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NEWTON-RAPHSON METHOD FOR COMPUTING
p-ADIC ROOTS

GWANGOO YEO*, SEONG-JIN PARK** AND YOUNG-HEE Kim***

ABSTRACT. The Newton-Raphson method is used to compute the
g-th roots of a p-adic number for a prime number g. The sufficient
conditions for the convergence of this method are obtained. The
speed of its convergence and the number of iterations to obtain a
number of corrected digits in the approximation are calculated.

1. Introduction

Let p be a prime and Q,, be the field of p-adic numbers. The theories
of p-adic numbers have been applied in several areas not only in mathe-
matics but also in scientific areas ([9]). Many efforts have been made to
find solutions of p-adic equations, but it was difficult to find it out right
away, so people started to research ways to compute the approximate
solutions using numerical methods ([8]). To start with, there has been
a research on how to find square roots of p-adic numbers ([10]). Also,
a variety of ways to find roots has been researched, such as Newton’s
method or other methods in numerical analysis like secant method. The
researches continued on finding the cubic root of p-adic numbers. These
were done using the same technique that was used in finding square roots
of p-adic numbers ([2], [3], [5]). The latest research was on computing
fifth roots of p-adic numbers ([7]).

In this paper, we use the Newton-Raphson method for computing
p-adic roots and generalize previous results in [5] to the case of the g-th
roots of a p-adic number in Q, for any prime number ¢g. Consequently,
we have the sufficient conditions for the convergence of Newton-Raphson
method for computing the ¢-th roots of a p-adic number. We calculate
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the speed of its convergence and the number of iterations to obtain a
number of corrected digits in the approximation.

2. Preliminaries

Let p be a prime number and x € Q (z # 0). The p-adic order of x,
ord,x, is defined by

g — the highest power of p which divides x, if x € Z,
orept = ord,a — ordpb, ifx=7%, a,beZ,b#0.

Consider a map | - |, : Q = R* defined by
|x| B pfordpar7 if ¢ 7& 0,
P 0, if 2 =0.

The field Q,, of p-adic numbers is the completion of the field Q of rational
numbers with respect to the p-adic norm | - |, ([4]).

A p-adic number a € Q, is said to be a p-adic integer if this canonical
expansion contains only nonnegative powers of p. The set of p-adic
integers is denoted by Z,, and we have

Zp:{25kpki 0<Br<p—1}={a€Q,:ordya>0}.
k=0

A p-adic integer a € Z, is said to be a p-adic unit if the first digit Sy
in the p-adic expansion is different from zero. The set of p-adic units is
denoted by Z; ([4]).

A p-adic number b € @, is said to be a g-th root of a € Q, of order
k if b? = a (mod p*) for k € N ([9]).

To discuss the g-th roots of p-adic numbers, the following lemma and
proposition are needed ([4], [9]).

LeEMMA 2.1. Let a,b € Q,. Then a and b are congruent modulo p*
and write a = b (mod p*) if and only if |a — b, < 1/pF.

PROPOSITION 2.2. Let x be a p-adic number of norm p~". Then x
can be written as the product x = p"u, where u € Z,.

The next theorem is the basic for the existing results on p-adic roots
in Zy, ([4]).

THEOREM 2.3. (Hensel’s Lemma) Let F(z) = co+c1w +cox? + - -+
cnx™ be a polynomial whose coefficients are p-dic integers. Let

F'(z) = ¢; + 2com + - - + nepa™ ™t
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be the derivative of F'(x). Suppose aq is a p-adic integer which satisfies
F(ap) =0 (mod p) and F'(ag) # 0 (mod p). Then there exists a unique
p-adic integer a such that F'(a) = 0 and a = ag(mod p).

The following result is obtained from Hensel’s Lemma ([4]).

THEOREM 2.4. A polynomial with integer coefficients has a root in
Zy, if and only if it has an integer root of modulo p¥ for any k > 1.

The following theorem provides the conditions for the existence of
the g-th roots of p-adic numbers ([6]).

