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Abstract

Pairings on elliptic curves consisting of the Miller loop and final exponentiation are used for
innovative protocols such as ID-based encryption and group signature authentication. As the
recent progress of attacks for the discrete logarithm problem in finite fields in which pairings
are defined, the importance of the use of curves with prime embedding degrees k has been
increased. In this paper, the authors provide formulas to construct algorithms for computing
the final exponentiation for cyclotomic families of curves with any prime k. Since the formulas
give rise to one of the same exponents given by a lattice-based method for the small cases of
k, it is expected that the proposed algorithms are efficient enough for the cases of any prime
k. At least for the curves with k& = 13 and 19 for the pairing at the 128-bit security level, the
proposed algorithms can achieve current state-of-the-art computations.

Keywords: Pairing-based cryptography, elliptic curve, final exponentiation.

1 Introduction

Pairings on elliptic curves enable innovative protocols, e.g., ID-based encryption [7], group signature
authentication [5], searchable encryption [6], attribute-based encryption [13], and homomorphic
encryption [29]. The security of the pairings is typically based on the difficulties of the discrete
logarithm problem (DLP) in the finite field and elliptic curve. In recent years, there have been
notable improvements of the tower number field sieve (TNFS) algorithm which is an attack for DLP
in a finite field [22]. This motivates researchers working on the review of the security analyses and
providing new recommendations of curves in [1, 2, 10, 17, 15, 8, 16]. Interestingly, according to these
results, not only the curves with composite embedding degree k but also the curves with prime k are
suggested for the pairings. This is because the curves with a prime k have high resistance against
the TNFS which leads to an advantage of the use of the small size of the field. In [8], Clarisse et
al. focused on this advantage and presented curves with k£ = 13 and 19 that are specifically tailored
to be fast over the specific group used for the pairings, however, performances of the pairings are
not so good.

In this context, the pairings on elliptic curves are typically carried out by two steps, which
are the Miller loop and extra exponentiation in the field to bring the output of the Miller loop to
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Table 1: Properties of previous and proposed methods.

’ Methods \Based on\ Alg. gen. \ Applicable for \ Effective for ‘
Fuentes-Castaneda et al. [12]| Lattice | Heuristic Any families Any families
Kim et al. [23] Lattice | Heuristic Any curves Curves not in families
Hayashida et al. [18] Formula | Algorithmic Any families Specific families,

e.g., BLS family
Cyclotomic families | Cyclotomic families
with any prime k with any prime k

This work Formula | Algorithmic

the unique value. This extra exponentiation is called the final exponentiation and that becomes
more of a computational bottleneck with the curves with larger k. Since the final exponentiation
has the specific exponent corresponding to the families of curves, optimization techniques have been
proposed. As one of the typical methods, in [30], Scott et al. proposed to expand the exponent in base
a field characteristic to exploit the Frobenius endomorphism with low computational complexity. In
[12], Fuentes-Castaneda et al. presented a lattice-based method for determining a multiple of the
exponent which results in at least as efficient final exponentiations as ones given by Scott et al. [30].
Later, in [23], Kim et al. also showed that a similar method to [12] for any curves. Especially, the
lattice-based method given in [12] might produce one of the most efficient algorithms for computing
the final exponentiation for a majority of families of curves. However, the method involves several
heuristic processes with a trial-and-error search and thus it requires complicated works for producing
one of the best exponents. This might become an obstacle to updating the curves and reproducing
the algorithms according to the security analyses in the future.

To overcome the problem, in [18], Hayashida et al. focused on another method for providing the
expansion of the exponent by using the structure of pairings given by Zhang et al. in [34] that is
only applicable for the BLS family [3] of curves with k& = 27. They extended [34] for any families of
curves to allow us to obtain an algorithm for computing the final exponentiation with a small effort.
Their method might provide more efficient algorithms than the lattice-based method [12] for the
BLS family of curves with any k£ of multiple of 3 and 6 except for 18. However, unfortunately, the
method by Hayashida et al. [18] might not be effective for the other families of curves. As described
in the first paragraph, since the importance of the curves with a prime k has been notably increased,
similar methods that are especially effective for these curves are desired. In this paper, the authors
try to meet this demand.

Our contribution. The authors focus on the cyclotomic families of curves with prime embedding
degree k where the parameterizations are presented in Construction 6.6 of [11] and which can generate
the curves with k = 13 and 19 given by Clarisse et al. in [8]. For these families of curves with any
prime k, the authors propose a new method for constructing an efficient algorithm for computing
the final exponentiation. The properties of the previous methods [12, 18, 23] and the proposed one
are summarized in Table 1. The details of the contributions are described below.

(i) The authors provide formulas for providing specific multiples of the exponents of the final
exponentiation for the cyclotomic families of curves with any prime k. For the cases of k =
5,7,11,13,17, and 19, the authors confirmed that the proposed formulas provide exactly one
of the same exponents given by the lattice-based method [12]. Thus, there is a possibility that
the proposed formulas result in as efficient algorithms as ones given by [12] for the cases of
any prime k.

(ii) According to the proposed formulas, the authors construct algorithms for computing the final
exponentiation with fixed calculation costs for the cyclotomic families of curves with any prime
k. As a result, it is found that the proposed algorithms have lower computational complexity
than that of the method by Hayashida et al. [18] Indeed, although the previous algorithm has
O(n?) complexity, the proposed ones have O(n) complexity, where n is an integer such that
k=6n+1.
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(iii) The authors estimate the calculation costs of the final exponentiation for the curves with k = 13
and 19 at the 128-bit security level by applying the proposed algorithms. The estimation
result shows that there are 47.5% and 63.4% reductions of the calculation costs from the
previous result [8] based on the method by Kim et al. [23] for the curves with £ = 13 and
19, respectively. Thus, the proposed algorithms can reach state-of-the-art computations of the
final exponentiation at least for those curves.

Differences from CANDAR’21. This paper is an extended version of the authors’ previous
work [28] published in CANDAR’21. The previous version provided the formula and algorithm
for computing the final exponentiation for the cyclotomic family of curves with prime & given by
k = 6n+ 1. Although the previous version does not consider the case of prime k of k = 6n — 1, this
paper considers the formula and algorithm for such cases. In addition to this, the authors revise the
construction of the algorithm and reduce the several numbers of the multiplications and cyclotomic
inversions of the final exponentiation of the case of kK = 6n + 1. Moreover, the authors estimate the
calculation costs of the final exponentiation of the pairings on the concrete curves.

Organization. The rest of this paper is organized below. Sect. 2 provides a brief background on
pairings. In Sect. 3, the author reviews the structure of the final exponentiation with the previous
optimization techniques. Sect. 4 presents the proposed formulas of the final exponentiation for
the cyclotomic families of curves with prime embedding degrees. In Sect. 5, the authors apply
the formulas and construct the algorithms for computing the final exponentiation. The result of
the calculation cost estimations with certain curves is also described. Finally, Sect. 6 draws the
conclusion.

2 Background on Pairing

The authors present the fundamentals of pairings on elliptic curves. In the following, for a positive
integer ¢ and a prime p, let Fy be a finite field of order ¢, where ¢ = pt. Let [y be a multiplicative

group of F, and let F, be an algebraic closure of F,.

