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ON AN ADDITIVE ARITHMETIC FUNCTION

K. ALLApr AND P. ErRDOS

We discuss in this paper arithmetic properties of the
function A(n) = X« ,ap. Asymptotic estimates of A(n)
reveal the connection between A(n) and large prime factors
of n. The distribution modulo 2 of A(n) turns out to be an
interesting study and congruences involving A(n) are con-
sidered. Moreover the very intimate connection between
A(n) and the partition of integers into primes provides a
natural motivation for its study.

0. Introduction. Let a positive integer n be expressed as a
product of distinct primes in the canonieal fashion n = [[7, 7. Define
a function 4A(rn) = 3. a,p..

(i) The function A(n) is not injective. In fact for a fixed
integer m, the number of solutions in n to A(n) = m, is the number
of partitions of m into primes.

(ii) A(n) fluctuates in size appreciably. It is easily seen that
A(n) = n when n is a prime, while A(n) = O(log n) when = is a power
of a small prime. Actually the “average order” of A(n) turns out
(as a corollary to Theorem 1.1) to be 7=°n/6 log n. The term average
order is defined below,

(iii) The function A(n) is additive and one can expect it to take
odd and even values with equal frequency.

The term “average order” calls for some explanation. We follow
the usage in Hardy and Wright [6]. If f(n) is a function defined
on the positive integers we consider

F(z) = E f(n) .

Usually F can be expressed in terms of well behaved functions like
polynomials or exponentials and the like. That is we seek an asymp-
totic estimate for F in terms of these functions. Then we seek a
similar well behaved function g so that

F() = 3, f(n) ~ 3 () .
The function g may be thought of as the average order of f. TFor
instance if @ is the Euler function then

F@) =X o0 =322 + O@log o) ~ 3 &%

so the average order of o(n) is 6n/7".
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276 K. ALLADI AND P. ERDOS

It is surprising that the function A(n) with such nice arithmetic
properties has not been studied in detail. Besides the work of one
of us (KA; [1]) some of the other references are [4], [7], [8], [9] and
[10]. Of course the contents of this paper are different.

1. Average order estimates of A(n). Here and in what follows
the letter p (with or without subsecript) shall always denote a prime.

So let » = []i, p% and let 2(n) = 3\, a, o(n) = », It is a well
known result of Hardy and Ramanujan [6] that both 2(z) and @w(n)
have average order log logn, which tells us that generally the
majority or prime factors occur only once. Applying this idea to
A(n) one expects it to have the same average order as A*(n) =
S, o, In this sum it is natural to believe that the largest prime
factor of n(P,(n) say) dominates the others so that A(n) and P,(n)
have the same average order. In fact this can be deduced as a
corollary to Theorem 1.1 (where we prove much more) and the average
order of A(n) is 7*n/6 log n.

Let us assume without loss of generality that p, < p, <-+--< p,.
Then let P,(n) = p,; Pin) = P(n/P\(n)); P(n) = P(n/P,(n)Pyn)), ete.,
and in general

| ) _
P e rom) ks

‘0 for k> 2(n).

Py(n) =

Thus P,(n) is the kth largest prime factor of n.
THEOREM 1.1. For all integers m =1 we have

kmmwmm
“;,;Pm(n) ~”%{A(n) — P(n) — +++ — P,_,(n)} ~ W

where k, > 0 18 a constant depending only on m, and is a rational
multiple of L(1 + 1/m) where £ is the Riemann Zeta function.

Lemma 1.2. If s> 1 and @ a large real number then

1 1 1
gi? "~ (s — Da""'(log ) + O(m"‘(log m)‘z) ’

Proof. The proof of Lemma 1.2 is given by a simple direct
method of using Stieltjes integrals, integration by parts and the
prime number theorem in the form

(1.1) :r(a:)-—l’i(:t:)zO( s )

log’ @




ON AN ADDITIVE ARITHMETIC FUNCTION 217

for all 6 = 2. We have

s1_{"d)_ [ _du_, (- dirs) —lits)
-

b2z =y —ytlogy e y'
(1.2) » S ay o( 1 )
—y* log y 2" log®

on . 1
i = 1 r
4 S,{T(y) hcy)}O(—yh, )dy
for ¢ = 2 because of (1.1). Now

“{m(y) — Lilyidy _ = d
o)ty o)

(1.3)
B O(:z:H lloga x) '

So (1.3) and (1.2) give

M Bl )

But then

it = e i)
(L.5) J2y’logy (s —1)a'logw =y* log*y

1 1 )
= - —_ .
(s — Daz*'log (m’“’ log* @

Clearly (1.5) and (1.4) prove Lemma (1.2)
The above lemma establishes the following result which will be
used often in the proof of Theorem 1.1.

