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Abstract: Let N (ay, ag, as, aq, as;n) and T'(aq, ag, ag, a4, as; n) count the representations of n as
a3 + agxs + azai + a2t +aszr? and a X1 (X1 4+ 1) /2 4+ a2 Xo(Xo+ 1) /2 + a3 X3( X3+ 1) /2 +
as X4( Xy + 1)/2 4+ a5 X5(X5 + 1)/2, respectively, where ay, as, as, ay, as are positive integers,
x1, Xy, T3, Ty, Ts are integers and n, X, Xo, X3, X4, X5 are nonnegative integers. In this paper,
we establish some new relations between N (ay, as, ag, ay, as;n) and T'(ay, as, as, aq, as; n). Also,
we prove that T'(aj,as,as,aq,as;n) is a linear combination of N(ay,as, as, a4, as;m) and
N(ay, as, ag, ay, az; m/4), where m = 8n+a; + as +az+ ay + as, for various values of a1, as, as,
ay, as.
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1 Introduction

Let N*, N and Z denote the set of positive integers, the set of nonnegative integers and the set
of integers, respectively. Let Z° = Z X Z x Z x Z x Zand N> = N x N x N x N x N. For
ai, as, as, ay,as € N and n € N, define
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N(a17a27a37a47a5;n) = ‘{(x17x27x37x47‘r5> S ZS : alxl + -+ CL5I§ - n}’

and
T(a1, az, az,aq, as;n)

)

2 BTy

1 1
(T + )—l-----l— xs5(Ts + ):n}
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{<x1,$2,$37$4,$5> e N° . ai

where we take N (ay, as, as, aq, as;0) = T'(ay, as, as, ay, as; 0) = 1.

Recently, numerous relations have been proved between sums of squares and sums of triangular
numbers. The relations between sums of squares and sums of triangular numbers were first
discovered by Bateman and Knopp in [S]. They proved that for 1 < k <7,

re(8n + k) = 2 (1 G 1)(’“4g 2)(k = 3)> ti(n),

where 71 (n) and t;(n) denote the number of representations of n as the sum of k squares and the
sum of % triangular numbers, respectively. In [2], Barrucand et al. used generating functions
to rediscover the results of Bateman and Knopp. Later, Cooper and Hirschhorn [8] gave a
bijective proof of these results. Afterward, Adiga et al. [1] provided a generalization of the result
r.(8n + k) = ¢tr(n), which is valid for 1 < k < 7. They introduced partitions of k as the
index and this was a step forward. Later, Baruah et al. [3] extended these results to when k is
a partition of 8. Their results, especially, [3, Theorem (1.4)], established a prototype for further
research including the Theorems (3.1) and (3.2) of this paper. Thereafter, Wang and Sun [13, 14]
proved several relations between sums of squares and sums of triangular numbers. In a series
of papers [9-12], Sun proved many relations between sums of squares and sums of triangular
numbers. Particularly, in [11], Sun proved some new relations between N (aq, as,as, as;n)
and T'(ay,as,as,as;n) and proposed 23 conjectures establishing the relations between
N(ay,as,as,aq;n) and T'(ay,aq, a3, aq;n). Five of these conjectures are proved by Yao [17]
by using (p, k)-parametrization of theta functions and five conjectures follow as special cases
in [16]. Sun himself proved three conjectures in [10] and three conjectures are proved by Xia
and Zhong in [15] by utilizing theta function identities. The remaining seven conjectures are
proved by Baruah et al. in [4]. They proved six conjectures by using Ramanujan’s theta function
identities and one is proved by elementary techniques. Recently, Cao and Lin [7] confirmed some
conjectures of Sun [12] by using theta function identities.

In all of the above papers, numerous relations have been established between N (a1, as, az;n)
and T'(ay, ag, az;n) and between N (aq, as, as,aq;n) and T'(aq, as, az,aq;n). In this paper, we
establish some new relations between N(aj,as,as,aq,as;n) and T(ai,as,as,ay,as;n)
by using Ramanujan’s theta function identities. Moreover, we prove that T'(aq, as, as, ay, as; n)
is a linear combination of N(ay,as,as,as,as;m) and N(ay,as,as,ay,as;m/4), where
m = 8n + ay + as + az + a4 + as, for various values of ay, as, as, ay, as.