2.1 Elliptic curves

For a prime p > 3, an elliptic curve E of Weierstrass form defined over IF, is given as follows:
E/F, :y* =2 +ax +b, (1)

where a and b are coefficients in F,, satisfying 4a® + 27b% # 0. The j-invariant of F is given by
J(E) = 1728 - 4a3/(4a® + 27b%). A set of rational points is defined by E(F,) = {(z,y) | (z,y) €
F, xF,,y? = 23+ az + b} U{O} where O is a point at infinity on E. The set forms an abelian group
of which O acts as the identity, and which is called a rational point group. For a positive integer s,

a point multiplication endomorphism is defined as [s] : E(F,) — E(F,), P — P+ P+ ---+ P which
involves (s — 1)-times additions. If E(F,) does not admit a point of order p such that [p|P = O, E
is supersingular, otherwise, E is non-supersingular or ordinary.

Let n = #E(F,), which is the number of rational points. Let ¢ be an integer defined by t = p+1—n
which is called the Frobenius trace of E. If F is ordinary, there is a square-free integer D such that
DV? = 4p — t? with an integer V. Let r be a prime factor of n such that p # r. Let E[r] be an
entire group of order r defined by E[r] = {P | P € E(F,),[r]P = O} which is called an r-torsion
subgroup. Then, the group structure of E[r] is E[r| 2 Z/rZ x Z/rZ, i.e., #E[r] = r?. This implies
that E[r] has (r + 1) different subgroups of order r since the identity O overlaps into all subgroups
of order r. Let k be the smallest integer satisfying r | (p¥ —1), i.e., there is a multiplicative subgroup
of F;‘)k of order r. Then, E[r] belongs to the rational point group E(F,~). The quantity & is called

an embedding degree with respect to r.
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2.2 Pairings

Let G1 and G2 be different subgroups of E[r] C E(F,x) defined by G1 = E[r] N ker(m, — [1]) and
G2 = E[r] Nnker(m, — [p]), where 7, is Frobenius endomorphism for points of elliptic curve E, i.e.,
7, BE(Fp) — E(F,), (z,y) — (2P,y?). Note that the groups are the eigenspaces of 7, on E[r], i.e.,
G1 ® G2 = EJr]. According to the properties of the subgroups, G; and G2 are named as base-field
and trace-zero subgroups, respectively. For two points P € G; and @) € Gs, the Tate pairing 7.,

which is non-degenerate and bilinear, is defined as follows:
Tr 2 Gl X G2 — F;k/(F;k)Ta (PaQ) = fT,P(Q)7 (2)

where f, p is a rational function with a divisor div(f, p) = r(P) — r(O). The value of f, p(Q) is
computed by Miller’s algorithm [25] that is an iterative algorithm with O(log, r).

As seen in the definition, the standard Tate pairing has an undesirable property that the output
lies in an equivalence class, rather than being a unique element. To be suitable in practice, (p* —1)/r
is raised to the output of the Tate pairing as follows:

%

7Gx G = s (PLQ) = Jrp(Q)F7 3)

where p,- is a subgroup of F*, of order r which consists of r-th roots of identity. The above pairing

is called the reduced Tate pairing. The additional exponentiation is called the final exponentiation.

There are several variants of Tate pairings with shorter loop length of Miller’s algorithm than

typical ones. According to [19], restricting the reduced Tate pairing to swap the arguments as
G x (G7 with the above subgroups leads to an ate pairing ar defined as follows:

k_1
ar : Gy x Gy = i, (Q, P) v fro(P) 7, (4)
where T' = t—1 and fr ¢ is a rational function with a divisor div(fr,q) = T(Q)— ([T1Q)— (T —1)(0O),
which is computed by Miller’s algorithm with O(log, T'). Since log, T' < log, 7 is typically satisfied
for the curves for practical pairings, the loop length of Miller’s algorithm for ate pairing is shorter
than that of the typical Tate pairings. The ate pairing is one of the special cases of ate-like pairings
introduced in [33] for generating an optimum pairing.

2.3 Pairing-friendly elliptic curves

As seen in the above descriptions, the properties of the elliptic curves are typically specified by
integer parameters k, D, p, r, and t. In this paper, elliptic curves having small k, large r, and
appropriate p-value defined by p = log, p/ log, r are called pairing-friendly. The concrete properties
of the pairing-friendly curves depend on the security level that we would like to guarantee, e.g., for
the STNFS secure-pairing at the 128-bit security level, it is suggested to use the curves such that
6 <k <16, 256 <log,r,and 1 < p < 2.6 in [15]. Note that p greater than 2 is currently acceptable,
however, it is previously considered that p is desired to satisfy 1 < p < 2.

One of the first suggested methods for constructing ordinary pairing-friendly curves with p around
2 was presented in an unpublished manuscript [9] by Cocks and Pinch. The other methods are
typically based on an idea of the parameterization of p, r, and ¢ as polynomials p(z), r(z), and ¢(z)
in terms of variable x to make curves to have favorite properties, respectively. In this paper, the
parameterized triple (p(x), r(x),t(x)) is called a family of elliptic curves, where a curve is generated
by finding an integer seed x = xg making p(zo) and r(zo) being primes, and #(xg) being an integer.
Many families of pairing-friendly elliptic curves have been discovered in [26, 3, 4, 20, 11]. Currently,
cyclotomic families of pairing-friendly curves, which are introduced in [11] and are involving the
BLS family [3], are important for generating not only curves with composite & but also curves with
prime k.

3 Review of Final Exponentiation

As described in the previous section, the variants of reduced Tate pairing require the final expo-
nentiation. In this section, the authors review the basic structure of the final exponentiation and
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briefly describe the major optimizations techniques given by [30, 12, 18]. Before providing them,
the authors firstly describe the cyclotomic polynomial.

3.1 Cyclotomic polynomial

For any positive integer n, Euler’s totient function ¢ is given as follows:

op(n)=#{ie€1,2,...,n—1:ged(i,n) =1}. (5)

The n-th cyclotomic polynomial is defined by

eue)= ] (@-é&mmim, (6)
1<m<n
ged(m,n)=1

where e is Napier’s constant, ¢ is the imaginary unit, and 7 is a mathematical constant that is
approximately equal to 3.14. Although that is not an immediate derivation from the definition, ®,,(x)
is a monic polynomial with integer coefficients that is the minimal polynomial over the field of the
rational numbers of a primitive n-th root of unity. When enumerating the cyclotomic polynomials
from the smallest order n, we have the following.

Dy(x)=2—1, Oy(z) =2x+1, Os(z) =2 +x+1,
Oy(x) =2 +1, Os(z) =2 + 23 + 2% + 2+ 1, P(r) =a? -z +1,...

As seen above, the degree of ®,, is given by ¢(n). A fundamental relation involving cyclotomic
polynomials is

Hsz(x) =2" -1 (7)

It is important that there are the following relations for any prime [ and integer n.

By () = B (a') /P (). )

3.2 The structure of final exponentiation

The final exponentiation is a powering (p* —1)/r in .. To achieve a fast final exponentiation, the
exponent of the final exponentiation is typically decomposed as follows:

r \ Pk(p) ro )’

where ®;, is the k-th cyclotomic polynomial. It is possible to represent the first part as (p* —
1)/®k(p) = >_ e;p; with small integers e; from the property of the cyclotomic polynomial given in
Eq. (7). Thus, the first part can be computed by using several p’-th power Frobenius endomorphisms,
multiplications, squarings, and inversion in F;k. Thus, the first part is called the easy part. After
raising to the easy part, we can work on a cyclotomic subgroup Gg, ) of F;k of order ®x(p) in
which several efficient arithmetics are available corresponding to k. For any k, it is trivial that
there are low-cost inversions in G, (p). For 2 | k especially 6 | k, efficient squarings are described
in [32, 14, 21]. However, the second part, i.e., d = ®x(p)/r, is more difficult to compute than the
easy part and is called the hard part. To reduce the computational complexity, certain optimization
techniques are typically applied for the hard part.
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3.3 The existence optimizations of hard part

For the pairings with a family of pairing-friendly curves, the parameters p, r, and t are specified
by polynomials p(z), r(z), and t(x), respectively. Then, the exponent of the final exponentiation is
denoted by (p(x)* —1)/r(x) where the hard part is also denoted as d(x) = ®(p(x))/r(x). For such
the hard part, there are the following major optimization techniques.

