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Abstract. In this paper we collect most of the known and add some new algebraic
and analytic properties of Ramanujan cubic polynomials (RCP) and Ramanujan cu-
bic polynomials of the second kind (RCP2). One of our goals was to systematize the
current knowledge on RCPs fulfilling the list of properties with some new ones, in-
volving the new representation of RCPs. Our next goal was to examine differences,
similarities and connections between RCPs and RCP2s. The last goal was to discuss
some asymptotic properties of RCP2.
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1. Introduction

In this paper we collect (most of) the known and add some new algebraic and ana-
lytic properties of two interesting families of cubic polynomials — namely Ramanujan
cubic polynomials (RCP) (see Definition 1.1 below) and the associated family of so-
called Ramanujan cubic polynomials of the second kind (RCP2) (see Definition 1.3
below). Shevelev in [8] have started the regular studies of RCPs, their roots and iden-
tities they imply. Since then these polynomials are studied in many directions and
from different points of view. The family of RCP2s was introduced by Witula in [11]
as the supplement (and the opposite in the same time) of RCPs, but it turned out
that these polynomials are interesting on their own.

B. Bajorska-Harapinska, M. Pleszczynski, D. Stota, R. Witula
Institute of Mathematics, Silesian University of Technology, Kaszubska 23, 44-100 Gliwice, Poland,
e-mail: {beata.bajorska, mariusz.pleszczynski, damian.slota, roman.witula}@polsl.pl

R. Wituta, B. Bajorska-Harapiriska, E. Hetmaniok, D. Stota, T. Trawinski (eds.), Selected Problems
on Experimental Mathematics. Wydawnictwo Politechniki Slaskiej, Gliwice 2017, pp. 181-200.



182 B. Bajorska-Harapiriska, M. Pleszczynski, D. Stota and R. Witula

One of our goals was to systematize the current knowledge on RCPs fulfilling
the list of properties with some new ones, like the new representation of RCPs (see
Theorem 1.2 and Theorem 4.1 point 1.) connected with so-called Shevelev’s parameter
(see formula (9)). On a base of it we have obtained the best possible characterization of
RCPs with the same Shevelev’s parameter (see Theorem 1.2 point 2.), which improves
the result given in [10]. Moreover, it helped us to understand the base and nature of
some identities discovered by Shevelev (see Theorem 4.1 point 3.).

Our next goal was to examine differences, similarities and connections between
RCPs and RCP2s, which allow to extend the knowledge on properties of both families
of polynomials. In particular, we gave an algorithm kept in a spirit of Ramanujan,
namely how to obtain RCP2 with roots being cubic roots of roots of some RCP (see
Theorem 3.1).

The last goal was to discuss some asymptotic properties of RCP2.

1.1. RCPs, their representations and forms of roots

In Journal of the Indian Mathematical Society Srinivasa Ramanujan asked the
questions about the proof the following identities
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More on above two and the other 56 Ramanujan’s questions can be found e.g. in [5].
Studying the nature of the above equalities let Ramanujan prove a more general result
(the proof appeared in the second of his famous Notebooks)

Theorem A (Ramanujan, [6]). Let «, 3,7 denote the roots of the cubic equation
2 —az® +br—1=0. (1)
Then, for a suitable determination of roots
1 1 1 1
aF + B35 + 4% = (a+6+3t)3

and 1 1 1 1
(aB)F + (B7)% + (70)F = (b+ 6+ 31)7,

where
t3 —3(a+b+3)t — (ab+ 6(a+b) +9) = 0.
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For the proof see e.g. [3]. Regular studies on a generalization of Ramanujan’s result
was started by Shevelev who proved that if apply Ramanujan’s theorem to equation
(1) under assumption a + b+ 3 = 0 we eventually get the following

