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Abstract: We discuss a class of normal forms of the completely resonant non-linear
Schrodinger equation on a torus. We stress the geometric and combinatorial construc-
tions arising from this study.
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1. Introduction

In this paper we exhibit a normal form, with remarkable integrability properties, for the
completely resonant non-linear Schrodinger equation on the torus T”, n € N (NLS for
brevity):

—iup+ Au=rkluu+0;G(ul>), g>1¢€N. 1)

where u := u(t, ¢), ¢ € T" and G(a) is a real analytic function whose Taylor series
starts from degree g + 2. The case g = 1 is of particular interest and is usually referred
to as the cubic NLS.

It is well known that Eq. 1, the NLS, can be written as an infinite dimensional
Hamiltonian dynamical system.

Ithas the energy H = [1,, (IV(u)[*+x(g+ 1)~ |u|2(‘1+1)+G(|u|2))(2dT¢),,, the momen-

wm M = [, ﬁ(cp)Vu(go)% and the mass L = [p, |u(¢))|2%, as integrals of
motion.
Passing to the Fourier representation

u(t, ) = D up(t)e®?, )

kezZ"

we have, up to a rescaling of u and of time, in coordinates:

d
Gup) 22

. 2 - S .
H = Z |k|“uruy = Z Ujey Uky Uy Uky - - - Ukog sy Ukogsa +/ 2y

) T
keZ" ki €232 (<1)i k=0

3)

We fix the sign to be + since in our treatment it does not play any particular role.
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1.1. Preliminaries. By Formula (3), we can write Eq. (1) as an infinite dimensional
Hamiltonian dynamical system, where the quadratic term consists of infinitely many
independent oscillators with rational frequencies and hence completely resonant (all
the bounded solutions are periodic). In order to study resonant systems a standard
instrument is the “Resonant Birkhoff normal form”. In Formula (3) denote by K :=
> vezn kPugii.

The first step of “resonant Birkhoff normal form” is the sympletic change of variables
which reduces the Hamiltonian H to

H = Hpes + H2:  Hyey = K + HO (u, i),

where H %% is an analytic function of degree at least 2¢ +4 while Hr(z o 2 is of degree
2g + 2 and consists exactly of the degree 2¢g + 2 terms of (3) which Poisson commute
with K. Then one wishes to treat the truncated system Hres = K + H,(ezsq +2) (u, u), as the
new unperturbed Hamiltonian and H 29+ as a small perturbation. An ideal situation is
when the truncated system is integrable, this is the case for the cubic NLS in dimension
1, as shown by Kuksin and Poschel in [14]. However the special degenerations of the
truncated system used by these authors are not valid in the case of the non-cubic NLS,
already in dimension one, nor for the cubic case in dimension higher than one.

Although the truncated system appears to be very complicated (see formula (8)) we
show that it admits infinitely many invariant subspaces (cf. §2.1.1), defined by requiring
up = 0 forall k ¢ S, where S = {vy, ..., vy}, tangential sites, is some (arbitrarily
large) subset of Z" satisfying the completeness condition (see Proposition 1).

The dynamics on these subspaces depends in a subtle way on the geometric proper-
ties of S, we show — in Proposition 1 ii)— that for generic choices of S the behavior is
integrable and that all the |u,, | are constants of motion. Suitable non-generic choices of
S lead also to interesting non-integrable behavior as for instance in the paper [7].

By momentum conservation, it is easily seen that for any set S C Z", the subspace
up = 0 for all k ¢ Span(S) is invariant. We restrict to this subspace! and denote by
S¢ := Span(S)\S the normal sites. We collect in Hg,, the terms by the degree (which
we denote by #5) in the variables uy, uy, k € S¢ we have

Hges = Hg + Hyge—1 + Hyge—p + Hyge=2,

by definition the completeness is equivalent to the fact that the term of degree one is
Zero, i.e. H#S“:l =0.

We show that the term Hygeo is negligible and we give an explicit formula for
Hysc—> described by an infinite dimensional matrix (cf. Formula (30)) with coefficients
depending on the “tangential angles”. This is done explicitly by 1) putting the tangential
variables in action—angle coordinates and then 2) introducing parameters for the actions
and finally 3) isolating the terms of the Hamiltonian Hg,s of degree < 2. The resulting
Hamiltonian is what we call the normal form, it is quadratic and explicitly described by
a matrix which depends on the “tangential angles”. Hence the dynamics of this quadratic
Hamiltonian is apparently non-integrable and given by an infinite set of coupled linear
equations with non-constant coefficients.

It is natural at this point to try to reduce the normal form to constant coefficients,
exploiting the fact that Hr(ezsq *2) is smaller than K . However the quadratic term K is very
degenerate and does not satisfy the second Melnikov condition, hence the perturbative

1 Notice that this subspace is invariant not only for Hg, but also for the full Hamiltonian H.
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methods, see for instance [9], fail. In finite dimensional systems one can still approxi-
mately reduce (to constant coefficients) matrices whose diagonal part does not satisfy the
second Melnikov condition, see [6]. This is done via a change of variables which is not
close—to—identity and hence must be constructed explicitly. In our infinite dimensional
setting however these kinds of results are not applicable, since in general the change of
variables suggested by the finite dimensional analog is not analytic.

1.2. The object of this paper. The main contribution of this paper is to construct, for
generic S, an explicit analytic symplectic change of variables which removes the depen-
dence from the tangential angles so that the Normal form is block—diagonal (with blocks
of dimension < 2n) and integrable, see Theorem 1 for a precise statement. Notice that
this symplectic transformation is not close—to—identity. It is given by explicit algebraic
formulas (Formula (70)) and not constructed through a recursive algorithm. This is due
to the fact that we can achieve a complete control on the diagonal blocks of the normal
form. In turn this is done by codifying the corresponding matrix in terms of graphs,
see Definition 9, and describing the possible blocks which may appear in the normal
form, depending on the choice of the tangential sites, combinatorially using finitely many
graphs.

Then we find optimal constraints on the tangential sites, given by a finite list of poly-
nomial inequalities on the coordinates of S. If S satisfies these inequalities we say that
it is generic and then, these constraints make the normal form as simple as possible.

We organize our constraints in 6 different requirements, summarized in Definition
22. Under these constraints the normal form is block—diagonal with blocks of dimension
bounded by n + 1, except finitely many exceptional blocks of size bounded by 2n. The
diagonal blocks are explicitly described as functions of the average tangential actions &
and angles x.

Then, for these infinitely many choices of the tangential sites S, we exhibit” a sym-
plectic change of variables (cf. Formula (70)) which makes the normal form with constant
coefficients and still block—diagonal.

Finally we show that, in dimension one and two, the normal form has both stable and
unstable regions, namely there are open sets for the parameters & where the normal form
is completely elliptic—hence its Hamiltonian flow is stable. For all the remaining values
of the parameters & there are a finite number of unstable directions. In the stable region
one may perform a further analytic change of variables which reduces the normal form
to the standard elliptic one (w(§), y) + > Qilzi|? (cf. Corollary 1).

1.3. Some related literature. The idea of choosing an appropriate set of tangential sites
S was first used by Bourgain in [4] in a slightly different context. He studied the cubic
NLS in dimension two and proved the existence of quasi—periodic solutions with two
frequencies by using a combination of Lyapunov-Schmidt reduction techniques and a
Nash—Moser algorithm to solve the small divisor problem (the so—called Craig—Wayne—
Bourgain approach, see [4,8] and for a recent generalization also [2]). In [4] it is shown
that, for appropriate choices of the tangential sites, one may find simple solutions for the
bifurcation equation where only the Fourier indexes of the tangential sites are excited.

2 1n general, in order to construct a change of variables one solves a Hamilton—Jacobi equation, finding a
generating function for the change of variables. In our case however we do not use this procedure, indeed the
change of variables was guessed directly.
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This strategy was generalized by Wang in [17] to study the NLS on a torus T” and prove
existence of quasi periodic solutions with n frequencies. A similar idea was exploited
in [12] and [13] to look for “wave packet” periodic solutions (i.e. periodic solutions
which at leading order excite an arbitrarily large number of “tangential sites”) of the
cubic NLS in any dimension both in the case of periodic and Dirichlet boundary condi-
tions.

