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Abstract

The transition constant was introduced in our 1981 paper and denoted
as N(14). It is equal to the maximal degree of the ground fields of V-
arithmetic connected edge graphs with 4 vertices and of the minimality
14. This constant is fundamental since if the degree of the ground field
of an arithmetic hyperbolic reflection group is greater than N(14), then
the field comes from special plane reflection groups. In [14], we claimed
its upper bound 56. Using similar but more difficult considerations, here
we show that the upper bound is 25.

As applications, using this result and our methods, we show that the
degree of ground fields of arithmetic hyperbolic reflection groups in di-
mensions at least 6 has the upper bound 25; in dimensions 3, 4, 5 it has
the upper bound 44. This significantly improves our results in [14, 15, 16].
Additionally using recent results by Belolipetsky and Maclachlan, the last
upper bound can be improved to 35.

In Appendix, we give a review and corrections to Section 1 of our
papers [10] which is important for our methods.

1 Introduction

The transition constant was introduced in our paper [10] and was denoted in [10]
as N(14). Tt is equal to the maximal degree of the ground fields of V-arithmetic
connected edge graphs with 4 vertices and of the minimality 14. We showed
in [10] that the number of these fields is finite, and N(14) is a finite effective
constant.

It was shown in [10] that the degree of ground fields of arithmetic hyperbolic
reflection groups in dimensions at least 10 has the upper bound N(14). In
[14], we had shown that the degree of ground fields of arithmetic hyperbolic
reflection groups in dimensions at least 6 is bounded by the maximum from
N(14) and 11 (here 11 is the upper bound for the degree of ground fields of plain
arithmetic hyperbolic reflection groups with quadrangle fundamental polygon
of the minimality 14). In [13], we showed that the degree of ground fields of
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arithmetic hyperbolic reflection groups is bounded by the maximum of N(14)
and the degree of ground fields of arithmetic hyperbolic reflection groups in
dimensions two and three. In general, this constant is fundamental since if the
degree of the ground field of an arithmetic hyperbolic reflection group is greater
than N(14), then the field comes from special plane reflection groups. See [10],
[13] — [16].

In [14], we claimed that N(14) < 56. Here we improve this bound. Using
similar but more difficult considerations, we show that N(14) < 25.

As applications (see Section 5), using our methods, we show that the degree
of ground fields of arithmetic hyperbolic reflection groups in dimensions n > 6
has the upper bound 25; in dimensions n = 3, 4, 5, it has the upper bound
44. Remark that this also gives another proof of finiteness in dimension n = 3
which is different from the first proof by I. Agol [1]. These significantly improve
results of our recent papers [14]—[16].

In [2], Belolipetsky obtained the upper bound 35 for n = 3. In [8], Maclach-
lan obtained the upper bound 11 for n = 2. Using these results and our results
from [13], we can improve the upper bound 44 in dimensions n = 4, 5. We show
that the upper bound is 35 in these dimensions.

We hope that our results will be important for further classification. See an
example in Theorem 23.

In Appendix, we review and correct results of Section 1 of our paper [10]
which are very important for our methods.

I am grateful to Professor C. Maclachlan for sending me his recent preprint
[8].

This preprint is almost identical to arXiv:0910.5217v4. It was submitted for
MPIM preprints series during my stay in MPIM in March—April 2010. I am
grateful to Max-Planck-Institut fiir Mathematik in Bonn for hospitality.

2 Reminding of some basic facts about hyper-
bolic fundamental polyhedra

Here we remind some basic definitions and results about fundamental cham-
bers (always for discrete reflection groups) in hyperbolic spaces and their Gram
matrices. See [21], [25] and [9], [10].

We work with Klein model of a hyperbolic space £ associated to a hyperbolic
form @ over the field of real numbers R with signature (1,7n), where n = dim L.
Let V = {z € ®|2% > 0} be the cone determined by ®, and let VT be one of
the two halves of this cone. Then £ = £(®) = VT/RT is the set of rays in V'
we let [z] denote the element of £ determined by the ray RTz where z € V'
and R7T is the set of all positive real numbers. The hyperbolic distance is given
by the formula

o[z, [y]) = (z-y)/Va?y?, [2],[y] € L,

then the curvature of L is equal to —1.



Every half-space H* in £ determines and is determined by the orthogonal
element e € ® with square e? = —2:

HY =H} = {[z] € L|z-e > 0}.
It is bounded by the hyperplane
HY =HI ={[z] € Llz-e=0}

orthogonal to e. If two half-spaces H:‘l, 'H+ where e = €3 = —2 have a common
non-empty open subset in £, then He, N ’HeQ is an angle of the value ¢ where
2cosp =e1 - eg if —2 < ey - ey < 2, and the distance between hyperplanes H.,
and H., is equal to p where 2chp =e; -ex if e1 - e2 > 2.

A convex polyhedron M in L is intersection of a finite number of half-
spaces HT, e € P(M), where P(M) are all the vectors with square —2 which

are orthogonal to the faces (of the codimension one) of M and are directed
outward. The matrix

A = (ai;) = (i - €;), i, e; € P(M), (1)

is the Gram matrix I'(M) = I'(P(M)) of M. It determines M uniquely up
to motions of £. If M is sufficiently general, then P(M) generates ®, and the
form & is
D = Z a;; X;Y; mod Kernel, (2)
ej,e;EP(M)

and P(M) naturally identifies with a subset of ® and defines M.

The polyhedron M is a fundamental chamber of a discrete reflection group
W in L if and only if a;; > 0 and a;; = 2 cos —Z where m;; > 2 is an integer if
ai; < 2 for all i # j. Symmetric real matrices A satisfying these conditions and
having all their diagonal elements equal to —2 are called fundamental (then the
set P(M) formally corresponds to indices of the matrix A). As usual, further
we identify fundamental matrices with fundamental graphs I". Their vertices
correspond to P(M). Two different vertices e; # e; € P(M) are connected
by the thin edge of the integer weight m;; > 3 if 0 < a;; = 2cos .7~ < 2, by
the thick edge if a;; = 2, and by the broken edge of the weight a;; 1f az; > 2.
In particular, the vertices e; and e; are disjoint if and only if e; - ¢; = as; =
2cos § = 0. Equivalently, e; and e; are perpendicular (or orthogonal). See some
examples of such graphs in Figures 1 — 8 below.

For a real ¢t > 0, we say that a fundamental matrix A = (a;;) (and the
corresponding fundamental chamber M) has minimality t if a;; < ¢ for all
a;;. Here we follow [9], [10]. Further, the minimality ¢t = 14 will be especially
important.

It is known that fundamental domains of arithmetic hyperbolic groups must
have finite volume. Let us assume that it is valid for a fundamental chamber M
of a hyperbolic discrete reflection group. As Vinberg had shown [21], in order



for M to be a fundamental chamber of an arithmetic reflection group W in L,
it is necessary and sufficient that all of the cyclic products

Diy. iy = Qiyiy " Qigig " Qi _yi, " Ay (3)

be algebraic integers, that the field K = Q({a;;}) be totally real, and that, for
any embedding K — R not the identity over the ground field K = Q({b;,..;. })
generated by all of the cyclic products (3), the form (2) be negative definite.

Fundamental real matrices A = (a;;), ai; = ¢; - €j, €;, ¢; € P(M) (or the
corresponding graphs), with a hyperbolic form ® in (2) and satisfying these
Vinberg’s conditions will be further called V-arithmetic (here we don’t require
that the corresponding hyperbolic polyhedron M has finite volume). It is well-
known (and easy to see; see arguments in Sect. 4.3) that a subset P C P(M)
also defines a V-arithmetic matrix (e; - e;), e;,e; € P, with the same ground
field K if the subset P is hyperbolic, i. e. the corresponding to P form (2) is
hyperbolic.

3 V-arithmetic edge polyhedra

A fundamental chamber M (and the corresponding Gram matrix A or a graph)
is called edge chamber (matriz, graph) if all hyperplanes H,, e € P(M), contain
one of two distinct vertices v; and wvo of the 1-dimensional edge vivs of M.
Assume that both vertices v; and vy are finite (further we always consider this
case). Further we call this edge chambers finite. Assume that dim £ = n. Then
P(M) consists of n + 1 elements: e, es and n — 1 elements P(M) — {e1, ea}.
Here P(M) — {e1, ea} corresponds to hyperplanes which contain the edge vivy
of M. The e; corresponds to the hyperplane which contains v; and does not
contain vy. The es corresponds to the hyperplane which contains vy and does
not contain vy;. Then the set P(M) is hyperbolic (it has hyperbolic Gram
matrix), but its subsets P(M) — {e1} and P(M) — {ez2} are negative definite
(they have negative definite Gram matrix) and define Coxeter graphs. Only the
element u = e; - eg of the Gram matrix of M can be greater than 2. Thus, M
will have the minimality ¢ if and only if u = €7 - es < t.

From considerations above, the Gram graph I'(P(M)) of an edge chamber
has only one hyperbolic connected component P(M)"P (containing e; and e5)
and several negative definite connected components. Gram matrix I'(P(M)"¥P)
evidently also corresponds to an edge chamber of the dimension # P(M)"P —1.
If M is V-arithmetic, the ground field K of M is the same as for the hyperbolic
connected component I'(P(M)h¥P)

The following result had been proved in [10].