We organize the rest of the paper in the following way. In Section 2, we present the preliminary
facts on Ramanujan’s theta functions and useful lemmas. In the subsequent section, we prove the
main results.
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2 Preliminaries

Ramanujan’s theta functions ¢(q) and 1)(q) are defined by

o0

olg)= Y ¢~

n=—oo

and

Ug) = 3 g
n=0

For ay, as, as, a4, as € NT, the generating functions of N(ay,as,as,ay,as;n) and
T(aq,aq, a3, ay, as; n) are, respectively, given by

S Nlar, az, a3, as,050)" = 6(q")o(a")o(a™)o(a™)o(g™) ()
n=0

and
S T(ar, az, ag, s, asin)g™ = (g™ V(g™ )o(g™ (g™ 1 (q™). @)
n=0

From [6, p. 36, entry 22 (i), (ii)], we have

o) = vl = 2, @
where, we use the standard notations
(a5 q)o0 == ﬁ(l —aq"), ¢l <1
n=0
and
fr = (0" 4" oo

We require some well-known 2- and 3-dissections and several identities on Ramanujan’s theta
functions, which are listed in the following lemmas.

Lemma 2.1. The following 2-dissections hold:

¢(q) = o(q") + 2q0(¢%), )

¢(q)? = ¢(¢*)* + 4q¢(q")?, (5)
S(@)v(a*) = ¥(a), (6)
?(0)o(q%) = ¢(g")¢(q"?) + 2q0(¢*)¥(¢°) + 44" () (™), )
W(@*)(@°) = 0(d*)o(d*) + @ (d*) (™) + ¢ (g (¢*), (®)
W(@)(a"®) = Y(@®)(a'0) + ad () () + @ d(q"*)w(q"). 9)
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Proof. The first identity follows from [6, p. 40, Entry 25 (i), (i1)]. The second identity follows
from [6, p. 40, Entry 25 (v), (vi)]. The identity (6) is [6, p. 40, Entry 25 (iv)]. By using (4)
in [6, p. 68, Eq. (36.2)] and setting (u, v) = (2, 1), we readily arrive at (7) and (8) follows by
setting (i, v) = (4,1) in [6, p. 69, Eq. (36.8)]. Finally, the identity (9) follows from [4, Lemma

2.5, Eq. (2.18)]. O
Lemma 2.2. The following 3-dissections hold:
13 fis 1 fo
Plg) = = + 20—, (10)
D=0 T R 2 fafh
2 fefd | fis
q) =5 = +q—F-. (11)
= R T
Proof. The above two identities follow from [6, p. 49, Corollary]. U

3 New relations between sums of squares

and sums of triangular numbers

In this section, we prove five theorems. In these theorems, we prove some new relations between
sums of five squares and sums of five triangular numbers. In Theorems (3.1) and (3.2), we prove
that T'(ay, as, ag, ay, as; n) can be represented as a linear combination of N (ay, as, as, as, as;m)
and N (ay, as, as, ay, as;m/4), where m = 8n + a; + as + as + a4 + as, for certain values of
ai, as, as, ays,as. The case (1,1,1,1,4) of Theorem (3.1) and the case (1, 1,2,2,2) of Theorem
(3.2) are the special cases of [3, Theorem (1.4)]. In Theorem (3.3), we prove some new relations
between T'(aq, ag, a3, a4, as;n) and N(aq, as, as, ays, as; m) for several values of ay, as, as, ay, as.
The cases (1,1,1,1,3),(1,1,1,1,2) and (1,1,1,2,2) of Theorem (3.3) are due to
Adiga et al. [1]. In Theorem (3.4), we prove a new relation between 7°(3,5,12,12,12;4n + 3)
and N(3,5,12,12,12;8n + 17). In Theorem (3.5), we prove two new results about
T(3,5,12,12,12;3n + 1) and N(3,5,12,12,12;3n + 1). The results in Theorems (3.4) and
(3.5) are quite different from the results proved in the first three theorems as these results do not
involve m = 8n + a; + as + as + a4 + as.

Theorem 3.1. If (a1, as,a3,a4,a5) = (1,1,1,1,4) or (1,1,1,1,12), then for n € NT,
1

= E(

— N(ay,az,as,a4,a5;, (8n+ a1 +as + ag + a4 + as)/4)).  (12)

T(ay,as, a3, ay, as;n) N(aq,az, a3, aq4,a5;,8n + a1 + as + ag + a4 + as)

Proof. We only prove the case (1,1,1,1,4) of (12), while the other case (1,1,1,1,12) can be

Y ) ?

proved by similar method.
In view of (1) and (4), we have

> ON(LLLL4n)q" = ¢(g) (g
— (#(g")" + 8g(g")P(a®) + 24626 (¢ 2(¢))? + 323 6(g) o (¢°)?
+ 16¢"(¢%)*) x o(q").
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Extracting the terms involving ¢* and replacing ¢ with ¢, we have
> N L1, 1,4520)¢" = (6(¢7)" + 2490(¢°) "0 (¢*)” + 164°¢(¢")Y) x ¢(¢?).  (13)
n=0

Again, extracting the terms involving ¢*" and replacing ¢ with ¢ and by using (4), we arrive at

D ON(1,1,1,1,454n)g" = (6(g)* + 1691(¢°)*) x ¢(q)
" = (6(¢")" + 840(q*)* U (a®) + 246°6(q*) ¥ (¢*)? + 324°d(q* )W (¢°)?
+ 164" (¢%)" + 16g¥:(q*)") x (¢(a*) + 2q¥(¢%)).