In the context of KAM theory and normal form, this idea was used by Geng in [10]
for the NLS in dimension one with the nonlinearity |u [*u.

A similar strategy is used by Geng-You and Xu in [11], to study the cubic NLS in
dimension two. In that paper the authors show that one may give constraints on the tan-
gential sites so that the normal form is non-integrable (i.e. it depends explicitly on the
angle variables) but block diagonal with blocks of dimension 2. They apply this result
to perform a KAM algorithm and prove existence (but not stability) of quasi—periodic
solutions. We also mention the paper [16], which studies the non-local NLS and the
beam equation both for periodic and Dirichlet boundary conditions. The main result
of that paper is that, by only requiring very simple constraints on the tangential sites,
the leading order of the normal form Hamiltonian is quadratic and block diagonal, with
blocks of uniformly bounded dimension.

Finally we mention the preprints by Wang [18] and [19], which use the Craig—Wayne—
Bourgain approach to study quasi—periodic solutions for the NLS (1) in any dimension.

1.4. Description of the paper. In Sect. 2 we introduce some necessary Hamiltonian
formalism, we perform the Birkhoff change of variables and study the truncated sys-
tem Hp.s. In particular we study invariant subspaces and in Propositions 1 and 2 we
give conditions for their completeness and integrability. Finally we pass to the ellip-
tic—action angle variables and define the functional domains in which we work. All
the results and techniques of this section are pretty standard so we try to review them
concisely.

Having introduced the relevant notations, in Sect. 3 we give the notion of generic
tangential set S and state our main results Theorem 1 and Corollary 1.

In Sect. 4 we impose Constraint 1 on the tangential sites S; this enables us to define
our normal form N — see Proposition 4—and prove that N satisfies non-degeneracy in the
action variables— see Proposition 5. Finally we discuss the perturbation P and estimate
its size— see Proposition 6.

In Sect. 5 we define two spaces V! and F! on which we study the linear operator
ad(N) := {N, -}. This gives two matrix descriptions of N.

In Sect. 6 we describe the two matrices in terms of two graphs I's and Ag with
vertices respectively the basis elements of V%! and F! and edges connecting those
couples of elements which have a non-zero matrix coefficient. This is a standard way to
display infinite matrices, in particular one easily sees that the connected components of
the graph correspond to block—diagonal terms in the matrix.

From these graphs we deduce a more abstract geometric graph I' g which still contains
all the information necessary to compute the matrix entries of ad(N).

In 6.1 we define a graph I'§”” with vertices on R" which contains I's but is eas-
ier to study. With these notations we prove— Proposition 7— a first rough bound on the
dimension of the block—diagonal blocks in ad (N).

Finally in 6.2— Theorems 2 and 3— we state our main results on the connected com-
ponents of Fﬁeo and [g, this is the core of the paper. It is interesting to notice that these
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results hold independently of the number of tangential sites and hence remain true also
if one excites infinitely many tangential sites.

It is possible that our constraints may be improved (the best possible result is that the
geometric constraints are sufficient to bound the dimension of all the blocks by n + 1).
This is actually true in low dimensions n = 1, 2 for all g. For ¢ = 1 we believe it to be
true in any dimension, this will be discussed in a separate paper.

In Sect. 7 we formalize our graphs as subgraphs of a Cayley graph (we group the
relevant definitions and properties in the Appendix). This is the content of Proposition 9
and enables us to endow our graphs with a group action that simplifies the combinatorial
analysis.

In Sect. 8 we impose Constraints 2 and 3. This enables us to identify the connected
components of Ag with those of I"g— see Proposition 10 and Corollary 4. The isomor-
phism between the connected components of the two graphs is the key point which
allows us to construct the change of variables which sends N to constant coefficients,
as can be seen in Example 14.

In Sect. 9 we define a finite set of connected graphs, the possible combinatorial
graphs. To a graph A of this set, with k vertices, we associate a list of k — 1 linear and qua-
dratic equations in n variables, given by Formula (61). Then in Proposition 11 we show
that A is isomorphic to a connected subgraph of I's if and only if its equations have solu-
tions in S¢ (the solutions are identified with a special vertex in I'g, called the root). This
enables us to describe the infinite connected components of I'g via a finite set of graphs.

To a possible combinatorial graph A we associate its Egs. (61), which have as coef-
ficients linear and quadratic functions of the tangential sites. If these equations do not
have real solutions for generic choices of S then A cannot be isomorphic to a connected
subgraph of I's for generic S. This is a geometric condition from which one expects to
be able to rule out the connected components of I'g as soon as k — 1 > n+ 1 by imposing
that those overdetermined systems of equations be generically incompatible. However
this simple idea does not cover various pathological cases. We try to give an idea of the
main problems.

Given a graph A with k vertices its Egs. (61) may not be of maximal rank for par-
ticular choices of S C Z*~!, this can be avoided by introducing appropriate generiticity
constraints, as Constraint 5. Unfortunately it may well be, see Example 9, that Egs. (61)
are linearly dependent for all choices of S, independently of the dimension n such that
S € Z". In this case one is faced with a compatibility problem, namely one can try to
exclude these graphs by requiring that the equations are incompatible for generic choices
of §, see Example 9 and Constraint 4.

This does not conclude the analysis since it is possible that the equations be always
compatible, see Remark 22. So it is possible that one has a graph with k > n + 1 vertices
but still with rank < n, this is the reason of our bound k < 2n. To simplify the problem
we introduce the notion of colored rank, see Definition 20; we have Theorem 4.

In Sect. 10, using Theorem 4, we discuss possible combinatorial graphs A with rank
r=n+1,when S C Z".

We prove that if their equations are always compatible then their (unique) solution
must be a point in S. This means that A4 cannot be isomorphic to a connected subgraph
of I'g (which has vertices in S¢).

This enables us to prove Theorems 2 and 3.

In Sect. 11 we prove Theorem 1 by exhibiting in Formula 70 the change of variables
which reduces the normal form N to constant coefficients. We also give explicit formula
which allow to compute N in this new set of variables, via the combinatorial graphs.
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In Sect. 12 we prove Proposition 3 and Corollary 1. The most relevant notion is that
of arithmetic constraint. Roughly speaking we want to ensure that if a combinatorial
graph A is such that its equations have a unique solution in R?, then this solution is not
integer valued.

This result enables us to prove the existence of stable regions for the parameters &,
where N is purely elliptic. Corollary 1 follows from the theory of Quadratic hamiltonians
and from Proposition 3.

2. Hamiltonian Formalism

We work on the scale of complex Hilbert spaces

5(a.p)
C = (= (ke | (uol* + D luk PP = ||ull; , < 00}, (4)
keZn"
a>0, p>n/2,

equipped with the symplectic structure i D" 7. dug A diiy.

These choices are rather standard in the literature and consist in requiring that the
functions u(¢) extend to analytic functions in the complex domain |[Im(¢)| < a, with
Sobolev regularity on the boundary, the condition p > n/2 ensures that our function
spaces are Hilbert algebras.

Remark 1. It is not necessary to assume that the torus T = R" /Z". The theory works
and in fact we shall apply it, also if T" = R" /A, where A is a lattice generated by a not
necessarily orthonormal basis.

We may write, for any d,

d\ (d
2d . - - - a-B
[u]*® = Uhey Wiy Ufa Uy + v« Ukr Uy, = u*ur, 5
Z | Uky Ukz Uy 2d-1%kaq Z o)\ B (5
kieZn a,pezmN;
lee|=|Bl=d

where o : k — ap € Nand u® =[], ugk, the same for S. It is easily seen that for any
d the function [u]2d is an analytic function of u, u. Moreover [u]2d is regular, namely

its Hamiltonian vector field is an analytic function from 2P % 17 (o itself.

In formula (3) we may expand G in Taylor series obtaining a totally convergent sum
of terms [1]%¢; this shows that our Hamiltonian is analytic and regular.