Theorem B (Shevelev, 1988, [7], see also [8]). Let p,q,r € R, r # 0 be such that
pré +3r% 4 g=20

and let the polynomial x3 + pax® + qx + r have real roots 1, xo, x3. Then

1 1

1 1 1
vf +af + i = (—p+6r3 +3(9r —pg)7)3

and

Wl

(xlxg)% + ($2x3)% + (xgxl)% =(¢+ 6r5 — 3(9r? —pqr)%)- .
This result gave birth to
Definition 1.1 (Shevelev, 2007, [8]). Let p,q,r € R, 7 # 0. A cubic polynomial

n(x) =2 +px? +qr+r

is called @ Ramanujan cubic polynomial (RCP) if and only if it has real roots
and satisfies the condition ) )
pr3 +3r3 +q=0. (2)

Note that RCP is a monic polynomial (i.e. the leading coefficient equals 1).
As an example, we give a polynomial considered by Ramanujan, namely
(%) 2 — 322 — 6248 = (z —1)(x +2)(x — 4).
Note that roots of this RCP form a geometric sequence (see also formula (18),
page 188, and considerations after)
There are known two representations of RCPs and their roots.

Theorem C (Witula, 2010, [10]). A monic cubic polynomial w(x) is RCP if and only
if there exist r,v € R, r £ 0,7 # 1,7 # 2 such that

w(m):x3+%r%m2+%r%m+r, P(y):=+*=3y+1. (3)

Moreover, roots of w(x) are

1
2—7y

[\)

-
-7
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ol
Wl

and

r3, (v=1Dr T3, (4)

—_

Observe that polynomial (x) is obtained for v =3, r = 8.

Theorem D (Barbero, Cerruti, Murru, Abrate, 2013, [1]). A monic cubic polynomial
m(x) is RCP if and only if there exist h,g € R, g # 0 such that

n(x) = 2° + hga® — (h+3)g°z + g°. (5)
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Moreover, roots of w(x) depend on h and for 7(h) := h*> 4+ 3h + 9 they are of the form

(h + 2+/7(h) cos ( <arctan

COIQQ

[SSIRS

(h —2y/7(h) cos (% <arctan

N

Observe that polynomial (x) is obtained for h = —%, g=2.

We provide one more representation of RCPs (proven in Section 4), namely

Theorem 1.2. A monic cubic polynomial 7(x) is RCP if and only if there exist
r,s € R, r#0, sg% such that

W(x):x3+_3:':\2/9_487“% ) —31\/9 BEVIds 2 -

Moreover, roots of w(x) are

3+v9 — 45449 — scos 1arctan 27 ,
3 9—4s

r.u»—A

1

73 . ™ 1 27
F(3:&\/9—45:F4\/9—ssm<E+§arctan 9—45))’ (8)
1

3 1 27
%(3:&\/9—45:F4\/9—ssin<%—§arctan 9_4S>>.

with signs taken respectively to those in (7).

Observe that polynomial () is obtained for r =8, s = 2.

1.2. Examination of RCPs

In spite of full characterizations of RCPs there are some results which help to
understand their nature. Below we list some of them.

Notation. From now on, 7(x) := 2 + pr? + qx +r denotes RCP with roots 1, z2, 3.

Moreover, h, g, 7, P(7), T(h) are as in representations of RCPs (see Theorems C and D)
and g

= 9

- )

will be called the Shevelev parameter.
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New RCPs on a base of n(x):

P.1. [8] For every a € R, a # 0 the polynomial 22 + apz? + a?qx + a®r is also RCP with
roots axi, axrs, ars.

P.2. [8] The polynomial 23 + gz + prx + 72 is also RCP with roots 0 a é
Properties of roots of RCPs:

P.3. Each RCP has 3 distinct roots (follows from representations, see also Section 2).

2
— g*  glg—z) | _ -1 1,1 41, —1
P.4. [1] {z1, 22,25} {xl,g_ml, - } {xlr 5, —zl LErTs ¢

2 2 2 1 1 1
T T T _ = L 1
P5 [8] H’E’E —{7‘3—3}1,’[“3—332,7’3 —.733}.

