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ON HIGHER-ORDER POLY-TANGENT POLYNOMIALS
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ABSTRACT. In this paper, we construct higher-order poly-tangent polyno-
mials and study several properties, including addition formula and multipli-
cation formula. Finally, we explore the distribution of roots of higher-order
poly-tangent polynomials.
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1. Introduction

In [5], we defined the tangent numbers and polynomials. The tangent poly-
nomials are defined as the following generating function
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In [6], we constructed the poly-tangent numbers and polynomials. A modified
poly-tangent numbers and polynomials different from the poly-tangent numbers
and polynomials defined in [6] was introduced.

Definition 1.1. For any integer k, the modified poly-tangent polynomials are
defined as the following generating function
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where Lig(t) = 3.°° | L= is polylogarithm function.

n=1 nk
™ =7k (0) are the called poly-tangent numbers when x = 0. If we set k =
1 in Definition 1.1, then the poly-tangent polynomials are reduced to classical
tangent polynomials because of Li;(1 — e~ *) = ¢. That is, Tél)(x) =T, (x).
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2. Some properties of higher-order poly-tangent polynomials

In this section, we define higher-order poly-tangent polynomials and study
several properties, including addition formula and multiplication formula.

In [7], we introduced tangent numbers and tangent polynomials of higher
order. We also obtain interesting properties of these numbers and polynomials.
For a nonnegative integer r, tangent polynomials of higher order are defined as
the following generating function

t
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Definition 2.1. For any integer k, a nonnegative integer r, higher-order poly-
tangent polynomials are defined as the following generating function

2Lip(1 — et k) (
< t(e* +1) ) _ZT(

= Té’“’”(o) are called higher-order poly-tangent numbers when x =
0. If we set K = 1 and r = 1 in Definition 2.1, then the higher-order poly-
tangent polynomials are reduced to classical tangent polynomials because of
Li;(1 — e~ t) = t. That is, Tél’l)(x) = T, (x). Especially when k& = 1, we get
T (2) = TV (2).
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Theorem 2.2. For any integer k and a nonnegative integer r, n, and m, we get
n
T () = 3 (7) T =gt
1=0

Proof. From Definition 1.1, we have
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Therefore, we finish the proof of Theorem 2.2 by comparing the coefficients of
£, O

n!

If m =1 in Theorem 2.2, then we get the following corollary.
Corollary 2.3. For any integer k and a nonnegative integer r and n, we have

TT(Lk,r) (x) — Z (7) Tl(k,r) J?n_l.

=0
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Theorem 2.4. For any integer k and a nonnegative integer r, n, and m, we
obtain

T (ma) = 3 (7) T (@) (m = 1)
=0

Proof. By utlizing Definition 1.1, we have
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Therefore, we end the proof by comparing the coefficients of tn—n, on both sides of
the above equation (2). O

Theorem 2.5. For any integer £ and a nonnegative integer r and n, we get
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Proof. (1) Proof is omitted since it is a similar method of Theorem 2.2.
(2) From Definition 1.1, we have
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Therefore, we end the proof by comparing the coefficients of tn—': on both sides of
the above equation (3). O
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Theorem 2.6. For any integer k, a nonnegative integer 7, and a positive integer
n, we have

n—1
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Proof. By using Definition 1.1, we have
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Then we compare the coefficients of " for n > 1. The reason both sides of
the above equation (4) can be compared the coefficients is that Ték r)(x +1) -
To(k’r) (x) = 0. Thus, the proof is done. O

3. Polynomials and numbers related to higher-order poly-tangent
polynomials and its symmtric property

In this section, we examine the association between higher-order poly-tangent
polynomials and poly-tangent polynomials using Cauchy product. We also ex-
plore relation of higher-order poly-tangent polynomials and Stirling numbers of
the second kind. Furthermore, we study the symmetry properties of higher-order
poly-tangent polynomials.

We recall a multinomial coefficient, which is

n n!
< >: o) I (5)
mi, Mo, - ,MMy mayimol---Mmy:

Let us consider the following equation using the equation (5) above. This
equation is an equation expressed by applying Cauchy product continuously.
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Theorem 3.1. For any integer k, a nonnegative integer n, and r > 3, we get
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where (m1 . ml) is multinomial coefficient.

Generating function of the Stirling numbers of the second kind Ss(n, k) is
defined as follows:
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Theorem 3.2. For any integer k, a nonnegative integer r and a positive integer
n, we obtain

n
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where (z),, = z(x — 1) -+ (x — m + 1) is falling factorial.