The torus T” acts on itself by translations leaving invariant the symplectic form, in
fact it gives rise in this way to a moment map in the sense of symplectic Geometry or
a momentum vector in the language of Mechanics. The Hamiltonian is invariant under
translation so by Noether’s Theorem it Poisson commutes with momentum.

We thus will systematically apply the fact that our Hamiltonian H (see Formula (3))
has n + 1 conserved quantities: the n—vector momentum M = k|uk|2 and the scalar
mass L =", lug |2, with

{M,up} =ihuy, {M,up}=—ihup, {L,up}=1iup, {L,up}=—iup. (6)

The terms in Eq. (5) commute with L. The conservation of momentum selects the terms
with >, (ex — Br)k = 0. A first useful consequence of the conservation of momentum
is that given any set S C Z", setting

2P = fu e 1P . uy =0, Vk ¢ Span(S)},

Eg”’p ) % Ega’p ) is an invariant subspace for the dynamics.
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Remark 2. This has the following geometric interpretation, the lattice A := Span(S) C
7" is of some rank k and it is the character group of a torus 7 = R¥/A with a natural
map 77 : T — T. Under this map a simple variant of the space £*?) for the torus T is

identified to Eg‘ P,

2.1. One step of Birkhoff normal form. A monomial u®i? is an eigenvector of
ad(K) := {K, —} of eigenvalue D, (cx — Bi)|k|?, where K is the quadratic part

K = Z |k|>uxity quadratic energy. @)
kezZ"

We apply a step of the Birkhoff normal form (cf. [1,4,5]), by which we cancel all
the terms of degree 2(g + 1) which do not Poisson commute with K. This is done by
applying a well known analytic change of variables, with generating function

. g+1\[q+1 uih
A= Z ( o )( B )Zk(ak_,gk)|k|2.

a.pe@N:|a|=|pl=q+1
k(g —Bk=0, Xy (g —Br) k1> #0

We denote the change of variables by WD := ¢49(4) and notice that it is well defined
and analytic: B¢, X B¢y, — Baey X Baey, With €g = (2¢4, [,)_1 (here B, denotes the open
ball of radius r and ¢, , is the algebra constant of the space’ £(@P)),

By construction v brings (3) to the form H = Hres + P24+2) where:

Hes = > KPugi + > (‘1; 1)(61; l)u“ﬁﬂ, ®)

keZnr a,e(ZM)N:|a|=|B|=q+1
(o —Brok=0 3y (g — ) k12=0

P2@*2 () has degree at least 2(g + 2) in u, it is analytic and regular and satisfies the
bound:

2g+3
k

sup 1 X p2g+2) lla,p < coste Ve < €,

(u,i)€ By X Be
where cost denotes a universal constant (depending only on g, ¢4, , and the function G).

Remark 3. The three constraints in the second summand of formula (8) express the
conservation of L, M and the quadratic energy K.

Definition 1. We say that a list k1, . .., kag of vectors in Z" is resonant if, up to reor-
dering, we have

2 2 2 2
ki+ks- - +kyg1=ky+---+kog, |k1|"+--+kag-1]" = kol + -+ |koql|”.

We say that the list is integrable if furthermore, up to reordering, we have kyi_1 =
ky, i=1,...,d.

3 Notice that the unperturbed Hamiltonian K is completely resonant so A does not have small divisors.
Since £(@-P) is a Hilbert algebra, this implies that the change of variables does not lose regularity.
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Fig. 1. A resonant quadruple k1, ky, k3, k4

The resonant lists with d = ¢ + 1 describe the resonant monomials, that is those
monomials which Poisson commute with K, which appear in Hges. The integrable lists
describe the monomials in |uj,|>.

Example 1. [q = 1]
kitks =ka+tka, kil + ksl = kol + ke
is equivalent to
ki+ks=ky+ks, (ki —kz, k3 —kz) =0 )

Notice that a quadruple k1, k>, k3, k4 is resonant if these points are the vertices of
a rectangle; it is integrable if and only if the corresponding rectangle is degenerate

(Fig. 1).

2.1.1. Invariant subspaces. Inview of Remark 2 we wish to study the Hamiltonian Hgeg
on the invariant subspaces E?’p for suitable choices of S. We want to characterize those
subsets S C Z", such that the Hamiltonian vector field X ., is tangent to the subspace
of equation

ur =0=1uy, Vke S :=Span(S)\S,

this of course implies that this subspace is stable under the dynamics, a set S with this
property is called complete. We denote by Hg the Hamiltonian Hpgeg restricted to such a
subspace; naturally Hg depends only on ug, uy withk € S.

The next statement follows immediately from the definitions:

Proposition 1. i) S is complete if and only if, for any choice of 2q + 1 vectors v; € S
the following holds:
If there exists a further vector w € Z" such that thelist vy, ..., vag+1, wis resonant
then w € S.
ii) Ifall the lists in S of 2q + 2 elements which are resonant are also integrable, then
Hyg depends only on the elements |uy|* with h € S.

Remark 4. A sufficient condition for S to be integrable is the following: set S =
{v1, ..., vy}, introduce variables ¢; withi = 1, ..., m. For any choice of 2¢ +2 elements
€y, - - - €iy,,, if the expression

eyt teiy = (Cigy +oorteiy,)
is not zero then
Vip + 0+ Vi — (U,’q+2 R Uizq+2) # 0.

We have thus shown that completeness and integrability are a genericity condition on S,
the first of many which we will impose.
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Example2. q = 1, n = 2,m = 4 Four vectors vy, va, v3, v4 in the plane are not
complete if they form a picture of type

oV] O V4

oV ov3

that is we have a right triangle which is not completed to a rectangle.
The list

oV o V4

oV ov3
is complete but not integrable, and finally

oV O V4

oy ov3

is complete and integrable.
When we partition
Span(S) = SUS, S:=(vi,..., Un),
where S is complete, we call the elements of S tangential sites and of S¢ the normal
sites. Of course the word tangential is justified by the fact that the Hamiltonian vector

field is tangent to the subspace parametrized by the coordinates in S.
We introduce

2
Al B = D (lq T ) G (10)

Z,- k,-=r

Proposition 2. If S is complete and integrable the restricted Hamiltonian is
m
2 2 2 2
Hs =" [vil*luy, [+ Ager (uy % . iy, 1)
i=1
m
=2
i=1

2
q+1 .
vilPluy P+ D (k1 k) [Tl 1.
EERAR AR m .
1

Zi ki=q+1

Proof. This follows immediately from Formula (8) and the definitions. O
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2.2. Tangential sites in action—angle coordinates. We set
U = Zk for k € S¢ . Uy = /;Ei +yl.eixi :\/g(l + 2y—§l + .. .)eixi for i=1,...m,
i
(11)

considering the & > 0 as parameters |y;| < & while y, x, w := (z, 7) are dynamical
variables.

Definition 2. We denote by £@P) the subspace of £@P) x £@P) generated by the indices
in S¢ with coordinates w = (z, 7).

For all ¢ > 0 and for all,
e Yo 2
EGAsz-—{E~28 <§& <e ) 12)
Formula (11) is a well known analytic and symplectic change of variables \Iléz) in the
domain
Dy p(s,r) =D(s,r):={x,y,w : x €Ty, |y| < 2
CT" x C" x £@P), (13)

Here ¢ > 0,5 > 0and 0 < r < &/2 are auxiliary parameters. T denotes the open
subset of the complex torus Tg =C"2n 7", wherex € C", |Im(x)| < s. Moreover if

2m(max(|v; )P eSremxvil) g — ¢4 (14)

the change of variables sends D(r, s) — Be, so we can apply it to our Hamiltonian.

We thus assume that the parameters ¢, r, s satisfy (14).

Formula (11) puts in action angle variables (y; x) = (y1, .-, Ym: X1, - .., Xp) the
tangential sites, close to the action £ = &1, .. ., &,, which are parameters for the system.
The symplectic form is now dy A dx +i > cgc dzk A dZg.