P.6. [8] o
of +af + i = (—p+6r3 +3(9r —pg)3)?, (10)
(2122) + (223)% + (2321)% = (q + 6r5 — 3(9r2 — pgr)¥)5, (11)
70 4wy g S = r (=g —6r% 43097 — par)¥)3, (12)
1 3 1 3 1 1 .
()@ (@) @)@ @) o
T9 xq xs3 1 T3 X2 T
P.7. [7]

1 1 1 1 1 1
()0 ()2 ()2
2 1 3 1 3 2 (14)

1

r1 o X2 X1 X3 Ty X3 3

=(=+2+=+2+2+2-6) .
x2 Tl X3 Z1 X3 X2

Properties of RCPs connected to the Shevelev parameter:

P.8. 8] s < 9.

P.9. [8] (see also Theorem 4.1, page 195) If two RCPs with roots y1, y2, y3 and 21, 22, 23
have the same Shevelev parameter then

yz y1 y3 y1 y3 Y2 Z2’217Z3’21’2372’2 '
_g_ O0=D(=2+1)* _ P(y=1)P(2—v)
P.10. [10] s = 9 — ey = Gone-07 -
P.11. (Theorem 4.1) For each real number a < § there are exactly two distinct families

of RCPs (depending on r only) with the Shevelev parameter equal to a and only
one family for the limit value %

1.3. Identities

Properties of roots of Ramanujan cubic polynomials are a source of nontrivial and
beautiful algebraic identities. Below we list some of them in the chronological order.
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1. Berndt, Chan, Zhang [4]

1

((a2—7a+1)+(6a—3)a%+(6a—3)a%)§:1—|—a%+a%, a€R.

Note that the Ramanujan’s identity (Q682) is obtained for a = 2.
2. Shevelev, [8]

1 1 1
sin 2Z cos 4Z\3 sin 4& cos 8Z\3 sin 2Z cos 4E\3
7 i I 7 T\ 7 i
47 8w 21 4 8w 27
sin ¢ cos ¢ sin =% cos =& sin =% cos =
2 1 2 2 1
sin 8; cos 2; sin 47” cos 87” sin 87“ cos 27“ 1
+ 27 4m + 8w 27 + 4r 8m =-3-75.
us
sin <F cos = sin =* cos = sin =F cos =

3. Witula, Stota, [13]

1 1 1
2 47\ 3 4 3 3
sin® TW <2 cos 77r> + sin? TW (2 cos 877r) +sin? 8—7T <2 cos 877r) =

1 1 1
cos 2Z\3 21V /cosdm\3 4\ [cos 8T k
( 547#) <2cos—7r>+< E;) (2cos—w>+( 777) (2(30881):
cos = 7 cos = 7 cos = 7
Yo=—1, 1 =0, Y2 =-3, VYry3+VYr+2 —2¢p41 — Yk =0, k €Z,
27 3 k 4 3 k 8w 5 k
col ‘ 2 CcoS 4 CcOoS
() oo () o () o)
cos ¢ 7 cos = 7 cos =% 7
= 493 ¢,
$0=0, ¢p1=—1, ¢po=1, ¢pi3+ dpr2 — 2041 — P =0, k€ Z

5. Wituta, [12]

l 1 1
cos 2; 3 2\ /cos 4; 3 4\ /cos 89” 2\
ir 2cos— |+ = 2cos— |+ 5 2cos— | =
cos - 9 cos - 9 cos - 9
=330,
Up=0, ¥ =3, ¥o=0, Yp3 31+ =0, kcZ,
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1 1 1
cos %’r 3 2\ /cos %’T 3 47\ /cos %’T 3 2\
= 2cos— |+ o 2cos— |+ i 2cos— | =
cos - 9 cos - 9 oS - 9
= 9%d)k7
Dy—1, &1 =1, &3 = —4, ¢k+3_3¢k+1+¢k:07 ke 7.
6. Barbero, Cerruti, Murru, Abrate, [1]

1
arctan %> —V/21sin (5 arctan %> =1,

1
VT cos <§ 10 10

and the last identity in the list, which is of a different nature, but still nice:

1 _(71'3—1)%+ 3(mb —m3+1) m—615+373+1 %:ﬂ_
(7‘(‘3—]_)% s 71'2(71'3—]_)% 7'('3(7'('3—1) '

1.4. Families of cubic polynomsials associated to RCPs

In a spirit of and in a connection with RCPs some new families of cubic polynomials
were considered.

