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p-ADIC POWER SERIES WHICH COMMUTE
UNDER COMPOSITION

HUA-CHIEH LI

ABSTRACT. When two noninvertible series commute to each other, they have
same set of roots of iterates. Most of the results of this paper will be concerned
with the problem of which series commute with a given noninvertible series.
Our main theorem is a generalization of Lubin’s result about isogenies of formal
groups.

1. INTRODUCTION

Let f(z) = Y07 apz™ and g(z) = Y07, b,x™ be formal power series with-

n=1 n=1
out constant terms. We use the symbol f o g to denote the formal power series

>°%° | cpx™ obtained by substituting g for z in f and rearranging according to

n=1
powers of z. We say g commutes with f in the sense that
fog=gof.
In complex analytic dynamics, when 0 < |f/(0)] = |a1] < 1 and f is convergent

for |z| < p, where p > 0, the commuting family of this analytic function f(z) are
completely mastered by the Schréder’s functional equation: L(f(z)) = f/(0)L(2),
where L(z) is a unique function with L’(0) = 1 which satisfies this identity and
converges in some neighbourhood of 0. Not only can one express all iterates f°™(z)
as L°71(a"L(2)), but with arbitrary b; the expression L°~1(b;L(z)) gives us the
unique power series g(z) with ¢’(0) = by which commutes with f(2).

Let K be an algebraic extension of Q, and let O be its integer ring with maximal
ideal M. If K is an algebraic closure of K, we denote by O and M the integral
closure of @ in K and the maximal ideal of O, respectively. The set of all power
series over O without constant term is a monoid (noncommutative, associative,
with unit) under composition. A series u(x) € Ol[z]] without constant term is
called invertible if there exists a series w(zx) € O[[z]] such that v ow(x) = z. A
necessary and sufficient condition for u(z) to be invertible is that u/(0) € O*.

If f(z) € O[[z]] without constant term and 0 # f/(0) € M, then we call f(x)
a noninvertible stable series. In this case, Lubin [2] shows a similar result as in
complex dynamics: for any noninvertible series we can find a unique Ly(x) with
L+(0) = 1 such that Ly (f(x)) = f'(0)Ls(x) and Ly (x) converges in M. Therefore,
for any b; € K, g(z) = L‘}_l(blLf(x)) is the unique power series in K[[z]] with
g'(0) = by which commutes with f(z). We define A(f) = {a € M| f°"(a) =
0, for some n }, the set of all roots of iterates of f(x). The roots of iterates are of
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serious interest. Lubin [2] also shows that if g(z) € O][z]] is a noninvertible series
which commutes with f(z), then A(f) = A(g). One of the principal topics of this
note is the question of which series in O[[z]] commutes with a given one.

In the commuting family of f(z), there may exist a series g(z) € Ol[z]] such
that ¢ = ho f but h(z) € O[[z]]. One may ask under what conditions this can
not happen. In a formal group case, Lubin [4] shows that if f, ¢ € Endp(F) for
some formal group F and f|g, then there exists h € O[[z]] such that ¢ = ho f.
Our main theorem is a generalization of Lubin’s result (without any formal group
in the back ground) which says that the necessary and sufficient condition for a
series g(x) which commutes with f(z) to satisfy g(z) € O[[f(z)]] is that every root
of f(z) is also a root of g(z).

The work presented here is part of the author’s 1994 Brown Ph.D. thesis. With-
out Professor Rosen’s continued help and encouragement, none of this work would
have been possible. Professor Lubin was the one who introduced the author to the
field of p-adic Dynamical Systems. His guidance in this research was indispensable.

2. NEWTON COPOLYGONS AND VALUATION FUNCTIONS

Recall that K is a field which is complete with respect to a valuation v. We
normalize the valuation v such that v(7) = 1, where 7 is a generator of M. There
is a unique extension of v to K, and this will likewise be denoted v.

Throughout this paper we deal exclusively with power series f(z) € O][z]] such
that f(0) = 0 and f’(0) is neither 0 nor any root of 1. We also suppose that not
all coefficients of f(x) are in M. We denote this set by So(O). The lowest degree
in which a unit coefficient appears will be called the Weierstrass degree of f(z),
denoted wideg(f). According to the Weierstrass Preparation Theorem there exist
a unit power series U(x) € O[[z]] and a distinguished polynomial P(x) € Ol[x]]
(P(x) = 2™ + bp_12" 1 + -+ + by where b; € M) such that f(z) = P(z)U(x) and
deg(P) =wideg(f). It is easy to see that wideg(f o g) = wideg(f)wideg(g).