Extracting the terms involving ¢*" and replacing ¢* with ¢ and by using (13), we have

D ON(1L1,1,1,438n)¢" = 6(¢°) (6(*)* + 2490(q°)*¥(¢")* + 16471 (¢")*)
+ 1640(2) (0" (0(¢*)? + 490 (¢*)?) + 3240 (q) 0 (¢")

=Y N(1,1,1,1,4;2n)q" + 160¢(q)*¢(q*)1o(¢*)* + 32q1(q)* ¥ (q").
n=0
Thus, in view of (2), we have

D ON(LL1L1,480)¢" = > N(1,1,1,1,4;2n)¢" = 48q1(q) " (q*)
n=0

n=0 o)
=48 "T(1,1,1,1,4;n)¢""",

n=0

and hence,
N(1,1,1,1,4;8n +8) — N(1,1,1,1,4;2n + 2) = 48T(1, 1,1, 1,4, n),
which completes the proof of the theorem. [
Theorem 3.2. If (a1, as, as, aq,a5) = (1,1,2,2,2) or (1,3, 3,3,6) and t = 80 or 128, respectively,
then forn € N7,
T(ay,as,as,ay, as;n) = %(N(al, as, ag, a4, as; 8n + ay + as + ag + as + as)
— N(ay,a9,a3,a4,a5; (8n +ay + as +az +as +as)/4)).  (14)
Proof. We only prove the case (1,3,3,3,6) of (14), while the other case (1,1,2,2,2) can be

proved by similar method.
In view of (1) and (4), we have

> N(1,3,3,3,6,n)¢" = ¢(0)d(¢*)°d(¢°) (15)
= 6(¢°) (9(¢*) + 2a1(d"))
(

x (0(¢")* +6¢°0(q")*¥(q™) + 12¢°(¢"*)1(¢™)* + 8¢" ¥ (¢™)?).
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Extracting the terms involving ¢*" and replacing ¢ with ¢ and using (4), we arrive at

> N(1,3,3,3,6;2n)¢" = 6(¢°)(6(¢”)6(a")® + 124°0(¢°) "0 (¢")1b(¢"?)
+126%0(¢%)9(6%) 0 (¢"2)? + 16¢°%(¢*) b (¢'2)*)

( 6
= (0(¢") + 2¢*(¢*)) (6(¢*) d(¢®)? + 12¢°4(¢°)*¥ (¢ (¢"?)
+ 12¢°0(¢*)d(¢°) Y (¢"%)? + 16¢°¢ (") v (¢"?)?).

Again, extracting the terms involving ¢*" and replacing ¢ with ¢, we have

D ON(1,3,3,3,6;4n)q" = 6(q)(¢°) 3(¢°) + 1240(”) 6 (") (a*) ¢ (¢°)
+24¢°0(q)o (4 (¢°)*(q"2) + 324" (g2 (¢°) (™).

In view of (5), (7) and (15), we have,

o0

D (N(1,3,3,3,6;4n) — N(1,3,3,3,6;n))q"

n=0

= 12¢¢(¢°)(¢*)¥(¢%) (8(¢°)* + 46°¥(¢"%)) + 32¢"(¢*) ¥ (¢°)* ¥ (¢"?)
+ 24¢°0(¢°)*(¢") (D(gM) D(a"?) + 2q(¢*) 0 (¢°) + 4q* v (¢®)v(¢™)),

From which we further extract

o0

> (N(1,3,3,3,6;8n) — N(1,3,3,3,6;2n))q"

n=0

= 32¢°¢(q)(¢*)*(¢°) + 48¢°3(¢*) ¥ (@) ¥ (¢*)¥(¢°) + 48¢° ¥ (q)v (¢°)*¥ (%)
= 80¢°¢(q)1(¢*)*(¢°) + 48¢° ¥ (q) v (¢*)*¢(¢°),

where the second equality is due to (6).
By using (2), we arrive at

D (N(1,3,3,3,6;8n) — N(1,3,3,3,6;2n))¢" = 128> " T(1,3,3,3,6;n)¢" ">,

n=0 n=0

and hence,
N(1,3,3,3,6;8n + 16) — N(1,3,3,3,6;2n +4) = 1287(1, 3,3, 3,6;n),
which completes the proof of the theorem. ]

Theorem 3.3. If (a1, as, a3, as,a5) = (1,1,1,1,3) or (1,3,3,3,3) or (1,1,1,1,2) or (1,1, 1,2, 2)
and t = 112 or 112 or 144 or 128, respectively, then for n € NT,