Definition 1.3 (Wituta, 2010, [11]). A polynomial 7(z) = x3+px’+qz+r, p,q,r € R,
r # 0 is called" a Ramanujan cubic polynomial of the second kind (RCP2) if
and only if

¢+ pPr+ 277 = 0. (15)

Note that each summand in the above condition is a cube of a summand in the
definition of RCP. It is known that each RCP2 has the form

o® + 3Vkra? — 33/(k + V)r2x +r, (16)

where k,r € R, r # 0 and that RCP2 is RCP if and only if pgr = 0 [11]. Therefore,
although many properties of RCPs and RCP2s are different, they have also many in
common. We discuss some of them in this paper.

Definition 1.4 (Barbero, Cerruti, Murru, Abrate, 2013, [1]). A polynomial 7(x) is
called a Shanks cubic polynomial (SCP) if and only if there exists h € R such
that

m(z) = 2® — ha® — (h +3)z — 1. (17)

In view of Theorem D (page 183), every SCP is RCP for ¢ = —1. Examination of
SCPs allowed, among the others, to set up the formulas and properties of roots of
RCPs via the Galois theory.

For properties of the above mentioned classes of cubic polynomials see the papers
cited in definitions.

1 Although the case 7 = 0 was not formally excluded from the original definition of RCP2, it was
assumed to be.
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1.5. Organization of a paper

The rest of this paper is organized as follows: in Section 2 we discuss properties of
roots of RCPs and RCP2s. In Section 3 we show how to generate RCP2s on a base of
RCPs in a spirit of Ramanujan’s approach, namely by taking cubic roots. In Section 4
we prove the form of a new representation of RCPs (Theorem 1.2 above). Moreover,
we show that this representation is actually given in terms of the Shevelev parameter
P4 and therefore we can refine a statement of Theorem 4 from [10]. Section 5 is

devoted to some asymptotic studies of RCP2s.

2. Differences and similarities for RCPs and RCP2s

In [11] it was proven that polynomials

5—1
z® + §/pr® + \/—T\S/pzaﬂ—

1-5
54

b,

where p € R, p # 0, are the only RCP2s that possess a double root

The third root is of the form

Also note that from (22) in [11] we get

)6 () (%))

where ¢ = @ is the golden ratio.

However, there does not exist RCP with double root. Indeed, if we assume, contrary
to our claim, that RCP possesses a double root, then from the formulas for roots
presented in Theorem C (page 183) we get
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—— =v—-1 or — == 7—1:—7.
2—v 2—y 1-v 1—7

Each equation simplifies to 2 — 3y + 3 = 0 whence v cannot be a real number,
a contradiction.
Next, polynomials of the form

3

3 — 2

1
r3zs —

| W
| W
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are the only RCPs roots of which form a geometric sequence. Verification is straight-
forward — it is enough to consider 6 cases using the form of roots given in Theorem C
on page 183 (3 of them are impossible and in the remaining 3 we get polynomials
(18)).

However, there does not exist RCP2 with this property. Indeed, if we assume,
contrary to our claim, that some RCP2 has roots of the form ag, ag?, ag® then from
(16) and Viete’s formulas we get the following system

ag®(t +1+q) = —3Vkr

a2q' (L +1+q) = =33/ + D

ad¢® = —r

From the last equation we get aq?> = — ¢/r and substituting that to the first and second
equations yields contradiction. That also means that the statement of Theorem 7(g)
in [11] is satisfied trivially.

So the above two properties of roots differ the two considered families of polyno-
mials. The following property shows their similarity.