Following [15] we study regular functions F : A2 x D, (s, r) — C, that is whose
Hamiltonian vector field X ¢ is analytic from D(s, r) — C" xC" x £, p. Inthe variables
& we require Lipschitz regularity. We use the weighted norm:

IXF(n) — XF ()]s,
IXpl}, = sup [ XFlls,+2 sup =
A82XD(S,V) S;éneAsz , (x,y,w)eD(s,r) |77 - E|

|w||a,p <r}

’

15)
where A = 2 and
IXFlls,r = r210:Fl+ 513y Fl+ 7~ 180 Flla,p-
The different weights ensure that if || X ¢ ||§’, < % then F generates a close—to—identity
symplectic change of variables from D(r/2,s/2) — D(r, s).
2.2.1. Quadratic Hamiltonians. We have the rules of Poisson bracket
i, yit =1{xi,x;} =0, {yi,x;} = 3'1 {zn, 26} = (20 2k = 0, (2, 21} = 160
(16)
If we define w as the infinite row vector w with coordinates z;, and then z; and J the stan-

dard skew symmetric matrix J := '(1) _01‘ we have the Poisson bracket* {w’, w} = iJ.

4 The apex ? is the transpose.
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Thus a quadratic Hamiltonian Q(w) in the elements of w represents by Poisson bracket
a linear transformation on the space with basis w. If Q(w) is real, the matrix of this
linear transformation is purely imaginary; thus it is convenient to denote it by iQ and
write ad(Q) = {Q(w), w'} = iQw’. The equations of motion are w = iw Q. The
matrix Q is related to the quadratic expression by>

Q(w) = %(w, wJ QO = —%wQJw’. (17)

Quadratic Hamiltonians are closed under Poisson bracket and, by Jacobi’s identity, if
Q1(w), Q2(w) correspond to matrices Q1, Q», then {Q(w), Q»(w)} corresponds to
[Q1, O2]. Moreover, a quadratic Hamiltonian Q has || Xgl|,s < oo if and only if its
matrix Q is such that QJ is a continuous symmetric linear operator from £, to itself.

3. Main Dynamical Results

3.0.2. Generiticity conditions. Our theorems hold under some constraints on S such
as those of Remark 4. These constraints are expressed by the condition that the list of
vectors S, thought of as a point in Z"", does not lie in any of the varieties defined by a
finite list of polynomial equations, called the avoidable resonances.

In order to explain this let us establish some simple language.

Definition 3. Givenalist R := {P1(¢), ..., Py(¢)}of polynomials ind vectorvariables
¢i, called resonance polynomials, we say that a list of vectors S = {v1, ..., v}, Vi €
C" is generic relative to R if, for any list A = {uy, ..., ug} such thatu; € S, Vi, u; #
u;j ifi # j, the evaluation of the resonance polynomials at {; = u; is non-zero.

If m is finite this condition is equivalent to requiring that S (considered as a point
in C"*) does not belong to the algebraic variety where at least one of the resonance
polynomials is zero.

In our specific case the condition of being generic for the tangential sites S is expressed
by a finite list of non-zero polynomials with integer coefficients depending on d =
4q(n + 1) vector variables ¢ = ({1, ..., ¢q) with §; = (g“il, ..., ¢"). The explicit list
of these resonances (see Definition 22) depends on some non trivial combinatorics,
nevertheless it is easy to give a (highly) redundant list of inequalities out of which the
resonances appear. There is a constant C > 0 depending only on g, n so that we can
take as resonances the non-zero polynomials of the form:

i) Linearinequalities. Forallnon-zero vectors (ai, ..., a4q(w)) With a; €Z, |a;| <
C, we require that

4q(n+1)

> il #0,

i=1

ii) Quadratic inequalities. Let (5i, {j) = > p_; ;l.h e ]h be the scalar products. For all

4q(n+1)

non zero matrices {a;,;}; =1 witha; ; € Z, |a; j| < C, we require

4q(n+1)

> ai (@i, ¢) #0.

i,j=1

5 The parentheses represent the scalar product in R.
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iii) Determinantal inequalities. Consider n linear combinations u; out of the list of
elements £ := {372V ), :&i, ap; € Z, |ayi| < C}.

The determinantal resonances are contained in the list of the formally non-zero

expressions of type det(uy, ..., u,), u; € L.
Givenany m € N, let S = {vy, ..., v} € Z" be a generic choice of the tangential
sites.

Theorem 1. For all r, s, ¢ satisfying (14) and for all § € A,2, there exists an analytic
symplectic change of variables:

@z @ (y,x) X (z,2) = (u,ir)

from D(s,r/2) — By, such that the Hamiltonian (3) in the new variables is analytic
and has the form

Ho®: = (&), )+ > Qlul>+OE w)+ PE, y,x,w),

keS¢

where
i) Non-degeneracy: w;(&) — |v;|? is homogeneous of degree q.
The map (&1, ...,&n) — (01(§), ..., wyu(§)) is a diffeomorphism for & outside a
real algebraic hypersurface.

ii) Asymptotic of the normal frequencies: We have = [k|> + 37, [v;|> LD (k),
where LY (k) € Z satisfy |[LD (k)| < 4ngq.

iii) Reducibility: The matrix Q(S) which represents the quadratic form Q(S , w)(see
formula (17)) depends only on the variables & and all its entries are homogeneous
of degree q in these variables. It is block—diagonal and satisfies the following
properties:

All of the blocks except a finite number are self adjoint and of dimension < n+1;
the remaining finite number of blocks are of dimension < 2n.
All the ( mﬁmtely many) blocks are chosen from a finite list of matrices M(&).

iv) Smallness: Ife’ < r < ¢/2, the perturbation P is small, more precisely we have
the bounds:

IX5ll5, < C~r +£204, 70 (18)
where C is independent of r, €.
Proof. See §13. O

Remark 5. At first inspection it may seem that the estimate on X p is too small to be
possible. Indeed P should contain terms from P 4% which should contribute to X p
a term of order £24*4r=2_ In fact for a generic choice of S these terms are constant so
they do not enter in the vector field.

Remark 6. The list of matrices M (&) is constructed in Sect. 11, cf. Definition 24.

It contains at most 27 - (2¢)™ ! matrices distributed in at most 27 - (2q)4”q ! orbits
under the group of permutations of the variables &;.

In Example 15 we exhibit M (&) inthe case g = 1,n = 2.
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3.0.3. Stable regions for the normal form. An interesting issue is to see if one can use
arithmetic constraints such as those of [11], to simplify those matrices in M which are
not self—adjoint. In Proposition 15 we show that, for n < 2 and all ¢ it is possible to
choose the tangential sites so that the matrices reduce to only 2 x 2 matrices indepen-
dently of m. This requires a notion of generic, of arithmetic (or probabilistic) nature,
which we call the x—constraints discussed in §12.1. One may deduce the following very
useful property, proved in §12.1.1:

Proposition 3. Under the hypotheses of Proposition 15, there exists an open region
0,2 C A,> where all the non self-adjoint matrices in M have real and distinct eigen-
values.

Proof. The region is the one where all discriminants are strictly positive; we show in
§12.1.1 that it is a non empty open cone. O

It then follows fairly easily from this result and Theorem 1:

Corollary 1. There exists an algebraic hypersurface A such that on the open region
A2\ A there is an analytic symplectic change of coordinates taking Q into a diagonal
form with constant coefficients plus a form Q with constant coefficients depending only
on finitely many variables zj, 7y, k € A.