(i) p(x)-adic expansion method. In [30], Scott et al. gave a systematic method to reduce the
computational complexity of the hard part by representing d(z) to be the polynomial in base p(x)
from the observation that p(z)-th powering in the finite field is efficiently computed by the Frobe-
nius endomorphism. In the context, d(x) can be represented as d(z) = do(x) + di(x)p(z) +--- +
dk/_l(x)pkl_l(x) where k' is the value of Euler’s totient function by k, i.e., k' = ¢(k), and d;(x)
for 0 < i < k' — 1 are polynomials in base . Assuming f is an element after raising to the
power of the easy part, one can find short vectorial addition chains to compute f +— f4*) =
Fo@) L (fh@)yp(a) (@) yp@*

(i) Lattice-based method. In [12], Fuentes-Castaneda et al. proposed to use a multiple d'(z) =
c(x)d(x) such that r(z) t ¢(z) and presented a lattice-based method for determining d’(z) such that
f = f¥@® can be computed at least as efficiently as f ~ f%®) applied [30]. An efficient d’(z) can
be found by constructing a rational matrix M’ with dimensions k' x (k' deg p(x)) given as follows:

d(x) 1 1
wiw) | e || "
a?kl_id(x) p(x)'k’—l xdcgp.(x)fl

where ® is a Kronecker product. Let us consider the integer matrix M constructed from M’ as
the unique matrix of which rows are multiples of the rows of M’ such that the entries of M are
integers, and the greatest common divisor of the set of entries is 1. Applying the LLL algorithm [24]
to M, a matrix with small entries can be obtained. Then, small integer linear combinations of the
basis of the matrix are heuristically examined with the hope of finding short addition chains with a
trial-and-error search. It is considered that the lattice-based method can achieve efficient algorithms
for many curves, however, it requires much efforts for finding one of the best choices of d’'(z). Note
that Kim et al. also presented a similar method for any curves in [23].

(#ii) Formula-based method. As one of the algorithmic approaches, in [18], Hayashida et al. pro-
vided a representation of d(x) that is applicable for any families of curves by generalizing the method
by Zhang et al. [34] For any family of curves given by p(x), r(z), and T'(x), they described that one
can find polynomials hy(z), ha(x),T(z) € Q[z] such that

p(x) = h(o)r(z) +T(z),

r(@) = ®u(T(x))/ha(2), (12)
T(x)+ 1.

o+

=
8

N~—
|

This leads to the following formula for representing d(x) = @ (p(x))/r(z).

k'—1

d(z) = hi(x) Z Xi(2)p(x)" | + ha(). (13)
=0

Assuming @ (x) = Zf;o c;x* with integers ¢;, \;(x) is denoted as follows:

e Wi=k -1,
M) = { T(x) - Nit1(z) +cipr HO<i<k -1 (9

Let d(z) = sd(z) be a polynomial with the smallest integer s such that both shy(z) and she(z)
do not involve denominators. Then, one can construct an algorithm for computing the hard part

f— f‘i("”) as seen in Algorithm 1. In the following, the details of each step in Algorithm 1 are
described with the calculation costs.
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Algorithm 1: Hard part computation [18]
Input: f € G%(},)
Output: f— f4*) ¢ p,

1 U fShl(x),t s fshg(ac);

2 Vpo1 = Uy

3 for i = k' — 2 downto 0 do
4 L V; vﬂf) Syt

5 W < Vg - t;

6 fori=1tok' —1do

i

Lwew-vp(z);

%

~

return w = fd/(l');

- Step 1 computes u = f*"1(®) and t = f"2(#) which approximately takes max(deg shy, deg shs)-
times exponentiation by x in F;k.

- Steps 2-4 compute v; = u®) for 0 < i < k' —2, which take (k' —1)-deg T-times exponentiation
by « in F7x with certain number of multiplications and cyclotomic inversions.

- Steps 5 set w = vy - t and computes w = w - H?;ll v;7(*)" which take n-times multiplications
and p(x)’-th power Frobenius endomorphisms for 1 <i <k’ — 1 in F;k.

As seen in Algorithm 1, the formula given by Hayashida et al. [18] results in an efficient final
exponentiation for the families of curves with degT = 1, e.g., the BLS family. However, their
formula might be not effective for the other families with degl” > 1. The similar results are also
found by Shirase and Nanjo in [31].

4 The Proposed Formulas of Final Exponentiation for Curves
with Any Prime Embedding Degrees

In this section, the authors propose new formulas for representing the hard part of the final expo-
nentiation for curves with any prime embedding degrees k.

4.1 The cyclotomic families of curves with prime k&

The authors construct pairing-friendly curves with prime k by using cyclotomic families of curves
with £ = 1,5 (mod 6). According to Construction 6.6 of [11], the families have the specific param-
eterizations given as follows:

e k=1 (mod 6)

pla) = i(z+1)*a% —ab+1)— a2kt
r(z) = Per(z), (15)
tlx) = —a" 4o+l
e k=5 (mod 6)
pE) = 1w G et 1) e
r(@) = Pe(2), (16)
W) = 2o

Let xo be an integer seed making p(z¢) and r(zg) being primes. Then, there is an elliptic curve E
with #E(Fp ) = p(@0) + 1 — t(xo) which is divisible by r(z¢). Since r(z¢) divides p(z¢)* — 1 with
the smallest integer k, F has an embedding degree k with respect to r(x¢). The concrete values of
xo for generating curves with & = 13 and 19 are provided in [8]. Such curves with k¥ = 13 and 19
are named BW13-P310 and BW19-P286, respectively.

323



Efficient Final Exponentiation for Cyclotomic Families of Pairing-Friendly Elliptic Curves

4.2 The proposed formulas of the hard part for any prime k&

For the cyclotomic families of curves with prime k of £k = 1,5 (mod 6), the exponent of the final
exponentiation can be written as follows:

() () o (),

where p(z) — 1 and d(z) = ®x(p(x))/r(x) are easy and hard parts, respectively. It is considered that
the previous formula given by Hayashida et al. in [18] might not result in efficient algorithms for
computing the hard part since the families of curves have the property degT = degt > 1.

To obtain better formulas than [18], the authors apply the lattice-based method [12] and observe
results of the representations of the hard part given by d’(x) = ¢(x)d(x) with a polynomial ¢(z) for
the cases of small prime k. More actually say, the authors suppose that &' = k—1, d(z) = @k (z)/r(x),
and M is a matrix with dimensions k' x ¢(k) deg p(x) given by

3d(x) 1 1
3xd(x) p(z) x
3xk/;1d($) (x).k’fl CCdeg;;(ac)—l

where 3 is the smallest integer for the coefficient of z°d(x) such that M has all integer entries and
the greatest common divisor of the set of entries is 1. The authors apply the LLL algorithm to M
and obtain a matrix. Then, the authors observe the 1st row of the matrix which indicates one of the
representations of the hard parts d’(z) = ¢(x)d(x) for the cases of small primes k. As a result of the
observation, the authors find the following new formulas for the hard part of the final exponentiation
for the cyclotomic families of curves with any prime k.