Theorem 2.1. If 7(x) = 2° +pa® +qz+7r is RCP (resp. ROP2) with roots x1, xo, T3,
then miny(2) =2 + 122 + Bz + L is also RCP (resp. RCP2) with roots -, L 1

z1’ 2 T3

Proof. First observe that by assumption and Viete’s formulas we have the following
equalities p = —(z1 + z2 + 23), ¢ = 122 + X173 + Taws, 7 = —T1T223 Whence

i (o-2) (-2) (-2),

SO Tinw(x) has a desired form of roots. Next, by Definition 1.1 (page 183) for 7(z) we
have pr§ 3%+ g = 0, whence for 7;,,, (x) we get

1 1 1
g—1+3—2+£=—4<q+3r%+p7“%) =0,
rrs r3 r r3

which means that m;,,(x) is also RCP.
Now, let 7w(x) be RCP2. Then by Definition 1.3 (page 187) we get

Pir+27 4+ ¢ =0
and hence 31 ) 5 .
(2) ~+215+ () = 5 (@ +2m2 + ') =0,
r) r r r r
which means that m;,,(x) is also RCP2, as required. O

Remark 2.2. The part of the proof for RCPs also follows if we apply Property P.2
and then P.1 for a = £

T
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3. How RCP generates RCP2

In [11] it was examined what is a connection between RCPs and RCP2s and what
are the conditions on some parameters connected with a polynomial to be RCP or
RCP2 (conclusions were given in Theorem 7). In the previous section we generated
RCPs (resp. RCP2s) on a base of other RCPs (resp. RCP2s) in a spirit of Shevelev,
namely considering inverses of roots. Now we show how to generate RCP2 on a base
of some RCP in a spirit of Ramanujan, by considering cubic roots of roots.

Theorem 3.1. If a polynomial
m(z) = (x — 21)(x — 22)(x — 23) = 2® + pa® + qz + 7

is RCP then the polynomial
is RCP2 if and only if
{pr% +3r§ +q=0

or, equivalently, if and only if there exists a € R, a # 0 such that

6 3 6 3
=9a, ¢=23(———) d? r=-— <7> a’,
b ¢ (1 n \/93) 1+ 93
or (20)

6 3 6 3
= 9a, =23 —— ) % r=-— <7> a’.
P 1 (1 — \/93) 1-+/93

Moreover, in this case we have
% =_3_ —\/_(\/_:F 1) cos (% arccot \/3_1> ,
% =-3+ M(\/—:F 1) sin <6 %arccot \/?H> ) (21)
% —_34 M(\/—:F 1) sin <E — %arccot\/_>

with upper and lower signs taken respectively to those in (20) and therefore

(Qi\/—)
11\/_ (22)

: (21 - 2\/%) a2a —

V() =a® +

6
+7 — ..
1++/93 1++/93

Proof. The first equation in (19) follows from the fact that m(x) is RCP. Next, using
Shevelev’s identities (see Property P.6, page 185) and Viete’s formulas we obtain
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(@) = 2 = Y —p— 69+ 390 — par*+
+ f/q+6\3/r_2—3Mx+ .
So by Definition 1.3 this polynomial is RCP2 if and only if
(a+6V72 =33/ =par) + (p¥/r + 6¥17 = 33007 = par ) + 27V37 = 0,
whence

36V12 —63/9r2 —pgr =0 <= 6%2 =9 —pgr < —pgr = (6% — 9)r?,

and finally, since r # 0, we get
pq

T 207
which is the second equation in the system. To prove (20) we substitute the second
equation in (19) to the first one obtaining

e PL L ga (PN
Py 507 T3 (207) +¢=0,

and if we set p := 9a, ¢ := 23c¢, then a # 0, ¢ # 0 and we get

4 2
3 5 23
—9a/ac + 34 (ac)2 +23=0 <— —3@ + 2 +==0,
Cc3 Cc3 3
which gives
a¥ 14493
I = )
Cc3 6
whence
6 \°,
=23c=23( ——— ) a”.
I <1 n \/93>
3
Substituting for p, ¢ in the second equation in (19) we get r = — (H[Li/@) a® which

means that (20) holds.
Now, we take 7(z) with p,q,r given in (20) under assumption a = 1. To obtain
a depressed polynomial we take z := x — 3 and hence it has the form