Theorem 1. ([10, Theorem 2.5.1]) Given t > 0, there exists an effective con-
stant N (t) such that every V-arithmetic edge chamber of the minimality t with
ground field K of degree greater that N(t) over Q has the hyperbolic connected
component of its Gram graph which has less than 4 elements.
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Figure 1: All arithmetic Lannér graphs with at least 4 vertices

Considerations in [10] (and also [9]) also show that the set of possible ground
fields K of hyperbolic connected components with at least 4 vertices of V-
arithmetic edge chambers of minimality ¢ is finite. Even the set of Gram graphs
['(P(M)"P) of minimality ¢ with fixed > 4 number of vertices is finite. Taking
this under consideration, here we want to formulate and prove more efficient
variant of this theorem. We restrict by the minimality ¢ = 14 to get an exact
estimate for the constant N(14), but the same finiteness results are valid for
any t > 0.

Following [14], below we formulate a more efficient definition of the constants
N(t), t > 0, and N(14).

3.1 Arithmetic Lannér graphs with > 4 elements

We remind that Lannér graphs are Gram graphs of bounded fundamental hy-
perbolic simplexes. They are characterized as hyperbolic fundamental graphs
such that any their proper subgraph is a Coxeter graph. They were classified
by Lannér [6]. In Figure 1 we give all arithmetic Lannér graphs with at least 4
vertices (only one Lannér graph with > 4 vertices is not arithmetic). As usual,
we replace a thin edge of the weight k by k — 2-edges for a small k. Ground
fields of Lannér graphs with > 4 vertices give three fields:

FL'={Q, Q(v2), Q(V5)}. (4)

See [23] for details.

3.2 Arithmetic triangle graphs

Triangle graphs are Gram graphs of bounded fundamental triangles on hyper-
bolic plane (we don’t consider non-bounded triangles). Equivalently, they are
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Figure 2: Triangle graphs

Lannér graphs with 3 vertices. They are given in Figure 2 where 2 < k,l, m and
! + ! + L <1
kK I m '

Arithmetic triangles were enumerated by Takeuchi [18]. All bounded arithmetic
triangles are given by the following triplets (k, 1, m):

(27377 - 12)7 (273a 14)3 (2737 16)7 (2a3718)7 (273724)’ (273730)7 (27435 - 8))

(2,4,10), (2,4,12), (2,4,18), (2,5,5), (2,5,6), (2,5,8), (2,5,10), (2,5,20),
(2,5,30), (2,6,6), (2,6,8), (2,6,12), (2,7,7), (2,7,14), (2,8,8), (2,8,16),
(2,9,18), (2,10,10), (2,12,12), (2,12,24), (2,15,30), (2,18,18), (3,3,4 — 9),
(3,3,12), (3,3,15), (3,4,4), (3,4,6), (3,4,12), (3,5,5), (3,6,6), (3,6,18),
(3,8,8), (3,8,24), (3,10,30), (3,12,12), (4,4,4 —6), (4,4,9), (4,5,5), (4,6,6),
(4,8,8), (4,16,16), (5,5,5), (5,5,10), (5,5,15), (5,10,10), (6,6,6), (6,12,12),
(6,24,24), (7,7,7), (8,8,8), (9,9,9), (9,18,18), (12,12,12), (15,15,15).

Their ground fields were found by Takeuchi [19]. They give the set of fields

FT = {Q} U {Q(\/a) | a = 2a 37 57 6} U {Q(ﬁ, \/g)a Q(\/i \/5)}U (5)
U{Q(cos 2F) | b =17, 9, 11, 15, 16, 20}.

3.3 V-arithmetic connected finite edge graphs with 4 ver-
tices for 2 <u < 14

Using classification of Coxeter graphs, it is easy to draw all possible pictures of
connected finite edge graphs I'*) with 4 vertices and u = e; - e3 > 2. They cor-
respond to all 3-dimensional finite fundamental edge polyhedra with connected
Gram graph and uw > 2. They are given in Figure 3 and give five types of graphs
r= F§4), i =1,2,3,4,5. All possible natural parameters s, k, r, p > 2 for
these graphs can be easily enumerated by the condition that ' — {e; }, T' — {e2}
are Coxeter graphs. They will be given in Sec. 4 below.



Figure 3: Five graphs I'Y i =1,2, 3, 4, 5.

Definition 2. Fori=1,2, 3,4, 5 and t > 0 we denote by F§4) (t) the set of all
V-arithmetic connected finite edge graphs with 4 vertices FZ@) of the minimality
t,i. e. for2<wu<t, and by

Friv()
the set of all their ground fields.

All V-arithmetic graphs F§4) for 2 < u < t give particular cases of graphs
of V-arithmetic edge polyhedra with hyperbolic connected component having 4
vertices and minimality ¢. Thus, by Theorem 1, degree (over Q) of fields from
F F£4) (t) is bounded by the effective constant N(¢). It follows that the sets of
V-arithmetic graphs F§4) (t) and fields .7-'1"54)(75) are also finite.

Vice verse, Theorem 2 can be deduced from finiteness of the sets of fields
above because of the following easy statement.

Proposition 3. The ground field of any V-arithmetic edge chamber of the min-
imality t > 0 with the hyperbolic connected component of its Gram graph having
at least 4 vertices belongs to one of the finite sets of fields FL*, FT and .7-T§-4> (t),
1 <1 <5, introduced above.

In particular, Theorem 1 is equivalent to finiteness of the sets of fields
FTW (), i=1, 2,3, 4, 5.

Proof. See [14]. O

Degree of fields from FL* is bounded by 2, and degree of fields from F7T is
bounded by 5.



For arithmetic hyperbolic reflection groups, the minimality ¢ = 14 is espe-
cially important. Using the same methods as for the proof of Theorem 1 in [10],
we can prove the following effective upper bounds which improve the upper
bounds which we claimed in [14] (e.g., in [14] we claimed that N(14) < 56).

Theorem 4. The degree of fields from .7-T§4)(14) is bounded (<) by 23.
The degree of fields from .7-T§4)(14) s bounded by 23.
The degree of fields from .7-T§4)(14) is bounded by 25.
The degree of fields from .7-T4(14)(14) is bounded by 25.

The degree of fields from .7-Té4)(14) s bounded by 25.
Thus, the constant N(14) of Theorem 1 can be taken to be N(14) = 25.

Proof. The proof will be given in the next Section 4. O

4 Ground fields of V-arithmetic connected finite
edge graphs with four vertices of the minimal-
ity 14.

Here we shall obtain explicit upper bounds of degrees of fields from the finite

sets .7-'12(.4)(14)7 1 <4 <5 (see Definition 2), and prove Theorem 4. Moreover,
our considerations will deliver important information about these sets of fields.

4.1 Some results on hyperbolic numbers

Like for the proof of Theorem 1 from [10], we use the following general results
from [10, Section 1] (see Section 6 which also contains some corrections).

Theorem 5. ([10, Theorem 1.2.1]) Let F be a totally real algebraic number
field, and let each embedding o : F — R corresponds to an interval [ay,bs] in R

where
11 b — a5 <1
1 .

o

In addition, let the natural number m and the intervals [s1,t1],. .., [Sm,tm] in
R be fized. Then there exists a constant N(s;,t;) such that, if o is a totally
real algebraic integer and if the following inequalities hold for the embeddings
7:Fla) — R:

si <7la) <t; for T=T1,...,Tm,

Qr|F < T(Ot) < b‘r|]F fOT T 7é Tiy- 5 Tm,

then
[F(o) : F] < N(s4,t;)-



Theorem 6. ([10, Theorem 1.2.2]) Under the conditions of Theorem 5,
N (s;,t;) can be taken to be N(s;,t;) = N, where N is the least natural number
solution of the inequality

NIn(1/R)—MIn(2N+2)—InB >1InS. (6)
Here
M =[F:Q], B=+/|discr F|; (7)
by — o B " 2er;
R= ]:[ R Sfil;[l . (8)
where

Ui:Ti“F, ri:max{|ti—agi

i [bo; = sil}- (9)

We note that the proof of Theorems 5 and 6 uses a variant of Fekete’s
Theorem (1923) about existence of non-zero integer polynomials of bounded
degree which differ only slightly from zero on appropriate intervals. See [10,
Theorem 1.1.1] (see its corrections in Section 6, Theorems 24, 25).

Unfortunately, Theorems 5 and 6 usually give a poor upper bound for the
degree. They should mainly be considered as existence theorems. Usually we
shall use explicit polynomials to bound the degree in similar cases.

We use the following statement. Similar arguments one should use to prove
Theorems 5 and 6, see Section 6.

Lemma 7. Let F be a totally real algebraic number field, and let each embedding
o :F — R corresponds to an interval [a,,b,] in R. In addition, let the natural
number m and the intervals [s1,t1], ..., [Sm,tm] in R be fized.