Theorem 1. Let n be any positive integer and let k = 6n+1. Let p(x), r(z), t(x) be polynomials in
Q[z] where (p(z),r(z),t(z)) is the cyclotomic family of pairing-friendly curves with k =1 (mod 6)
given in Eq. (15). Let d(z) = @4 (p(z))/r(x) and d'(x) = ¢(z)d(x) where ¢(z) is a polynomial defined
as follows:

c(x) = (27" — 1)/ g (). (19)
If k is a prime, d'(x) is represented as follows:

6n—1

d'(z) = Z (2°"®g(x) — 3 + pon—1-i(2)) p()", (20)
i=0

where pg(x) with s = 6n — 1 — ¢ is a polynomial defined as follows:

— 25 ®(z) if s =0 (mod 6),
2014394 (z) — 25D () — 35t if s=1 (mod 6),
) by (z) — 35t if s =2 (mod 6),

ps(w) = 250 () if s =3 (mod 6), (21)
—aO I Qg (1) + 27 (2) + 325 if s =4 (mod 6),
— g6t By (1) 4 325! if s =5 (mod 6)

Proof of Theorem 1. Please refer to App. A. U

Theorem 2. Let n be any positive integer and let k = 6n— 1. Let p(x), r(z), t(x) be polynomials in
Q[z] where (p(x),r(x),t(x)) is the cyclotomic family of pairing-friendly curves with k =5 (mod 6)
given in Eq. (16). Let d(x) = ®x(p(z))/r(z) and d'(x) = ¢(x)d(x) where ¢(x) is a polynomial defined
as follows:

c(x) = 320" — 2572 1) /®g (). (22)
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If k is a prime, d’(z) is represented as follows:

6n—3

d(z) = Z (=292 ®g(z) — 3+ von—3—i(2)) p(z)’, (23)
i=0

where vg(x) with s = 6n — 3 — 4 is a polynomial defined as follows:

2159 () — 2°Pg(x) 4+ 32°F if s =0 (mod 6),
5P (x) if s=1 (mod 6),
— g1+ g (z) — 3ast] if s =2 (mod 6),
vs(¥) = _gon—14sd(x) + 2* g (x) — 32"+ if s =3 (mod 6), >y
25D (2) if s =4 (mod 6),
26145 P (z) + 3x5+] if s =5 (mod 6).
Proof of Theorem 2. Please refer to App. B. U

4.3 The proposed formulas for small primes k&

Theorem 1 and 2 can produce the following specific formulas of the hard part d'(z) = d(x)e(x) for
the cyclotomic families of curves with prime k such as k =5,7,11,13,17, and 19.

Example 1. The cyclotomic family of curves with k = 5 has parameterizations given by

plx) = 3@ —z+1)(z'%—a"+1)+af,
r(z) = ®s0(x), (25)
tx) = 25+1.

The formula of the hard part is given by d'(z) = c(z)®5(p(z))/r(x) = Zf:o d(z)p" where c(z) =
3(z3 —x — 1) and d;(x) for 0 < i < 3 are polynomials given as follows:

diy(z) = —a2l®g(x) -3+ 25°Pg(x) — Pg(x) + 3z,
di(z) = -—a2%®g(z)—3—2"®g(z) — 323,
dy(z) = —a2'®g(z) — 3 — 280g(z) + 23Pg(z) — 32
Example 2. The cyclotomic family of curves with k = 7 has parameterizations given by
pr) = zl@+1)?(@" —a2"+1)—a®,
r(x) = Paa(x), (27)
tx) = —a¥+ax+1.

The formula of the hard part is given by d'(x) = ¢(x)®r(p(x))/r(z) = Z?:o di(z)p(x)® where
c(z) =3(z* + 2% — x — 1) and d)(z) for 0 < i < 5 are polynomials given as follows:

di(z) = a5®g(x) — 3 — dg(2),
dy(z) = 25®g(x) — 3+ 28Pg(x) — 2Pg(z) — 322,
dy(z) = 2%®g(x) — 3+ 29Pg(x) — 323, 08
dy(z) = 25®g(z) — 3+ 23Pg(x), (28)
di(z) = 250g(z) — 3 — 211 ®g(x) + 24 Pg(x) + 325,
dy(z) = 2%®g(x) — 3 — 212®g(x) + 3a5.
Example 3. The cyclotomic family of curves with £ = 11 has parameterizations given by
p(r) = 3@ —z+1)E* -2 +1)+a"
r(z) = Pes(2), (29)
tx) = 22+1.
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The formula of the hard part is given as d’'(z) = ¢(z)d(z) = Z?:o di(z)p(x)* where c(x) = 3(2 —
27— 2% + 2% + 23 — 2 — 1) and d(z) for 0 <4 < 9 are polynomials given as follows:

dy(z) = —a%®g(x) — 3+ 211 0g(z) — Pg(x) + 3,
di(z) = —-29¢(z)—3— 2Pg(x),
di(z) = —219%g(z) — 3 — 2B3®g(z) — 323,
di(z) = —a29%g(x) — 3 — a1 ®g(z) + 23Pg(2) — 32,
di(z) = —-a29%g(x) — 3+ 21®(2), 30
d'(x) = —20g(x) — 3+ 21Bg(x) + 32°, (30)
di(z) = —29g(z) — 3+ 2V ®g(z) — 25®6(z) + 327,
dy(z) = —a29(z) -3 — 27®g(),
di(z) = —-219%¢(z)—3— 29®4(z) — 327,
dy(z) = —a9%g(x) —3 —22004(z) + 2°®g(z) — 321°.
Example 4. The cyclotomic family of curves with k£ = 13 has parameterizations given by
p(r) = %(x +1)2(2% — 213 + 1) — 227,
r(z) = ®3(2), (31)
tx) = —a+z+1.

The formula of the hard part is given as d’(z) = S2' d/(z)p(z)? where ¢(z) = 3(z'° + 2° — 27 —

=0 "1
25 + 2% + 23 — 2 — 1) and d}(x) for 0 < i < 11 are polynomials given as follows:

(@) = 22Bg(x)— 3 — dg(a),
o) = 212®0g(z) — 3+ 2 Pg(x) — 2P6(x) — 322,
o(x) = 212®g(z) — 3+ 2P dg(z) — 323,
s(z) = 220g(x) -3+ 2°g(2),
L(x) 7120g(z) — 3 — 217 ®g() + 24P (z) + 32°,
dg(z) = z22dg(x) — 3 — 218Pg(z) + 325, 39
di(z) = x212®4(z) — 3 — 2°®g(2), (32)
dy(z) = 21204(z) — 3+ 20dg(x) — 2" Pg(x) — 328,
dy(z) = 22®g(z) — 3+ 2?1 dg(x) — 327,
dy(z) 212®g(x) — 3 + 2904 (2),
di(z) = z2P2dg(x) -3 —22304(z) + 20P6(x) + 3211,
dy(z) = x212®0¢(z) — 3 — 21 Pg(x) + 3212
Example 5. The cyclotomic family of curves with k = 17 has parameterizations given by
p(z) = %(9&2 —z+ 1)@ -2+ 1) + 218,
T(IE) = (1)102(ZE), (33)

tx) = 2¥+1.

