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Abstract. The second Hardy—Littlewood conjecture asserts that the prime counting
function 7(z) satisfies the subadditive inequality

m(x+y) < w(x) +7(y)

for all integers x,y > 2. By linking the subadditivity of 7(x) to the error term in the
Prime Number Theorem, we obtain unconditional improvements on the range of y for
which 7(z) is known to be subadditive. Moreover, assuming the Riemann Hypothesis, we
show that for all € > 0, there exists xe > 2 such that for all z > x. and y in the range

2
(2+e)g/Elog x <y<z,
™

the inequality 7(z + y) < 7(x) + 7(y) holds.

1. Introduction. Let y > 2 be an integer. Consider the number of
primes in the first interval (0, y] of length y and compare it with the number
of primes in another interval (z,x + y| (of length y again) for some integer
x > 2. Which one has more primes? In 1923, Hardy and Littlewood [0]
conjectured that the other intervals (x,z + y] contain no more primes than
the first one (0, y], that is,

(L.1) m(z +y) —m(z) < 7(y)

for all integers x,y > 2. This is called the second Hardy—Littlewood conjec-
ture.

The first Hardy-Littlewood conjecture, on the other hand, is reserved
for the well-known prime k-tuple conjecture whose special case is the twin
prime conjecture. In 1973, Hensley and Richards [7] established a striking
connection between the k-tuple conjecture and the second Hardy—Littlewood
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conjecture. In particular, they showed that the two conjectures are incom-
patible, i.e., at most one of the conjectures is true. Moreover, assuming that
the k-tuple conjecture is true, they showed that for sufficiently large values
of x, there are infinitely many y > 2 for which the inequality does not
hold. Since the k-tuple conjecture is widely believed to be true |5, p. 124],
one expects that the inequality above is false for some integers x,y > 2 but
no such counterexamples are known.

On the other hand, is indeed true in several cases especially when
the length y of the interval is sufficiently large relative to the starting point x
of the other intervals being compared. Note that the subadditivity inequality
m(x +vy) < m(x) + 7(y) is symmetric in x and y and thus one can restrict
attention to the case when y < = without loss of generality. Landau [11]
proved that

m(2x) < 2m(x)

for sufficiently large x, and Rosser and Schoenfeld [17] showed that this is
true for all x > 2. By using the large sieve, Montgomery and Vaughan [13]
proved that

m(r +y) < 7(z) + 27 (y)

for all integers = > 1, y > 2. It is difficult to improve on the constant 2 on
the right-hand side above since replacing 2 by 2 — § for some § > 0 would
have important implications for the location of exceptional zeros of Dirichlet
L-functions attached to quadratic characters [5], p. 123]. Udrescu [20] proved
that if e >0, x,y > 17 and x +y > 1 4+ exp(4 + 4/¢), then

m(z +y) < (1+e)(n(z) +7(y)),

which indicates that the second Hardy-Littlewood conjecture could only
be e-away from the truth. Moreover, Udrescu [20] showed that the original
inequality

(1.2) m(z +y) < 7(z) + 7(y)

holds as long as ez < y < z for fixed € € (0,1] and sufficiently large x.
Dusart [3] improved on the range of y for the validity of (1.2]) to

5

1.3 —_—
(1.3) 7log xloglog x

SyYsw
for > 5. Here we note that in [3], Dusart stated this range in a different
form, but as pointed out in Alkan’s work [I], Dusart’s range can be writ-
ten as above by using the symmetry in the subadditivity inequality under
consideration.

In this work we enlarge Dusart’s range qualitatively depending on the
shape of the error term in the Prime Number Theorem. Let
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x

li(z) := |

2

be the logarithmic integral. The Prime Number Theorem is the assertion
that

1
log u

du (x >2)

m(x) ~ li(z)

as ¢ — 00. Let R(x) be a function such that there exist an absolute constant
C > 0 and a threshold zp > 2 such that for all > x¢, R(x) is positive,
nondecreasing and

(1.4) |7(x) —li(z)| < CR(x).
By a classical result of Littlewood [12], [8, Theorem 35, p. 103|, we know
that

1/2]og log1
. x'/“logloglog
-1 =1
) ~ lie) = 24 (£ 2R )
as  — oo where the notation 24 has the meaning that the limit superior
(the limit inferior resp.) of the ratio of both sides is positive (negative resp.).
Also the classical error term O(x exp(—cy/log z)) for some positive constant
¢ > 0 in the Prime Number Theorem saves an arbitrary power of logz and
thus we may assume that the threshold xg is sufficiently large so that the
function R(x) in (1.4)) satisfies

z1/2log log log x . T

R(z) <

b log®

log
for x > xg.
THEOREM 1.1. Let x > x¢ where xg, C and R(x) satisfy , If
3CR(2x)log* x o
loglog x
then the inequality m(x +y) < w(x) + 7(y) holds.