LEMMA 1.8. Let m be a positive integer and s >1,r =1 be
given real numbers. Then for x and z sufficiently large real numbers
with g™ < z < ™ we have

5 1 _ " 1 +O( - log log )
z==p==2p" log™ (2/p) (s — L)a* " log = log” (2/2) ' log® o log™(2/2)

Proof. We break up the range of summation as
1 ) 1
z:JPé%ong p* log” (z/p) ; :lngﬂag;éziz p* log” (z/p)
= o, + o, respectively

where B for the moment is a constant not specified. Now in o,
log (z/p) = log (2/») + O(log log ) so that



278 K. ALLADI AND P. ERDOS

1 . 1 log log »
= + 0
log™ (z/p) log” (z/x) ( log ®-log” (z/a:)>

because log (2/x) and log z are of the same order of magnitude. Now
the above estimate, together with Lemma 1.2 gives

L i s—1 : " ! O( a—1 log lOgg‘: )'
(s — D' 'log x log™ (z/x) 't log® o log”™ (2/x)

To estimate &, again apply Lemma 1.2 to get

1 1
o= O( _) =0 .
::h_\gz’-;lr{pj]* (mﬂ--l logx‘log{s—nﬂx)

Comparing o, and ¢, we note that by a suitable choice of B Lemma
1.3 is true.

The crucial point in Lemma 1.3 is that by choice of z, log (/)
and log  are of the same order of magnitude.

An argument similar to Lemma 1.2 yields the following:

LEMMA 1.4. If s, v =0, then

ps - msd-l O x-’- +1
:az;i (log )" (s + 1)(log )" i (log" "2;,,-) '

We omit the proof of Lemma 1.4, since it is similar to Lemma
1.2. Here we have to consider

>0 Si y"a'rrf('y)
p=+ log™ p = log” ¥
and compute just as we did in Lemma 1.2.

We now move on to the proof of Theorem 1.1. The proof involves

complicated estimates in several places and we shall elaborate in detail
the more important ones.

Proof of Theorem 1.1, We are first going to estimate >, P,(n).
Let an integer n be written as n =kp, P L= D= 00 = Dy
P,(k) < p,, and let

W n
S TR AR
We keep k = Pi(n) fixed and ask for those n < « for which Pj(n) = k.
We sum P,(n) over these n and finally sum over k. Actually only
small values of k& will contribute to the principal term and large
values will be treated separately.
So let k& be small. The word “small” will be explained below.
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Note that each p, can range from P,(k) up to the minimum of p,,
and z/kp, +++ p;.,. So we shall break up the range of p,.,, and
discuss several cases, and in each of them we shall be able to decide
without ambiguity which of p,., and x/kp,, -+ p.., is smaller, thereby
determining the range of p,.

Case 1. Let p, = Va/k. Here the range of p, is between P,(k)
and »,., for 1 =1,2, ---, m — 1,

Case 2. Now let ¥x/k < p. = #/k. We have now several choices.
First we make p, , =  Vu/kp,. Then the p, range from P,(k) to
Py, for 1=1,2, -+, m — 2.

Case 3. Here Wk < p. < «/k and " Vakp, < pn_ < pn. Here

we make p, , < " V¥/kp.pa, so that p, < p.,, fori=1,2, -- -, m — 3.

General case. We have Vajk < p, < alk, " ~Va[kDn < Pn-s = Dn»
m_i(x“;kpmpm—i L Pasi = Pay v {.}I{fma"lk?gm cre Piis < Pist = Do with
»= Vﬂ;){k;@m ~e+ Dy 80 that p, £ Py iy E Picyy *o7, P2 = po and
D = D

.- - ete.

So we have a total of m cases to consider. We sum these over
E<a,e =1/m(m + 1) and one can check that the contribution of
P(k) to each summation is negligible and so we omit writing it. We
elaborate this below.

(Sn) DIy LML LI YR S
k<t pus'V/EE Pm-1SPm Pa=py P1EPe
(Sm—L) 2 Z E_ 2 Mo 2 Z D,
kezt N/TE<pmSek pp_is" \L"rrpr; Pm—2=Pm—1 PeEpy PIEps
> > X F
(Sm---z) <zt "_{_.’x.-k‘-’.}!mﬂz [ A P <Pm—_15Pm Pm—3s '"_;.": EPmPm—1 Pm—3=Pm—2
2 2 m

PaEpy P15D3

General term.