The Newton polygon is a natural tool to study the roots of p-adic power series
(see Koblitz [1, pages 89-100]). Another geometric object, which contains the
same information as the Newton polygon, is the Newton copolygon. Let f(x) =
>0, anz™. The Newton copolygon of f(z), N*(f), is defined to be the intersection
in the Cartesian plane of all halfplanes defined by the inequalities y < iz + v(a;).
A part of the line y = iz + v(a;) is a segment of N*(f) if and only if there exists
a € R such that ia + v(a;) < jo+v(a;) for all j #i. A point (§,n) is a vertex of
N*(f) if and only if there exist ¢ and j such that n = i + v(a;) = j€ + v(a;) and
J'€+v(aj) >nforall j" # i.

It is easy to see that two power series have the same Newton copolygon if and
only if they have the same Newton polygon: indeed, the polygon and copolygon
are essentially dual convex bodies. We have the following facts:

Lemma 2.1. The vertices of N(f) (Newton polygon of f(x)) are in one-to-one
correspondence with the segments of N*(f); if (P,S*) is a corresponding pair, the
x-coordinate of P is the slope of S* and the y-coordinate of P is the y-intercept of
S*.

Proof. P = (i,v(a;)) is a vertex of N'(f) if and only if there exists & such that for
all j >4 and j' <1, (U(ai) —U(aj))/(i—j) > —£> (U(ai) —U(aj/))/(i —j"). Thus
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i€ +v(a;) < j€+v(aj), for all j # i. This is equivalent to the assertion that a part
of y = iz + v(a;) is a segment of N*(f). |

Lemma 2.2. The nonvertical segments of N'(f) are in one-to-one correspondence
with the vertices of N*(f); if (S, P*) is a corresponding pair, the x-coordinate of
P* is the negative of the slope of S and the y-coordinate of P* is the y-intercept of
S.

Proof. If P* = (£,7m) is a vertex of N*(f), then choose smallest ¢ and biggest ¢ such
that n = 1§ + v(a;) = '¢ + v(asr). This condition and j& 4+ v(a;) > n tell us that
the segment S which connects (i,v(a;)) and (', v(ay)) is a segment of N'(f). It is
easy to check that the slope of S is —¢ and the y-intercept of S is i€ + v(a;) = 7.
The converse follows, if one reverses the above argument. O

The following is a consequence of the basic property of the Newton polygon
(Koblitz [1, IV, Corollary of Theorem 14]) but is of sufficient importance to merit
its own statement.

Proposition 2.3. Let P* be a vertex of the Newton copolygon of f(x) € Kl[z]].
If the x-coordinate of P* is  and the change in slope at P* is N, then there are,
counting multiplicity, precisely N values of x € K for which f(x) =0 and v(z) = &.

The valuation function of f(z), denoted ¥ ¢(z), is a real-valued polygonal func-
tion defined for nonnegative values whose graph is the upper boundary of the New-
ton copolygon. We know that for any a € M if v(a) is not the a-coordinate of any
vertex of the Newton copolygon, then the relation v(f(a)) = ¥r(v(a)) holds. It
follows from this that if g(z) is another series without constant term, then

\I/f o \I/g = \I/fog.

If f(z) € So(O) is a noninvertible stable series with wideg(f) = d < oo, then the
valuation function of f(z), ¥s(z), is a strictly increasing polygonal function with
finitely many segments. The leftmost segment is the line y = dx and the rightmost
segment continuing to infinity is the line y = a + v(f’(0)). All the segments of
Us(x) lie entirely above the line y = x (i.e. Us(z) > z). We want to know which
series commute with f. One sees that if fog = go f, then ¥y oV, = Vs, =
Vyor = WgoWy. Therefore, we first treat the problem of which polygonal functions
commute with U,(z). Since we are talking about valuation functions of some
series over O with finite Weierstrass degree, so we just pay attention to increasing
polygonal functions, ® : Rt — R starting at the point (0, 0) (i.e. ®(0) =0), and
having finitely many segments.