Let P(x) be a non-zero polynomial over the ring of integers of F, and

0(c) = max ]|P"(x)| for o :F =R,

z€[ac,bo

and

a; = max |PUiP(z)].
TE[s4,t;)

Suppose that [[, 6(c) < 1.
Let a be a totally real algebraic integer such that the following inequalities
hold for all embeddings 7 : F(a) — R:

si <7(la) <t; for T=7T1,...,Tm,

arp < 7(@) <bop for TFETL T,
Then we have the following bound for [F(«) : F:

. InJ[; ai — In][; 6(7:|F)
1 <[F(a):F] < —In[], 6(0)

if P(a) #0. Note that « does not exist if the right hand side is < 1.




Proof. Since P(«) # 0, we have the inequalities for the norm

1 < [Ny o(P(a))| =

TP =TT1P(r()] = T P7(r(e)) [T 1P7(7i(e))
T p i=1

T#T;
< max |PT )| H max | P (
[aTUF,b [* 517 L
THT;
< max max | P (x max |P7(xz)| =
- [arpbre] ‘H Sisti I/ H [a’rl\]Fa 1\F] @)

[F(a):F] i=m
s<H6<a>) [Lai/ IT 0(ro).

Taking logarithm from both sides and using that [[ d(c) < 1, we obtain the
statement.
This is similar to the proof of Theorems 5 and 6 in Section 6. O

4.2 Ground fields of some V-arithmetic connected edge
graphs with 3 vertices with the given minimality.

In spite of we are mainly interested in connected edge graphs with four vertices,
some connected edge graphs with three vertices will be very important.
All connected edge graphs with three vertices are given in Figure 4. They are

ng) where s,k > 3 and ng) where d > 3. We denote by .7-T§3) (t) and ]—ng) (t)
their ground fields for the minimality ¢ > 2. Tt means that 2 < ¢(t)(u) < t.

4.2.1 Ground fields of Fg‘” (t)

First let us consider the graphs ng) (t). The corresponding Gram matrix is

-2 u 0
u -2 2cos (10)
0 2cos% -2

where d > 3 is an integer, u is a totally real algebraic integer. The ground field
K = Q(u?,cos? (7/d)). The determinant d(u) of the Gram matrix is given by
the equality

d(u)

5 = u? — 4sin (1/d).

It follows that Fés) is V-arithmetic of the minimality ¢ > 2, if and only if for
a = u? we have

0 < o(a) < o(4sin? g) (11)

10



Figure 4: Connected edge graphs with 3 vertices

for all o : K — R which are different from o(*), and
4 <o (a) <t (12)

It follows that Fy = Q(cos? (m/d)) C K = Q(cr). We will be especially interested
in t =14 and t = 16. Let us estimate the degree n = [K: Q].
Assume that d = 3. Then « satisfies

0<o(a)<3, 4<oP(a)<t
We take the polynomial
P(z) = 2%(x — )*(z — 2)*(z — 3)3(2? — 32 + 1)>. (13)

of the degree 20. The maximum of |P(z)| on the interval [0,3] is equal to
d = 884736/9765625 = 0.0905969664. Using P(z), by Lemma 7, we get the
upper bound
In(P(t%))
(=In(6))
For t = 14, we get [K: Q] < 44, and for t = 16, we get [K : Q] < 47. (Theorems
5 and 6 give more poor results: 76 for ¢t = 14 and 78 for ¢t = 16.)

Assume that d = 4. Then « satisfies the inequalities

K:Q <1+

0<o(a)<2, 4<oP(a)<t?
We take the polynomial
P(z) = z(zx — 1)*(z — 2). (14)

of the degree 4. The maximum of | P(z)| on the interval [0, 2] is equal to 6 = 1/4.
Using P(z), by Lemma 7, we obtain the bound

In(P(t%))

11



For t = 14 and ¢ = 16, we get [K: Q] < 16. (Theorems 5 and 6 give more poor
bound: 31.)
Assume that d = 5. We take the polynomial

P(z)=xz(x—1) <x+1—4sin2 g) (x—4sin2 %) . (15)

of the degree 4 over the ring of integers of F5. The maximum of |P(x)| on the
interval [0, 4sin®(7/5)] is equal to d; = 0.04559.... For its conjugate polynomial

2 2
Po(z) = z(z — 1) <x—|— 1 — 4sin 5”) <x — 4sin? ;) :

the maximum of |P?(z)| on the conjugate interval [0,4sin? (27/5)] is equal to
09 = 2.1419.... Evidently, P(«) is not zero. By Lemma 7, we get the bound

In P(t?) — In 6,

[K:Fs5] < "0 (61 - 02)

For t = 14 and t = 16, we get [K: F5] < 10, and [K : Q] < 20. (Theorems 5 and
6 give the bounds [K : F5] < 27 for ¢t = 14, and [K : F5] < 28 for ¢ = 16 only.)
Assume that d > 6. We take the polynomial

Plz) =z (:17 — 4sin? g) . (16)

over the ring of integers of Fy. For o : Fy — R, the maximum of |P?(z))| on
the interval [0, o(4sin? (7/d))] is equal to (4o (sin* (7/d)). Obviously, P(«) # 0.
Then we have (in fact, we repeat the proof of Lemma 7 for this case):

|P(?)]
4sin? (7/d)

l< |NK/Q<P(04))| < Nurd/@(él sin? (W/d))[K:]Fd]

4[Fa:Q]

_@w3W”uwn
4sin” (7/d)

where for d > 3 we have

Neyaltsind (n/a) = () = { 7 RE20 = 2 whaepipime
and [Fy : Q] = ¢(d)/2 where ¢(d) is the Euler function.
Denoting m = [K : Fy], we obtain the inequality
m (p(d)In2 —2Iny(d)) < Int* 4+ In (t* — 4sin? (7/d)) — In(4sin* (7/d)) .
It is easy to see that ¢(d)In2 —2In~y(d) > 0 for d > 6. Thus, we obtain
L<m< Int? +1In (2 — 4sin® (1/d)) — In(4sin* (7/d)) (18)

o(d)In2 — 21In~y(d)

12



Respectively [K : Q] < mp(d)/2 where m satisfies (18).
We use the trivial bound: ¢(d) > v/d — 2. Then for t = 14, we obtain that
only the following d > 6 are possible, and we get the corresponding estimates

for [K : QJ:

d =6, then [K: Q] <8 d=7, then [K: Q] < 138; d = 8, then [K: Q] < 18;
d =9, then [K: Q] <18; d =10, then [K: Q] < 10; d = 11, then [K : Q] < 30;
d =12, then [K: Q] < 10; d = 13, then [K: Q] < 24; d = 14, then [K: Q] < 9;
d =15, then [K: Q] < 8; d = 16, then [K: Q] < 8; d = 17, then [K : Q] < 16;
d =18, then [K: Q] < 9; d =19, then [K: Q] < 18; d = 20, then [K: Q] < §;
d = 21, then [K : Q] < 12; d = 22, then [K : Q] < 10; d = 23, then K = Fa3;
d = 24, then [K : Q] < 12; d = 25, then K = Fa5; d = 26, then [K : Q] < 12;
d = 27, then K = Fa7; d = 28, then [K : Q] < 12; d = 29, then K = Fag;
d = 30, then [K : Q] < 12; d = 31, then K = F3;; d = 32, then K = Fso;
d = 33, then K = F33; d = 34, then K = F34; d = 35, then K = F35; d = 36,
then [K : Q] < 12; d = 37, then K = F37; d = 38, then K = F3g; d = 39,
then K = F39; d = 40, then K = Fyg; d = 42, then [K: Q] < 12; d = 44, then
K =Fy4; d =45, then K = Fy5; d = 46, then K = Fyq; d = 48, then K = Fyg;
d= 50, then K = F50; d= 52, then K = Fg)g; d= 54, then K = ]F54; d= 56,
then K = Fg4; d = 58, then K = Fsg; d = 60, then K = Fgg; d = 62, then
K= FGQ; d= 66, then K = FGG; d= 70, then K = Fﬂ); d= 72, then K = F72;
d= 78, then K = F7g; d= 80, then K = Fgo; d= 84, then K = Fg4; d= 90,
then K = Fgg; d = 96, then K = Fgg; d = 102, then K = Fygo; d = 120, then
K = Fi20;

For t = 162, we obtain that only the following d > 6 are possible, and we
get the corresponding estimates for [K : Q:
d =6, then [K: Q] <8 d=7, then [K: Q] < 144; d = 8, then [K : Q] < 18;
d =9, then [K: Q] < 21; d = 10, then [K: Q] < 10; d = 11, then [K : Q] < 30;
d =12, then [K: Q] < 10; d = 13, then [K: Q] < 24; d = 14, then [K: Q] < 9;
d =15, then [K: Q] < 8; d =16, then [K: Q] < 12; d = 17, then [K : Q] < 24;
d =18, then [K: Q] <12; d =19, then [K: Q] < 18; d = 20, then K : Q] < 12;
d = 21, then [K : Q] < 12; d = 22, then [K : Q] < 10; d = 23, then K = Fa3;
d = 24, then [K : Q] < 12; d = 25, then K = Fa5; d = 26, then [K : Q] < 12;
d = 27, then K = Fa7; d = 28, then [K : Q] < 12; d = 29, then K = Fag;
d = 30, then [K : Q] < 12; d = 31, then K = F3;; d = 32, then K = Fso;
d = 33, then K = F33; d = 34, then K = F34; d = 35, then K = F35; d = 36,
then [K : Q] < 12; d = 37, then K = F37; d = 38, then K = Fsg; d = 39,
then K = F39; d = 40, then K = Fyg; d = 42, then [K: Q] < 12; d = 44, then
K =Fy4; d = 45, then K = Fy5; d = 46, then K = Fyq; d = 48, then K = Fg;
d= 50, then K = Fg,o; d= 52, then K = Fg)g; d= 54, then K = ]F54; d= 56,
then K = Fs6; d = 58, then K = Fs5; d = 60, then K = Fgg; d = 62, then
K= FGQ; d= 64, then K = F64; d= 66, then K = F(;G; d= 68, then K = F(;g;
d= 70, then K = Fm; d= 72, then K = F72; d= 78, then K = F78; d= 80,
then K = Fgg; d = 84, then K = Fgy; d = 90, then K = Fgq; d = 96, then
K= Fgﬁ; d= 102, then K = Flog; d= 1207 then K = FIZO;