(S) 3 by 2 >

m - =i g =1 y—— | T R e m——— =
k<ge JSrik<pmSa/k { 2 kP <O —1=Pm VB PP <P —2EPm—1



280 K. ALLADI AND P. ERDOS

I'l oy I A T -
VT T T TR S s TR e L

> 2, e 3 B P

PiSA B kP PirL Pi—15P¢ Pe=py PLZD2

Last term.

3 oy ] g e - o o Y -
k<z® n{/’ﬂﬁ‘ﬂmé’ak TN TP <Pm—1ZPm N TR PP m—1<Pm—25Pm 1

) > 3 ..
Valkpme py<paZps PI=2/lkpmetpg

We shall first obtain upper bound estimates for each (S,). Our
process will indicate how the terms grow and establishing the upper
bound first makes explanation later simpler when we take up asymp-
totic estimates and need upper bound estimates for errors.

We know from Lemma 1.4 that 3, .. » = O(pi/log p,). Now
another application of Lemma 1.4 gives

5 3 op=0(B).

P2pg Prape logz Dy

Thus taking the first 1 summations in (S,) gives a term

1.6 0 g n
g9 ( (kD ** * Des) TYIL(E, 1, /KD *** Diss) )
where L(i, j, 2) = (logV )

We have to sum the term above over the variable p,., in the range
Nalkpy  t Dire < Pisi = Pisa. This is certainly less than if it is
summed in the interval H"\"’:r:,-’pm s Bivn < P

We are going to apply Lemma 1.3 with z = 2/kp,, +++ ., and @
in lemma replaced by “Valkp, - P,., which we will denote for the
moment by X. We can also assume z > Xlog’ X, where 0 >0 is a
suitably chosen large positive constant so that Lemma 1.3 is applicable.
For if z < Xlog® X then we infer that

P, < & < g = O(log"’ )
]‘;pm ce P A-pm cee D,
so that the sum of P,(n) for n <& over = satisfying the above
inequality is O(x log” ) which is certainly of lower order of magnitude
compared to the leading term mentioned in the theorem. We shall
meet this situation as we move left along each summation and so
we assume that p, > log’ 2« for some o > 0, fixed and large, say > m’.
Now we apply Lemma 1.3 to infer from (1.6) that we get a term
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of size

xi+{h’i +1}

1.7 O »
s ((k:ﬂm e Perd) TVIULG + 1,0 + 1, 2fkpy - pf-_.z))

Note that the term in (1.7) is just the term in (1.8) with ¢ replaced
by 7 + 1. Thus making the first m summations of (S,) gives

(1.8)

O( k”“""]i(w;, ;n, x/k) ) '

Obviously (1.8) summed over k gives O(x'*“™/log™ ).

Now we proceed to the asymptotic estimate. We shall see that
the leading terms we get are exactly those mentioned above. But
the error terms can be estimated just as we got upper bound estimates
but there will be an extra factor of log x in the denominator, giving
a sum of lower order compared to the leading term.

So by Lemma 1.4,

2 2
1.9 =Bt o).
(1.9) ?125:121) 2log p. log* pﬂ)

Summing the term in (1.9) up to p;, we have by Lemma 1.4

4 3
(1.10) ¥ > p1=~”f_,—+0( ’? )
P2EP3 PI=P2 6 log* p, log?® p,

So it is now clear that making the first i summations as we did in
(1.9) and (1.10) above, by repeating application of Lemma 1.4 we get

m1+[1.r't'}
(1 11) (?’ + 1)1 (kpm e pi-i—l)LHU“L'(i’ ?:r ﬂ;”cpm i ph—l)
) ” O( 20 log log @ )
(kpm L pz‘-»-l.)l-l.u “L(?:p v+ 1’ m:'llkpm =il pt‘+1)

Now the O-term in (1.11) has an extra factor of log in the denominator,
compared to the leading term. So summing this the way we did
(1.6) up to (1.8) we get a term or order O(xz'*"'™.log log x/log™"x).
So we can forget the error term in (1.11).