1
T(ay,as,as, aq, as;n) = ;N(al, ag, as, ay, as; 8n + a; + as + ag + a4 + as). (16)
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Proof. We only prove the case (1, 1,1, 2, 2) of (16), while the other cases can be proved by similar
method.
In view of (1) and (4), we have

D> N(1,1,1,2,2in)¢" = ¢(9)*é(¢*)
— (3¢ + 6ad(q"0(e®) + 12020(a VoAa)? + 8¢V,

2n+1

Extracting the terms involving ¢ , dividing with ¢ and replacing ¢> with ¢ and then using (5),

we have

> ON(1,1,1,2,2;:2n + 1)g" = (66(¢°)°P(q") + 8qv(¢")*)8(g)’
— (66(2)26(q") + 8qb(g*))(S(¢)” + 4qv(a*)?).

Again, extracting the terms involving ¢***!, dividing with ¢ and replacing ¢* with ¢, we have

i N(1,1,1,2,2:4n + 3)¢" = 32¢(q)*0(¢*)?
n=0
= 32¢(¢°)*(o(q”)? + 4qp(¢*)?).

From which we extract

D ON(1,1,1,2,2;8n + 7)g" = 128¢()*¢(¢%)?

n=0
=128 "T(1,1,1,2,2;n)q",
n=0
and hence,
N(1,1,1,2,2;8n +7) = 1287(1,1,1,2,2; n),
which completes the proof. [

Theorem 3.4. Let n € NT. Then
1
T(3,5,12,12,12:4n + 3) = <. N(3,5,12,12,12;8n + 17). (17)

Proof. In view of (1) and (4), we have

D N(3,5,12,12,12;n)¢" = ¢(¢*)d(¢°)o(q"?)?
= (6(0™) + 250 (@) (@) + 270" d(a)

If we extract those terms involving ¢?**!, then divide with ¢ and replace ¢* with ¢, we have

o0

> N(3,5,12,12,12;2n + 1)¢" = (296(¢")¥(¢"%) + 24°6(¢°) 1 (¢™)$(¢°)°.

n=0
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Again, extracting the terms involving ¢?"*1, dividing with ¢ and replacing ¢* with ¢ and then
using (4), we arrive at

> N(3,5,12,12,12;4n + 1)g" = 2q
n=0 . 2q

o(a°) ¥ (q")
7ﬂ(qlt))(¢((]12)4 + 8q3¢(q12)3w(q24) 4 24q6¢<q12)2w<q24>2
+32¢°0(q") ¥ (™)’ + 164" (¢**)"),

From which we further extract

D ON(3,5,12,12,12;8n + 1)g" = 164°6(¢°)*$(¢°)v(a") + 64¢°d(¢°) v (¢°) ¥ (¢"?)°
o(q”)

n=0
= 16¢°0(¢°)*0(a°)v(¢")(q")
= 164°0(q°) " (q"),
where the last equality is due to (6).
Thus,
> ON(3,5,12,12,12;8n + 1)¢" = 16¢°0(¢*) " (¢°). (18)

n=0

On the other hand, using (2) and (8), we have,

> T(3,5,12,12,12 )" = ¥(¢* ) (¢°)(q"?)?

n=0
Now, using (9), we have

> T(3,5,12,12,12;2n + 1)¢" = q(q)v(¢°)* v (¢")
= (g (W a)0(") +ad(a®Vie™) + o)),
So,

> T(3,5,12,12,12;4n + 3)¢" = 1(¢*) (). (19)

n=0

Hence, in view of (18) and (19), we have

D N(3,5,12,12,12;8n + 1)¢" = 16 ¥ T(3,5,12,12,12;4n 4 3)¢"*?,
n=0

n=0

So,
N(3,5,12,12,12;8n + 17) = 167'(3,5,12,12,12;4n + 3),
which completes the proof. ]
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Theorem 3.5. Let n € N*. Then
T(3,5,12,12,12;3n + 1) = N(3,5,12,12,12;3n + 1) = 0. (20)

Proof. In view of (1) and (10), we have

> N(3,5,12,12,12;n)¢" = ¢(¢*)p(q”) b(¢*?)?

n=0
_ 3 123 fg() 5f320f45f180>
= #a)ee) (fZSffgo”q Fiofoodno )

If we extract those terms involving ¢*"*!, then divide with ¢ and replace ¢® with ¢, we have

N(3,5,12,12,12;3n + 1) = 0. 21)

Also, in view of (2) and (11), we have

> T(3,5,12,12,12;n)¢" = ¥(¢* ) (¢”)e(q"?)?
n=0

_ 3 12vs  faofis 5f_50)
— b(e*)(g?) (—fw Loy plb).

If we extract those terms involving ¢*"*!, then divide with ¢ and replace ¢® with ¢, we have
7(3,5,12,12,12;3n + 1) = 0. 22)

(21) and (22) completes the proof. O
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