The formula of the hard part is given as d'(z) = ®17(p(x))/r(z) = 312, di(2)p(x)" where ¢(z) =

=0 "2
(xt® — a1 — 212 4+ 210 + 2% — 27 — 26 + 2% + 23 — 2 — 1) and d;(z) for 0 < i < 15 are polynomials
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given as follows:

dis(x) = —a1%®g(x) — 3 + 27®g(z) — Pg(x) + 3,
diy(z) = —2'%®g(x) — 3 — 2Pg(x),
dig(x) = —a'%®g(x) — 3 —2'9Pg(x) — 327,
o(z) = —2'%®g(x) — 3 — 220®g(z) + 23Pg(2) — 32,
n(@) = —a'%g(x) =3+ 06(a),
dio(z) = —2190g(z) — 3 + 2%2dg(z) + 325,
dy(z) = —a2'%®g(z) — 3+ 2?3Pg(z) — 250¢(x) + 327,
di(z) = —a21%0g(z) -3 — 27 ®g(), (34)
dy(z) = —a'%®g(x) —3 — 22°®g(x) — 329,
dig(z) = —a'%®g(x) — 3 — 22504(z) + 2°®¢(z) — 3219,
di(z) = —a'%®g(x) — 3+ 21904(2),
dy(z) = —-20g(z)— 3+ 2%Bdg(x) + 3212,
di(z) = —2150g(z) — 3+ 2PPg(x) — 2120g(z) + 3213,
dy(z) = —a'%®g(x) —3 — 21304(x),
di(z) = —-2%®g(x) -3 — 23 ®g(z) — 3215,
((x) = —a%dg(x) — 3 — 2320g(x) + 2P Pg(z) — 321°.
Example 6. The cyclotomic family of curves with k¥ = 19 has parameterizations given by
p(x) = @+ 1)@ -2l +1) -2,
r(z) = ®114(2), (35)
tx) = —2¥0+2+1.

The formula of the hard part is given as d'(z) = Zio d'(z)p(x)* where c¢(z) = 3(x16 + 215 — 213 —

o124+ 2194 2% — 27 — 2% + 21 + 2% — 2 — 1) and d)(x) for 0 < i < 19 are polynomials given as follows:

17(x) = 2'%®g(x) =3 — Bg(x),

dig(x) = zBdg(x) — 3+ 22°Pg(z) — 2Pg(z) — 322,

dis(x) = z28dg(x) — 3+ 221 Pg(z) — 323,
:14(:10) = 2B8d0g(z) — 3+ 23Pg(2),
Is(x) = 2Bdg(x) — 3 — 2?3®g(x) + 210 () + 325,
(@) = 2P®(x) -3 —1*Pg(x) + 32°,

dii(z) = 2180g(z) — 3 — 2°®g(z),

djp(x) = z2Bdg(x) — 3+ 2250g(z) — 27 Pg(z) — 328,
o(x) = 28dg(x) — 3+ 22" Pg(x) — 327, (36)
L) = 28®g(x) — 3+ 2°®g(2),
L) = 28®g(z) — 3 — 2PPg(x) + 2190(z) + 321,

dg(z) = 218®g(z) — 3 — 230®g(x) + 322,

di(z) = zBdg(x) -3 — 212®g(),

dj(z) = aBdg(z) -3+ 232Pg(x) — 213Pg(z) — 324,

dy(z) = 218®g(z) — 3+ 2PBdg(x) — 3217,

dy(z) = z18®g(z) — 3+ 2Pdg(x),

di(z) = zB0g(z) -3 — 2Pdg(x) + 215P4(z) + 3217,

dy(z) = zBdg(x) -3 — 2350g(z) + 3218,

As for the above cases of £k = 5,7,11,13,17, and 19, the authors confirm that the formulas are
exactly one of the same representations of the hard part d’'(z) = c¢(z)d(x) given by the lattice-based
method [12]. For the cases of any k, there is a possibility that the proposed formulas give rise to one
of the same representations as [12]. This also means that there is a possibility that the proposed
formulas lead to as efficient algorithms for computing the hard part as ones given by [12].

5 Applications

According to the formulas of the hard part, the authors construct the algorithm for computing
the hard part for the cyclotomic families of curves with any primes k. The authors also provide
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the calculation cost estimations of the final exponentiation for the pairings on concrete curves with
k = 13 and 19. In the following, the calculation costs of the exponentiation by s, multiplication,
cubing, p’-th power Frobenius endomorphism in IF;k, and inversion in the cyclotomic subgroup of

F;k of order @ (p) are denoted as uj, my, ck, fi, and iy, respectively.

5.1 Algorithms for computing the hard part for any prime k&

The authors construct algorithms for computing the hard part based on the formulas given in
Theorem 1 and 2. According to the existence curves given in [8], the authors consider the case of
negative = in this paper. To reduce the number of multiplications and cyclotomic inversions, the
authors adopt the formulas of d’'(z) = ¢(z)®y(x)/r(z) multiplied by —(p(x) — 1). This results in
simpler representations of the hard part as given in the following corollaries.

Corollary 1. For the cyclotomic families of curves with any prime k = 6n + 1, let p(z), d' (), u(x)
be a polynomial as defined in Theorem 1. Then, d(z) = —(p(z) — 1)d’'(x) is denoted as follows:

6n—1

d(z) = (=2 @(x) + 3)(p(z Z pon—1-i(2)p(z)" (p(z) — 1). (37)

Corollary 2. For the cyclotomic families of curves with any prime k& = 6n — 1, let p(x), d'(x), v(x)
be a polynomial as defined in Theorem 2. Then, d(z) = —(p(z) — 1)d'(z) is denoted as follows:

6n—3

d(z) = (25" 2®g(z) + 3)(p(z)*" 2 — Z Ven—s—i(2)p(z)"(p(x) — 1). (38)

The formulas of d(z) = —(p(z) — 1)d'(z) lead to algorithms for computing f — f%%) for the
cyclotomic families of curves with any prime k of k = 6n+1 and k = 6n — 1 as in Algorithms 2 and
3, respectively. In the following, the details of each step in the proposed algorithms are described
with the calculation costs.

e Algorithm 2 for computing the hard part for the cases of any prime k = 6n + 1:

- Steps 1-3 compute f; « f(=®)" for 1 < i < 6n, which take 6nuy, ”.

- Steps 4-6 compute g; < f(*"”)swj%(””) where j € {0,1,3,4} for 0 <i < n—1, which take
6nmy,. _

- Steps 7-9 compute g; « fCD°" 7T 26@) for 1 <4 < 6n + 2, which take (6n+2)u, ”.

- Step 10 computes t + f(-" 2@ +3)(P@)°" 1) which takes 2my + ¢ + 2ieg + fe-

- Steps 11-17 compute vg;1; + f~+o+i(®) where j = {0,1,2,3,4,5} for 0 < i < n —1,
which take n(6my + 4cy + 4icy,).

- Steps 18-20 compute w + 75" gff)l .» which take (6n — 1)my + 307" fi.

- Step 21 computes w < t - wP@ =1 which takes 2my, + icy + I

The calculation cost of the hard part is given by (12n + 2)u, * + (18n + 3)my + (4n + 1)ci, +

(4n + )i, + Yoy - L+ £+ £

e Algorithm 3 for computing the hard part for the cases of any prime k = 6n — 1:

- Steps 1-3 compute f; < f(_””)i for 1 <i < 6n — 2, which take (6n — 2)u, ”.

- Steps 4-8 compute g; f(_”‘)jq’“(x) where j € {0,1}, g; + f(_w)ﬁiﬂ‘b"’(‘”) where j €
{0,1,3,4} for 1 <i <n—1, and ggp—4 < fm6"_4q’6("”), which take 5my + (n — 1)6my, =
(6n — 1)my.