Now each summation after the ith summation in (S,) is of the
form 3,.,,s» which we will interpret as 3..<,; — Dis<p;» There is no
harm in writing it in this way, for each sum is actually a finite one
because the p,’s occur in the denominator in the ¢th summation.
Now we apply Lemma 1.3 to estimate the sum of the leading term
in (1.11) over the (¢ + 1)th summation. We have
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m“-[lfl'}
41 -r;f*—z—»p (¢ + D) (kP =<+ Do) VOLA3, %, T/kDm ** Disy)
= ix:—.: i+1)
(1.12) @+ 1)! (kpm -+ p-.—:):;:] ':‘\'L(i + 1,1+ 1, %/kDm -+ * Di-2)
+ O( :c "’:‘ ‘-.-log lolga: . )
(Bpm ==+ Disd) " VLG + 1, 8 + 2, 2/kPm v Do)

4 (i)xu-u-f.\
G Dl (kP -+ P DT LG+ L, 8+ L, 5Py o+ Brrs)

Equation (1.12) needs some explanation. The first two terms on the
right are obtained by considering 3,.,;. As regards 3, ,, we dis-
tinguish two cases. The first is when B> A log® A (¢ sufficiently large,
say >m’). Now by Lemma 1.3 this sum is small compared to the
former and there is no harm in writing it in the form of the third
term on the right in (1.12). If A < B< Alog’ A, then the log term
does not change appreciably and again Lemma 1.3 gives the third
term on the right of (1.12) as the leading term with the error being
absorbed in the O-term in (1.12). Note that the O-term in (1.12)
again has an extra factor of log in the denominator which as mentined
before is pulled through to give an error term O(z' '™ log log »/log™ "'x).
So what we are essentially saying is that we can forget the error
terms totally since (1.12) is the type of estimate we will meet as we
proceed left along (S,). As regards the leading terms, they will be
of the form of the first term in (1.12) or the last term, depending
whether we choose the left side bound which we call A, or the right
side bound which we call B in each summation. However in the
summation involving p,, we have to take Yn 7., .. because 3, <, <e
is a summation over the null set since kp, -+- p, = 2. So in the
first j, summations from the ith one of (S,), we choose the left limit,
and in the next i, we choose the right one, and in the next j, we
choose the left one and so on. Then the sign of the total summation
is (=1)**#*, Note that j, could be zero. We elaborate this below
and this is our final step. The vertical lines in (1.13) tell us where
the changes in limit takes place, and the arrow indicates the first
step where we change.

>, e Z e

k<ul N/ Tk <py <o Piotfy 46 +19P it i <o Pi4j +2<Pi+j +1<0
(113) | 2 2, 5=
N V= iﬁq---p,+j1.|<p[4—j1{m

xl+ {1/4)

“V‘ *Pm"'m%‘ﬂa % (?' Nz I)I(k;o,,, ooy -1)1+“ ”L(T:: 1:: “T/kpm e pt+l)

The first summation in (1.13) gives the first term on the right of
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(1.12). What we are summing in (1.13) is the term in (1.11). In
the process of going from (1.11) to (1.12) note that what has happened
is that i has been replaced by ¢ + 1 for the variables and there is
an extra factor of 7. So making the first j, summations we get a
term which is

@10 2o (4 |
G+ DEDm e Disyn) TV TIL(E+ Gy U+ Jy X/ EDac Pi+iy+1)

We have to sum the term in (1.14) over the variable p,.;., in the
summation indicated by the arrow above. Now by Lemma 1.3 we
get a term of the type of the third term in (1.12) with i replaced
by ¢ + j.. So we have

(1.15) i+ 1) --0 (6 + g otV
Ci4~1n(kpm---ppjpg“"*+ﬁ1pnnqrﬂ”*ﬂ* )
XL+ J,+ 1,0+ J, + 1, &/kpa + ** Pisiyso)

The only thing we have to observe in (1.15) is that the exponent
of P2 is 1+ (2/i + j)), and the exponent of x has not changed
from (1.14) to (1.15). This affects the nature of the constant to
appear in the numerator of (1.16) below. What we get after the
next summation is

(L2 )i + 1) o G+ areios

( (2 + 1)1 (BDw *** Disiyidd TV (D g 40) TR ) '
XL+, + 2,1+ 9, + 2, 2/kPp *+* Dis5,43)

(1.16)

Now (1.16) is the term in (1.15) with subscripts changed by 1 and
change of constants. So going to the end of j, + ¢, summations we
get

3 .
((i, + 1)1 (Bpu * =+ Drsgibigna) ™V TPy gy5) TV )
XL(+ J,+ 24,0 + Jr + by B/KDy + o pl"r.f'l'rl'l'fl)

(s ;J) - (-s + .,w) (%)(g)(i 1) eee (3 + et
(1.17) |

Now when we sum (1.17) we are doing it in the range A < p < =,
where A is a left limit. If we show that this summation leads to
a term similar to the one with which we started in (1.13) we are
done. It is indeed remarkable that this happens. For again by
Lemma 1.3 if we observe that

