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SOME FIFTH ROOTS THAT ARE CONSTRUCTIBLE
BY MARKED RULER AND COMPASS

ELLIOT BENJAMIN AND C. SNYDER

ABSTRACT. We show that there are cubic irrationals
whose real fifth roots can be constructed by marked ruler
and compass.

1. Introduction. In [2], we examined points that can be con-
structed by compass and marked ruler and, using the results developed
there, we proved that the regular hendecagon (11-gon) is constructible
by these tools. This was our first result in a program to try to character-
ize all points that can be constructed with marked ruler and compass.

Related to this program, we observe that Baragar [1] has shown that
there are quintic irrationalities which are constructible numbers, i.e.,
the coordinates of points constructible using a compass and marked
ruler. But, as far as we know, no one has shown that the fifth root
of any constructible number (which is not already a fifth power of a
constructible number) can be constructed. For example, at present, it
is still an open question as to whether or not v/2 is constructible.

In our present work, we use the machinery developed in [2] to show
that there are cubic irrationals whose real fifth roots are constructible
by marked ruler and compass. The proof is somewhat more complicated
than that of showing that the regular hendecagon is constructible and
raises the question of why the proof was so “miraculously” simple in
the latter case.

The search for constructible fifth roots was also motivated by the
fact that all real fifth roots of rational numbers are “g-constructible,”
an analog of constructibility by compass and marked ruler. See [5] for
the details.
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2. Preliminaries. For a detailed description of classical straight-
edge and compass constructions, as well as marked ruler constructions,
see, for example, Martin’s text [4, Chapters 2, 9].

Now, for convenience, we review our so-called restricted marked ruler
and compass constructions, cf. [1, 2].

We consider a straightedge on which there are two marks, one unit
apart, and which allow for what is called verging, cf. [4, pages 124,
125]. By verging through a point V, between two curves (lines and
circles), we determine two points @1 and @2, obtained by drawing a
line through the point V' which intersects the two curves at points @)1 on
one curve and ()5 on the other such that Q1 and ()5 are one unit apart.
This can be done by a marked ruler once we are given a verging point
and a pair of curves. The points @); are thus said to be constructed by
verging.

With a marked ruler and compass, we may construct lines and circles
which allows us to verge between a pair of lines, a line and a circle, and
a pair of circles. In the classical case of straightedge and compass, we
allow intersections of two lines, a line and a circle, and two circles.
However, nothing is lost by restricting to the first two cases (with an
appropriate initial set of constructible points). In a similar manner,
as in [2], we restrict to verging between pairs of lines and between a
line and a circle, but not between two circles. Hence, we use the term
restricted marked ruler and compass constructions. Here is a formal
definition as given in [2].

A point is restricted marked ruler and compass constructible or an
RMC point, for short, if it is the terminal point in a finite sequence of
points in R? such that each point is in the “starter set” {(0,0),(1,0)}
or is obtained in one of the following ways:

(i) as the intersection of two distinct lines, each passing through a
pair of points earlier in the sequence;

(ii) as the intersection of two distinct circles, each passing through
points earlier in the sequence and with earlier points as their centers;

(iii) as the intersection of a line and a circle, as determined in (i)
and (ii), respectively;

(iv) as one of two points obtained by verging through an earlier point
between two distinct lines as given in (i);
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(v) as one of two points obtained by verging through an earlier point
between a line and a circle as given in (i) and (ii), respectively. We call
the point on the circle the primary point.

For convenience, we call a sequence of points as given in the definition
an RMC sequence.

A restricted marked ruler and compass number or RMC number,
again for brevity, is defined as the x-coordinate of an RMC point on
the x-axis.

Now let
C ={zr eR:zis an RMC number}.

C is a subfield of R containing all real 2-3 towers of Q, since C contains
all marked ruler numbers, and marked ruler numbers are characterized
as those lying in real 2-3 towers of Q, again see [4, Chapter 9], for
example. By [1], we know that an RMC number in C lies in a real
tower {K;} of Q with [Kj1 : K;] < 6. As noted above, Baragar has
even shown that there are real quintic irrationalities over Q which are
in C. In fact, when adjoining one of these quintic irrationalities to @,
its Galois closure over Q has absolute Galois group isomorphic to S,
the symmetric group on five objects, cf. [3, page 282]. This should
not be a surprise, as chances are “excellent” that such a Galois group
would be S5s.