The change of variables does not depend on (x, y), it is linear in w and analytic in
&. The Hamiltonian is then

Hin = (&), y) + > Qlal + Q+ P, x, y, w), (19)
keS¢

where

G, _ |+ Ae(®), VK e S\A,
Qk, keA.

i) The correction Ay (£€) is chosen in a finite list, say
@) e 1V, ... 2 0@}, K =Ko m), (20)

of different (real) analytic functions of &.

ii) The functions 1) (£) are homogeneous of degree q in &. Let A2 be a tubular
neighborhood of A with radius of order &*. For& € A2\, the A (€) satisfy the
bounds

D@ <Ce®, e <nDE) £2D () <Ce™, |VerD(g) <Ce?2
Q1)

iii) For& € Ap2\2l, item iv) of Theorem 1 holds.

iv) Q is a quadratic Hamiltonian with constant coefficients in finitely many of the
variables zj, 7x, k € S€. B

v) Forn = 1,2 and all q it is possible to choose the tangential sites so that Q is
formed by 2 x 2 blocks which (outside the hypersurface A) are semisimple with
distinct eigenvalues. The region in which these eigenvalues are real is open non
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empty and on this region the real eigenvalues are given by analytic functions i (€)
so that we may write

Hiin = (@), ) + > Qulzl”+ P&, x, y,w), (22)
keS¢

with Qi = Qp + ur (&), Vk € A.
Proof. See Sect. 12.1.1. O

4. A Normal Form

In this section we make a preliminary study of the Hamiltonian H,.; and introduce some
simple constraints on the tangential sites S; this enables us to define our normal form.

Definition 4. We call x, y, w dynamical variables. We give degree 0 to the angles x,2
toyand]l1 tow.

We use the degree only for handling dynamical variables, as follows. We develop
in the Taylor expansion, in particular since y is small with respect to & we develop
VE Y = JE(+ z}—él +...),as a series in gy:_ll we then develop the entire Hamiltonians
H, Hges as a series in y, w.

Definition 5 (Normal form). We separate Hres + P2a+2) (u) = H = N + P, where the
normal form N collects all the terms of Hges (as series in y, w) of degree < 2 in the
variables y, w.

The series P collects all terms of P29*? (u) and all the terms of Hges of degree > 2
in the variables y, w.

It is easily seen that H, hence P, depend analytically on all the variables &, y, x, w
in the domain A,> x D(r, s).
In the new variables:

M= "&vi+> yivi+ D klal®, L= &+ v+ lul
i i i

keS¢ i keS¢ (23)

2 - 2012 2 2
E |k|“urur = K = (w0, & +y) + E k7 zkl”, wo = (vil7 ..., [um]).
keZn kese

Remark 7. The terms > ; &, >, &v; and > ; &v; |2 are constant and can be dropped,
renormalizing the three quantities M, L, K (momentum, mass and quadratic energy).

‘We summarize the commutation rules:

(M, yn)y=1{L, yn}={(K, ya} =0, {M,x3} = vpxp, {L,xn} = xn, {K, x5} = |val?,
(M, 21} = ikzx, {L, 2z} = ize, {K, 2} = ilk[*z, (24)
(M, 7} = —ikZy, (L.Z%%} = —izk, (K. 2%} = —ilk|*Z.

We formalize the momentum and mass by two linear maps.

7 Z™ — Span(S), mw(e;) = v;, momentum; n:Z" — Z, n(e;) =1 mass,
(25)

where ey, ..., e, are the elements of the standard basis of the lattice Z™.
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Lemma 1. Each monomial ¢V y'z%zP is an eigenvector of the linear operators®
ad(M) and ad (L) with eigenvalues (i.e. with momentum and mass) given by
W)+ D (= Bk, W)+ D (ex — ). (26)

keS¢ keS¢

Proof. This follows computing {M, VN ylazBy and (L, V) yl 2278 using Formu-
las (23) and the rules of Poisson bracket. O

Remark 8. A monomial Poisson commutes with M and L if and only if the momentum
and mass are zero, thatis 7 (v) = — >, cqc(0x — Bk, n(v) = — D e @k — Br).

4.0.4. The normal form N. Our next task is to describe the Hamiltonian N of Definition
5, provided that S satisfies some basic constraints. This is done in Proposition 4.

N is described in terms of a list of vectors, called edges since they will appear as
edges of a graph describing the non-diagonal elements in ad(N).

Definition 6 (Edges). Consider the elements

2q m
Xy i={l:=> +ej, =D liei. L#0,-2¢;¥i, n(t)€{0,-2}). (@27
j=1 i=1

Notice the mass constraint >, ¢; = n(¢) € {0, —2}. We call all these elements respec-

tively the black, n(¢) = 0 and red n(¢) = —2 edges and denote them by X9, Xq’2
respectively.

Example 3. For g = 1 we have ¢; — e, —(e; +¢ej), i # j.Forg = 2 we have all the
terms forg = lande; —e; — e, —ep,, 2¢; —2ej, —3e; +ej, i # j,a,b.

We start to impose a list of linear and quadratic inequalities on the choice of S which
will be justified in Proposition 4.

Constraint 1. i) We assume that 3°7_njv; # 0 foralln; € Z, 3 ;n; =0, 1 <
2 il <2q+2.
i) | nivi|* — Zini|vi|2 #Owhenn; €Z, > ni=1,1<>;In| <2g+1
iii) We assume that Z'}Lllﬁzvj # 0, whenu := 37 €;e; is either an edge or a sum
or difference of two distinct edges.
iv) 2300 4l 1P+ 20 Lju 1P # O for all edges € = 3 Ljej in X%

Lemma 2. Constraint 1i) is an integrability constraint. Constraint 1ii) is the complete-
ness constraint. Constraint iii) means that an edge { = Z?:] Ljej is determined by the

associated vector T (£) = ZT:] Liv;.

Proof. 1) The first statement follows from Remark 4.

ii) Using Proposition 1 it is enough to show that, under Constraint ii), we cannot
find 2 + 1 elements u; = v;; for which there is a further vector w in Z™ with
ui, ..., uzq+1, w resonant. Otherwise w = Zi n;v; is a linear combination with
=+1 coefficients of the v;, hence it is a vector satisfying the hypotheses of item ii),
but the quadratic condition in the same item implies that the list is non resonant.

iii) isclear. O

6 Givena polynomial P, we denote by ad(P) the linear operator that associates to each polynomial A the

polynomial {P, A}.
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Constraint iv) will be used in the next proposition, we shall see that it excludes
quadratic terms of type zfl or Z}zl in Hges.

For ¢ = 1 this constraint means only that —2|v;|*> — 2|vj|2 + |v; + vj|2 #0,i #£j
and this just means v; # v;.

Proposition 4. Under all the previous constraints we have

N = (&), )+ D kI |zl” + Q(x, w), (28)

keS¢

where (cf. Formula (23)) the coefficient
o) = wo + VeAge1 () — (g + D Ag(6)1, (29)

does not depend on the dynamical variables. Here 1 € N"™ denotes the vector with all
coordinates equal to 1.
The term Q(x, w) is quadratic:

Q= Z (et z ZhZk + Z c(0) Z [ E 2z + 71D 701,

(EX,(} (h,k)ePy €EX,;2 {h,k}ePy
(30)
where, given an edge £, we set £ = {* — {~ and define:
I 5, Eret= q q w 0
(g+ 1= Z (€++a)(ﬂ_+a)éi tekXy
\affe+l\\]1:q
cg(0) = c(0) = | e g+1\(q—1\.a )
+1 2 FleX
(g +1as ;ﬂ o)\t +a §i 7
|a+£+|1:q71
cq() = cy(—0) te Xg
(31)
for the definition of Py see Definition 7.
Example 4. Let us discuss g = 1, the cubic NLS. We have
i (§) = Jvil* - 28, (32)
finally the quadratic form is
* .
Qw) =4y JEE g%k
I<i#j=m
h,keS¢
Kk skk
) Z /Ei je—l(x,-+x]-)thk 12 Z /fisjel(xiﬂj)zhzk (33)
I<i<j<m I<i<j<m
h,keS¢ h,keS¢

Notice that in the sums > ** each term appears twice.
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Here Z* denotes that (4, k, v;, v;) satisfy:
(kv v)) [h+ v =k +vj, AP+ vl = (k1P + v ),
and D", that (h, v;, k, v;) satisfy:
(o vis ko v)) [hov k= g+ v [ K = il + o).

Proof of Proposition 4. By definition the normal form N collects all the terms of HReg
(as a series in y, w) of degree < 2 in the variables y, w. In turn Hges is the sum of
the quadratic term K = >, |k|?|ux|? and of the terms of degree 2¢ + 2 in the original
variables u, u.