. . = . n . s = +'.___'._-_-_.-_""—'—
v+d @+F)E A+ 4+ 1) i+ 5+ +1

T i+ 1 i 1
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we find that the exponent of 2 which had remained constant for
these 7, summations changes suitably to give a term

tant).mt+1,.f:t+n+xl+1;
(1.18) (consta
((kpm R T T T R e i )
XL+ g+ 4+ Lo4+ g0+ 06+ 1, @/kDy v o+ Diciyripre)

Now the term in (1.18) is just the term in (1.13) with i replaced by
i+ 4, + 4+ 1. So after ¢, + j, + 1 steps we are back in the same
situation. So everytime we choose a left bound in a summation, we
are back to the situation with which we started. But in the last
summation involuing p,, we have to choose the left bound. So
ultimately we get

cox'l‘-(l.-‘m]

k' log™ (a/k)

where ¢, is rational. Summing this over k < 2°, using a method
similar to ¢, and o, in Lemma 1.3, gives

el + (1/m))at+/m
(log )™ .

Of course this is just one of the subcases of (S,). Considering all
the subcases of (S,) we get ¢ rational and
c:«z(l + l)xiﬂl.ml
m
(log &)™

Since the summations involve positive quantities we infer ¢* >0. So
summing over all the 7 from 1 up to m, gives a positive rational
¢, so that the contribution from (S)) up to (S,) is

C,,ﬁ:‘ ..(u‘mq(l i _1_)

M
(1.19) A

So this is the contribution for k& < 2%, ¢ > 0. 1f k > 2° then

(1.20) Z Pm(an) — O( Z _.n-’l —:_.'m) — O( xt—';{ll,-'wn \
1;::—; mE=T @ Jm
So (1.20) and (1.19) yield
f l tiLim)
1.21 cm‘b 1 + _ o sl {Lim) .
( ) > P,(n) = ( 'm) + O‘/ T lo"g log )
=2 log™ & \" log™'z
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as shown by our investigation of error terms. Our theorem will be
proved if we show that

S {A(n) — Pn) — Pn) — «+- — P,(n)} = o( b Pm(n)) .

nmE

Observe that {A(n) — P(n) — P.(n) — +++ — P,(n)} = A(P%(n)) = A(k)
and A(k) = (k)P(k) = 2(k)P,,..(n) = /™. Q(n). So

2 {A(m) = Pn) — Pyn) = -+ = Pu(n)} = 3, n""™"2(n)
= 0(a='5, Q(m))
= O(z'"Vim1 Jog log @)
= o( o Pm(n))

nEX

because of (1.21). The proof of Theorem 1.1 is complete.
COROLLARY. The average order of A(n) is mn/6 log n.

Proof. Set m =1 in Theorem 1.1. Then there is only one case
to consider, namely (S,) = (S)). So

g:.-A(ﬂ) ZP(n) lZlog'L

which gives the corollary.
It is clear that A(n) = A*(n) = P,(n) so that A*(n) also has
average order 7n/6 log n.

THEOREM 1.5. The average order of A(n) — A*(n) is log log n.
To be more precise

zs', {A(n) — A*(n)} = x log log z + O(x) .

Proof. It is not difficult to see that

S {A(n) — A*(n)} = 3 pla/p*] + 2 Ple/p’] + -
nsz plaw sz

For if we write A(n) — A*(n) = 3,+ (@ — 1)p, then p is counted
[¢/p] more times, giving the first term. If (@ — 1)p = 2p we count
only [¢/p°] more times and so on. Now

Zok=3 L of 5 0)

PSvs P L=

= xlog log @ + O(x)
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and
@ 1
f— — _— O
pg‘rpiﬂﬁ 1’1?“52 P (P‘-'Zsfzp)
So
3 pZ = O(x)
igd p
which proves Theorem 1.5.
THEOREM 1.6. We have
N 1+1/m
S {4%(1) = Pin) = Pin) — +++ — Pu ()} ~ 5, Pu(n) ~ £=2""

i (log @)™
Proof. The theorem follows by combining Theorems 1.1 and 1.5.

THEOREM 1.7. For any fized integer M, the set of solutions to
A(n) — A*(n) = M has a natural density > 0. (Note: A sequence
{a,}7., has a natural density d(4) if lim,.. n/a, = d(4).)

Proof. Let us define an integer n to be powerful if » = [[[_, p¥,
a, =2,1=12 +--, 7. The set S, of integers of the form n-n’,
(n, n') =1 and n’ squarefree has natural density

»
(1-23)?1!&(1-—::);;1(1%>%%ﬂ¥21_—i’_;=niﬁz(l+%)‘
pz
= d(S,) .