Lemma 2.4. Let ®1(x), Po(x) be two polygonal functions which commute with
\Iff(di)
(1) If the leftmost segment of ®1(x) and Po(x) is equal, then ®1(x) = Po(x).
(2) If the rightmost segment of ®1(x) and Po(x) is equal, then ®1(x) = Pa(x).

Proof. (1) Suppose that ®;(x) and ®o(x) are two different polygonal functions
commuting with U ;(z) such that their leftmost segments have same slope. We can
find £ and € such that ®;(z) = ®o(x) when 0 < z < &, and ®1(x) = rz + s1,
Do(x) = rox + so when z € I = (§,€ + ¢€), where r1 # 7. Since ¥s(z) > z and
Us(x) is a continuous increasing function, we can find I’ = (§,£ + €’) such that
& +e€ <&and ¥y(I') C I. After adjusting €', we can suppose that Uy(z) =rz+s
when € I'. Hence Wy (®1(x)) = @1(Vy(x)) = ri(rz + s) + s1 and ¥p(Pa(x)) =
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Do (P y(x)) = ro(re + s) + s2, if x € I'. Since ®1(x) = Po(x), if © € I', we have
ri(re+s)+s1 = ro(re+s)+sq forallz € I'. Thus rir = ror and r18+81 = ros+sa.
Since r # 0, we have that s; = so and 1 = ro. This is a contradiction.

(2) Repeat the argument as above mutatis mutandis. O

Lemma 2.5. Let wideg(f) = d = pi*---p$* = ¢°, where ¢ = ged(aq,...,ay)
and p;’s are distinct primes. Then for any polygonal function with finitely many
segments which commutes with U (x), its leftmost segment must have slope q* for
some t € Z.

Proof. Let ®(z) be any polygonal function which satisfies our assumption. Since
the slope and y-intercept of every segment of W¢(x) are integers, it is easy to check
that the leftmost segment of ®(x) is y = ra and the rightmost segment of ®(z) is
y = x + a, where r and a are rational numbers. Because a is a rational number,
we can find n,m € Z such that nv(f’(0)) = ma. The rightmost segment of ¥5" ()
(resp. ®°™(z)) is y = x + no(f’(0)) (resp. y =  + ma). Lemma 2.4 tells us that
UG (x) = @™ (z). The slope of the leftmost segment of W5 (x) (resp. ®°™(x)) is

d" (resp. r™). We have that pi** ---p\** = r™. Suppose that r = pfl . -pf*. The

equality tell us that
o o o
m :nc—l; ms :nc—2;... ; MmOy = ne=2.
c c c
Since ged(aq /e, ... ,ax/c) = 1, we have that m|nc. Let t = nc/m. Then r =
¢
q-. O

Proposition 2.6. The set of polygonal functions which have finitely many seg-
ments and commute with ¥ ¢(x) is a cyclic group under composition.

Proof. Since ¥ ¢(z) is a strictly increasing function, every polygonal function, ®(x),
which commutes with ¥¢(z) is also strictly increasing. Therefore there exists a
unique polygonal function ®°~!(z) which commutes with ¥(x) and satisfies ® o
®°~!l = 9°~ 1 o P = [(z) (identity map).

For every polygonal function which satisfies our assumption the slope of its
leftmost segment has the form ¢. Choose t, to be the smallest positive integer
among those t’s and let Uy (x) be such a polygonal function whose leftmost segment
is y = ¢'°z. Let ®(z) be any polygonal function which has finitely many segments
and commutes with W¢(z). Then the leftmost segment of ®(z) has slope ¢*, for
some t € Z. Assume t = mt, + i, for some m € Z and 0 < i < t,. We have
that ¥5™™ o ®(x) is a polygonal function which has finitely many segments and
commutes with U¢(z). The slope of the leftmost segment of ¥5~" o ®(x) is ¢'.
This contradicts the choice of ¢,. Thus ¢t = mt,, so ®(x) = U§™(z). This group is
cyclic, generated by ¥o(x). O

Using the fact that the commuting family of ¥¢(z) is a cyclic group, we have
the following results

Corollary 2.6.1. Suppose that ®1(x) and Po(z) are two polygonal functions which
have finitely many segments and commute with V¢ and both the leftmost segments
of ®1, ®o have slope greater than 1. Let the x-coordinates of the leftmost vertex
and the rightmost vertex of ®;(x) be & and 6;, (i = 1,2), respectively. Then

(1) ®1(x), Po(z) > z.