From Remark 7 the quadratic term K contributes to N the terms

(@0, y) + D IkPPlzel.
keS¢

The remaining terms up, ik Uk Uky - - - Ukyyy, Ukyyy, Satisty the constraints
D =Dk =0, D (=D|k|* =0. (34)
i i

These terms may contribute to terms of N only if they are of total degree < 2 in y, w.
We analyze the three possible cases, of degree 0, 1, 2 in w.

e degree 0. 1If all the k; are in S the momentum Zi(—l)iki is a linear expression
> jmjvj. From momentum conservation and Constraint 1 i) we must have m; =

0, V. This implies that we can pair the even and odd k’s and, as shown in Proposition
2, this gives a contribution Ag441(§ + y). In this expression the terms of degree < 2
give a constant (which we ignore) and the term (Ve Ag41(8), y).

e degree 1. One and only one of the k; = k € S§¢. Formula (34) becomes
k—zniviZO, |k|2—znilvi|2=0,
i i

where > n;v; satisfies the hypotheses of Constraint 1 ii). Thus these terms do not
occur and S is complete.

e degree 2. Given h,k € S¢ we compute the coefficients of z;,z; or z,zx or ZZk.
These terms are obtained when all but two of the k; are in S. Each k; in S contributes

VE + yie™i giving a coefficient mei“’x), whenever
m m
@z 0 D Ljvj+h—k=0. D> ¢lvP+ > = k>=0, teX),
j=1 j=1
(35
m m
@hze): D v +h+k=0, > L+ P+ k=0, LeX;?
j=1 j=1
(36)
m m
Gz DG —h—k=0, > P —h? - kP =0, eX.
j=1 j=1

(37)
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Definition 7. Given £ € X ((,0) denote by Py the set of pairs h, k satisfying Formula (35).
Ift e X((I_z) we denote by Py the set of unordered pairs {h, k} satisfying Formula (36).

Constraint 1 iii), where u is the sum or difference of two edges, implies that 4, k
fix £ uniquely. In Formulas (36), (37) we see that we cannot have { = F2¢; since the
equations in these formulas have the only solution 4 = k = v; € S. This explains why
in Definition 6 we have excluded £2¢; as edges. Constraint 1 iv) implies that i # k
in Formulas (36), (37). By Constraint 1 iii) where u is an edge, in (35) k = h implies
£ = 0. This contributes a term (g + l)qu(?;‘) Zkesc |Zk|2. It is convenient to write

Z<q+1> Ag®lzl = (g +1)°A (s><Z|zk| +Zy,>— (q+1)*A (é)(Zy,

and notice that (g + 1)2Aq &k |z ] + > i) is a mass term (hence a constant of
motion for the whole Hamiltonian) and can be dropped from the Hamiltonian, so we
change N into

N=K +(VeAg1(E)—(g + D’ Ag(E)L, y) + Qx, w), K =(wo,y)+ > k[*lzx|>.
(38)
Recall that 1 € N denotes the vector with all coordinates equal to 1.

Let us now compute Q(x, w), given an edge £ set £ = £* — ¢~ formula (31) comes
from the expansion

q
(q+1)? > [TEn&n""? ¢e X9
€hy —€ky Fehy e ten, —ex, =li=1
cq(0) == a
(q+1)q >, [TGn&)'? eex;?
ey —ekytenytten, —ek,  —eng —ekg=ti=1
[ cq(—0) = ¢4 (0).

O

It is interesting to notice a point essential for the KAM algorithm, since it gives a
locally invertible change of coordinates w; = w; (§) expressing

(VeAga1(§) = (q + 1P AgE)Ly) = D wiyi.

Proposition 5. For every r, the Hessian of A, (£€) is a non degenerate matrix as polyno-
mial in &.

Proof. Letr = p*t with p prime and p /¢. It is well known and elementary that, if p
does not divide ( ) then p* divides the vector £. The coefficients of dg, dg, A, (§) are

00 r2 ( 1 r—2 r
=r(r— .
2\ ¢ =10 —1,....6,)\t
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We claim that they are divisible by p*r(r — 1). Indeed if p does not divide (2) we
have seen that p** divides £1£» while p**! does not divide r(r — 1). The coefficients of

8§|Ar(§) are
£1(€ 1)(r) =r( 1)( T2 )
R 4 e 0 =200, ... )

It follows that the Hessian is divisible by r (r — 1), the off diagonal terms are divisible
by p*r(r — 1) while the diagonal contains the term r (r — l)diag(éir_z). Therefore, once
we divide by r(r — 1) we have a matrix which, modulo p, is diagonal with non zero
entries. O

From Proposition 5 we have the coordinate change:

Corollary 2. The map & — VeAg41(8) — (g + 1)2Aq (&)1 is a local diffeomorphism
outside a real algebraic hypersurface.

Proof. The Jacobian of this map is a matrix with entries polynomials in & with integer
coefficients. Reasoning as in Proposition 5 we see that this Jacobian matrix is of the
form J = g(g + 1)A — (¢ + 1)?B, where ¢(g + 1)A is the Hessian of Agr1(8) while
B has as entries the derivatives of A, (§), therefore B = gC has coefficients divisible
by g. Thus when we divide J by g(g + 1) we have a matrix A — (g + 1)C with entries
polynomials with integer coefficients. Modulo a prime p dividing ¢ + 1 we have only the
contribution from A which gives the diagonal matrix with non zero entries discussed in
the proof of Proposition 5. It follows that the determinant of the Jacobian J is a non-zero
polynomial. 0O

4.0.5. The perturbation P. Remark that P(x, y, w) is regular in the sense of §2.2.
Indeed in (3) all the terms of degree > 2 are regular and the Birkhoff normal form and
elliptic-action angle variables preserve this property by the chain rule.

We say that P is of order “r? for some integers a, b if its norm is smaller than C“r?
for some ¢, r independent constant C. This implies, since P is regular, that X p is of
order £%r?=2 (ie. | Xp ||§", is bounded by C'e%rb=2),

According to Definition 5, P comes from two types of terms. In a term— denote
it by P®— we collect all the terms of degree 2i + j > 2 coming from the resonant

terms H?;L} g ip; (of HRes). In P4 we collect all the terms coming from products
Hf-l:l ug; i, with d > q +2 of P2a+2),
Recall that u,, = /& + yie™ = /& (1 + 2% +...)eY is of order &, while 7 is of

order r. Then the dominant term in P is given by the dominant terms of the monomials
of degree 2i + j = 3. Hence all the other 2q — 1 variables are tangential and computed
at y = 0. The order is hence 324!

The order of P?4*4 is clearly £29** and comes from a term depending only on
& and possibly on x. However, by hypothesis all its Fourier coefficients must respect
momentum conservation. Reasoning as in Proposition 4, by Constraint 1 iii) such a term
is necessarily constant in the dynamical variables, hence we drop it, since it does not
contribute to the vector field. Hence the order is either 2970 or 293, For r > &, the

leading term is 2937 Passing to the vector field, under our constraints:
Proposition 6. The order of X pe) is re2a—1,
The order of X pag+s is g2a+3,p—1,
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Remark 9. 1t is possible to improve the estimate r > &3 to r > ¢24*! by noticing that

with one step of the Birkhoff normal form one can remove all the non-resonant terms
in H of degree < 4¢ + 2, then we repeat the analysis as above. This procedure only
changes w and Q in a trivial way.

5. Matrix Description of ad (N)
5.1. The spaces V'*J and FO!.

Definition 8. We denote by VJ the space of functions spanned by elements of total
degree i iny and j inw and V" = Divjh Vil vy = 2 Vi,

The space V%! has a basis over C given by the elements {e' 27 "% 75, e ™ 225 Vi%i 7,1,
where v € Z™ , k € S€.