To improve these results, let us apply a similar polynomial to the one we
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used for d = 5. For d > 5, we consider the integral polynomial
P(z) = z(zx — 1)(z + 1 — 4sin? %) (x — 4sin? g) (19)

over the ring of integers of Fy. For ¢ : F; — R we denote by d(¢) the maximum

of |P?(x)| on the interval [0, o (4sin? (7/d)] (by calculating zeros of the deriva-

tive). Remark that all ¢(d)/2 embeddings o are defined by o(4sin® (7/d)) =

4sin? (kr/d) where 1 < k < d/2 and (k,d) = 1, and ¢(*) corresponds to k = 1.
Since evidently P(«) # 0, by Lemma 7, we get

In P77 (£2) = Iné(0H)
—In(I], 0(0))

if T[, d(0) < 1. It usually gives a better upper bound for m than (18), but it
is harder to calculate. Calculating (20) for ¢t = 142, t = 162 and for d from the
lists above, for some d we get a better upper bound for m. We formulate the
final result in the theorems below.

1

IN

m < (20)

Theorem 8. For d > 3, V-arithmetic connected edge graphs F;S)(lél) (see Fig-
ure 4) of the minimality 14 (equivalently, totally real algebraic integers a = u?
over Fqg = Q(cos?(w/d)) satisfying the conditions (11) and (12) above fort = 14)
are possible only for d which are shown below. Moreover, we have the shown be-
low upper bounds for the degree m = [K : Fy4| of the ground field K = Q(«) D Fy:
d=3, m<44;d=4, m<16;d=5 m<10;d=6, m<8 d=7,m<9;
d=8 m<8d=9, m<5,d=10,m<5,d=11,m<4;,d=12, m < 5;
d=13, m<3;d=14, m<3;d=15, m<2;d=16, m <3;d =17, m < 2,
d=18, m<3;d=20,m<2 d=21,m<2;d=22m<2;d=24 m<3;
d=26,m<2;d=28, m<2;,d=30,m<3;,d=36,m<2;,d=42, m < 2;
for all remaining d = 19, 23, 25, 27, 29, 31 — 35, 38 — 40, 44, 45, 46, 48, 50,
52, 54, 56, 58, 60, 66, 70, 72, 78, 84, 90, 102, 120 we have m =1 and K = Fy.
In particular, [K: Q] <44 ford=3; [K: Q] <27 ford=7; [K: Q] <20
ford=5,11; [K: Q] <18 for d =13; [K: Q] < 16 for all remaining d.

Theorem 9. For d > 3, V-arithmetic connected edge graphs FgB)(14) (see Fig-
ure 4) of the minimality 16 (equivalently, totally real algebraic integers a = u?
over Fqy = Q(cos?(m/d)) satisfying the conditions (11) and (12) above fort = 16)
are possible only for d which are shown below. Moreover, we have the shown be-
low upper bounds for the degree m = [K : Fy] of the ground field K = Q(a) D Fy:
Then only the following d are possible, and we have the following upper
bounds for m = [K : Fy]:
d=3, m<47;,d=4, m<16;,d=5 m<10;d=6, m <8, d=7, m < 10;
d=8 m<9,d=9, m<5d=10,m<5;d=11, m<4;d=12, m <5;
d=13,m<3;d=14, m<3;d=15m<2;d=16,m<3;d=17, m < 2,
d=18, m<4;,d=19, m<2;,d=20,m<3,d=21, m<2;,d=22, m<2;
d=24, m<3;d=26,m<2;,d=28, m<2;,d=30,m<3;,d=36, m<2;
d =42, m < 2; for all remaining d = 23, 25, 27, 29, 31 — 35, 38 — 40, 44,
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45, 46, 48, 50, 52, 54, 56, 58, 60, 62, 64, 66, 70, 72, 78, 80, 84, 90, 96, 102,
120 we have m =1 and K = Fy.

In particular, [K: Q] <47 ford =3; [K: Q] <30 ford=17; [K: Q] <20
ford=5,11; [K: Q] <18 ford =8, 13, 19; [K: Q] < 16 for all remaining d.

By Theorem 8, we obtain

Theorem 10. The set of fields ]—Tég)(lél) is finite and their degree over Q has
the upper bound 44. See more exact information about these fields depending on
the parameter d (see Figure 4) in Theorem 8.

4.2.2 Ground fields of some FgS) (t)

Here we consider ground fields ]—ng)(t) of V-arithmetic graphs I‘g3) (t) for pa-

rameters 3 < s < k < 5. See Figure 4.
The corresponding Gram matrix is

-2 u 2cos %
u -2 2cos} (21)
2 cos f 2 cos % —2

where s, k > 3 are integers, and u is a totally real algebraic integer. The ground
field is
K = Q (u?, cos® (m/s), cos® (m/k), ucos (m/s) cos (r/k)) .
The determinant d(u) of the Gram matrix is given by the equality
d(u)

— :u2Jrélcoszcosﬁu+4cosZI + 4 cos? il — 4.
s k s k

It follows that F(13) is V-arithmetic of the minimality ¢ > 2, if and only if we
have

0 < —(2cos g cos %) - \/cr(élsin2 gsin2 %) <o(u) <

< —0(2cos g cos %) + \/0(4 sin? g sin? %) (22)
for all o : K — R which are different from o(*), and
4 <o (u?) <2 (23)
where & extends o : K = Q(u?) — R to Q(u) = K(cos (7/s) cos (7 /k)).
Case s = k = 3. In this case, K = Q(u) and
2<ow) <1, 2<ocP) <t
We take the polynomial
P(z) = (z +2)3(z + D2t (x — 1)3(@@? + 2 — 1)? (24)
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which is similar to (13), and we similarly get
In(P(t))
(—In(d))

where ¢ = 0.0905969664. For ¢t = 14, we get [K : Q] < 23. (Theorems 5 and 6
give only the upper bound 57.)

Case s = 3, k = 4. Then Q(v/2) C K(u) and K = Q(u?). We have v/2 € K
if and only if u € K. In this case,

[K:Q] <1+

d(u)/2 = u* +V2u — 1.
We have
5(7%) - \/g <o(u) < 5(7%) + g,
4 < oM (u?) <t
We take the polynomial
P(z) =2 (z +vV2)*(2® + V22 - 1) (25)

over the ring of integers of Q(v/2). The maximum of P(x) on the interval
[~1/v2 — /3/2,—1/v2 + \/3/2] is equal to §; = 0.09375.... The maximum of
the conjugate polynomial P9(x) = 2*(x — v/2)*(2? — v/2x — 1) on the interval
[1/vV2—/3/2,1/V/2 +/3/2] is equal to d, = 0.09375.... By Lemma 7, we get

In P(t) — Indy

K:Q(v2) < “In(6103)

if V2 e K, and

In ((P(£)P9(~t)) — In 61,

[K(u) : Q(v2)] < “log(5,62)

if v/2 does not belong to K.
For ¢ = 14, in both cases we get [K: Q] < 12.

Case s =k =4. Then u € K and K = Q(u). We have
—2<o(u) <0, 2<oP(u) <14

We take
P(z) = (z+2)(z +1)*z (26)
which is similar to the polynomial (14). By Lemma 7,

In P(t)

[KIQ]§1+W.
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For t = 14, we obtain K : Q] < 8.
Case s =3, k = 5. Then u € K and F5 = Q(cos? (7/5)) C K = Q(u). We

have J
% :u2—|—2cosgu+4c032§—3.

We have

—o(cos g)fx/ga(sin g) < o(u) < —o(cos g)Jr\/go(sing), 2 < oM (u) < 14.