In contrast to this, we will show that there are real cubic irrationals
r over Q, and thus RMC numbers, such that /r € C and

[Q(Vr) : Q(r)] = 5.

From this it follows that
Gal(Q(¢s, v/r)/Q(r)) ~ Fa,

the Frobenius group of order 20, where (5 = exp 2mi/5, is one of the
primitive fifth roots of unity, cf. [3, subsection 13.2]. Notice, too, that
¥/r is solvable over Q.

3. Characterization of RMC numbers. As we have done in our
previous paper, [2], we make use of the intersection of a conchoid and
a circle. It is known, cf. [1], that determining one point of the pair of
points obtained by verging between a line and some other curve can be
given as a point of intersection of a conchoid associated with the line
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(and the verging point) and the curve. Here is how it works. Let V' be
a (verging) point and L a line not passing through V. For any point
P on L consider the line through V and P. Let Q and Q' be the two
points on this line that are of distance 1 to P. The conchoid Cong, v
associated with the verging point V and axis L is the set of all points
Q, Q' as given above as P varies over all points of L.

In particular, when V' = (0,0) and L, the line with equation
x = a, where a > 0, the conchoid Con,—, (0,0) satisfies the relation
(x —a)?(2? +y?) = 22, cf. [1].

We now consider the coordinates of the points of the intersection of
the conchoid
Con : (z — a)*(2® + y?) = 22,

associated with the origin and the vertical line x = a, and the circle
C=Cloe)s
C:(x—0)2+ (y—c)? =35>

Instead of dealing directly with the coordinates = and y of a point
P of an intersection, we found it more convenient to work with z =
z/(x — a), the so-called signed distance from the origin to P (as |z| is
this distance).

Let
()

a; = —2,
ag =1—2(s> = b? + ¢ + 2ab),
ag = 4(s* = b* + ¢ + ab),
ag = (s> = b* + & + 2ab)* — 2(s* — b* + %) — 4c*(s* — (a — b)?),
as = 2 (ab)? — 2(s* — b> — % + ab)?,
ag = (52 — b2 — )2,
and define
F(X) = fapes(X)
=X+ a1 X+ as X? + a3 X3 + au X? + a5 X + ag,
as the verging polynomial with parameters a,b,c, s.

Then we have the following result from [2].
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Theorem 3.1 (Verging theorem).

(i) Let L be the vertical line in R?, with equation x = a, a > 0, and
C the circle centered at (b,c), ¢ > 0, with radius s. If P = (z,y)
is a point of intersection of the conchoid Cony, (g0y and the circle

C, then the signed distance,

x
z =

x—a’
is a oot of the polynomial,
FX) = X0+ a1 X° + as X* + a3 X + aa X? + a5 X + ag,

satisfying conditions (xx) above.
(ii) Now suppose

F(X) = X0+ a1 X% + as X* + a3 X® + as X? + a5 X + ag € R[X],
and let
m=2— 2&2 — as,
5 aga3

B:2a4+a5—3+4a2—a§+§a3— 5

Moreover, suppose that the following conditions are satisfied:

(0) a; = —2,
(1) (2a6 + a5)2 = agm?,

(2¢) as > —ev/m? — 8as (e=1, or —1),

in which case,

(32) m>——

in which case,
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and whence,

m
b = b =
e 4aa’
m? 5
(40) —5 > 16¢Z +8(1 — az — az),
and then,
m2 1
S_SE_\/16a2 —2( —ag —az) — 2
Finally,
(5¢) (52 = b2 = 2)* = ag.

Then f(X) is a verging polynomial with verging parameters ac,be, ce
and s. given above.