It can be also viewed as a free module’ with basis the elements z, Zx, over the alge-
bra F of the finite Fourier series. This is useful since, by Formula (30), the function Q
commutes with F and thus it can be described by a matrix, with entries in F, in the basis
ks Zk-

We now impose the restrictions of momentum and mass conservation. Denote by
FO! the subspace of V%! commuting with momentum. By formula (24) we see that
FO1 has as basis, which we call the frequency basis, the set Fg of elements (cf. (25)),

Fp={e'Zi" Mg e 20N > vjuj+k=n()+k=0, ke S
J
(39)
An element of Fp is completely determined by the value of v and the fact that the z
variable may or may not be conjugated, thus sometimes we refer to e 2 vi%i Z_z(v) @s
(v,+) and to e 2 Yz 7 as (v, —). By construction v € Z!", where

Z = {n e Z"| —m(p) € 5V, (40)
and we may identify Fp with Z" x Z/(2).
We can further decompose the space FO! = @F f )1 by the eigenspaces of the mass

operator ad (L). Notice that the mass of PONEILY zxis € = >, v;+1, thus on the subspace
commuting with L we have —1 = >, v; for (v, ).

5.1.1. The action of ad(N). In order to study the action of ad(N) on the two spaces
FO!and V0! we notice that:

Remark 10. 1) The terms >, k|%|zk|* + Q(x, w) Poisson commute with the algebra
F of Fourier series in x.
i) adQ, |k|2|zk |2) is a diagonal matrix in the geometric basis zx, Zk.
iii) ad((w(&),y)+ 24 |k|%|zx|?) is a diagonal matrix in the frequency basis Fp.

Hence, in order to describe ad(N), we only need to understand the action of ad (Q)
on the two spaces FO! and V%!, We then have two matrix descriptions. One, denoted
1Q(x), with respect to the basis w and with finite Fourier series as entries, the other iQ
with respect to the frequency basis and with constant coefficients. Of course each can
be deduced from the other in a simple way.

7 A free module is the vector space of linear combinations of a basis with coefficients in an algebra.
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6. Graph Representation

A matrix (g; ;) over a basis indexed by a set I is conveniently displayed graphically
by a graph with vertices the elements of /. Two vertices i, j are joined by an edge if
a;,j # 0, in this case it is also convenient to orient the edge and mark it with the entry
of the matrix as

R
1<—].

The usefulness of this construction lies in the fact that the connected components of the
graph correspond to the diagonal indecomposable blocks into which the matrix can be
decomposed.

We thus associate to the matrices Q(x), Q two graphs Is, Ag encoding the infor-
mation of the non-zero off diagonal entries in the respective bases.

Definition 9. The graph U's has as vertices the geometric basis, i.e. the variables zy, 7,
and edges corresponding to the nonzero entries of the matrix Q(x) in this basis.

The graph A has as vertices the elements of Fp = Z!" x Z/(2), and edges corre-
sponding to the nonzero entries of the matrix Q in this frequency basis.

Remark 11. We could also introduce the graph describing the matrix Q on the entire
space V! in its corresponding basis. It is just obtained as infinitely many copies of A

(for all values of momentum) by multiplying with all possible exponentials &2 vivi,

6.0.2. The rules. The rules to construct the graph are the Formulas (35), (36), (37).

To be explicit in our case, if a; ; # 0 also a;; # 0 so we should connect each
connected pair of vertices with two edges. In fact it is clear that both edges and their
markings are uniquely determined by a single edge ¢. We discuss the simple choices
that we make in order to be explicit.

In case of an ordered pair (4, k) satisfying (35) for the edge £ € X9, we display:

(et ¢ _ —c(@eitr ~ —¢ ~
Zh<—zk51hﬁzk, Zhﬁ)ZkEZhgz)Zk-
c(0)eitx - —c(l)et*

Of course, if ¢ € X9 then also —¢ € X°. We choose one representative of the pair £, —¢
(for instance using (iexicographic ordering) and drop one of the arrows.

Similarly for (a,0), (b, p) € Z" x Z/(2) suchthatb = a+{¢,h = —n(b) , k =
—n(a),o = p (and h, k as above) we have

) 14
bH=—=(@+=bH——@,
)

Notice that our convention in describing the basis Fp, implies that the arrow joining
(a, —) to (b, —) has the opposite direction to that joining zj, to Z.
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In case of an unordered pair (4, k) satisfying (36) for the edge £ € Xq_2 we display:

oDyt ¢ —c(0) ¢
O - =z, G @@=, =@
C

(b9 _) s

g/ —
c(@)eitx

where —m(a) = h, —m(b) =kanda+b = £.

Remark 12. Since K commutes with Q, a block for Q is contained in an eigenspace of
K with fixed eigenvalue «. We have

(K, eiu.xzk} — l(z Mi|vi|2+ |k|2)em'xzk,

1

. . (41)
(K, e 5} = =i milvil+ ke ™ .
i

The eigenspace of K where >, u;|v; 12+ k|2 = k in general is an infinite block which
has to be further reduced, by the explicit description of Q, into the direct sum of infinitely
many finite blocks.

While the graph I"s appears naturally in the description of Q(x), we find it convenient
to forget the conjugate variables getting a purely geometric graph I's with vertices in
S¢ and colored edges.

Definition 10. Two points h, k € S¢ are connected by a black edge if zj,, zx are con-
nected in T's, the edge has the same orientation as the one joining zj,, zx and mark the
edge by —m (£). Similarly, h, k € S are connected by a red edge if z,, Z are connected
in 1:3, the marking is again —m (£).

Example 5 (¢ = 1). Suppose we have in I's the connected component containing zg, :

kg—k1+v3—v1:O
kol = 1k1]? + Jv3 > = [ui > = 0
A = k3—kyo+vs—vy=0
Ap += Zk where
4 lk3|? — lka|? + Jv3|*> — 2> = 0
—er—e ksy+ky —vy—v; =0

2 2 2 2
e3—e| e3—ep |k4| +|k2| _|U2| _|U1| =0

Zky — Zky —> 33

(42)

with k| # ko # k3 # ka € S€. Then the block of the matrix Q(x) corresponding to this
graph is

0 VEiEe i) 0 0

N RGE 0 SEaEe o) R =it
0 VEEe ) 0 0 ’
0 VE Byl 0 0

where we have arbitrarily chosen the ordering zx, , 2k, , ks, Zhy-
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By the reality condition we also have the connected component:
A ki,— = Zky
—ep—e|

ez—e1 _  e3—ep
Zk] szz %Zkgv

which we think of as a conjugated block.
In conclusion the contribution of these two components to Q is:

415N g T + 46283 2TV g1 Ty + 4 JE 1 Epe T I gy 7y

+4/E1Ee TN 2+ 4 ErE3e T 0T 1 + 461626 1T T 7y
(43)

Let now a € Z™ be any vector such that —m(a) = ki, then the graph Ag has the two
components

A = (—e2—e3—a,—)
—er—ey
(a,+)£>](a+e3—el,+)£;2(a—el—e2+263,+), "
Aw. - = (—ex —e3—a,+) @
—er—ey
(a, —) *3>(a+83 —ei, —)#i(a —e1 —ey+2e3, —).
Finally the geometric graph corresponding to (42) is 8
Ap, = ky (45)
v+
V-3 V-3

The vectors appearing as vertices must satisfy the linear and quadratic constraints
appearing in (42). Notice that we can deduce the list of equations associated to a geo-
metric graph by looking at its vertices, indeed if k;, k; are connected by an edge then
this arises from an £ (see Formulas (35)—(37)) which i 1s uniquely determined.

Remark 13. All the connected components which we have described in this simple exam-
ple are isomorphic (as marked graphs), this is a fundamental issue since it enables us to
define the change of variables which reduces the Hamiltonian to constant coefficients.
The geometric graph probably gives the clearer picture since it encodes in the simplest
way the list of equations which the k; must fulfill.

It is useful to notice that, as soon as m > n, corresponding to the components
Akl,i € f‘s, there are infinitely many components A, +y € Ag, one for each of the
points (a, £) such that —m(a) = k. These points are infinitely many if m > n, since the
vectors v; cannot be independent and so 7 must have a kernel ker (;r), these components
are obtained from a given one by translations by elements of ker ().