(27)
We take the polynomial

P(z) =
z(z+1)(z+3—4sin? (1/5))(z+2—4sin? (1/5))(x*+2 cos ga:—i—él cos? g—?)) (28)

over the ring of integers of F5. The maxima §(o) of | P?(x)| on the corresponding
intervals (27) are equal to d; = 0.0690098... if o(sin (7/5)) = sin (7/5), and
d2 = 1.2383316... if o(sin (7/5)) = sin (37/5). By Lemma 7,

In P(t) — Indy

[K:Fga] < —111((51(52)

For t = 14, we get [K:F5] <7 and [K: Q] < 14

Case s =4, k =5. (This case is the most difficult.)
Then Fs5 = Q(cos?(1/5)) € K = Q(u?), and u € K if and only if v/2 € K. We

have J
Mzuz—&—2\/§cos%u—&—40052§—2=

u +<\[+\/;> —I—(—;-ﬁ-\f),

and
0<a(5):—5(\/§cosg)— o(2sin? 5)<U( u) <
~ s . o T ~
< —5(V2cos g) +4/0(2sin g) =b(0) (29)
for all o : K — R which are different from o(*), and
4 < oD ?) <t (30)
We take the polynomial P(z) of the degree 8,
1 5
P(z) = (x + (f—l-\/;) —2—&-\;) X
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<4x + (3V2 +3vV10)2” + (6 + 4V5)z +5f+\2ﬁ>

<4x + (3v2 + 3V10)2? +(7+3\f)x+£ C) (31)

over the ring of integers of Fy 5 = Q(v/2, cos?(7/5)) = Q(v/2,/5).

All roots of the polynomials Pg(x) belong to the corresponding intervals
[a(7), b(7)]. The maxima 6(F) of |[P?(z)| on the corresponding intervals (29)
are as follows. The maxima of |P?(z)| on the interval

[a(5), b(F)] = [~1.97537668.., —0.31286893...]
is equal to 07 = 0.045593135... if 5(\/5) =+/2 and E(\/g) = /5; on the interval
[a(5), b(o)] = [0.31286893...,1.97537668...]

it is equal to d2 = 0.045593135... if 5(\/5) = —/2 and E(\/g) = /5; on the
interval

[a(5), b()] = [~0.90798099..., 1.78201304.. ]

it is equal to d3 = 2.14190686... if 7(v/2) = V2 and 7(v/5) = —/5; on the
interval
[a(7), b(5)] = [~1.78201304..., 0.90798099...]

it is equal to d4 = 2.14190686... if 7(v/2) = —v/2 and 5(v/5) = —V/5.
By Lemma 7,
In P(t) — Indy

K:F < —
K s Fasl = =0 (61020364)
if V2 e K, and

In (P(t)P7(~t)) — In (6105)
—In ((51(52(53(54)

[K(u) : Fy5] <

if V2 ¢ K where 7(v/2) = —v/2 and 7(v/5) = /5. For t = 14, in the first
case, we get [K : Fy5] < 5 and [K : Q] < 20; for the second case, we get
[K(u) : Fg5] <11 and [K(u) : Q] < 44. Then [K: Q] < 22. Thus, in both cases,
we get [K: Q] < 22. (Theorems 5 and 6 give [K: Q] < 72 only.)

Case s = k = 5. Then F5 = Q(cos? (7/5)) C K = Q(u), and we have
2 < o(u) < o(4sin? g) -2, 2<o®(u) < 14. (32)
We take the polynomial

P(z) = (z +2)(z + 1)(z + 3 — 4sin? g)(x +2 — 4sin? g) (33)

18
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Figure 5: The graph I‘§4)

which is similar to (15). The maxima (o) of |P?(x)| on the corresponding
intervals (32) are equal to §; = 0.0455931... if o(sin? (7/5)) = sin? (7/5); 62 =
2.1419068... if o(sin? (7/5)) = sin? (27/5).

By Lemma 7,
In P(t) — Indy

—1In (6152)

For t = 14, we get [K:F5] <6 and [K: Q] < 12.

Thus, finally we get the following statement.

[K:Fs] <

Theorem 11. We have the following upper bounds for the degrees of ground
fields K € ]:ng)(lél) that is for V-arithmetic edge graphs Fg?’) of the minimality
14 (i.e., 2 < u < 14) with parameters 3 < s < k <5 (see Figure 4):
[K:Q] <23 fors=k=23;
[K:Q] <12 for s =3, k =4;
[K:Q] <8 fors=k=4;
Fs = Q(v5) CK and [K:F5] <7 fors =3, k =5;
for s =4, k=5 we have Fy5 = Q(v/2,v/5) C K and [K: Fy5] <5 if V2 € K,
and Fs = Q(v/5) C K and [K: F5) < 11 if V2 ¢ K;
Fs = Q(v5) CK and [K: F5] <6 for s =k =5.

In particular, [K : Q] < 23 for all fields K € .7-T§3)(14) with parameters
3<s<k<5.

4.3 Fields from ]—TYQ(M)

For F§4)(l4) (see Figure 5) we assume that integers s, k,r,p > 3. Subgraphs
Fg‘l) —{e1} and Fg4) — {e2} must be Coxeter graphs. It follows that we must
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consider only (up to obvious symmetries) the following cases: either s = k = 3
and 5>r>p>3,ors=p=3and 5 >r >k > 4; the totally real algebraic
integer u satisfies the inequality 2 < u < 14.

Since the graph F§4)(14) with the parameters s, k, r, p contains two sub-

graphs F§3>(14) with the parameters s,k and r,p, we obtain that any field
K € ]:F§4)(14) with the parameters s, k,r,p belongs to ]—'1"53)(14) with the
parameters s, k and to .7:F§3)(14) with the parameters p,r. Thus, the degree of
fields K € ]-T§4)(14) with the parameters s, k,r,p is less than minimum of de-
grees of fields from .7-'1‘53) (14) with the parameters s, k and fields from .7-'F(13) (14)

with the parameters p,r. Thus, applying Theorem 11 we obtain an “easy” re-
sult.

Proposition 12. We have the following upper bounds for the degrees of ground
fields K € }"F§4)(14) that is for V-arithmetic edge graphs F§4) of the minimality
14 (i.e., 2 < u < 14) depending on their parameters s, k,p,r (see Figure 5):
K:Q <23 fors=k=p=r=3;
K:Q <12 fors=k=3,r=4,p=3;
Fs =Q(5) CK and [K:F5] <7 fors=k=3,r=>5, p=3;
K:Q)<8fors=k=3,r=p=4;
Fu5=Q(W2,V5) CK and [K:Fy5] <5 ifs=k=3,r=5p=4;
Fs = Q(v5) CK and [K : F5] <6 for fors=k=3,r=p=>5.
K:Q <12 fors=p=3,r=k=4;
Fy5=Q(W2,V5) CK and [K:Fy5] <3 fors=p=3,r=5k=4;
Fs =Q(v5) CK and [K:F5] <6 fors=p=3,r=k=5.

In particular, [K : Q] < 23 for all fields K € fTYL)(M).

By considering the graphs F§4) directly, one can significantly improve Propo-

sition 12. We hope to consider this in further variants of the paper and further
publications.

4.4 Fields from 7TV (14)

For I‘§4)(14) (see Figure 6), s, k,p > 3 are natural numbers and 2 < u < 14 is a
totally real algebraic integer. Moreover, we have only the following possibilities:

3<s<k<b,p=3;s=k=3,p=4,5.

Since the graph I‘§4)(14) with the parameters s, k, p contains the subgraph
ng)(lzl) with the parameters s, k, any field K € .7-'1“;4)(14) with the parameters
s, k, p belongs to ]—ng’)(lél) with the parameters s, k. Thus, the degree of fields
Ke .7-Té4)(14) with the parameters s, k, p is less than the degrees of fields from
F F§3)(14) with the parameters s, k. Thus, applying Theorem 11 we obtain an
“easy” result.

Proposition 13. We have the following upper bounds for the degrees of ground
fields K € ]—Tgl)(lél) that is for V-arithmetic edge graphs FgL) of the minimality
14 (i.e., 2 < u < 14) depending on their parameters s, k,p (see Figure 6):
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[K:Q] <23 fors=k=3,p=23,4,5;
K:Q <12 fors=3,k=4,p=3;
[K:Q] <8 fors=k=4, :3;

=Q(W5) CKand [K:F5) <7 fors=3,k=5p=3;

fors=4, k=5 p= 3 we have Fy5 = Q(v/2,v5) C K and [K : Fy5] < 5 if
V2 €K, and F5 = Q(v/5) CK and [K: F5] < 11 if V2 ¢ K;
Fs =Q(v5) CK and [K:F5] <6 fors =k =5, p=3.

In particular, [K : Q] < 23 for all fields K € ffg4)(14),

By considering the graphs I‘gl) directly, one can significantly improve Propo-

sition 13. We hope to consider this in further variants of the paper and further
publications.

4.5 Fields from FT{"(14)

For F§4)(14) (see Figure 7), s > 2, k,r > 3 are natural numbers, and 2 <
u < 14 is a totally real algebraic integer. Moreover, we have only the following
possibilities: s =2, k=3, r=3,4,5,5s=2, k=4,5,r=3;3<s<k <5,
r=3;,s=k=3,r=4,5.

The ground field K = Q(u?) contains cyclic products

o T o T 2T o T T T
cos* —, cos” —, cos” —, u“, U COS — COS — COS — .
s k s k r

The determinant d(u) of the Gram matrix is determined by the equality

d
—M = sin? = o2 —|—2coszcoszcoszu—&—400$2 T 4sin? Tsin? 7. (34)
4 r 5 k r r s k

Let
m . ™ . ™ . T . m 7r
cos® = + 16sin? = sin? = sin? — — 16 sin® — cos® —
r s k T T r

T T
D =4cos? = cos? =
s

be the discriminant of this quadratic polynomial of the variable u. The graph
F§4)(14) is V-arithmetic if and only if for 7 : K(u) — R which is different from

21



€eq e3

r
s K
u
&L O ©
@
3

Figure 7: The graph Fgl)

o) on K, one has

—27 (cos Z cos F cos &) — /7(D)

2T
27(sin” )
—27 (cos Z cos T cos &) + /7(D)
2 E)
.