- Steps 9-10 compute g; + f(_””)ﬁnfﬁi%(”‘) for 1 <4 < 6n, which take 6nu; ”.

- Step 11 computes t + f@&" 7 Le@+3)(P@° " =1 which takes 2my + cg + dop + o2
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Algorithm 2: Proposed hard part computation for curves with any prime k of £ = 6n+ 1.
Input: f E~G¢k(p)
Output: fi@ = f~@@)-1d'(2) ¢

1 fo < f;

2 for i =1 to 6n; do

s | fie £ /i
4 fori=0ton—1; do

5 L t < foit2 - fei+1s 96i < t - foir Goit1 <t foit3; //3my,
6 t < foit5 - foitds 9oitr3 < t- foi+3, Goita <t foite; //3my,
7 G6n—1 < Gon » 96n < Jon_1; //2u;”
8 for i =1 to 6n; do

9 L g6n+i < ggnﬂi_l; //u;JC
10 t<—gg,3-f3,t<—tp(”“')6~t_1; //2my + ¢ + 2ic, + fP
11 fori=0ton —1; do

12 Vei <= 96i; //0
13 V6i1 < (Jonteite - goir1) ' - foires //2my + ¢k + iy
14 | Usit2 < Gontoits  foiis; //mi + ¢k + ek
15 V6i+3 < J6i+3; //0
16 Veita < (J6n+6i+5 - Goita) - f<§’1:+5§ //2my + i + ek
17 | V6i+5 ¢ J6n46i+6 foive: [/mi + ¢ +icy

18 W <— Vn—1;
19 fori=1 to 6n —1; do

20 Lw(—w vgfl)ll I //mi + fi
21 w4t wP@® L //2my; + ek + fi
Return w;

- Steps 12-20 compute v; f~v®) where j = {0,1,2,3} and Veitj fvei+i(®) where
j=1{-2,-1,0,1,2,3} for 0 < ¢ < n — 1, which take bmy, + 3cx + 2ic + (n — 1)(6my +
Acg + digr) = (6n — 1)my + (4n — 1)cg, + (4n — 2)iy,.

- Steps 21-23 compute w + [[°"5° gff)g .» which take (6n — 3)my + > 0" fi.

- Step 24 computes w < t - wP® 1 which takes 2my, + iy + Ii.

The calculation costs of the hard part is given by (12n—2)u, * + (18n — 1)my, + 4ncy, + 4nicy, +
Z?nl 3 fk + f6n 2 + f]%

On the other hand, as described in Sect. 3.3, Algorithm 1 for computing the hard part given by
the formula [18] takes at least (k' —1) deg T'uf for any family of curves with a certain k. Note that &’ is
the value of Euler’s totient function by k. For the cyclotomic family of curves with a prime k = 6n+1,
since k' = 6n and T'(x) = —2%"+2 + z, it requires at least (6n — 1)(6n + 2)uf = (36n2 + 6n — 2)u?
for computing the hard part. Similarly for the case of a prime k = 6n — 1, since ¥’ = 6n — 2 and
T(z) = 25", it requires at least (6n — 3)(6n)uy = (36n? — 18n)uf. Since uj =~ u; ", this means
that the previous algorithm has O(n?) complexity, but the proposed ones have O(n). Therefore, the
proposed algorithms would be better choices than the previous ones for the families of curves with
prime k.

5.2 Calculation cost estimations for curves with £ =13 and 19

The authors estimate the calculation costs of the final exponentiation of the pairings on concrete
curves in the cyclotomic families of curves with primes k. In this paper, the authors employ the
seeds & = z( for generating concrete curves with £ = 13 and 19 which are suggested for the pairing
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Algorithm 3: Proposed hard part computation for curves with any prime k of k = 6n — 1.
Input: f €~G<I’k(17)
Output: fi@) = f~@@)-Dd(@) ¢

1 fo+ f;

2 for i =1 to 6n — 2; do

s | fie fi% /]y ”
at< forfi, 90t fo, 91t f3; //3my,
5 fori=1ton—1; do

6 t < fei—2 - fei—3, 96i—3 <t foi—1, Goi—a < T~ foi—as //3my
7 t < foit2 " fei+1, Goit+1 <t foi+3, G6i < t - fois //3my,
8 gon—a < fon—2 " fon—3 - fon—a; //2my,
9 for ¢+ =1 to 6n; do

10 L g6n—4+i < gg,f_5+i; //UEOE
11 t < Ggn_o - f3, t tp(2)" L //2my + i + ik, + ;?n_z
12 U0 < g0 " Jon—1 - f1, V1 ¢ g1 //2mi + ¢k + ey,
13 V2 < (gon+1 - f?‘?’)_l, V3 < gon+2 * g3 ff% //3my + 2¢k, + iy
14 fori=1ton—1; do

15 Vgi—2 < Goioi //ick
16 Vi—1 < (Gontoi—2 - [&;) ™Y /M + e + iy,
17 | V6i < Gon—1+6i - Y6i  [Eit1; //2mp + i,
18 | Vgit1 < Yot /[ick
19 | eit2 < (Gontoirt - foirs) //mi + e + iy,
20 | Ugit3 < Gont6it2 - 96i+3 - Soiras //2mi + ¢k
21 W < Vgn—3;
22 fori=1 to 6n —3; do

23 twew-vg@g%; /i + fi
24 w4 t - wPE L /[2my, + ik + fi

Return w;

at the 128-bit security level by Clarisse et al. in [8] and which are called BW13-P310 and BW19-P286,
respectively. The details of the parameters are presented in Table 2. According to [8], it could not
be found seeds for generating curves with kK = 11 and 17 for the pairings at the 128-bit security level.

The calculation costs of the arithmetics operations in F,« for £ = 13 and 19 can be replaced with
the cost of the multiplication in IF,, which is denoted as m in Table 3. Note that the authors refer to
[8, 15, 16, 27] and obtain Table 3. Then, the calculation costs of the proposed final exponentiation
for BW13-P310 and BW19-P286 are estimated as follows:

e (Calculation cost of the final exponentiation for BWw13-P310: Since the seed is given by = =
xo = —2224 = — (21 427 + 25 + 2%)  the calculation cost of the exponentiation by —x can be
considered as uy; = 3maz + 11s13 = 3(59m) 4+ 11(59m) = 826m. According to Sect. 5.1, it is
found that the hard part takes the calculation costs 26uiy” + 39m13 + 9ci3 + 11icq3 + 13f]€" =
26(826m) +39(59m) +9(118m) + 11(438m) + 13(12m) = 29813m. Adding the calculation cost
of the easy part mqz + i13 + fis = (59m) + (489m) + (12m) = 560m, the cost of the final
exponentiation is obtained as 30373m.

e Calculation cost of the final exponentiation for BW19-P286: Since x = zg = —145 = —(27+2%+
20), the calculation cost of the exponentiation by —z is given by ujy" = 2mi9+7s19 = 2(107m)+
7(107m) = 963m. Similarly, the hard part requires the calculation costs 38ujy + 57m1g +
13c19 + 15ic19 + 19f{g = 38(963m) + 57(107m) + 13(214m) + 15(1143m) + 19(18m) = 62962m.
Adding the calculation cost of the easy part mig + i19 + fig = (107m) + (1206m) + (18m) =
1331m, the cost of the final exponentiation is obtained as 64293m.
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Table 2: Curves with £ = 13 and 19 for the pairing at the 128-bit security level.