In [2], we defined a real RMC tower of Q to be a tower of fields
{K;}}_, for some nonnegative integer n, such that

where the degree [K;;1 : K] < 6, and such that, if [K;4, : K;] =5 or
6, then K11 = Kj(z;j4+1) for some root z;4; of a verging polynomial
f(X) € K;[X].

Given this, we then proved, see [2], the following characterization
theorem of RMC numbers.

Theorem 3.2 (Characterization theorem). A real number o is an
RMC number, i.e., a € C, if and only if there is a real RMC tower
{K;}i—o of Q such that o € K.

4. Exhibiting some RMC numbers that are fifth roots. We
now examine the question of whether or not there are RMC numbers
whose (real) fifth roots are also RMC. We start with a proposition. As
a convention, for any real number r, ¥/r will always denote the real
fifth root of r.

Proposition 4.1 (Separation theorem). Let r be a number con-
structible by a marked ruler and such that /v ¢ Q(r). Now suppose
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further that </r € C. Then there exists a real RMC tower Ky, ..., K,
of Q with n > 0, such that [K,, : K,—1] = 5, with r € K,_1 and
\5/; S Kn - Kn—l; i.@., Kn = Kn—l(%)

In other words, we can find an RMC tower that separates r from

r.

Proof. Since r is assumed to be a marked ruler number, we know
that there is a real 2-3 tower Lg, ..., Ly of Q such that » € L, and thus
[Lj:Lj—1]=1,20r3foreachj=1,... ¢

Now since /7 is assumed to be in C, the Characterization theorem
implies that there is a real RMC tower Ng, Ni,...,N,, of Q with
/1 € Ny,. If we combine the two towers, then we get

Ly C---CL, CLyN, C---C LyNp,,

which is an RMC tower, too, as is easily seen. Since J/r ¢ Q(r),
the prime radical theorem, cf. [3, subsection 4.2 D], implies that
[Q(/r) : Q(r)] = 5. Moreover, since 5 {1 [L; : Q], we see that
[Le(¥/r) : Lg) = 5, by shifting from Q(/r)/Q(r) to Le¢(/r)/Le. Thus,
there is a positive integer ¢t < m such that &/r € LyN; —L;N;_1. Again,
by the prime radical theorem, we see that

[Lthfl(%) . L[Ntfl] = 5.

This implies that
5 | [LgNt : LKNt—1]~

But then, by the definition of an RMC tower,
[L¢Ng : LyNy_1] < 6,

and thus,

[Lth : L@Ntfl] = 5,
and so,

Ly¢Ny = LNy (3/r).
Therefore,

Lo,...,Ly,LyNy,...,L;N;
is the desired RMC tower. O
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Here is how we will use this result.

Corollary 4.2. Suppose that r is a marked ruler number such that
1 & Q(r). Then /r is an RMC number if and only if there exists a

subfield K of C, such that r € K but ¥/r ¢ K, numbers a,b,c,s € K,
where a,c,s > 0, and a point

(z,y) = P € Cong—q 0,00 N Clo,e),s
such that the signed distance z = x/(x—a) from the origin to P satisfies
K(¥7) = K(2).
Notice that when K (/1) = K(z), we have
2 =g+ ur /1 + usVr? + usVrd + ug Vrd,
for uniquely determined u; € K.
Proof. The proof is an immediate consequence of the definition of

RMC numbers, Theorem 3.2 and Proposition 4.1, in which we take
K=K, ;. |

From now on, we assume that z is the signed distance as given in
Corollary 4.2. By the Verging theorem, this signed distance, z, is a root
of a verging polynomial f(X) = X®+a; X%+ + ag, where a; € K.
But notice that z is of degree 5 over K. Let

P(X) = X5+ 01X+ 02X + 03 X% + by X + b

be the minimal polynomial of z over K. Thus, p(X) | f(X) in K[X],
and consequently, there is an element 1 of K, such that

f(X) = (X —n)p(X).

Multiplying out the right side and comparing coefficients yield the
following relations:

—2:a1 :bl -1,
az = by — nby,
a3z = bz — nbo,

ag = by — nbs,
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as = bs — by,
ag = 77][)5.