27 (sin (35)

where T extends 7.

Since the graph Fé4)(14) with the parameters s, k, r contains subgraphs
Fé3)(14) with the parameters s, if s > 3, and 3 < k < 5, we obtain that any
field K € ]—'1"5(34)(14) with the parameters s, k,r belongs to ]—Tég)(lél) with the
parameter s, if s > 3, and to }Tég')(lél) with the parameter 3 < k < 5. Thus, the
degree of fields K € .7-T:(34) (14) with the parameters s, k,r is less than minimum
of degrees of fields from fFéS)(14) with the parameter s, if s > 3, and fields

from ngs)(M) with the parameters 3 < k < 5. Thus, applying Theorem 8 we
obtain an “easy” result.

Proposition 14. We have the following upper bounds for the degrees of ground
fields K € TFg4)(14) that is for V-arithmetic edge graphs Fg4) of the minimality
14 (i.e., 2 < u < 14) depending on their parameters s, k,r (see Figure 7):
[K:Q] <44 fors=2,k=3,r=23,4,5;

[K:Q] <16 fors=2, k=4, r=3;

Fs = Q(+v5) CK and [K : F5] <10 for s =2, k=5, r = 3;

K:Q| <44 fors=k=3,r=3,4,5;
[K:Q] <16 fors=3, k=4, r=3;
Fs = Q(v5) CK and [K:F5] <10 fors =3, k=5, r=3;
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[K:Q] <16 fors=k=4,r=3;
Fs =Q(v5) CK and [K:F5] <8 fors =4, k=5, r =3;
Fs = Q(V5) CK and [K: Fs5] <10 for s =k =5, r = 3;

Let us improve the poor bounds for s =2, k=3 and s = k = 3.
For s =2, we have fora =u? and 6 : K = R

0<o(a) <o (D/(4sin (1/1)))
if o # o).

Fors=2,k=r=23,

0<o(a) <=, 4<oP(a)<142

w| o

We take the polynomial
P(z) = z(x — 1)%(z — 2)%(2? — 3z + 1) (36)
The maximum of |P(z)| on [0,8/3] is = 0.148148.... By Lemma 7,

In |P(142)|

[K:Q<1+———

< 25.9.
Thus, [K: Q] < 25.
For s =2, k=3, r =4,
0<o(a) <2, 4<oP(a)<142
We take the polynomial
P(x) = z(x — 1)*(z — 2). (37)
The maximum of |P(z)| on the interval [0, 2] is equal to 6 = 1/4. By Lemma 7,

In P(142)

[K:Q <1+ ——

< 16.3.
Thus, [K: Q] < 16.
For s=2,k=3,r=25,
0 < o(a) <4—(16/5)0(sin? (21/5)), 4 <o P (a) < 142
We take the polynomial
P(z) = z(x — 1)(z 4+ 1 — 4sin® (7/5)) (38)
over the ring of integers of the field F5 = Q(cos? (7/5)). The maximum of

|P(x)] on [0,4— (16/5) sin® (27r/5)] is equal to §; = 0.0844582.... The maximum
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of |P9(z)| on the interval [0,4 — (16/5)sin? (r/5)] where g : F5 — R is not
identity, is equal to do = 1.51554175.... By Lemma 7,

2y _
In P(14%) — In <891

[K : IFE)] < —1In (5152) -

Thus, [K: F5] < 8.
Let s=k=r=3. Then

0 < o(u?) < 2? =2.15612498..., 4 <o (u?) < 142

where 1 is the left root of the polynomial 322 + 2 — 5 defined by (34). We take
the polynomial

P(z) =z(x — 1)(z —2). (39)
The maximum of |P(z)| on the interval [0,2.15612498...] is equal to
6 = 0.3849001.... By Lemma 7,

In P(142)

[K:Q <14 ——

<17.2.

Thus, [K: Q] < 17.
Let s=k=3,r=4. Then

0 < o(u?) < 2? =1.30901699..., 4 < o) (u?) < 142

where ;1 is the left root of the polynomial 222 + v/2x — 1 defined by (34). We
take the polynomial
P(z) = z(x —1)% (40)

The maximum of |P(z)| on the interval [0,1.30901699...] is equal to
0 = 0.14814.... By Lemma 7,

In P(142) <83

[K:Qs1+— =<

Thus, [K: Q] < 8.

Let s = k =3, 7 = 5. Then F5 = Q(cos?(r/5)) C K = Q(u). In this case,
o(D) < 0 if o(sin?(7/5)) = sin®(7/5). It follows that K = Fs.
Thus, finally, we get the following result.

Theorem 15. We have the following upper bounds for the degrees of ground
fields K € .7-T:(34)(14) that is for V-arithmetic edge graphs Fgl) of the minimality
14 (i.e., 2 <u < 14) depending on their parameters s, k,r (see Figure 7):
K:Q] <25 fors=2,k=r=3;

[K:Q] <16 fors=2,k=3, r=4;

Fs =Q(v5) CK and [K:F5] <8 fors =2, k=3, 7 =5;

[K:Q] <16 fors=2,k=4,r=3;
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Figure 8: The graph I‘é4)

FSZQ(\/B)CKand[K:Fd§10f0r5:27k25,r:3;

K:Q) <17 fors=k=r=3;

K:Q] <8 fors=k=3,r=4;

K=Fs=Q(5) ifs=k=3,r=5.

[K:Q] <16 fors=3, k=4, r=3;

FSZQ(\/B)CKand[K:]Fg)]SlOfors:S}k:E)}r:?);

K:Q] <16 fors=k=4,r=3;

Fs =Q(V5) CK and [K:Fs] <8 for s =4, k=5, r = 3;

Fs =Q(5) CK and [K:F5] <10 fors =k =5, r = 3;
In particular, [K : Q] < 25 for all fields K € FTS" (14).

By considering the graphs Fé4) directly in other cases, one can significantly
improve Theorem 14. We hope to consider this in further variants of the paper
and further publications.

4.6 Fields from .7-Té4)(14)
<s

For I‘é4)(14) (see Figure 8), 3
totally real algebraic integer.
The ground field K = Q(u?) contains cyclic products

< k are natural numbers and 2 < u < 14 is a
T T

cos? —, cos® =, u?.
k s

Thus, Fy; = Q(cos?(r/s),cos?(n/k)) C K = Q(u?). The determinant d(u) of
the Gram matrix is determined by the equality

_%u) = u? — 4sin? %sin2 g
The I‘é4) is V-arithmetic if and only if for o = u? we have
0 < o(a) < o(4 sin? % sin? g) <4
for any o : K — R which is different from identity o(*). For ¢(*), we have
4 <oM(a) < 14%

The graph Fé4)(14) with parameters s, k, contains two subgraphs Fé3)(14),
with parameters d = s and d = k. Thus the field K € .7-Té4) (14) with parameters
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3 < s < k belongs to ]-Té?’)(lél) with the parameter s and to ]—Tg?’)(lél) with the
parameter k. By Theorem 8, the degree [K : Q] < 20 if one of s and k does not
belong to {3, 7}. Let us assume that both s and k belong to {3, 7}.

Let s =k = 3. Then 0 < o(a) < 9/4. We take the polynomial
P(z) = z(zx — 1)*(z — 2)%(z* — 32+ 1). (41)

The maximum of |P(z)| on the interval [0,9/4] is equal to ¢ = 0.21570956....
By Lemma 7
In P(14%)

< 25.06
—Ind —

K:Q <1+
and [K : Q] < 25.
Let s = 3, k = 7. In this case,
0 < o(a) < 3o(sin? (/7))
for o : F; = Q(cos?(/7)) — R. We take the polynomial
P(x) = 2*(x—1)*(x —2)(2® =3z +1)(x +1—4sin® (7/7))(x —4sin® (7/7)) (42)

which can be considered as an appropriate combination of the polynomials (13)
for d = 3 and (19) for d = 7. For ¢ = o} : F; — R where o(sin® (7/7)) =
sin? (kn/7), k = 1,2,3, we obtain that the maximum of |P?(x)| on the interval
[0, 30 (sin? (7/7))] is equal to &; = 0.0050709048..., 5, = 0.110711589..., 65 =
1.23817314... respectively. By Lemma 7,

In (P(14%)) —In(d1) _ o (43)

: <
[K IF7] - —In ((516253) -

Thus [K: F7] <7 and [K: Q] < 21.
Case s = k = 7. In this case, 0 < o(a) < o(4sin* (7/7)). We take the
polynomial

P(x) = z(x — 1)(z + 1 — 4sin® (7/7))(x — 4sin? (7/7)) (44)

which is the same as we used in (19) for d = 7. For ¢ = oy, k = 1,2,3,
in notations above, |P?(z)| on the interval [0,c(4sin? (7/7))] has maximum
01 = 0.0289099468..., 65 = 0.52203650..., d3 = 2.93338845.... Like above, we get
[K:F;] <7and [K:Q] <21.