Proof. From Definition 1.1, we have
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Thus, we finish the proof by comparing the coefficients of L. O
n!
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Theorem 3.3. Let r and n be a nonnegative integer and wy, wy > 0 (wy # ws).
Then we have

n
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Proof. Let us consider the function

Fl) — 4Lig(1 — e~ 1) Lij (1 — e w2t)\ "
( ) - t2(62w1t 4 1)(62w2t 4 1)

e2w1 woxt . (7)

Then we obtain

_ 2Lik(1—6_w1t) " wiwaxt 2Lik(1_6_w2t) " wiw2xt
PO =\ ) © GRSV

(Z wn+rT (k r) wa ) (Z w;H_TTn wlx) t") (8)

n=0

t’rb
—EZGZ()”%”WW“WWMﬁmmw>m

By calculating in the same way as the above equation (8), we can get
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The proof is complete as a result of the equations (8) and (9). O

Let w is an odd number. Then we can easily see

> tn ewt 11
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where A, (w) = lw:_ol(—l)l I™ is called alternating power sum.

Theorem 3.4. Let w; and wy be an odd number and n be a nonnegative integer.

Then we have
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Proof. First, let us assume that
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In a similar way to the above equation (12), we get
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Hence, by usmg Cauchy product, the proof is complete by comparing the coef-
ficients of t on both sides of the equations (12) and (13). O

Corollary 3.5. Let w; and wy be an odd number and n be a nonnegative
integer. Then we have

n n
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4. Distribution of zeros of the higher-order poly-tangent polynomials

Using generating functions, the generalized forms of known polynomials such
as the Bernoulli, Euler, falling factorial and tangent polynomials are studied.
In particular, various properties of these polynomials were investigated through
numerical experiments, see for example [1] , [2], [4], [5], [6], [7], [8], [9], [10].

In this section, we discover new interesting pattern of the zeros of the ghigher-
order poly-Euler polynomials T,S’“‘) (). We propose some conjectures by numer-

ical experiments. The higher-order poly-tangent polynomials T,(Lk’r) () can be
determined explicitly.

A few of them are
T3 (2) = 1,
3r
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We investigate the beautiful zeros of the higher-order poly-tangent polyno-
mials 7% (z) by using a computer. We plot the zeros of the ghigher-order
poly-tangent polynomials T,Sk’r)(x) for n = 50,r = 3,k = —2,—1,1,2 and
x € C(Figure 1). In Figure 1(top-left), we choose n = 50 and k = —2. In
Figure 1(top-right), we choose n = 50 and k = —1. In Figure 1(bottom-left),

we choose n = 50, and k = 1. In Figure 1(bottom-right), we choose n = 50 and
k=2.
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FIGURE 1. Zeros of T,E’“)(x)

Stacks of zeros of T\\"" (x) for 1 < n < 50 from a 3-D structure are pre-
sented (Figure 2).

FIGURE 2. Stacks of zeros of TT(Lk’T) (z) for 1 <n <50
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In Figure 2(top-left), we choose k = —2 and r = 3. In Figure 2(top-right), we
choose k = —1 and r = 3. In Figure 2(bottom-left), we choose k =1 and r = 3.
In Figure 2(bottom-right), we choose k = 2 and r = 3.

We plot the real zeros of the higher-order poly-tangent polynomials Ty(lk’r) (z).with
variable a for @ = 4 and = € C(Figure 3).

FIGURE 3. Real zeros of TT(Lk’T)(x) for 1 <n <50

In Figure 3(top-left), we choose k = —2 and r = 3. In Figure 3(top-right), we
choose k = —1 and r = 3. In Figure 3(bottom-left), we choose k =1 and r = 3.
In Figure 3(bottom-right), we choose k = 2 and r = 3.
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Next, we calculated an approximate solution satisfying higher-order poly-
tangent polynomials T,S’“’) (z) for € R. The results are given in Table 1 and

Table 2.
Table 1. Approximate solutions of T,(Lk’r)(:v) =0k=-2,r=3
degree n x
1 —7.5000
2 —10.458, —4.5420
3 —12.937, —6.8013, —2.7617
4 —15.194, -—8.6881, —4.6321, —1.4859
5 —-17.322, -10.385, —6.2187, —3.0715, —0.50314
6 —19.365, —11.977, —7.5932, —4.5455, —1.7777,
0.25835
7 —21.349, —13.509, —8.8139, —5.8451, —3.1839,
—0.59737, 0.79828
8 —23.287, —15.009, —9.9300, —6.9667, —4.5063,
—1.9418
Table 2. Approximate solutions of T,,(Lk’r)(:v) =0,k=2,r=
degree n x
1 3.7500
2 2.0119, 5.4881
3 0.73788, 3.7534, 6.7587
4 —0.26000, 2.3120, 5.1969, 7.7511
5 —1.0470, 1.0576, 3.7557, 6.4540, 8.5297
6 —1.6346, —0.083322, 2.4436, 5.0695, 7.6025,
9.1023
7 —1.9217, —1.2552, 1.2301, 3.7572, 6.2850,
8.8345, 9.3201
8 0.085506, 2.5170, 4.9987, 7.4315
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