4
z; = ZUjCEZ)J Vi
j=0

We thus see in particular that

blz—zo ZZUJC Vri = Zuj\ﬁzcjz—&m,

since

0, otherwise,

4 . .
17 57 lf 5 jv
zgz{ 5
1=0

and consequently,

17:2—5UO.

757

To get the b; and then a; in terms of the u;, one may use Newton’s
identities that relate coefficients of a polynomial with the “power sums”
of the roots. Use

4

PX) = X2+ b X 44 bs = [[(X - ),

Jj=0

for z; as above and the power sums, given as
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for any positive integer m. In this particular case, Newton’s identities
can be given as

Sm+b15m_1—|—"'—|—bm_181 —I—mbm =0 for allmeN,

where we define b,,, = 0 for m > 5. Now, solving for the b; yields

by = —si,

1
b2_§(3%*82),

1
b3 = 6 <—S? + 38182 - 283) s

1
by = 3 (s‘l1 — 65255 + 85153 + 352 — 654)

1
by = 150 (—s? + 105?52 — 208%83 — 155153 + 305154 + 208953 — 2485) ,

cf. [6, Section 46].

Now we need to get the power sums s; in terms of the u;. We have

4 4 4 m
P
sng zzng ( u; é]\/r3> )
0

i=0 i=0 N j=

By multiplying out and switching the order of the summations, one
obtains (with some effort, but verified by machine) the following rela-
tions:

s1 = duyg,
s = 107 (ugug + ugus) + 5u(2),
53 = 1577 (ugu3 +usug) + 157 (2uou ug +2ugugus +uius +uiul) +5uy,
54 = 20r3uzul + 1072 (6uguaul + 6uguiug + 3uiuj

4+ 12uqugusuy + 2u1u§ + 2ubuy + 3u§u§)

+ 20T(3U3U1U4 + 3u(2)u2u3 + 3’LL0U%’LL3 + 3u0u1u§ + ui’uz)
+ 5ug,

s5 = briul + 53 (20uguzul 4+ 20w ugul + 30u uius

+ 30uduzug + 20uguiug + u3)

+ 512 (30ugusui + 30uduiug + 30uguiut + 120ugui ususiy
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+ 20u0u1u§ + 20u0u§u4
+ 30upuiui + 20uiuzuy + 30uiuduy
+ 30utugul + 20usudus + ul)

+ 57’(20u8u1U4 + 20u3u2u;3 + SOUgung,

+ 30udugu3 4 20ugudug + ul) + Suf.

Notice that the s, are given as

m—1 m!
_ k : Ho, K1, M2, 13, 4
Sm—5 E r E ﬁuouluzuigu‘l.
k=0 jio,epea>0 Mo 2 3 g
Zj Hi=m
22, dm;=5k

From this, we combine the two sets of expressions to obtain the b;
in terms of u; and r:

by = —buy,
2
by = 5[—r(uius + ugug) + 2ug],
be = 5[—p2 2, .2 3 3 Pt — ) — 203
3 = b[—r?(ugui+uzuyg) +r(3ugus g+ 3uguouz —uius —uius) —2ug],
by = 5[fr3u3ui + r2(2u0u2ui + 2u0u§U4 + u%ui — UL UUUY — ulug
3 2.2
— ujuq + upU3)
2 2 2 2 3 4
+ r(—3uguiug — ugugus + 2uguiusg + 2upuius — uiu) + ug),
bs

—r*ul + r3 (Suguzud + Sugugul — Suguiui — Suduszul 4+ Suguiuy
- u3)
+ r2(—5u(2)uQui—5u%u§u4—5u0u%ui+5u0u1UQU3u4+5u0u1u§
+ Bugudug — Buguiui + Suduzuy — Sutuduy
— 5ufugui + buyuiuz — u3)
+ 7’(5u8u1U4 + 5U3U2U3 - 5u(2)u%u;3 — 5ugu1u§ + Buguiug — ul)

3

Hence, the b,, have the same form as the s,,, but with different
coefficients:
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m—1
_ k Mo, M1, M2, 13, Ha
bm = r § : Apig.ooypa Up Uy U Uz uy ",
k=0 Ho,---,1a >0
jHi=m
ij/"j:sk

where A,,,,... ., are the integers determined above.