THEOREM 2.5. A rational integer a is not divisible by p has a g-th
root in Zy(p # q) if and only if a is a g-th root residue modulo p.

From this, we have the following result by the similar ways in [6].

THEOREM 2.6. Let p be a prime number.
(1) If p # q, then a = p® %%y € Q, for some u € Z;, has a g-th root in
Qp if and only if ord,a = gm for m € Z and u = v? for some unit
v E Zy.
(2) If p = q, then a = ¢°%% € Q, for some u € Zy has a g-th root
in Q if and only if ord,a = gm for m € Z and u = 1 (mod ¢*) or
u =k (mod q) for some k (2 <k <q-—1).

3. Main results

To compute a ¢-th root of a p-adic number a is to find a solution
of 7 = a. There are many numerical methods to find roots of p-adic
numbers, but we use the Newton-Raphson method because of the speed
of convergence of the approximate solutions ([1], [3]).

Let a € Qp (a # 0) be a p-adic number such that |a|, = p™9™ (m € Z)
and let {x,} be a sequence of p-adic numbers derived by the Newton-
Raphson method. We know that if there is a p-adic number § that
satisfies 87 = a, then |z,|, = [B], = p™™.

The iterative formula for the Newton-Raphson method to find the
solution of the equation f(x) =0 is that for n € NU {0}

ey =y — L)

f'(@n)

Let f(z) = 2% — a. Then the iteration (3.1) becomes the recurrence
relation

(3.1)

— 12
xn+1=@)#+a, n=01,2.... (3.2)

qTn
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We have from the binomial theorem that

f(xng1) = 3331+1 —a

1 _ _
= —; aCola = D% + [(Ci(g = )T = ¢t Va
qixy (3.3)

+,Ca(q — 1)7 2200022 4 ,Ca(q — 1)97320073)g3 4 ...
+4C(g-1)(q — Dafa?™ + ,Cya’},
where ,C, = (q_qir!)m for 0 <r <gq.
Let P(z7) be
P(af) = (Colg = 1) +[,Ci(g = )7 = ¢'Jafe Vo
+ ,Co(qg — 1) 22807202 4 C5(q — 1)732007 33 (3.4)
+ -+ qClg-ny (g - Dafa®™" + 4Cyal
in (3.3). By substituting a for z7 in (3.4), we have
P(a) = a{4Colq —1)" +4C1(q = D' 4+ + 4Cy1(a — 1) +4Cq — ¢}
=a"{(g-1+1)"— ¢} =0.
Therefore P(z}) can be factored by (z}, — a). And so we can write
P(ay,) = (25, — a)G(x7), (3.5)
where
G(ah) = (g — 1% + {,Colg = 1)+ ,Ci(g — 1) — ¢*} 24 )a
+{4Co(q— 1)+ ,Ci(g = 1) +,Ca(g — 1)7> — ¢*} 280 2a® 4 ...
+{4Colg = 1) +4Cilg = D) +Calq = )77+ 4+ Cymrg — 1) — ¢"} .

(3.6)
Substituting z# by a in (3.6), we have
G(a)
= 4Coq(qg — 1)+ 4Ci(g — 1) (g — 1) + Calqg — 2)(g — 1)*?
+ot 2qu_2(q - 1)2 + qu—1(q —1)—q¥(q—1)
I !
=—q'(q—1)+ HZO m(q —n)(g—1)"" (3.7)
q
= —q"(g— 1)+ Y alg— D{g1Culg— )77 1"}
n=0

=q'(¢—1)—q'(¢g—1)=0.
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Therefore G(x}) can be factored by (z7, —a). By (3.5) and (3.7), we
have

P(x8) =(28 — a)* (2128772 + 2022073 q 4 23281 Vg? 4 ...

3.8
+ 24—323a973 4 a172), 38)
where zj, is a natural number for 1 < k < ¢ — 2. Also we have
1
Tpil — Ty = T(a —xl). (3.9)
qTn

Therefore we have the following result.

THEOREM 3.1. Let ¢ be a g-th root of a of order r.
(1) If p # q, then z,, is a g-th root of a of order 2"r — gqm(2"™ — 1).
(2) If p = q, then x,, is a g-th root of a of order 2"r — q(m + 1)(2" —1).

