 0L8G60£TT | €T
GTFRTSC08GI6LIIFFTSF666666'0 |  TIE GLISLE 0696696 | 61
9T8LEIVOREETIVE6LE09L66666°0 | 06G Fhdde 0TS0TS | LT
T86EL0LGT0LLLTITSLITHES666'0 |  OLT G]PT 0£00€ | €1
9FFPLETSLO0SLYSLOFOGSLY666'0 | TTT GeT 01€g | 11
TCISGTIELTLESLTGESVESFTCIS86'0 | 09 qT 01 | 2
96LLVTTES6TECISTERLLYTO666'0 | 92 € 0g| ¢

(rdu)g i d u| N