Consider a partition of M into primes as M = >/, 8,p,. Any integer
n with A(n) — A*(n) = M is of the form [[;, p{*i™" II5-, q;, where
q; are primes different from p,. Consider a particular partition x;
of M, as M= >/, 8,p, and the powerful integer m; = [], p/%*".
This partition generates a set of solutions which is the set of numbers
of the form m;-m/', (m;, m') =1, m' square free. This set denoted

by S,; has natural density d(S,;). Now the complete set of solutions
is given by

M)

US”(

=1 4

where p(M) is the number of partitions of M into primes. Thus
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o PO P
(1.24) o('U 8a;) =2 0(5.,)
i=1 =1L
as S,,NS,, =@ if i+ j. In fact because of (1.23) and (1.24) the
density is a rational multiple of 1/(2) = 6/x*,

2. Congruences involving A(n). We now recall some results in
[1]. For any integer m, the number of solutions to A(n) = m is the
number of partitions of m into primes. Note that A(n) = n if and
only if »n is a prime or n = 4, so that it would be of interest to
study the congruence

(2.1) n = 0(mod A(n)) .

Call a solution to (2.1) non-trivial if n # A(n) and let the nontrivial
solutions be called “special numbers”. It is worth noting that if m
is fixed then the number of solutions to

(2.2) n = 0(mod A(n)), A(n) =m

is the number of partitions of m — A(m) into primes. So the number
of solutions to (2.2) is much less than the number of solutions to
A(n) = m, generally, and so one expects that special numbers are
rather rare. Let {l,} denote the sequence of special numbers. The
following can be proved (see [1]).

(1) The sequence {l,} is infinite,

(2) lim,..,A(l)/!l, =0

(3) For any pair of integers a and b, the number of solutions
to I, = a(mod b) is infinite.

(4) If m(x, 2) represents the number of twin primes =z and
7(w, 2) ~ ex/log® @ then lim,_.1,/l,.. = 1.

Denote by =7(x) the number of [, < 2. We obtain bounds for
Z ().

THROREM 2.1. There exists a contant ¢ >0 so that for all x = e

F () = o(z_-_’”__ﬁ_) .

Cvlog = log log x

Piroof. As before P(n) denotes the largest prime factor of .
By a result of deBruijn (see [2], page 54, equation 1.6), if (x, y)
is the number of solutions < & to P(n) < y then

(2.3) 1)‘(3:; y) { Clm loge ye—ul—_sn,-;u—k;glugﬂ-‘-czu

where y = #'*. Now if we set u = 1/log 2/log log z, then y is seen to
be ¢'oErloEloE=  Algo
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¢.x log v log log

e!.f'z vilogz log log e —cgu

_ M
- 0(61,.241..1;:10;195;:) *

So we will restrict our attention to P,(n) > ¢"'"¢7'°¢'°¢# for the number
of m not satisfying this is given by (2.4). We also assume that if
7(n) is the number of divisors of n then

"r"‘(xs y) <
(2.4)

(2.5) (n) < gl/eviogzloglogs |

For the number of integers not satisfying (2.5) is easily seen to be

(2.6) o@£££i=)

el.-;‘vlc‘gxloglogx

because 3’ t(n) = O(x log %). So we confine ourselves to n < x satis-
fying (2.5) and P,(n) > ¢’ "¢"%s  Let these numbers be denoted by
the sequence {n;}. Denote by ¢ the following

(2.7) ﬁaaza A(n) = P(n;) + A(t) .

Clearly as n, = © we have
2.8) b < o T
Let ¢ for the moment be fixed. We have two possibilities arising

out of (2.7).

Case 1. A(t) = 0(mod P.(n,)).

Since ¢ is fixed and we are seeking solutions to (2.7) it is clear
that the P/(n,) are distinct and divide A(¢). Also as we require
special numbers, ¢ # 1 and so A(t) # 0. Thus the number of solutions
to Case 1 is at most O(log %), since t < .

Case 2. A(t) = 0(mod P, (n,)).
Since we are interested in special numbers we require
(2.9) 7, = 0(mod A(n,)) = o(mod P,(n,) + A(t)) .
But Case 2 implies that (A(%), P.(n,)) = 1 which means (2.9) gives

= JF .
(2.10) Bn) t = 0(mod P(n,) + A(t))

Again A(t) + P,(n,) are distinet when ¢ is fixed, so that by our choice
of n;, by (2.5) the number of solutions to (2.10) is less than
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1/2vlognloglogs
€ .