Yy <,

The range for y above improves on Dusart’s range ((1.3) significantly for
sufficiently large x. In order to see some explicit choices for the function R(x),
we note some recent results. Fiori, Kadiri and Swidinsky [4] proved that

|7 (x) — li(z)] < 9.22112(log 2)"/? exp(—0.84768363/log )
for x > 2. Johnston and Yang [10] proved that
7 (x) — li(z)] < 0.028z(log )** exp(—0.1853(log z)*/® (log log z) ~/?)
for z > 23. In [15], Mossinghoff, Trudgian and Yang found that
(1.5) Im(z) — li(z)] < zexp(—0.2123(log )/ (log log ) ~/?)

without specifying the implied constant. These results are unconditional and
they produce improvements on Dusart’s range for all sufficiently large x but
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unfortunately such thresholds are at least 105! and this is beyond our com-
putational capacity up to which we could check the subadditivity inequality.
On the other hand, if the Riemann Hypothesis holds, then

(1.6) |7(z) —li(z)| < Siﬂﬂlogx

for > 2657 as shown by Schoenfeld [I§]. By and Theorem [1.1] the
lower bound for y becomes < z'/2log? x/loglog x under the Riemann Hy-
pothesis. By the proof of Theorem below, we observe that if R(z) < 2©
for some © < 1, then one can save a factor of logx/loglogz in the lower
bound for y. We reveal this fact under the Riemann Hypothesis in our next
result.

COROLLARY 1.2. Assume the Riemann Hypothesis. Then for all e > 0,
there exists x. > 2 such that for all x > x. and

2+ 6)21/2 gz <o)
Y8

the inequality m(x +y) < w(x) + w(y) holds.

REMARK 1.3. The expression 2 + € above can indeed be replaced by
(I +71(2))(2 + ro(x)) where

r(z) = 210g(0.08 log® ) n 351og?(0.08 log® z)
log 21/2 log? x1/2

B 0.08log3 2\ /2 1 0.08log® z
ro(z) == _1+<1+a:1/2> 1+logx10g l—i—T

= 0$—>oo(1)7

08log3 )2 /1 log(0.081og?
(0.081og” x) 1, 0g(0.081og” ) (1)
xl/4 2 log x
for @ > a = 4- 10°, which is a threshold up to where we verified the

subadditivity inequality for all integers x and y with 2 < y < x < ),

In the spirit of Corollary [I.2] one may also ask whether the partial ver-
ification of the Riemann Hypothesis up to some height could help to verify
the subadditivity inequality . More precisely, if Ty is the largest known
value such that the Riemann Hypothesis is true for all nontrivial zeros p of
¢(s) with Im(p) € (0,Tp], then it was recently shown by Johnston [9] that
the bound holds provided that

(1.7) 2> 2657 and —0 To<m,
loglogz \/ logx

which is an improvement on an earlier work of Biithe [2]. By using this result,
we obtain the following corollary.
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COROLLARY 1.4. Let x > 4-10% and r1(z) and ro(x) be the functions in

Remark [I.3. Suppose that the Riemann Hypothesis is true for all nontrivial
zeros p of ((s) with Im(p) € (0,Tp]. If

1/2 1002
(1+7r1(2))(2 —|—8r2(x))x log” x <y<u
T

and

9.06 (z +v)
loglog(z + ) \ log(z +y)

0

then the inequality w(x + y) < w(xz) + 7(y) holds.

We remark here that the recent work by Platt and Trudgian [16] allows
one to take Ty = 3 - 10'2.

As the inequality holds for many pairs z,y, one may want to know
an upper bound for the size of the exceptional set. Dusart [3] and in a more
general set-up Alkan [I] considered this problem and proved that the size of
the exceptional set is small by having a logarithmic saving. By Theorem [I.1]
we improve on these results.

COROLLARY 1.5. We have

XR(2X)log? X
loglog X

#2<y< e < X n(z+y) >n(x)+7(y)} <

In particular, the right-hand side above s

X2 exp(—0.2123(log 2X)3/5(log log 2X) /%) log? X
<
loglog X

unconditionally, and is
< X532 log? X

conditionally on the Riemann Hypothesis.