Now we can write down the a; in terms of the u; and r:

n= 2 — 5U/Oa
as = —5r(ujuyg + ugug) — 15ug + 10uy,
az = —5r*(ugu3 4 uiuy)

+ r(—10uuq ug — 10uguous — 5u?u3 +10uug — 5u1u§ +10uqus)
+ 40ud — 20u3,
as = —5r3uzu}
+ r2(—15u0u2ui — 15u0u§U4 + 5u§ui — DU UsU3 U4 — 5u1u§
— Suduy + 5usu3 + 10ugu? + 10ujuy)
+ r(60u3u1U4 + 60u3u2u3 — 15u0u%U3 — 15u0u1u§ — 30uguqug
— 30ugugus — Subug +10utuz +10u; ud) —45uf +20us,
as = —rtul + r3(—20ugusui + Suyugul — Sujuiul — Suduzu’
+ Buguiuy — ui + 10uzu})
+ 72 (45u§uQuZ + 45u3u§u4 + 20u0u%u421 — 20uguiususzuy
— 2Ou0u1u§ — 20u0u§’u4 + 20u0u§u§ — 20u0u2ui
— 20u0u§U4 + 5u‘;’u3u4 — 5u?u§u4 — 5ufu2u§
— IOu%ui + 5u1u§U3 + 10uusugug + 10u1u§ — ug
+ 10uduy — 10usu3)
+ r(=T0uduug — TOuSugus + 45uduiug + 45uduyus + 30udu; uy
+ 30u3u2u?, — 20UOU?U2 — ZOuoufu?, — QOuoulug
—uf + 10uduy)
+ 24uf — 10ug,

ag = r*ul(2 — Bug) + r* (5up — 2) (Sugusui + Sujugul — Suyuiul
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2. 2 3 5
— bususuy + Suguzug — u3)

+ 72 (5ug — 2)(—budugu? — 5uuiuy — Suguiu’
+ Suguiususty + 5u0u1ug + 5u0u§1L4 — 5u0u§u§ + 5u?u3u4
— Sutudug — buugul + Sujuduz — uj)

+ 7(5up — 2) (buguiug + Sudugus — Suduius
— Suduiud + Suguiug — ul)

+ (2 — Bug)up.

Example 4.3. As a simple example, we show a negative result. Sup-
pose we verge through a point V' between a line L and a circle C,
where V' has coordinates which are marked ruler numbers and L and
C have equations whose coefficients are marked ruler numbers. For all
marked ruler numbers r such that &/r ¢ Q(r), the distance from V to
the primary point P is never /7.

Suppose otherwise. Then, by applying an appropriate rigid motion,
we may assume V, L,C and P are as given in Corollary 4.2, and the
signed distance z from V to P is ¢/r for some marked ruler number r

such that &/r ¢ Q(r).

Now let K be the field of marked ruler numbers. By the characteri-
zation of marked ruler numbers in terms of 2-3 towers we see that, for
any subfield F' of K of finite degree over Q, [F : Q] = 2%3, for some
nonnegative integers o and .

Now notice that K satisfies the conditions in Corollary 4.2, for clearly
all the verging parameters are in K; 7 is in K, since r is a marked ruler
number. But, ¢/r ¢ K, since otherwise 5 = [Q(¥/7) : Q(r)] (by the
prime radical theorem) would be a divisor of [Q({/r) : Q] = 2F3¢ by
the comment above. Thus, by Corollary 4.2, we have

Z:\E’/;:U0+U1\5/;+u2 5VT2+U3W+U4W’

and so, by the uniqueness of the uj, u; = 1 and ug = us = uz = uq = 0.
Also we see that z = ¥/r is a root of the verging polynomial,

f(X)=X4+a, X%+ - + as,

associated with the verging parameters above. By our previous calcu-
lations, we see that
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n =2, by = by = b3 = by =0, bs = —,

as can be verified independently, since X®—7 is the minimal polynomial
of /r over Q(r). Also notice that

ap = —2, as =az =ay4 =0, as = —r, ag = 2r,
which again can be verified directly.