Thus, we obtain the following result.

Theorem 16. We have the following upper bounds for the degrees of ground
fields K € ]-T‘gl)(lél) that is for V-arithmetic edge graphs Fgg of the minimality
14 (i.e., 2 < u < 14) depending on their parameters s,k (see Figure 8):
[K:Q] <25 fors=k=3;
K:Q] <21 fors=3,k=7;
K:Q <21 fors=k=7
[K: Q] <20 for all other 3 < s <k.
In particular, [K : Q] < 25 for all fields K € FT{Y(14).
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Figure 9: The graph I‘A(;l)

This Theorem can be significantly improved using our results and methods
from [14]—[16]. We hope to do that in further variants of this paper and further
publications.

4.7 Fields from ]:F514)(14)

For Ffl4)(14) (see Figure 9), k > 2, s, r > 3 are natural numbers and 2 <
u < 14 is a totally real algebraic integer. Moreover, we have only the following
possibilities: s =3, r=3,4,5; s=4,5,r=3.
The ground field K = Q(u?) contains cyclic products
cos? z, cos? E, cos? E, u?, u cos Teos .
s r S k

k

This case can be considered as a specialization of the graph F§4) when we

take p = 2. The determinant d(u) of the Gram matrix is determined by the
equality

—d
ﬂ :u2+4coszcoszu+4 COSQZ —4sin2581n25
4 s k s k
We obtain
0(u2+4coszcosﬁu+4cos2z — 45in® 7 sin? I) <0 (45)
s k s k r

for o # o), and
4 <o (u?) <142 (46)

We then have K = Q(u?).
Assume that & = 2. Then we obtain

0 < o(u?) <4—o(4cos? g) — 0(4 cos? g)

If s = r = 3, we obtain 0 < o(u?) < 2. Applying (like above) the polynomial
(14), P(x) = z(z — 1)%(z — 2), we obtain [K : Q] < 16.
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If (s,7) = (3,4), (4,3), we obtain 0 < o(u?) < 1. Applying the polynomial
P(z) = z(x — 1), we get [K: Q] < 8.

If (s,7) = (3,5) or (5,3), we obtain 0 < o(u?) < o(4sin*(7/5))—1. Applying
the polynomial P(z) = z(x — 1)(x + 1 — 4sin® (7/5)), we obtain [K : F5] < 5
and [K: Q] < 10.

Assume that £ > 3. We have that

ﬂ:u2+4coszcos%u+4coszﬁ (47)
s s

is a totally positive algebraic integer (since minimum of this quadratic polyno-

mial of u is equal to 4 cos? = sin? 7) which belongs to K, and Fffl) is V-arithmetic
if and only if
.2

0 < o (4 cos? T sin? %) < o(u) < o(4 sin? T sin k) <4 (48)
s r

for any ¢ : K — R which is different from identity o(*). For ¢(*)  we have

4 < 448cos ~ cos —+4 cos® — < o™ (W) < 142456 cos T cos—+4cos? = < 162.
s k s s k s
(49)
Tt follows that K = Q(w).
Further we use only the inequalities

0 < o(u) < o(4 sin? gsin2 %) <4
and
4 < oM (W) < 162,

Then this case is similar to the previous case of Fé4)(14) if we replace 142 by
162 (or use (49) if necessary), and take s = min (r, k). Instead of Theorem 8 we
should use Theorem 9.

Here similar bad cases are as follows:

Caser =k = 3. Then [K : Q] < 25 (here we use 14456 cos T cos F 44 cos® T
instead of 142).

Caser =3,k =7. Then [K: Q] <21

Thus, we obtain the following.

Theorem 17. We have the following upper bounds for the degrees of ground
fields K € fF514)(14) that is for V-arithmetic edge graphs Fffl) of the minimality
14 (i.e., 2 < u < 14) depending on their parameters k, s,r (see Figure 8):
[K:Q] <16 fork=2,s=r=3;

[K:Q] <8 fork=2,(s,7) =(3,4), (4,3);
[K:Q] <10 for k=2, (s,7) = (3,5), (5,3);
[K:Q] <25 forr=k=3;

K:Q) <21 forr=3,k=17;

[K: Q] <20 for all remaining k, s, .

In particular, [K : Q] < 25 for all fields K € FT'\V(14).
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This Theorem can be significantly improved using our results and methods
from [14]—[16]. We hope to demonstrate that in further variants of this paper
and further publications.

This finishes the proof of Theorem 4.

5 Applications

Using results of [9]—[16], we obtain the following applications to arithmetic
hyperbolic reflection groups.

Theorem 18. In dimensions n > 10, the ground field of any arithmetic hyper-

bolic reflection group belongs to one of finite sets of fields FL*, FT, TFZ(-4)(14),
1 < < 5. In particular, its degree has the upper bound 25.

Proof. In [9], [10] (see more details in [14]) we showed that the field belongs
to FLY, FT, FTW(14), 1 < i < 5. By Theorem 4 of this paper, than the
degree has the upper bound 25. (See more details in the proof of the next
Theorem.) O

Theorem 19. In dimensions n > 6, the ground field of any arithmetic hyper-

bolic reflection group belongs to one of finite sets of fields FL*, FT, .7:F54)(14),
1<i <5, and FT'y4(14). In particular, its degree has the upper bound 25.

Proof. This is similar to [14, Theorem 9] where we claimed this theorem for 56.

In [14], we showed that the field belongs to one of sets FL*, FT, .7-"F§4)(14),
1 <4 <5, and FI'y4(14). It is well-known that the degree of fields from FL*
has the upper bound 2. By Takeuchi [18] (see also [17]—[20]), the degree of
fields from FT has the upper bound 5. In [14], we showed that the degree of
fields from FT'5 4(14) has the upper bound 11. By Theorem 4 of this paper, the

degree of fields from .7-TE4)(14), 1 <4 <5, has the upper bound 25.
It follows the statement. O

Theorem 20. In dimensions n = 4, 5, the ground field of any arithmetic hyper-

bolic reflection group belongs to one of finite sets of fields .7:F(16)(14), ]—“Féﬁ)(lél),

FTO 14y, 7T (14), 7T (14), and FTo5(14) if it is different from a field

from the sets FL*, FT, fF§4)(14), 1< <5, FT'2.4(14) in Theorem 19 above.
In particular, its degree has the upper bound 44.

Proof. This is similar to [15, Theorem 2.6] where we claimed the upper bound
138.
In [15], we showed that if a field is different from a field from FL*, FT,

FTW(14), 1 < i < 5, FTy4(14), then it belongs to FT{¥(14), 7T (14),
7T 14), 7T\ (14), FT{7(14), and FTy5(14). In [15] we showed that the
degree of fields from FT'5 5(14) has the upper bound 12.
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Assume that a field belongs to FT\% (14), 7T (14), 7T (14), 717 (14),
FT(14). All diagrams T8 (14), T (14), 7% (14), {7 (14), T{7(14) have a
subdiagram Fg?’) (14). By Theorem 10, then the degree of the field has the upper

bound 44.
It follows the statement. O

Theorem 21. In dimensionn = 3, the ground field of any arithmetic hyperbolic
reflection group belongs to one of finite sets of fields }'Fé4)(14),
.7-T§5)(14), .7-T516)(14), and FTy(14) if it is different from a field from the sets
7Ty, Fri®a4), Fri®aa), 7r{014), 7T (14), FTa5(14) and FLA,
FT, fF§4)(14), 1<i<5, FI'y4(14) in Theorems 19 and 20 above.

In particular, its degree has the upper bound 44.

Proof. This is similar to [16, Theorem 3.8] where we claimed the upper bound
909.

In [16], we showed that if a field is different from a field from FL*, FT,
FTW(14), 1 < i < 5, FTy4(14), and 7T (14), 7T 14), 7T (14),

)
.7-T§7)(14), .7-"I‘57)(14), FT25(14), then it belongs to one of sets ]:Fé4)(14),
7T (14), FT19(14), and FTy(14).

Assume that a field belongs to one of sets ]:I‘é4)(14), .7-'Fg5)(14)7 ]—Tff)(14),
and FT'2(14).

The set FI'5(14) consists of ground fields of arithmetic hyperbolic reflection
groups in dimension 2 with the fundamental polygon of the minimality 14. We
showed in [14] using results of [7] that the degree of ground fields of arithmetic
hyperbolic reflection groups of dimension 2 has the upper bound 44.

All diagrams Fé4)(14), Fg‘%)(lél), I‘ELG)(14) have a subdiagram Fg3)(14). By
Theorem 10, then the degree of the field has the upper bound 44.

It follows the statement. 0

We remark that Theorem 21 also gives another proof of finiteness in dimen-
sion 3 which is different from the proof by I. Agol [1].

In [2], Belolipetsky showed (using results of [1]) that the degree of ground
fields of arithmetic hyperbolic reflection groups in dimension 3 has the upper
bound 35. Using this result and results of [14], we can improve the upper bound
above in dimensions 4 and 5.