REMARK 1.6. Let © = sup, R(p), where the supremum is taken over the
nontrivial zeros of the Riemann zeta function. By [14, Ex. 1, p. 430], we have
7(x) — li(zr) < 2° logz. Assume that @ < 1. As can be seen from the proof
of Corollary below (especially ), the conclusion of the subadditivity
inequality can be obtained for the range € log? z < y < z for sufficiently
large x, where the implied constant depends on ©. Thus, by the proof of
Corollary , we see that the second inner sum over y in can be
restricted to y < 2 log? z. Hence, under the assumption that © < 1, the
size of the exceptional set considered in Corollary is < X11€10g? X

REMARK 1.7. Analogous results to Theorem and Corollaries
and can be obtained in a more general setting. Let P be a set of prime
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numbers and wp(x) be the number of primes < z lying in P. In [I, Theo-
rem 1|, Alkan proved that if

wp(z) = en(w )+o<log w)

for some constant 0 < ¢ < 1, then for sufficiently large x and y satisfying

L<y<zw
log x

the inequality mp(z +y) < mp(x) +7p(y) holds. A special case of this result
gives the subadditivity inequality for the number of primes in a reduced
residue class |1, (3.4)]. Let ¢ > 2 and (a,q) = 1 and 7w(z; ¢, a) be the number
of prime numbers p < x such that p = a (mod ¢). By the Prime Number
Theorem for arithmetic progressions [14] Corollary 11.21|, we know that
there exists a positive constant ¢ satisfying the following: For all A > 0,
there exist 29 > 2 and C4 > 0 such that for all > z¢, ¢ < (logz)? and
(a,q) =1, we have
li(z)

(1.8) m(x;q,a) — 2(7) < Cazexp(—cy/log z)

where ¢ is the Euler totient function. By following the proof of Theorem [I.1]
one can unconditionally prove that the inequality

(1.9)  w(z+y;q.0) <7(ziq,0) +7(yiq,a) (¢ < (logz)?, (a,q) =1)

holds for sufficiently large = and y satisfying
2

1
(1.10) ©(q)z exp(—cy/log :B)IJ;% Ly<zx

ogx

where the implied constant depends only on A. Moreover, conditionally on
the Generalized Riemann Hypothesis for all Dirichlet L-functions, the shape
of the error term in 1} becomes < z'/2log x for ¢ < x'/27¢ for arbitrarily
small but fixed ¢ > 0 and thus the range for y in ((1.10) for the validity of
the inequality ([1.9) becomes

plg)z'?log’ r <y <
by following the proof of Corollary [I.2]

2. Proofs of Theorem and Corollaries and
2.1. Proof of Theorem [I.Il Define

Az, y) = () + w(y) —7(z +y)
for z,y > 2. Thus, for the validity of (1 -, we need to show that A(x,y) > 0.

We can make two simplifications to the ranges of x and y considered.
First, using Segal’s criterion [19] for the validity of (|1.2), we have verified
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(1.2) for all pairs = and y satisfying z +y < 10°. Therefore, we may assume
with no loss of generality that 2o > 4 - 10°, which is the same threshold of
verification mentioned in Remark Secondly, by Dusart’s result stated in

(1.3), we may assume, for x > ¢, that
x

2.1 12 <y <
(2.1) x VS oga

since the remaining range 5 er <YSTis already covered in 1}

By the definition of the error term R(x) in the approximation for 7(z)
by li(z), we have
(2.2)  A(z,y) = li(z) +li(y) — li(z + y)
+ (r(z) = 1i(2)) + (w(y) = li(y)) — (7(z +y) - li(z +y))
> li(z) + li(y) — li(z +y) — 3CR(2x)

since y < = and R(z) is nondecreasing for x > . We further have

(2.3)  li(z) +li(y) — li(z + )

Y z+y Y
1 1 1 1
:S du — S du:S du—sidu
; logu 2 logu ; logu 5 log(x + u)
y y 2
1 1 1
B RPN S SN (R EY
> logu 5 log(z + u) 0 log(z + u)
y
1 log u 2
> 1-— du — ——.
§ logu< log(x + u)) “ log x

For 2 < u <y < z/log x, we have

logu . log(z/log x) - loglogx‘

Clog(z+u) T log(z +2) =~ logx

Thus,
. . . loglog x v 2
1 1 —1 > —— du — .
i(@) +1i(y) ~li(@ +y) log § log u “ log
On integration by parts, we have
y y
1 Y 2 1
2.4 du = — d
(24) §logu “ log y log2+§1og2u u
Y 2 /2 -2

“ logz  log?2 * log? z
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since z1/2 < y < z. Thus,

(2.5)  li(x) +li(y) — li(z +y)