2592 5184/03
(V93+1)2  (V93+1)3

Now we shall use a refined version of Cardano’s formulas given in [14]. It was proven

that roots of the polynomial 23 + Az + B for which A := (%)2 + (?)3 <0and B >0
(which is exactly our case) are of the following form
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[ A 1 2\?
-2 —gcos garctan _(E) Al
[[A (= 1 2\?
2 —gsm E:tgarctan _(E) A

Since arctang = arccot% for every positive real ¢, the above formulas yield roots of
m(x) for a = 1 which are exactly expressions on right sides in (21). Then the final
formulas follows from Property P.1.

Finally, (22) is obtained by straightforward calculations. O

From the above theorem some nontrivial identities can be derived. First of all, for
= $(1£V093)b and M := 1 V/b{/6 (47 F3/93), from (22) in [11] we get the new
rescaled ¢/ (z) of the form

z)=a*+ {/ (9:&\/@) ba? — ¢ ; (9 F \/@) b2z — ;b =

:(xiM( 1—14(111@)4—2605‘ <%arctam@>>>x
x(xiM( 1—14(111\/@)—2@<%+%arctan@>>>x
x(xiM( i(lli\/@)—%in(%—%arctan@>>>:
(i (5 vEs s 201t L0 ) )

x <xj: (é ¢/ (V934+9)b — 2M sin (% + % arctan@))) x

1, 1 V3(v/93+9)
X <x:|: (§ (vV9349)b — 2M sin (E —3 arctan 5 ))) ,

(24)

where all roots taken are the real ones. Moreover, we obtain

/ 1 /
11 +/93 g V93 + 9)b
which implies equalities
\/ (47;3\/—)\/ (11 +v93) = \/V31 £ 3V3.
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Next, while looking for roots of the polynomial &7 (z), inspired by suggestions given
by Mathematica, we deduced the following equalities

‘\*/6(4713\/%) = f/(\/@qw)? + f/lS(\/@iQ).

Furthermore, we obtained two Ramanujan type identities for RCP2s, involving 9-th
roots of RCPs (with signs taken respectively to those in formulas (20))

1
VI3 £1\°’ /2
< 2. 34 (xf+x2+x3):

(o (F) <) ()

+<€/@+9—§/\/@—9—\3/Z;> :

and finally we get an analogue of Shevelev identity for RCP2s, involving 9-th roots of
RCPs (which is the same in both cases), namely

(z—i)é((i—l)é+(i—i>é+(i—i)é+(i—i‘)é+(i—§>é+(i—2)é)=
<\/\/_ 9—\/\/—+9+\3/2>> (\/\/_+9—\/\/— 9) . (26)

Additionally, for the upper signs in (25) we deduce the following relation

Ol
o=

ol

1
—(xlé + 8 +x§) (21+2x/@)9 =
1
3

= <1 +1/2(11 + v/93) cos <l arctan— (V93 — 9))) +

w

(27)
+(1— 2(11 + /93 (g——arctan— V93 — 9)) +
+<1 \/2(11 + v/93) sin (% % rctan— (V93 — 9))
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4. Representations of RCPs

Proof of Theorem 1.2. Assume first that 7(z) = 23 + pz? + gz + r is RCP such
that the Shevelev parameter s = 22 2 0.

Since pT‘% +3r3 + q =0, we get

2
3

(pq)s +3

1
S§3 S

D +q=0,

from which, multiplying by s3 / q%, we obtain

(%) |

Now, under substitutions z := (sq)%, Y= (é) ° we get

Wl
o

+3 (p—) (s0)} + (s)% = 0.

-3+£v9 - 4sy

243+ sy’ =0 <= 2= >

Next, s < % by Property P.8, which gives the desired bound for this parameter. Hence
9 — 45 > 0, so from above we obtain

<p?)é 34+ /015
= qzi

r2 2

Wl

(s%q) (p?)%,

whence
q_—3:|:\/9—4sr§ _57“_—3:F\/9—4sr%
- 2 ’ g 2 '

and therefore we get the formula (7), that is

3FV9—4s 1 , -3+0—14s
— 3z —l—fﬂw

_ .3
m(x) =a° 4+ 5

+1r

as required.