Curves (k, D, p) Seed x =z | logy p(zg) | log, p(z0)* | logy r(z0)
BW13-P310 (13,3,1.167) —2224 310 4027 267
BW19-P286 (19,3,1.111) —145 286 5427 259

Table 3: Calculation costs of the arithmetic operations in IF;A

k my Sk ik Cl ick f/i
131 89m | 59m | 489m | 118m | 438m | 12m
19 | 107m | 107m | 1206m | 214m | 1143m | 18m

Table 4: Calculation costs for the final exponentiation of the pairings at the 128-bit security level.

Curves Clarisse et al. [8] | This work | Reductions [%]
BW13-P310 57827Tm 30373m 47.5
BW19-P286 175746m 64293m 63.4

Table 4 summarizes the results of the calculation cost estimations given by Clarisse et al. [8]
and this work. Note that [8] refer to the method by Kim et al. [23] and estimated the calculation
costs as 53834m + 9i13 and 160824 + 1319 for BW13-P310 and BW19-P286, respectively. Since the
cyclotomic inversions are available during hard part computation, the authors revise the costs as
53834m+i13+8ic13 = 53834m~+(489m)+8(438m) = 57827m and 160824m+i19+12i.19 = 160824m—+
(1206m) + 12(1143m) = 175746m for BW13-P310 and BW19-P286, respectively. The estimation
result shows that there are 47.5% and 63.4% reduction of the calculation costs for BW13-P310 and
BW19-P286, respectively. Thus, the proposed algorithms are considered to provide state-of-the-art
computations for these curves. It is also expected that the performances of the pairings on these
curves are significantly faster than previously considered.

6 Conclusion

In this paper, the authors presented formulas for generating the hard part representations of the
final exponentiation for the cyclotomic family of curves with any prime k. For the small cases of
k, the formulas give rise to one of the same hard part representations given by the lattice-based
method [12]. The authors also constructed algorithms for computing the hard part which can be
applied for any case of prime k. The algorithms have significantly lower complexity than ones given
by Hayashida et al. [18] for any families of curves. At least for BW13-P310 and BW19-P286 for the
pairing at the 128-bit security level, the proposed algorithms can achieve current state-of-the-art
computations. As one of the future works, the authors would like to obtain similar results for the
other families of curves.
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A  Proof of Theorem 1

The authors describe the proof of Theorem 1. In this context, the authors start to modify d’'(x) =
c(x)d(z) where d(x) = ®x(p(x))/r(x) by using the expansion of Eq. (13) given by Hayashida et al. in
[18]. In this case of the cyclotomic family for a prime k = 6n+ 1, one can determine the polynomials
hi(z), he(x), T(z) € Q[z] from the properties of the cyclotomic polynomial in Egs. (8) and (9) and
definition of (p(x),r(x),t(x)) in Eq. (15) as follows:

hi(z) = <I>66(33)2/3, _
ha(z) = 370 T(x)'/r(x), (39)
T(x) = -2 42,

Since the value of Euler’s totient function is ¥’ = k — 1 = 6n and the k-th cyclotomic polynomial is
given by @ (X) = Z?ZO Xt d'(z) can be denoted as follows:

6n—16n—1—1

d' (z) = c(x)hi(x) T(x) p(x)" | +c(x)ha(x). (40)
=A(z)

where the first and second terms are referred to as A(x) and B(z), respectively.

(i) Modification of A(x). For a non-negative integer s, let ms(z) be a polynomial defined by
ms(x) = c(x)hi(z) ijo T(x)?. For s = 0, since c(z) = (25" — 1)/®g(z), it is clear that mg(z) =
251 ®g(x) — Pg(z). In fact, for s > 0, m,(x) is denoted as follows:

ms(xz) = —3 iT(x)’p(x) — &g (x)T(2)% + 2°" D¢ () + 3 Z T(z)". (41)
1=0 =1

which can be easily proven by the injection of s. The above formulas provide the following modifi-
cation of A(x).

6n—2 6n—1
+ (-3 T(x)'p(x) — ®g(z)T ()" + 25" Pg(x) + 3 Z T(x)l> p(z)°

)
+ (2% P (2) — 3 — P (2) T (x))p(x) ™"~
+ (25" () — 3 — Do (2) T ()?)p(2)" > +
6n—1

+ @ Do(r) = 3 — Be() (@) p(e) +3 3 T(@)'

6n—1 ) 6n—1 = ] . 6n—1 .

= (Z (%" @ (2) — 3)?(3?)’) - (‘Pes(:v) > T(w)G”_l_’p(ﬂﬁ)’> +3 ) T(a), (42)
=0 =0 =0
=A; () =As(x) =Az()

where the first, second, and third terms are referred to as A;(z), A2(x), and As(x), respectively.
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(i) Modification of As(x). For a non-negative integer s, let ng(x) be a polynomial defined by
ns(x) = ®g(z)T(x)*. For s > 0, it is possible to denote ng(x) as follows:

ns(x) = as(z)p(x) + Bs(z) — as(z)T (), (43)

where a,(z) and Ss(x) are polynomials in Q[z] defined as follows: Note that a polynomial ~vs(x) is
defined for representing a(x).

0 if s=0,
@)= o () ) o0 (44)
e if s =0 (mod 6),
—20 5P (2) + 25Pg(2) if s =1 (mod 6),
) —atrritsgg(a) if s =2 (mod 6),
Bs(x) = 5P () if s =3 (mod 6), (45)
2015 By (1) — 2°Bg(xz)  if s =4 (mod 6),
g6+l g (z) if s =5 (mod 6),
0 if s=1,4 (mod 6),
ve(z) ={ 32° ifs=2,3 (mod 6), (46)
—3z° if $=0,5 (mod 6).

The correctness of the above equation can be proven by induction on s’ > 0 such that s = 6s’ +
i >0 fori € {1,2,3,4,5,6}, however, that is omitted in this paper. The important fact is that
Bs(x) +7vs41(x) = —ps(x) for s > 0, which can be easily confirmed from the definition. Then, As(x)
is represented as follows:

6n—1
As(@) = > ngn-1-s(z)p()’
i=0
= (a0 (@)p(x) + Bo(x) — (@) T ())p(x)*
+ (a1 (2)p(x) + fr(x) — an ()T (z))p(z) "2
+ (c2(2)p(x) + Ba(x) — az(x)T(x))p(x)" > +

) (z)
+ (B1(x) — on(2)T'(2) )p(x)°r—?
(Ba(x) — az(@)T(2) + az(x))p(a)™ > +
+ (Bon—1(x) — agn—1(2)T(z) + agn(x))p(x)°
— agp(2)
= (Bo(x) + 71())p(a)*
+ (Bu(x) + 2 (x))p(x)*" 2
+ (Ba(x) + y3(2))p(x)" 7 +
+ (Bon—1(2) + v6n(z))p(2)°
— (a0 (@) + 1 (@)NT (@) + -+ + Yon—1T(2) + Yo (2))
6n—1 6n—1
== (Z M6n—1—i($)p($)i> - (Z 76n—z‘(37)T($)i>a (47)
i=0 i=0
Ao (z) A ()

where the first and second terms are referred to as As; (z) and Aga(x), respectively.
(iii) Modification of B(z). The polynomial B(z) can be modified as follows:

B(x) = c(x)hs(z)
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c(x)T(x) Yoy T(@) + c(x)

_ (Br() + aPe(x) +3) 300 T(a) + efx)
r(z)