Now, by condition (i) in the verging theorem, we have 9r? = 8 and
thus » = 8/9. Hence {/8/9 is the only candidate for a signed distance
as described above. In this case, notice that a5 = —8/9 and ag = 16/9.

With respect to condition (2.), we must have 0 > —e-10/3, in which
case we see that ¢ = +1, and thus c; = /5/12.

Next, notice that m = 2 and B = —35/9.

Finally, we check condition (3 ). This condition does not hold, since
2 #14/3. Thus, ¥/r is not a signed distance.

The reason this example is computationally easy is that condition
(i) is simple to work with in this case. This is what happened in
constructing a hendecagon, too, which made the computations fairly
simple, cf. [2]. Clearly, however, if more of the u; do not vanish, then
(i) becomes seemingly unmanageable.

Example 4.4. Our next example involves determining signed distances
of the form z = {/r+uv/r? (cf. Corollary 4.2), where again r is a marked
ruler number with ¢/r ¢ Q(r), and v € K with K is again the field of
marked ruler numbers. Hence, we assume that u; = 1, without loss of
generality, us = u, and that the rest of the u; vanish. Notice that, if z
is an RMC number (implying that K (z) C C), then so is ¢/r, since

K C K(z) € K(Vr),
which implies that K (z) = K (/r), since [K(¥/r) : K] = 5 by the prime

radical theorem. We now plug these values into the above expressions
for the a; and find that n = 2,
a]p = —2,

GQZO,
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as = —bu’r,

ag = 5(2u* — u)r,

as = —u’r? 4 (10u — 1)r,
ag = 2u°r? + 2r.

Hence, if z is a signed distance and a root of the verging polynomial
f(X), then by the verging theorem, condition (i) must be satisfied, i.e.,

(2a6 + as)* = agm?,

where in our present case m = 2 + 5u’r. Therefore, condition (i)
becomes
A0T4 +A17‘3 +A27‘2 +A37‘ = 0,

where the A; = A;(u) are given by

Ag = u®(9u — 50),

A = —2u*(20u® — 30u? — 9u + 25),
(4.1) Ay = —8u® + 60u? + 60u + 9,

Az = —8.

Since r # 0, equation (4.1) thus becomes the cubic equation in r and
tenth degree in wu,
g(u, ) =0,

where
g(u,r) = Agr® + Ayr? + Agr + As.

If we are given some specific marked ruler number r, say 2, for
example, for which ¢/r ¢ Q(r), then we would need to solve a tenth
degree polynomial equation in w, check to see if u is a marked ruler
number, and then check the other conditions of the verging theorem to
see if z is an RMC number. Needless to say, this seems like a daunting
task.

The trick for us is to consider a convenient value for u, say some
integer or even a rational number, and then to solve for r» which will
be of degree at most 3 over Q and thus a marked ruler number. We
then would like to check the conditions of the verging theorem to see if
/1 4+ uvr? is an RMC number.
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One obvious choice of u is 50/9, which yields a quadratic equation in
r, since we then have Ay = 0. Unfortunately, the zeros of this equation
do not satisfy (3.) of the verging theorem.

After some trial and error, which we will say more about below, we
chose u = 7. For u = 7, the cubic equation becomes

(79 -13)r% — (2- 7* - 5352)r% — 131087r — 8 = 0,
or equivalently,
52459689172 — 2570030472 — 131087r — 8 = 0.

The rational root theorem, for example, shows that this equation is
irreducible over Q. A quick check yields three real solutions for r, one
positive and the other two negative. Their approximate values are

r = 0.05365... —0.00006. .. —0.00460... .

We consider the unique positive value for r (the other two values do
not satisfy all the conditions of the verging theorem). For convenience,
we estimate the values of the a;, m and B.

a1 = —2,

as =0,

a3 = —13.14503 . ..
ag =24.41221. ..

a5 = —44.67969. ..
ag = 96.87083 . ..

m = 15.14503 . ..