Thus for fixed ¢, the number of solutions to (2.7) in special numbers
is at most

logx + es,-‘f‘.-’]ngzlog!ogx - O(el_-'sﬂog:clnglnga:)

But by (2.8) we have an upper bound on the number of choices of
t. Thus the {l,} among the n, do not exceed

(2.11) ot = ™) = O —orierm) -

e Ylogzloglogs 1/2+¥1logzloglogz

But the number of integers not included among the {n,} is by (2.6)
and (2.4)

2.12) O(E_x%) :

/2 yTogrlogloge

So (2.12) and (2.11) prove the theorem with any ¢ < 1/2.
Now for a lower bound,

THEOREM 2.2. There exists a constant ¢ > 0 so that

Z () > -
€

¢'viogzloglogr =

Proof. Let x be a large real number and define z and % as
follows:

(log z)*+ Vloglog @

where ¢, >0 is a constant to be determined soon. Consider the
number of k-tuples of primes =z which clearly is (r(};z)) This can
be easily seen to be greater than

(z(z) = k)" o (2(z) — k)* (
(2.14) k! kit (log )1 Tog zloglog =

x
6({'4-{- 142} ¥ logzlogloge

e +Togzloglogs 13 1
) e klogk

for sufficiently large . Now let the product of these primes define
a sequence {u;}, all < 2* which is seen to be

(2.15) 7 = =

664 viogzloglogs ?



290 K. ALLADI AND P. ERDOS

Let us put ¢, =¢,+ 1+ ¢,¢ >0 arbitrary. So we have at least
wefoicEriosloEs - distinet numbers < z* given in (2.15). Consider the
product of the first »-primes p, --- p, such that it is just greater
than zk*. We shall produce a number L so that

Alwp, +++ p, L) =p, -+ p,
so that w;-p, --- p,-L is a special number. Clearly we need
(2.16) A(L) =D P — (ps +ops  wev o P)— A(u_.) .

By our choice of u;, A(u;) < 2k and so the quantity in (2.16) is of
order zk*. If it is odd, use Vinogradov’s theorem, and partition it into
three primes, and take their product to get L. Otherwise subtract
L and partition the rest into three primes and L is the product of
these primes. In any case L = O((z%k*%) and so p, « - - p,- L = O((zk%)°).
Now we want u;-p, -+ p,-L < 2. So choose ¢, > 5 so that by (2.15)

the product u;-p, +++ p,-L < 2. Now the number of repetitions
among wu;-p, -+ p,-L is at most (2k°)'. So they are at least
@ =& @
eca Ylogzlozlog: (zkz)-t g[m—;; vlogrloglogs

special numbers =z, by our choice of ¢, and z. So Theorem 2.2
holds with any ¢” > 10 + &.

REMARK. The problem discussed in this section can be worded
differently. “How often can a sum of primes (not necessarily distinct)
divide their product?” That is we want 3 a,p, to divide [T p?* where
each p, has @, repetitions. This is precisely of the problem of special
numbers discussed above.

It might be true that o7 (x) is actually of the order

mg—t”iiéur_lf.: viogrloglogs y

An asymptotic formula for % (z) seems very hard to obtain. The
constants in Theorems 2.1 and 2.2 can be sharpened with more ac-
curate computation, but our estimates indicate the method.

We conclude this section with a few interesting questions.
Does the product of consecutive primes infinitely often determine
special numbers? For instance 2:3:5 = O(mod 2 + 3 - 5). Also n =
2-3.5-7.11-13-17-19 is special. A(n) is 77 = 7-11. Another example
isn =2-3-5.7-11-13-17-19-23.29.31-37-41 where A(n) =238 =2.7-17,
We guess there are infinitely many such numbers!

It is easy to see that infinitely many special numbers are square
free. For, take a prime p, and partition » — 2 into distinet primes
P+ p,+ ++++p,.. This is possible. Then 2:-p-p,+p,+ +-+ P, is speecial
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for A(Z-p-p. Py -+ -p,) = 2p.

One can show that for sufficiently large composite numbers =,
there exists m with m = 0(mod A(m)), A(m) = n and m/n square free
and prime to n. This follows from Vinogradov’s theorem, and here
we partition n — A(n) into primes. It might be of interest to de-
termine (besides the primes), all the other » for which this is not
true.

3. Distribution modulo 2. First we shall show that A(n) is
uniformly distributed modulo 2, and the error is of the order of
the sum of the Mobius function M(x). Here we shall concentrate
on the function a(n) = (—1)*", which is easily seen to obey a(m:n) =
a(m)-a(n)¥m, n. Thus for any complex number s, with Res > 1,
we have

o aln) _a@\ 2 +1  L(2s)
(3.1) e ¢! —3;“) Tr-1 e

Now as s— 17, the right side of (3.1) tends to zero, and so it is
natural to expect

(3.2) $ 28 g,

We prove (3.2) in Theorem 3.2. But first we show that A(n) is uni-
formly distributed modulo 2. This is expressed in

THEOREM 3.1. There exists a constant ¢; > 0 so that

>, an) = O(mg"e"'m) )

1SHZy

Proof. Consider the sum a(n) = >, a(d). If n=2"][;, p¥
where p, are odd, then
a(n) = (a, + 1) H (1 + alp) + alp) + --- + alp?))