(2) @1(51) = ‘I)Q(fg) and 61 = 62.
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(8) If the slope of the leftmost segment of @1 is less than the slope of the leftmost
segment of o and ®1(&') > b1, then for x > &', Oy(x) = ®1(x) + ¢ for some c.

Proof. Let ®(x) be the generater of the commutant group of ¥ s(x) with the slope
of its leftmost segment greater than 1 and suppose that the z-coordinates of the
leftmost vertex and the rightmost vertex are £ and 8, respectively.

(1): Assume that ®(z) < z for some x. Since the slope of the leftmost segment
of ®(x) is greater than 1, there exists € > 0 such that ®(z) > z, if 0 < z < e.
Because ®(x) is a continuous function, there exists a first ¢ such that ®(¢) = (.
Hence ©°"(¢) = ¢, for all n € N. This implies ¥(¢) = ¢. It contradicts ¥ ;(z) > x
for all . Our first assertion follows.

(2): Suppose that the leftmost segment of ®(z) is y = rz. Then it is easy to check
that the leftmost segment of ®°2(x) is y = r?x and the z-coordinate of the leftmost
vertex of ®°2(x) is £/r. By induction, we obtain that the leftmost segment of ®°"(z)
is y = 7"z and the z-coordinate of the leftmost segment of ®°"(x) is &/r"~!, for
all n € N. Since ®°"(¢/r"™1) = r& = ®(€), we have ®1(&1) = P2(&2) = D(&).

Suppose that ®(z) = z + s, if 6 < z. Since ®(z) > z, there exists §' < § such
that ®(8') = 6. Hence § < ®(z), if & < x. Therefore ®°%(z) = ®(x) + s, if & < z.
Thus the z-coordinate of the rightmost vertex of ®°2(z) is §. By induction, we can
obtain that ®°"(z) = ®(z) + (n — 1)s, if ' < x. Therefore §; = 65.

(3): Since the slope of the leftmost segment of ®5 is greater than the slope of
the leftmost segment of @, there exists m € N such that &3 = &°" o ;. Suppose
that ®1(¢') > 6;. Since 6 = é; and ®; is a strictly increasing function, we have
that ®(z) > 6, if x > &’. Therefore ® o ®;(x) = ®1(z) + s, if 2 > &’'. By induction,
we have that ®o(z) = ©° o &y () = Py (z) + ms, if 2 > &', O

3. MAIN RESULTS

Proposition 3.1. Let f and g be noninvertible series in So(O) such that fog =
go f. Then wideg(f) = wideg(g) if and only if v(f'(0)) = v(g’(0)).

Proof. Uy and ¥, are two polygonal functions which commute with each other.
Since the slope of the leftmost segment of U (resp. U,) is wideg(f) (resp. wideg(g))
and the rightmost segment of Uy (resp. ¥,) is y = « + v(f'(0)) (resp. y =
x +v(g’(0))), by Lemma 2.4, our claim follows. |
Proposition 3.2. Let f be a noninvertible series with Weierstrass degree equal to
a1 ay

Pt = (p1° oy )¢ = ¢°, where ¢ = ged(au, aa, ..., ) and p;’s are distinct
primes. If g is another noninvertible series commuting with f, then wideg(g) = ¢*
for some t € N.

Proof. First we check that wideg(g) # oo. If wideg(g) = oo, then g(z) = 7™ h(z)
with m > 0 and wideg(h) = I. Hence the first segment of ¥, is y = lx +m. But the
first segment of ¥ is y = ¢“x, we cannot have W, oW, = W0 W, . This contradicts
our assumption. Since wideg(g) # oo, Lemma 2.5 tells us that wideg(g) = ¢* for
some t € N. a

Corollary 3.2.1. If fog=go f, then
Wideg(g)”(f/(o)) = Wideg(f)”(g/(o)),

Proof. By Proposition 3.2, we can assume that wideg(f) = ¢¢ and wideg(g) = ¢*.

Since f og = go f, it implies f°' o0 g°¢ = g°¢ o f°!. Because wideg(f°?) = (¢°)! =
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(¢")¢ =wideg(g°¢), by Proposition 3.1, we have v((fOt)’(O)) = v((goc)’(())), Since
(£°8)(0) = (£(0))t and (g°¢)"(0) = (¢’(0))¢, our assertion follows. O

Proposition 2.6 tells us that there exists a polygonal function ® such that it
generates all the polygonal functions which commute with ¥;. Actually, under
some conditions W itself can be a generator.