B =-31.71786... .

By construction, (0) and (1) of the verging theorem are certainly
satisfied. For (2.), we must have ¢ = 41, since ag < 0. In this case, we
get

c=cy =1.17681....

But then (34) is satisfied and yields

a=ay =0.96094...
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in which case
b=>b,y =3.94015... .

Now, (44) is also satisfied and gives
§ =54 =2.65846... .
Finally, to double check (54 ), notice that
(s — b* — ¢?)* = 96.87083. .. = ag.

The other possible solution of (1), above, would give a value for ag
between 5 and 6. Thus, by the verging theorem, z = ¥/r + 7V/r2 is
an RMC number and therefore so is ¥/r. This example provides a
nontrivial case of a fifth root of a marked ruler number r which is
constructible by marked ruler and compass.

We now summarize this result as a theorem.

Theorem 4.5. Let r be the unique positive real root of the irreducible
polynomial

524596891 X2 — 25700304X2 — 131087X — 8.

Hence, 1 is constructible by marked ruler. Then the real fifth root, /7,
is constructible by marked ruler and compass.

By numerical experimentation, it appears that, for any real number
u in the interval [6.5, 34|, the cubic equation g(u,r) = 0 above has
exactly one positive solution » = r,, and the corresponding value of
z satisfies the conditions of the verging theorem. We found that, for
every integer in the interval [7, 34], the number /7, is an RMC number
by arguing as we did above for uw = 7. Moreover, as u increases over
all real numbers from 6.5 to 34, r, appears to decrease from about
1/11.033 to 1/4329. With this in mind and with the goal of finding
rational numbers whose real fifth roots are RMC numbers, we tried
to pick rational numbers in this range for r in the hope of finding a
solution of g(u,r) = 0 with u € [6.5, 34] such that v would be a marked
ruler number. Given this observation, we tried taking r = 1/64 and
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solving for u in the equation:

1
g(u7 64) =0.

The strategy was that perhaps g(u, 1/64) has a splitting field whose
Galois group could show that u is marked ruler constructible, in which
case, /1/64 and thus also /2 would be shown to be constructible by
marked ruler and compass. Using Mathematica we found that g factors
into the linear factor u + 2 and a ninth degree irreducible polynomial
over Q, namely,

(i 57) = g o+ DG,

h(z)=3%2" =22 - 172% 4+ 2% - 172" — 2.3
5925 4+2°.3%.112° —26.7.1132% + 28
38323 —29.3832%2 4 219.7.894 — 211 . 503.
Now let y = z/2 and k(y) = 2°h(x). Then

E(y) =9y° — 349® — 3497 — 35445 + 5944
— 1582 y* +15324° — 153242 + 2492y — 2012,
which is irreducible over Z.

Moreover, modulo 5,
k(y) = 4(y* + 2y + 3)(y" +2y° + 2¢° + 4y* + 2y° + y* + 4) mod 5Z[y],

where the two factors are irreducible in Fs[y], again by using Mathe-
matica. Now, by a theorem of Dedekind, cf. [3, page 398], we see that
if we embed the Galois group, G, of the splitting field of k(y) over Q
into Sy, then G contains an element o such that

o = (a1 ag)(bl bQ, .. .,b7)7

where
{al,ag}U{bl,...,b7} = {1,2,...,9}.

Thus, G contains an element of order 14, implying that the order of G
is a multiple of 7. Now, by this, we see that u cannot be a marked ruler
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number, since otherwise, G would have order 2¢3°, cf. [3, Theorems
10.3.6, 10.3.11].

5. Conclusion. As we have shown above there are nontrivial exam-
ples of real fifth roots of cubic irrationals which are constructible by
marked ruler and compass. However, this still leaves open the question
of whether or not fifth roots of all rational numbers are constructible
by marked ruler and compass.

We leave the reader with a specific question. Is v/2, for example,
constructible by marked ruler and compass? It may be possible to
answer this question with some further analysis of the results given in
this paper—at least that is our hope.
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