(=1)m+ve — 1
DIl e

(3.3)
= (aa

We infer from (3.3) that if any one of the a; is odd, then a{n) = 0.
Thus a(n) is non-zero only over integers of the form 2%.m*® where
m is odd. Also a(n) = 0. Clearly

(3.4) Za(n) < 3 (@, + WWa2™ = OV x)

c(ﬁ‘L

and
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(3.5) ¥ an) _ 6 < oo,

Now if p¢ is the Mobius function then

3, am) = 3 3 pud)a(2)

1Sn=z 1Ensz d» a

= 2 ad) 3 )+ 3 pd) 3 a(d)

(3.6) 15d5 4T 1ad'sz! 15d<vE VI <d'sztd

. J;m(d)M(—g-) + 3 0(W7d)

1=d= 1sdsVr

= ® a(d)M(%) + O(z)

12d=vr

by using (3.4). It is known from the investigation of the error term
in the prime number theorem (see [3]) that there is a constant ¢; > 0
so that

(3.7) M(z) = O(ze ¥ Ts=1o8Tosz)

so that one inferes from (3.6), (3.7), and (3.5) that Theorem 3.1 is true.
Finally we prove

THEOREM 3.2. 3\, a{n)/n = 0.

Proof. As we have already remarked, a(n) is nonzero only at
values n = 2*-m*, where m is odd, and a(n) here is &, + 1. Thus

sen._s 3 &l

) b= I 290, 4y
(3.8) m odd
= 3% 41 002 = 04/ 7)
ap= s

so that if we set

we infer from (3.8) that

(3.9) x(2) = O(='* .

Also x is of bounded variation on finite intervals. It follows that

a@) _ , v pm)a(n)
izz nMEZ mn

xS t(m) 5 a(n)

m=z L =wsz/m N

(3.10)
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Now by (3.5), (3.10) is rewritten as

03 M = opx L) 5 ) 2 5, )
@.11) izz (0 mzz M 7

I

e Y, gl 2 z‘-!(’m)z(ﬁ) :

m=n 1 MET e
We can deduce Theorem 3.2 from (3.11), if we appeal to Axer’s
Theorem 267 in [5] stated below.

AXER’S THEOREM., If {b,} is a sequence of real numbers with

>.b,=o0() and [b,[=0(1)
and ¥ a function of bounded wvariation on finite intervals with
y(z) = O(z®) for some 0 < @ < 1, then

> b,,x(%) = o(x) .

If we apply Axer’s Theorem with b, = p¢(n), and observe that
¥(x) = O(z") with a = 1/2 in (3.9) then because

(3.12) s ém) _ g

n=t M

we infer from (3.11) that Theorem 3.2 is true. For a proof of (3.12)
see [5].

By slight variation of the proofs of the above theorems one can
show that for some fixed integer N

>, a(n) = OfwesVewioes)

= =

fm, N =1

and
= aln
Z'l (n) _
tﬂ,’f;\'-_]:] L

REMARK. We would like to conclude by mentioning a few inter-
esting problems connected with A(n).

Let f(n) be the smallest integer m so that A(m) = n. Consider
a partition of = into primes, n = p, + p, + -+ where p, is the largest
prime =n, p, # n — 1, p, the largest prime =n — p, p, # n — p, — 1,
and so on, and denote by F(n) = p,-p,- ---. It appears at first sight
that f(n) = F(n) but this need not be so. In fact this does not
happen quite often. For instance f(6) = 8, F(6) = 9. It would be of
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interest to consider the relative sizes of f(n) and F(n).
In this context we mention the following curious problem. Replace
the primes above by squares. That is

{n)=min Jla} gln) =118 Sai=n

where b is the largest square =u, and so on. It might be true
that both G(n) and g{n) are both <¢-n* where ¢ is a constant. In
G(n) above, we require that not more than three of the a, = 1, for
3=1+1+41 is the only decomposition of 3.

For more results on A(n), see a forthcoming paper of Erdos and
Pomerance where it is proved that the set of solutions to A(n) =
A(n + 1) is of density zero. One could also consider equations involv-
ing A(n) of similar type but these problems are in general difficult.
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