Corollary 3.2.2. Let f(x) be a noninvertible stable series with Weierstrass degree
equal to pi* ---p§* = ¢°, where ¢ = ged(aq,...,an). If ged(c,v(f'(0))) = 1, then
every noninvertible stable series which commutes with f(x) has the form po fom

for some m € N and p(x) € K|[z]] with u(0) =0, p'(0) € O* and po f = fop.

Proof. If g(z) is noninvertible and commuting with f(z), we have wideg(g) = ¢*
for some t € N and ¢ - v(f'(0)) = c¢-v(g’(0)). Since ged(e,v(f'(0))) = 1, we have
that ¢|t. Let m = t/c. Then wideg(g) =wideg(f°™) and v(g¢’'(0)) = U((f"m)'(O)).
Thus ¢'(0) = w - (f°™)’(0) for some w € O*. There is a unique p(z) € K[[z]] such
that po f = fop and ' (0) = w. (Recall that u = L;_l(wa).) Since both g and
po f° commute with f and have the same first degree coefficient, by uniqueness,
g=po fom. a

The power series pi(x) above, although it satisfies po f(z) € O[[z]] and 1/(0) € O,
may not be a series over . This leads us to check some integrality properties.

Definition. Let f(z) and g(z) € OJ[z]], without constant terms.
Denote f|g, if there exists h(z) € O[[z]], such that g(z) = h(z) - f(z).
Denote f || g, if there exists h(z) € O[[z]], such that g(z) = ho f(x).

Proposition 3.3. If iy o f = hig 0 g with hy, hy € O[[z]] without constant terms
and B} (0) # 0, k5(0) # 0, then any common root of f(x) and g(x) is a root of f(z),
g(x) and hy(f(z)) of the same multiplicity.

Proof. Let a € M be a root of f(x) and g(z). R (f(2))f'(x) = hh(g(x))g' (z), so
7,(0)f'(«) = h4(0)g' (). Hence f'(«) = 0 if and only if ¢’(a) = 0. Denote f'™ as
the n-th derivative of f.

(hy o f)'™ = (B o f)- f/) + Z Z Civ i (hfl(i) o f)- f1Un) LG

=2 ji4-tji=n

where Cj,..j, is some constant. We use induction. Suppose that f'9(a) =
g9 (a) =0, for all j < n. Since (hy o f)™(a) = B (0)f' ™ (a) = 1 (0)g'™ (a), we
have that f'(™(a) = 0 if and only if ¢'™(a) = 0, if and only if (A o £)'™(a)
0.

O

Corollary 3.3.1. Let f(z) and g(z) be noninvertible series in So(O), and fog =
gof. If f(a) = g(a) = 0 then « is a zero of f(x) and g(x) of the same multiplicity.

Proof. Since go f = fogand f/'(0) # 0, ¢’(0) # 0, our claim follows. O

Let f,g€ O[[z]] and fog=go f. If f | g, then it is easy to see that f|g. Our
goal is to prove that the converse is also true.

Consider two rings, D = Ol[z]] and Dy = O[[f(x)]]. D is a complete local
ring with maximal ideal (M, x). Since Dy ~ D, Dy is also a complete local ring
with maximal ideal (M, f(z)). Let K and Ky be the quotient fields of D and Dy
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respectively. Consider f(T)— f(x) as a power series in T over Dy, i.e. f(T)—f(x) €
Ds[[T]]. According to the Weierstrass Preparation Theorem there exist a unit
power series U(T) € Dy[[T]] and a distinguished polynomial F(T') € Df[T] such
that f(T) — f(x) = F(T)U(T) and deg(F) =wideg(f) = d. F(T) is an Eisenstein
polynomial over Dy and Dy is a UFD (unique factorization domain), so F(T) is
an irreducible polynomial over ;. Let £ be the splitting field of F(T). L is a
Galois extension over Ky with Galois group I'. T' = z is a root of F(T'), so for any
7 €T, 27 is also a root of F(T) and then f(z7) = f(x) = (f(z))”. D is a free
Dy-module with basis {1,z,...,z971}. Thus for all g(z) € D, we can write g(x)
as gol(f(2)) + g1 (F@)z + -+ + ga_1(f(@))a%", where gi(x) € O[a]]. Hence

(x
(9(2))7 = go(f(2)) + g1 (f(@)2" + -+ + ga1(f(2))(@T) "
= go(f(2")) + g1(f(=7))a” + - + gar(f(T)) (@) = g(a7).