Proof. Let {x,} be the sequence defined by (3.2) and zg be the g-th
root of a of order r. Then, by the assumption and Lemma 2.1,

zd—a=0 (modp") = |z —al, <p™". (3.10)
We have from (3.8) that

q—4

|P(xd)]p Spiwmax{‘zlx%(qd”p? ‘221';11((173)@‘1)7 ’2337%( )az‘pv (

3.11)
cees |Zq—3$%aq73‘p7 ’aq72‘p}v

where z;, € N with 1 < k < ¢ — 2. The sum of exponents of z7 and
a at each element of zkx%(qfkfl)ak_l is a constant ¢ — 2. If there is
a j number of factor of g in z;’s, the p-norm of the element is equal
to p~99=2)=J which is smaller than |a972|,. Since |z#|, = p~9™ and
lal, = p~9™, it follows from (3.3), (3.10) and (3.11) that

1

——| p T .paaD), 3.12
R pp (3.12)

|~’C? —alp, <

By (3.12), we have

|z —al, < pT™, (p#4q),
_ 3.13

{ ’x({ — a‘p S pq(m+1) 277 (p — q) ( )
We also have from Lemma 2.1 that

2{—a=0 (mod p?"—Im), (p # q),
z{ —a=0 (mod p*~4"+V)  (p=yq).

In this manner, we have that if p # ¢, then
2 —a =0 (mod p?). (3.14)

n
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Here ¢,, is expressed as
G0 =71, Ppt1 = 2¢0n —qm,
which is equivalent to
On =2"r — gm(2" —1).
When p = ¢q, we have
29 —a =0 (mod p®).
Similarly, ¢/, can be expressed as

¢, =2"r —q(m+1)(2" - 1).

(3.15)

(3.16)

(3.17)

(3.14) and (3.16) are proved by the mathematical induction. Then the

proof is completed.

O

Let {e,} be the sequence defined by e, = z,+1 — x,, at each step of
the iteration {z,} for n € NU{0}. Then we have the following result.

THEOREM 3.2. Let zg be a q-th root of a of order r.

sequence {e,} equals to
€n
€n

Y =2"r —m(q-2" —1),
Y =2"r—(m+1)(q-2"—-1)+q— 2.

Proof. We have from (3.9) that for all n € N
1

—1
qad

(mod p¥), ifp#q,

0

where

la — x%|p-
p

|xn—|—1 - xn|p = '

By the strong triangle inequality,
la — 2l < max{lalp, |27 |p}-
Then we have from (3.20) and (3.21) that

|5L'n+1 - 13n|p < p(q—l)m—qb/n’ (p 7& q)v
’xn-l-l - xn|q < q(qil)m7¢n+l7 (p = Q)'

By Lemma 2.1, (3.22) is equivalent to

e, =0 (mod pPr—la—tm), (p # ),
en =0 (mod ¢ {la=m+1h) (= ¢).

Then the

(3.18)

(3.19)

(3.20)

(3.21)

(3.22)

(3.23)
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We put
n = ¢n = (¢ —1)m, (» # 4),

R o A (324

By (3.15), (3.17) and (3.24), we have
{ n = 2" —m(g-2" —1), (p # q),
bp =2"r —q(m+ 12" =1) = (¢ =m =1, (p=gq).
Since (3.25) equals (3.19), (3.23) implies (3.18) and so the proof is com-
pleted. O

(3.25)

REMARK 3.3. By Theorem 3.2, we can calculate the number of iter-
ations to obtain a number of corrected digits in the approximation. If
p # q, then the rate of convergence of the sequence {x,} is of order v,.
When r — gm > 0, the number of iterations to obtain M correct digits

n is
. ln(%;:n”)
In2 '

If p = g, then the rate of convergence of the sequence {z,} is of order
Y. When r — g(m + 1) > 0, the number of iterations to obtain M
correct digits n is

M—(m+q—1)
g )
In2 ’
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