Theorem 22. In dimensions n = 4, 5, the ground field of an arithmetic hy-
perbolic reflection group belongs to one of sets FL*, FT, ]—'FE4)(14), 1 <9 <5,
or it is equal to the ground field of an arithmetic hyperbolic reflection group in
dimension 2 or 3.

In particular, its degree has the upper bound 35.

Proof. In [13] we proved the first statement of the theorem.

The degree of fields from FL*, FT has the upper bound 5. By Theorem
4 of this paper, the degree of fields from .7-'1“54)(14)7 1 <4 < 5, has the upper
bound 25.
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By [2], the degree of fields in dimension 3 has the upper bound 35.
By [8], the degree of fields in dimension 2 has the upper bound 11.
It follows the statement. O

Theorems 10 and 8 can be also considered as a small step to classification.

Theorem 23. Assume that a narrow face of the minimality 14 of the funda-
mental chamber (it does exist by [9]) of an arithmetic hyperbolic reflection group
contains an edge with the hyperbolic connected component of its graph containing
a subgraph I‘f) with the parameter d (see Figure 4).

Then d < 120, and the ground field is Fy = Q(cos? (7/d)) if d > 44 (see
more ezxact results in Theorem 8).

6 Appendix: Hyperbolic numbers (the review
of [10, Sec. 1])

Here we review our results in [10, Sec.1] and correct some arithmetic mistakes
(Theorems 1.1.1 and 1.2.2 in [10] which are similar to Theorems 25 and 27 here).
This mistakes are unessential for results of [10].

6.1 Fekete’s theorem

The following important theorem, to which this section is devoted, was obtained
by Fekete [5]. Although Fekete considered (as we know) the case of Q his method
of proof can be immediately carried over to totally real algebraic number fields.

Theorem 24. (M. Fekete). Suppose that F is a totally real algebraic number
field, and to every embedding o : F — R there corresponds an interval [ay,bs] in
R and the real number A\, > 0. Suppose that [[, A = 1. Then for every non-
negative integer n there exists a nonzero polynomial P, (T) € Q[T of degree no
greater than n over the ring of integers Q of F such that the following inequality
holds for each o:

z€lag,bo 4
g

b —a n/(2[F:Q])
max | |P?(2)| < Ao discr F|L/CEQDgn/(n+1) (4 1) (H Z G) .

(50)

Proof. Suppose that N = [F : Q] and that ~1,...vn is the basis for O over Z.
Suppose we are given a nonzero polynomial

n N

Pu(T) =Y > ayyT € O[T]

i=0 j=1

of degree no greater than n, where the a;; € Z are not all zero. For every
o : F — R we consider the real functions P?(z) on the interval [a,, b,].
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We make the change of variables

bn + (2% bo — Qg
= —+ COSs z.

x=x(z) ) 5

If z runs through [0, 7], then = runs through [a,,b,]. We also set Q7(z) =

P (x(2)).
Since QZ(z) is an even trigonometric polynomial, it follows that

Q5(2) =Y Agycoskz, (51)
k=0
where L ) )
Ak(,:f‘/ Pe U+a6+ s — 99 wosz ) coskz dz
™) _x 2 2
—ii l " bg+ag+bg_agcosz Z.Cosk:zdz o7
f. ' p 77‘—')/]‘ B 9 ij s
i=0 j=1
if k> 1, and
1 T bo o ba_ o
Aog:% ng( —|2—a + 2a cosz) dz
n N i
1 (™ (bo+a, by—a,
:ZZ<27T/_n% ( 5 + 3 cosz) dz)aij.
=0 j=1
Thus,

n N
Ape = Z Z Choij Ot (52)

i=0 j=1
are linear functions of the «;;, where

o 1 " b0+aa ba_aa ‘
Ckoij = 7 'w/_,r< B + 5 cosz) coskzdz,

if k> 1, and

o L [T (byt+a, by;—as, ’
COUz'jZ’Yj'% - 5 + 5 cosz | dz.

We note that, because of these formulas, cisi; = 0 for ¢ < k, and

by —ag \"
Ckokj:’}/;'r‘2<a4 U) , ifk>1

(cosoj = 7). Hence, if we order the indices ko and ij lexicographically, we
find that the matrix of the linear forms (52) is an upper block-triangular matrix
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with the shown above N x N matrices (cor0;) and (ckxorj), 1 < k < n, on the
diagonal. It follows that its determinant is equal to

b (n+1)/2
o\n n o — Qo

o

Since [T, A2t = (T1, Ao)"T! =1, according to Minkowski’s theorem on lincar
forms (see, for example, [3], [4]), there exist a;; € Z, not all zero, such that
| Aro| < Ao |AIYN D “and hence, by (51),

max |Q0(2)] < Ag - (n+ 1)|A|1/N("+1)_

Taking into account that det(’y;’)2 = discr F, we obtain the proof of the theorem.
O

Taking A\, = 1, we get a particular statement which we later use.

Theorem 25. (M. Fekete). Suppose that F is a totally real algebraic number
field, and to every embedding o : F — R there corresponds an interval [a,,by]
in R. Then for every nonnegative integer n there exists a nonzero polynomial
P, (T) € O[T] of degree no greater than n over the ring of integers Q of F such
that the following inequality holds for each o:

b —a n/(2[F:Q])
e | 1P (@)] < | disor F|Y/EED2/ D (n + 1) (H I ) |

g

(53)

6.2 Hyperbolic numbers

The totally real algebraic integers {«} which we consider here are very similar
to Pisot-Vijayaraghavan numbers [4], although the later are not totally real.

Theorem 26. Let F be a totally real algebraic number field, and let each em-
bedding o : F — R corresponds to an interval [ay,bs] in R, where

HLZ%Q.

o

In addition, let the natural number m and the intervals [s1,t1],. .., [Sm,tm] in
R be fized.

Then there exists a constant N (s;,t;) such that, if o is a totally real algebraic
integer and if the following inequalities hold for the embeddings 7 : F(a) — R:

s; <1(a) <ty forT=7T1,...,Tm,

aTUF S T(Oé) S bT\]F fOTT 7é Tly++Tm,
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then
[F(a) : F] < N(s4, ;).

Theorem 27. Under the conditions of Theorem 26, N(s;,t;) can be taken to
be N(s;,t;) = N(S), where N(S) is the least natural number solution of the
inequality
nin(l/R) — MIn(2n+2) —InB > InS. (54)
Here
ba — Qo
4 )

M=[F:Q, R=][] (55)

o

B =./|discr F|, S= H (2er;(by, — ao,) "), (56)
i=1

where o; = 7;|F and r; = max {|t; — aq,|, |bs, — Si|}-
Asymptotically,
InS
N iyti) ~ ———.
(sisti) ~ 7Ry

Proof. We use the following statement.

Lemma 28. Suppose that Q,(T) € R[T] is a non-zero polynomial over R of
degree no greater than n > 0, a < b and My = max, y {|Qn(x)|}. Then for
x>0 (

My(z —a)™n™

1Qn(2)| £ ———7Fm—

((b—a)/2)"n!

Mo(z — a)™e™ < My(z — a)™e™

(b—a)/2)"v2mn — ((b—a)/2)"

n'

Proof. Let ap < a1 < -+ < a,. Then we have the Lagrange interpolation

formula
n

=0

(z—a)(r—a1) (v —ai1)(@ — qit1) - (. — )

Fi(e) = (i —ao)(as — o) (o — aim1) (0 — ig1) -+ (@ — )

Taking o; = a +i(b—a)/n, 0 < i < n, we obtain for > b that

n

Mo(z — a)™ 1 _ Mo(z —a)m2"
Qn(z)| < (b—a)/n)" ; il(n—1i)!  ((b—a)/n)"n!’

By Stirling formula, n! = v/27n(n/e)"e*» where 0 < A\, < 1/(12n). Thus,
n"/nl < e"/v2mn < e™. It follows the statement. O
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We continue the proof of theorems.

For given n we consider the polynomial P,(T) € O[T] whose existence is
ensured by Fekete’s theorem 25. Setting N = [F(«) : F] and M = [F : Q], we
use Fekete’s theorem and the lemma to conclude that

[T r@uteant =TT I1PT (el = T] PJ(T(O&))HIPJ(H(O&))I

THT;
m
< T max 127 T] max 1P )
iyl [ar|r,br|F] i [si,ti]

m n,n

NM
< (1diser FIM/@M) 9. 1) R™/M o ne
< (|d15cr | (n+1)R ) 11;[1 O = a)/2)

= R"NBN . 8" . (2n 4 2)MN,

Since R < 1, there exists ng large enough so that

1
R™ . B.(2ng +2)M < 5 (57)
Then if N > ng, we find that

RN BN . 870 (2ng 4 2)MN < 507N <1,

since S > 1. From this and the above chain of inequalities we have

I (Pus (@) < 1.

[17(Pno (@) = Ni(a)j0(Pay (@) € Z,

and hence P,,(«) = 0. Consequently, N < ng, and we have obtained a contra-
diction. We have thereby proved that N < ng, where ng is a natural number
solution of (57). The inequality (57) is obviously equivalent to

noln(1/R) — MIn(2ng+2) —InB > In S,

and this completes the proof of the theorems. O
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