If g(z7) = g(x) for all 7 € T', then g(z) € Ky. Since D is integral over Dy and Dy
is integrally closed, we have g( ) € O[[f(2)])-

Theorem 3.4. Let f(x), g(z), hi(z) and hiz(x) € So(O) with hyo f = igog. Then
flg if and only if f || g.

In particular, if hy = g and hg = f, i.e. fog=go f, then f|g if and only if
flg

Proof. We only have to prove that f|g implies f || g. Keep the notation as above.
Suppose f|g. We will show that every root of f(T') — f(z) is a root of g(T) — g(x).
For any 7 € I', 27 is aroot of f(T')— f(z). Therefore 2™ will be a root of g(T") — g(z).
Thus (g(z))” = g(z™) = g(z), for all 7 € I'. Hence g(z) € O[[f(2)]], i.e. glx) =
h(f(z)) for some h(x) € Ol[z]].

Let D = O[[z]] with quotient field K, Dy = O[[f(x)]] with quotient field s and
Dy = Ol[g(z)]] with quotient field ICy. Consider f(T') — f(z) € D¢[[T]]. There
exists F(T) € Df[T] a monic irreducible polynomial over Ky and a unit power
series U1(T) € Dyf[[T]], such that f(T) — f(z) = F(T)U+(T). Consider I (f(T)) —
hi(f(z)) € Ds[[T]]. We can also have 7y (f(T)) — ha(f(x)) = Hp(T)U2(T), where
H{(T) is a monic polynomial in Df[T]| and Ux(T') is a unit of D¢[[T]]. T =z is a
root of f(T)— f(x) and k1 (f(T)) — R (f(x)). Since F(T) is the minimal polynomial
of z in Kf[T], we have F(T)|H(T) in Ds[T]. Thus every root of f(T) — f(x) is
also a root of iy (f(T)) — 1 (f(x)). Next, we consider g(T') — g(z) as a power
series in T over Dy[[z]]. For the same reason as above, there exist G(T') € Dy[T
a monic irreducible polynomial over K, and a unit power series Us(T") € D,[[T],
such that g(T') — g(z) = G(T)Us(T). Since ha(g(T)) — ha(g(z)) € Dy[[T]], we
have that ha(g(T")) — ha(g(x)) = Hy(T)Ua(T) where Hy(T') is a monic polynomial
in Dy[T] and Us(T') is a unit of Dy[[T]]. For the same reason as above, we have
G(T)|Hy(T) in Dy[T]. Notice that Dy, D, C D. Therefore by the uniqueness of
Weierstrass Preparation Theorem and h; o f = hpog, we have Hy(T') = Hy(T). For
convenience, we let H(T) = Hy(T) = Hy(T'). Thus F(T)|H(T) and G(T)|H(T') in
DI[T].

Consider F(T) as an element of D[T]. Because D and D[T] are UFD, we can
factorize F(T') € D[T] into Fy(T)--- Fs(T), where Fy(T),...,Fs(T) are monic ir-
reducible polynomials over K. Using Gauss’ Lemma we have F} (T), . ( ) €
D[T]. Let fi(z) € D = Ol[z]] be the constant term of F;(T), i.e. fi(x ) F;(0).
Notice that F(T) = T? mod the maximal ideal (M, z) of D where d = wideg(f).
Therefore F;(T) = T% (mod M, z) for some d; > 0. This implies that f;(z),
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the constant term of F;(T'), is in (M, z). Hence f;(z) is not a unit in D. We
have f1(z)--- fs(xz) = f(z)ui(x) where uj(x) is a unit of D, because F(0)U(0) =
—f(x). Using same argument we can factorize G(T) = G1(T)---G¢(T), where
G;(T) € D[T] is a monic irreducible polynomial over K with constant term g;(x),
and we have g1(z) - g:(z) = g(x)uz(x) where ua(x) is a unit of D. We can also
factorize H(T) into H1(T)--- H,(T') in D[T)]. Since F(T)|H(T) and G(T)|H(T) in
DI[T], Vi € {1,...,s} and Vj € {1,...,t} there exist ¢,5" € {1,...,7} such that
F,(T) = Hy(T) and G;(T') = Hj (T) respectively.