6n—1 ne1 ;
- <3 $ TW) L o()(ae(r) +8) S0 T(@) 4 ela) "

Gn+1 ’
i=0 g (20" )

=B (z) Ba(x)

where the first and second terms to as B;(x) and Ba(x), respectively.
According to the modifications (i), (ii), and (iii), it is found that d’'(z) is denoted as
d(x) = A(z) + B(z) = A1(x) — (A2 (2) — Az () + As(z) — Bi(x) + Ba(x)
= A1(w) + A21(x) + Az () + Ba(z)
6n—1

- Z (29" ®6(2) — 3 + pion—1-i(x)) p(x)" + Asa(z) + Ba(z). (49)

=0
Thus, it is enough to show that Agq(x) + Ba(z) = 0 is true. Since Bg( ) involves denominator
D6 (z57F1), it is enough to show that ¢ () = (20 1) By(z) = B (2)((x%c(x) + 3) S0"s ' T(x) +

o(z)) and to(z) = —Bg(a0" 1) S y6, i(2)T(z)" are the same. Although the authors do not
show the details in this paper, it is confirmed that ¢;(z) = 3(25" — T'(z)5") = ta(z). Thus, Theorem
1 is true. g

B Proof of Theorem 2

In the following, the authors describe proof of Theorem 2. Similar to proof of Theorem 1, the authors
modify d'(z) = c¢(x)d(z) where d(x) = @y (p(x))/r(x) is given by Eq. (13). For the case of the family
of curves with a prime k = 6n — 1, one can determine the polynomials hy(z), he(z), T(z) € Q[z]
from Egs. (8), (9), and (16) as follows:

(0) = oo
hao(z) = Y0007 T(2)/r(x). (50)
T(x) = 2%

Since the value of Euler’s totient function is ¥’ = k —1 = 6n — 2 and the k-th cyclotomic polynomial
is given by @4 (X) = 26" 2 X', d'(z) can be denoted as follows:

d'(z) = Z Z +c(x)ha(z), (51)
0 U= ~B(a)
=A(z)

where the first and second parts are referred to as A(x) and B(x), respectively.

(i) Modification of A(x). For a non-negative integer s, let ms(z) be a polynomial defined by
ms(z) = c(z)hi(z) Y;_o T(z)". Then, for s = 0, it is clear that mg(z) = 29" ®¢(z) — 25" 2P (z) —
D(x). For s > 0, ms(z) is written as follows:

ms(xz) =3 (a:T(m)s_l - iT(m)’) p(z) — 2T ()" ®g(2) — 2" 2®¢(x) — 3 <xT(m)s - ZT(:U)’) .

(52)
which can be easily proven by the injection of s. This leads to the following modification of A(x).

6n—3

— Z Men—3—i(T)p(x)"
i=0
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(21 () — 22D () — D) p(2)*"
+ (3~ Dple) — 2@e(r) — 22 Pg(x) — 3T () — T(a)plar)
+ (3T () — Tlw) = ple) — 2T (@) () — 2B ()

= 3T (@) = T(w)? = T@))p(a)* " + -+

6n—4
+ <3 (xT(x)6”4 — Z T(x)i> p(z) — 2T (2)5" 1 ®g(2)

=0

6n—3
_xGn—Zq:,G(x) —3 <£T($)6n_3 _ Z T(Jj)l>> p(gj)O

= (B 2g(@) — 3 2 () — () + B )p(a)
(=052 () — 3 — g (w))p()""
+ (=220 (@) = 3 — aT (@)@ (@)p(e) " 4+

6n—3
+ (=252 ®g(z) — 3 — 2T(2)""*®6(2)) p(z)° — 3 <xT(x)6"3 - Z T(:c)l>

= (Z (—a" 2P (x) — 3)p($)i> + (m(ﬂlﬁ)p(a?)ﬁ"_3 - i x%(x):r(x)ﬁ"—‘l—ip(x)i)

=0 =0
=A; () =As(x)
6n—3 .
+3 ( > T(x) - xT(z)6"3> . (53)
=0
:Ag(JL’)

where the first, second, and third terms are referred to as A;(z), A2(x), and As(x), respectively.

(i) Modification of As(x). For a non-negative integer s, let ngs(x) be a polynomial defined by
ns(z) = >0, aPs(x)T(x)*. Then, ns(z) can be denoted as follows:

ns(x) = as(2)p(r) + Bs(x) — as ()T (z), (54)

where a;(z) and Ss(z) are defined as follows: The authors also define () for representing o ().

0 if s =0,
“5(”:{ o1 (2)T(2) +7s(x) it s >0, (55)

251 0g () if s =0 (mod 6),
26+ dg () if s =1 (mod 6),
285 Pg(x) — 25 Pg(x)  if s =2 (mod 6),
Bs(z) = — 251 (1) if s =3 (mod 6), (56)
T ) if s =4 (mod 6),
—25 5P (x) + 251 Pg(x) if s =5 (mod 6),
0 if s=1,4 (mod 6),
vs(z) =<{ 32Tt if s=2,3 (mod 6), (57)
=3zt if s=0,5 (mod 6).

This can be proven by induction on s’ > 0 such that s = 6s’+4 > 0 for i € {1,2,3,4,5,6}. Note that
there is a relation Bq(x) + vs41(z) = —vsy1(x) for s > 0. Then, As(x) can be modified as follows:

6n—4

AQ(I‘)ZV()( 6n 8 Z Nen—4— z )
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— (Bo(x) — ag(x)T(z) + an (x))p(x)*"~*
— (B1(2) — a1 (2)T(2) + az(2))p(x)*"°
— (B2(x) — az(@)T(x) + as(@))p(x)*" % —
— (Bon—a(x) — agn-a(x)T(2) + aen—3(z))p(z)’
+ agn—3(x)
= vo(a)p(x)*"?
— (Bo(@) + m(a))p(x)*"~*
— (B1(x) +72(2))p(x)*"°
(z) a))p(a)*" " —

— (Bon—1(x) + Yon—s(x))p(x)"
(eo(@)T () + ()T (@)™ + - + Yon—a(2)T(2) + Yon—3(x))

+
= (Z V6n7372 > (Z Yén—3— z ))7 (58)

=A21(x) =Aga(x)

where the first and second terms are referred to as Asy(z) and Asq(z), respectively.
(iti) Modification of B(z). The polynomial B(z) can be modified as follows:

6n—=2mp ) p6n—1 _ ;6n—2 _ 6n—2 )t
Bla) = cloa(w) = L2 Jimn TS s (s)

According to the modifications (i), (ii), and (iii), it is found that

d'(z) = A(x) + B(z) = A1(z) + (A21(2) + A2z(2)) + As(2) + B(x)
6n—3
= ) (=277 =3+ ven—si(2))p(@) + Asa(x) + As(z) + B(x). (60)

Thus, it is enough to show Asg(z) + As(x) + B(z) = 0. Since B(x) is denoted as Eq. (59), it is
equivalent to show —®g(25"71)(Aga(z) + Az(z)) = 3(z5"~1 — 25772 — 1) Z?ﬁgz T(z)". Although
the authors do not present the details, it is obtained that —®g(25" 1) Ag(z) = —Pg(x5"71) -
3020 Ans-i(2)T(2)! = —3(aT(2)°"3+a"2) and —g(2°" 1) A3(x) = —@g(a®" ) T T(w)
aT(z)n3 = 3(257 1 — 2572 — 1) 25252 T(x)" + 3(xT(z)®" 3 + 257=2), which indicate that the
equation is held. Thus, Theorem 2 is true. O
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