For s = 0 the calculations are straightforward, on a base of Theorem C (page 183).
Namely, s = 0 if and only if either P(2—~) = 0 or P(y—1) = 0. The first equality takes

place for v = 2 cos 2% —2, k=1,2,3. For all three values we obtain % =-3

whence 7(z) = 23 — 3r3 2% ++r which suits the above formula for upper signs. Similarly,
from the second equality we get (7) for lower signs. Thus (7) is valid for every s < %.

Finally, from Cardano-type formulas (23) applied to (7) we obtain roots of w(z)
defined in (8), which finishes the proof. a
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As an immediate consequence we get the following

Theorem 4.1. 1. A cubic polynomial 7(z) = 23 +px® +qx+7r, p,q,r €R, 7 #0 is
RCP if and only if it is of the form
3+—3:|:\2/9—48T%x2+—33F\2/9—4ST%x pq

+r, S§=—.

mo(wsr) = .

2. For each real number a < % there are exactly 2 distinct families of RCPs of the

form mi(x;r) and wo(x;r) (depending on r only) with the Shevelev parameter equal
to a and only one family for the limit value %.
3. We have 71(x;1) = ma (%, 1), whence roots x1, To2, w3 of 1 (x;1) are reciprocals of
roots of ma(x;1). Hence the roots of mi(z;r) are r%xl, r%xg, r%xg whereas roots
1 1 1
3 3

of mo(aiv) are £, b o)

. In particular, that implies Shevelev’s property P.9. O

Remark 4.2. Point 2. in the above theorem refines the statement of Theorem 4

from [10] by which there were at most 6 such families for each a.
Remark 4.3. By Property P.10 (page 185) we have s = %, which for

r = 1 is equivalent to the system

{Ps(x) =22+ (s—6)22+3x+1=0 (28)

r=n-1Dh—-2)
That gives some corollaries in view of the above results.

E.g. forr =1, s =0 by Theorems 1.2 and 4.1 and Remark 1 we have

3
2k
m(2;1) =P(x) =2 -32+1= H (x—2cosT7r)
k=1

and

3
1
7T2(33;1)=$3—3332+1:H <x—ﬁ>

k=1 2 cos 55

Furthermore, for a = %T’T, k € N, 3tk we obtain
P(1—2cosa) = —1+4cos?a(3 —2cosa) = —1+ (2 +2cos2a)(3 — 2cosa) =

3
= 6(1 + cos2a — cosa) =6 (1 —ZSiniasin%) =

=6 <1 - (—1)L§J\/§sm%ﬂ> .

and in the sequel we get

k—‘,—l,n. 2k,n.

)=6(1+(—1)k 3sin7>, keN,

P (1 — 2cos
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whence, because of the form of roots of RCPs, we deduce

3 k
2
Py(z) =2® — 62> + 3z 4+ 1= I I <x—2— (—1)k2\/§sin77r> =

k=1

- (x—2+2\/§sm%”> (x—2—2\/§cosﬁ) (x—2+2\/§sing),

3
2k
Py(z+2)=2-92+9= H <x+ 2v/3(—1)" sin Tﬂ) =

k=1

= (x+2\/§sin2§) (x—Z\/gcoslﬂ—S) (x+2\/§sing).

Next, for r =1, s = 1 we have

1 1
M) = - o~ et 1= @)t o) n- ).
¥ ¥
and

1 1 1
ma(x; 1) := 2® — 22 — —r+1= (a: - —)(a: + —)(a: — ).
P P P

where @ is the golden ratio. We emphasize that these are the only known RCPs for
which Shevelev’s identities (see Property P.6, page 185) are trivial.