Assume Tj is a root of F(T') but not a root of G(T). Thus there exists i €
{1,...,s} such that F;(T1) = 0 but F;(T) # G,(T),Vj € {1,...,t}. We reorder
them such that Fy(Ty) = 0 and Fi(T) = H1(T),G1(T) = Ho(T),...,G,(T) =
Hyi1(T). Since Fy(T)G(T) -+~ Go(T)|Hy(T)Ho(T) - - Hypr (T) - - Ho(T) = H(T),
by taking 7' = 0, we have fi(z)g1(2) - g:(2)|h(f(z)). Thus fi(z)g(@)|h(f(z)).
Since fi(z) is not a unit in D = O[[z]] and f|g, there exists @« € M such that
fi(a) = g(a) = 0. This tells us that « is a root of fiy (f(z)) with higher multiplicity
than as a root of g(x). This is contrary to our Proposition 3.3. Hence every root
of F(T) is a root of G(T). Our claim follows. O

Remark. (1) This theorem is a generalization of Lubin’s results [4, Theorems 1.4,
1.5].

(2) If g(x) = ho f(x) and fog = go f, then foho f= fog=gof=hofof.
Therefore foh=ho f.

From now on, we denote Commo (f) to be the set of all g € OJ[z]] with go f =
fog. Proposition 3.3 and Theorem 3.4 say that if fog = go f, then the necessary and
sufficient condition for f || g is that every root of f is also a root of g. One may ask
under what circumstance this may happen. Let us return to polygonal functions.
Let f(x) be a noninvertible series in So(O) and let £ and § be the z-coordinates
of the leftmost and rightmost vertices of N*(f), respectively. If U;(¢) > 6, then
there is £ < & such that Up(§) > §. For any h(x) € O[[z]] with ho f = foh
and wideg(h) > wideg(f), by Corollary 2.6.1, ¥y, (x) = ¥s(z) + ¢, Vo > &'. Thus
if P* = (&,Us(&)) is a vertex of N*(f) and the change in slope at P* is N, then
P = (&, 9(&,)) is also a vertex of N*(h) with the change in slope at P’* equal to
N. Suppose that go f = f o g and wideg(g) > wideg(f). We claim that every root
of f is also a root of g. Assume there is a € M such that f(a) = 0 but g(a) # 0.
Then since g o f = f o g, there exists n such that g°"(«) = 0. This says that the
number of roots of ¢g°(x) with valuation equal to v(«) is greater than the number
of roots of g(x) with valuation equal to v(«). Since f(x) and g(x) have the same
number of roots with valuation equal to v(«a), it implies that the change in slope

of N*(g°™) at the vertex (U(a), W gon (U(a))) is greater than the change in slope of

N*(f) at the vertex (U(oz)7 Vs (U(a))). This is a contradiction. Therefore we have

f1g. On the other side, suppose that fog = go f and wideg(g) < wideg(f) with
the z-coordinates of the leftmost and rightmost vertices of N*(g) equal to & and
61, respectively. Then by Corollary 2.6.1, W (&) = Us(§) > 6 = 6;. Using the
same reason as above, we can get g | f. Therefore, if N*(f) satisfies the condition
mentioned above, then for all g1, go € Comme (f), we have that g1 | g2 if and only
if wideg(g1) < wideg(gz)-
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Corollary 3.4.1. Let f(x) be a noninvertible series in So(O) with Weierstrass
degree d. Let the x-coordinates of the leftmost vertex and the rightmost vertex of
N*(f) be & and & respectively. If d§ > 6, then there exists h(z) € O[[z]] with
ho f= foh such thatVg € Commp(f), g =wuoh°™ for some m € N and u(zx) an
invertible series in Comme(f).