1/2 _
>logloga¢ y 2 +x 2\ 2 2yloglogx
logz \logz log2 log? z log = log? z
since
loglog x 2 z1/2 -2 2 -0
log x log 2 log?® x log x

for z > 4-10°. By (2.2) and ., we have

yloglog x

Az, y) > —3CR(2x),

log?
which is nonnegative if
< 3CR(2x)log? x
log log x
where © > 2. This finishes the proof of Theorem [I.1]

2.2. Proof of Corollaries [1.2] and [1.4. We first consider the condi-
tional result, Corollary [I.2l We apply the argument in the proof of Theo-
rem above by modifying the range of y and using the Riemann
Hypothesw Let ¢; = 3\f and z(, =4- 105 On the Riemann Hypothesis, we
already know that the subadd1t1v1ty inequality . holds if

1/21 2 1 2
c1z'/*log(2x) log wéyéx (x> )

loglog x

by using the conditional bound (1.6 and Theorem [1.1} Thus, going over the
proof of Theorem [I.T] again, we may restrict y to the range

1/2

12 o, o c1z'/?log(2z) log? «

(2.6) /<y < < ez 10g3x (x> 936)

log log x
where ¢y = 0.08. By ([2.3), we have

y
1 log u 2

li li(y) — 1i = 1- du — ——.

i(@) +1ily) —li( +) § log u < log(z + u)) " log

For 2 < u <y < eox'/?log? z, we have

@7 1 log u - log(coz'/?log® ) 1 log(er log® ) 50
' log(x +u) ~ log x 2 log x
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for z > xf. Thus, similar to (2.4) and (2.5), we have
li(z) +li(y) — li(z +y)

- <1 log(cs log® :L'))( y 2 N z1/2 -2 >
~\2 log x log(cazl/2log®z)  log2  log?(coz!/2log z)

2
log

N <1 10g(6210g3x)> y
~\2 log z log(coxl/21og? x)

for z > z{, and y in the range (2.6). We have
1 2 (1 log(cg log® ) )

log(coxl/21og? ) T logz\ log(coxl/210g? )

3
- 2 (1_10g(0210g x))

~ logx log 21/2

Thus,

1 log(cs log® )

li(z) +1i(y) —li(z +y) > <2 log = > lc?gyff: <1

Yy (1 _ log(ez log?3 az)>2

" logz log 21/2
for z > z{, and y in the range (2.6)). Note that

_ log(ep log® )
log 21/2

log(cs log3 )
————> < 0.8
log 21/2

for z >z, and (1 — 2)? > (1 + 2z + 352%) 7! for 0 < 2 < 0.8. Thus,

(2.8) li(z) + li(y) — li(z +y) > %a +ri(z) 7

where

~ 2log(co log®z)  35log?(colog® )

r1(z) = 0z00(1).

log z:1/2 log? x1/2
Since y satisfies (2.6)), one can also improve on the constant 3 in ([2.2]).
Instead of —3C'R(2x) in (2.2)), the error we obtain is
1 1 1
(2.9) >——a'logz — —y'logy — —(x +y)"/*log(z +y)
8T 8T 8

S _2+72(2) 1y

> 1
8 ogx
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for y in ([2.6]), where

colog® x 1/2 1 o log? x
7"2(:17)——14-(1—1—%1/2) 1+logx10g 1+W

(colog®z)'/2 (1 log(cglog® x)
a4 \27 logz

2 log x
By (2.8) and (12.9), we have

2
Alz,y) = é(l + Tl(ﬂf))_l — —1_87:@)%1/2 log =,

which is nonnegative if
g > (A +71(2) 2+ r2(2)) 172
8T
This completes the proof of Corollary [T.2]
The proof of Corollary is completely identical, since the condition
9.06 z+y <
loglog(z +y) \ log(x +y)
in the hypothesis of this corollary allows us to invoke Johnston’s result (see
(1.7)) and use the bound |r(t) —li(t)| < g=v/tlogt for t = z,y, 2z +y.

2.3. Proof of Corollary We follow Alkan’s argument [I] and ob-
serve that the number of exceptions to (1.2) with 2 < y < z < X is at
most

(2.10) X1+ > oo

<X /2 ysz X1/2<a<X | 3CRCa) log?
log log @

by Theorem The first term above is < X and the second term is
R(2z)log’z  XR(2X)log* X
> <
loglog x loglog X

log? .

1o

<

X1/2<z<X
which gives the first result in Corollary[I.5 By using the unconditional bound
, the second assertion in Corollary follows. For the third result in
Corollary we replace the upper bound for y in the second term in (2.10))
by < z'/?1og? z and the desired conclusion follows.
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