Moreover, from Cardano-type formulas in [14] we can obtain the following trigono-
metric form of the roots of Py(x) = 2% + 522 + 3z + 1:

§ + §cos <1 arctan 3\/ﬁ> =2+ \/5,

3 3 3 11
5 8 . ([n 1 3V15\  [2— /5,
g—gsm<g:|:§arctan 1 )—{1

which implies the relations

1 3v15 N E 3v15 1
cos | — arctan — sin E + — arctan = -

3 11 3 11

E—— t
sin 5 arc an 1
1 4 —1
coS <— arctan ) 8 = SD n 3 3@4 R
. (1 ) \/_—f V3
sin arctan —
T4’

where ¢ is the golden ratio.
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Remark 4.4. From Theorem 4.1 we also get the following formulas

1 2
349 —4s+ 4v9 — scos | = arctan 7 X
3 9 —4s
1 27
><(3—\/9—4s+4\/9—ssin<E——arctan >>:36,

6 3 9 —4s

1 27
<3+\/9 45—4\/9—ssm<g—§arctan 9_4S>>><

1 2
X (3—\/9—4s+4\/9—ssin <g+§arctan 9—74s>> = 36,
1 [ 27
<3+\/9—4s—4\/9—ssin (%—l—garctan 9—45)) X

1 27
x | 3—=+9—4s —4v9 — scos [ = arctan = 36.
3 9—4s

5. Asymptotic properties for RCP2

For any RCP2 which is given by p(x) = 23 + 3Vkra? — 33/(k + 1)r2z + r (see
formula (16)), with roots &1, &, &5 the following identities hold [11]

- -
&2 &1 &3 &2 &s &1 (29)

= {fo (VE - VEFT) + {fo (VE+1) (1 - v50),
_ ﬂ_:& <2+€/E+§/9(€/E—€/m)+‘\3/9(3/é+1) (1—%)),

(30)
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3€1ﬁ+ §1€3+ §a8s

T2 7«2
K£1 (V& + V& + \/5_3) O -6 -G H3VGEE
3V (V& + V&G + VG)

€/§+§/3(%—W)+§/3(3/E+1) (1-VE+1)

(31)

)

\3/2+ Vk o+ §/9 (VE-VFFT) + §/9 (VE+1) (- vE+T)
where in all cases real roots of third order are considered. Hence the limit follows

€/§+§/3(€/E—€/k—+1)+\3/3(%+1) (1- V&k+1)

lim
k—1

\3/2+ Ik + §/9(\3/E—\3/k+1) + ‘\3/9(€/E+1) (1-¢F+1)
=—{/3 (\‘75+ 1)
since for roots x1, x2, x3 of the polynomial

p(x) =23 + 322 —3V2z + 1

we get (see [11])

Vr1xs + Vxixs + Yaaws = — {3 (\3/54— 1).

V3= (\F+1)\/ﬁ

We also note that

whence

Moreover from (31) for & = 0 and from formula (4) in [10] we get
V9 — V/3 .
i
PR

ie.

\3/5—1:§’/(€/§—1) (\3/5—2),

since the polynomial ¢(z) = 23 — 3x + 1 is RCP.
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Now, from (30) and (31) the following asymptotic expression can be deduced

@+§/§+§/§:3_3% 1—%+%+o<%ﬁ> : (32)

3
WEVE VS | $5 2 (L
§i+&+&3 VE  Vk VE)
We note that if 21, 2o, 23 are roots of a complex polynomial 23 + px? + gz + r and
r # 0 then

so we get

T2 T I3 X1 I3 X9 T

Hence for RCP2 given by formula (16), that is 23 + 3vVkraz? — 33/(k + 1)r2z +r, we
obtain

T T x T x x 5
_1+_2+_1+_3+_2+_3__ _2pq

S, & & &8 & & 3%(_33V (k—H)TQ)

=42 =35 =
£ & & & & & r
1 1
= 3445¢/k(k+1)=-34+45VE2 (1+ =) +o ,
3k Ik
which by (32) implies
(Va+ve+v&)°' 1 3 +0(1)
ErEvR+EETE 5 R \TE)
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