Proof. For any noninvertible series g1(x), g2(x) € Commoe(f), we have that gq | g2 if
and only if wideg(g1) < wideg(gz2). Let h(x) € Comme (f) be a noninvertible series
with smallest Weierstrass degree ¢*. For any g(z) € Commoe(f), wideg(g) = ¢°.
Let s = mt + r with 0 < r < ¢t. Then wideg(g) > wideg(h°™). Hence h°™ |g and
then g = hy o h°™ for some hi(z) € Ol[z]], by Theorem 3.4. hi(x) € Commo(f)
and wideg(h1) = ¢" < wideg(h). Hence wideg(hy) = 1. Thus hq(z) is an invertible
series. O

Example. Let f(z) = >7°, a;2° € O[[z]] with wideg(f) = d and v(a;) > Fiv(ay),
Vi < d. Thus the Newton polygon of f(x) has only one segment. (The simplest
example is f(x) = mx + x%.) It is easy to check that there is no polygonal function
which has finitely many segments with the slope of its leftmost segment less than
d that can commute with ¥¢(z). Since the Newton copolygon of f(z) has only
one vertex with z-coordinates £. The leftmost vertex is the same as the rightmost
vertex. d€ > ¢ tells us that for every g(x) € Commop(f), g = uwo fo where u(zx) is
an invertible series in Commo (f).

Remark. This Example is a generalization of Lubin’s result [3, Theorem 3.3.1].

Let us return to polygonal functions again. Keep all the notations as above. We
can not always have W () > 6, but there exists n such that 4" (§) = ¥ gon (§) > 0.
Again, by Corollary 2.6.1, for any g € Comme(f) with wideg(g) > wideg(f°"),
we have Wy(x) = Wyon(z) + ¢ for x > ¢'. This means that for any a € A(f) with
v(a) > &, g(a) = 0. For if g(a) # 0 and ¢°™(a) = 0, then the change in slope of

N*(g°™) at (U(a), U gom (U(a))) is greater than the change in slope of N*(f°") at

(U(a), U fon (U(a))) . Since all roots of f(z) have valuation greater than or equal to
&, we have f|g.

Corollary 3.4.2. Let g(xz) = uwo f(z) € Commop(f), where u(z) € k[x]] with
u'(0) € O*. Then there exists n € N such that u°™(z) € Ol[x]].

Proof. By the argument above, there exists m € N such that for every h €
Commoe (f) if wideg(h) > wideg(f°™), then f|h. Since g°™ = u°™ o f° and
wideg(g°™) = wideg(f°™), we have f|u°™ o f°™. By Theorem 3.4,

u*™ o foU"D(z) € Offa]].

Because u°™o fo(m~Nog = 4°(m+Do fom ¢ Comme (f) and wideg(u(m+ Do form) =
wideg(f°™), f|u°(™*V o fom. Again, by Theorem 3.4, u®(™+1) o fo(m=1) ¢ O[[z]].
Using induction we have u°" o fe(m=1(z) € O[[xz]], for all r > m. Since in the
same commuting family with the same Weierstrass degree, up to composing with
a commuting invertible series, we can only have finitely many series with different
roots, so we can find ¢ > m and n > 0 such that u°t o fo(m=1|ye(t+n) o fo(m=1),
Thus u°™ € O[[z]]. O

Remark. Since Vr > m, u°" o fo(m= ¢ O[[z]] and u°" € O[[z]], we have that
u®? o fom=1) ¢ O[[z]] for all z € Z.
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Corollary 3.4.3. Let g(z) = ho f(z) € Commoe(f), where h(z) € K|[z]] with
R'(0) € M. Then there exists n € N such that h°™(z) € Ol[x]].

Proof. Since v(g’'(0)) = v(h'(0))+v(f'(0)) > v(f'(0)), by Corollary 3.2.1, wideg(g)
> wideg(f). There exists m € N such that f|g°™, so we have h°™ o fo(m=1(z) ¢
O|[[z]]. Because

wideg(R°™ o oY o g) = wideg(h°™ Y o fo) > wideg(h°™ o fo),

we have f|ho(m+1) o fom. Hence h°(m+1 o fo(m=1(z) € O[[z]]. Using induction,
we can get h°" o fo(m=1)(z) € O[[x]] for all r > m. Since wideg(h°("+1) o fo(m=1)) >
wideg(h°" o fo(m=1), there exists s > m such that

wideg(h°® o fo(m=1) > wideg(h°™ o fo™).

Hence we have f|h°(=™) o fo(m=1) Thus ho(s=m) o fom=2)(z) € O[[z]]. Using
induction again, we can get h°"(z) € O[[x]] for some n € N. O

Remark. In this proof, actually we can get h°t(z) € O[[z]] for all t > n.
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