8 We shall denote by ———= arededge.
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Fig. 2. The plane Hy with £ = e; — ¢; and the sphere Sy with £ = —e; — ¢;. The points &, k1, v}, v; form
the vertices of a rectangle. Same for the points h2, v;, k2, v;

6.1. Geometric graph T'3*°. We define a graph on R” using the formulas (35) and (36).

Definition 11. An edge ¢ € Xq_2 defines a sphere Sy through the relation:
1
P e D i) = =31 D twil?+ D tiluil), (46)
1 1 1
Anedge l € Xg defines a plane Hy through the relation

(, D tiv) = %(|Ze,~vi|z+zei|vi|2). (47)

Definition 12. Each x € S is joined by a red unoriented edge to —x — D ; £iv; € Sp.
Each x € Hy is joined by a black oriented edge to x — Zi Liv; € H_y. We construct
the graph F§w with vertices all the points of R" and edges the black and red edges
described in Fig. 2.

It is convenient to mark each edge of the graph with the element —m (£) from which
it comes from. Notice that Constraint 1 implies that the edge £ is uniquely determined
by the vector  (£).

Remark 14. The points in H, are the initial vertices of an edge ¢ € X((IO) ending in the
parallel hyperplane Hy — >, ¢jv; = H_y.

The points in Sy are the initial vertices of an edge of type £ € X, ,;2) which is a diameter
of the sphere.

Remark 15. The completeness Constraint 1 ii) on S implies that the vectors vy, ..., Uy,
form a component of the graph Fieo. In this component every two vertices are joined
by a red and by a black edge marked respectively v; + v; and v; — v;.

This is independent of the choices of ¢, m, n.
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Definition 13. The component vy, .. ., vy, is called the special component of the graph
rée.
S

We want to understand the other connected components of the graph I'f*’, which
contain a purely geometric description of the possible components of I'g. Naturally most
of the components of the graph Fiw will not be formed by integral vectors.

6.1.1. A rough estimate. — Before we start a fine analysis we may recall first a simple
result, which is proved in [16]:

Lemma 3. i) The number of vertices which may be adjacent to a red edge is finite
and bounded by some constant N(q, n, max;": 1 (vi ).

ii) For generic choices of S each pathin P € F§w containing only black edges cannot

contain two distinct edges marked with the same £ € XC(IO).

Proof. i) Eachtl e X ((1_2) defines a sphere and on each sphere there are only a finite

number of points, at most RZ_I, where R, is the radius of the sphere. If a vertex
k is adjacent to £ by definition k € Sy; the statement follows.

ii) In a minimal counterexample we suppose that an edge ¢ appears twice and all
others appear at most once. Let x1, xp be the two distinct vertices out of which ¢
exits and consider a path P (x1, x2) joining them. By applying the linear equations
in (35) to the vertices in P(xj, x2) one may conclude that x, = x| + > n;v;, where
the n; are integers which depend on P (x1, x2). Since P(x1, x2) does not contain
any other edge more than once, then |n;| < (2¢)™*!. We now write the condition
that x1, xp € Hy, using (47):

20x1, D tivi) = D LilviP+ 1D vl
i i i
20x1+ D mivi, D Livi) = D LiliP+ D Ll
i i i
and this may be excluded by requiring

Q mivi, D tiv) #0, ¥ D miv #0, |ni| < )™

which is a generiticity condition. O
This lemma immediately implies:

Proposition 7. For generic choices of S there is a uniform bound on the number of
vertices in each connected component of Fﬁw.

Proof. By Lemma 3 ii) a path made of black edges has a finite (and uniformly bounded)
length since each edge may appear at most once. So the connected components contain-
ing black edges have a uniform bound on the number of vertices. By Lemma 3 i) we
may form a finite block with all the points adjacent to a red edge and all the vertices
connected to them. Indeed if a vertex is connected to a vertex in a sphere by a path made
of black edges then this path has finite length. O

This bound is clearly very rough, however to prove optimal bounds one must work
much harder and this we shall do in the rest of the paper.
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6.2. Geometric results. Our goal. We want to decompose the graph I'{*” into simple
blocks, as for instance that of (45). The fact that this may be possible with blocks of
at most n + 1 vertices is suggested by a simple count of parameters, indeed one sees in
(42) that a tree with e edges occurs when the e + 1 vertices (corresponding to (e + 1)n
incognita) satisfy a set of e(n + 1) equations.

Indeed, this bound can be achieved for all blocks consisting only of black edges under
all geometric constraints.

The core of the paper is to prove Theorems 2 and 3 by imposing a finite number of
non-zero polynomial constraints on S; Constraints 1 are the beginning of this analysis.
The full list of the explicit geometric constraints is summarized in Definition 22.

Theorem 2. For a generic choice of the v; as in Def. 22 we have:

i) All connected components of the graph Fﬁw consisting only of black edges have at
most n + 1 vertices.

ii) There are finitely many components in I"s containing red edges, each can contain
at most 2n vertices.

iii) The connected components of Fﬁw consisting only of black edges are divided into
a finite number of families.

iv) Each family in Fﬁeo is formed by all the graphs obtained from a given one G, with
k + 1 affinely independent vertices, under translation by all the points of the n — k
dimensional subspace orthogonal to the span of G, minus a union A of a finite
number of lower dimensional affine subspaces.

The translates G +a, a € A are contained in strictly larger connected components
of 8%,
Moreover

v) All connected components of the graph Ag have at most 2n vertices. The vertices
with the same sign are affinely independent. There may be complicated dependen-
cies between vertices with different signs.

Proof. See §10.1. O

The next result relates the three graphs Ag, ', I's. Take a frequency u € 7", let
A, +) be the component in Ag of (i, +) and set k = —m(u). From Formula (39) the
associated component in l~“g is the one of the element z; and will be denoted by A(k’+).
Finally in the geometric graph I'g we have the component of the element £ which will
be denoted by Ay with a similar description for (, —).

Theorem 3. For a generic choice of S the map —m establishes a graph isomorphism

between A, +) and A(k,i): which is also mapped isomorphically to Ay. All these maps
are compatible with the markings.

Proof. See §10.2. O

In particular the space spanned by all transforms of ¢'**z; applying the operator
ad(N) has a basis extracted from the frequency basis in correspondence, under —,
with the vertices of Ay.

All other connected components of Ag lying over Ay are obtained from A, +) by
adding all the elements v such that 7 (v) = 0.
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7. A Formalization of the Graphs

The rules (35), (36), (37) determine the edges of the three graphs Ag, r s, I's that we
have introduced in §6.2. These rules consist of a linear and a quadratic constraint which
encode respectively the conservation of momentum and of quadratic energy (i.e. the
fact that we have kept only resonant terms). We want to see first that, if we implement
only the linear rules, the graphs we construct are contained in some Cayley graphs (see
the Appendix for the relevant definitions). Next we show that the quadratic rules select,
inside the large Cayley graphs, the graphs of our interest.

7.1. The linear momentum constraints. Denote by Z" = {Z;"Zl a;e;, a; € 7} the
lattice with basis the elements e;.

We consider the group G := Z™ x Z/(2)° of couples (a, o) with a € Z"o = +.
The group structure is given by the rules

(a,+)(b,+) =(a+b,+), (a,—)b,+)=(a—b,—),
(a,+)(b,—)=(a+b,—), (a,—)b,—)=(a—>b,+).

It will be notationally convenient to identify by a the operator of left multiplication by
(a, +) and by 7 the operator of left multiplication by (0, —) so that

(a,+) =a0,+), (a,—)=art(0,+).

Note the commutationrules at = t(—a). Sometimes we refer to the elementsa = (a, +)
as black and at = (a, —) as red.

Recall we defined the mass in Formula (25) by n : Z" — Z, n(e;) :=1.lf p € Z it
is easily seen that the set G, :={a : n(a) =0, at : n(a) = p} form a subgroup. In
particular G _ is generated by the elements ¢; — e;, (—e; — ¢;)7.

The group G has also a simple geometric interpretation: for any a € Z™ the element
a acts on Z™ as the translation 7, : x > x + a, while the element 7 is the sign change
T:X— —x,s0art actsby x — a — x.

Remark 16. In our dynamical setting, we have chosen a list of vectors v; and defined
(cf. Formula (25)) 7 : Z™ — R" by 7 : ¢; — vj.
We can think of G also as linear operators on R” by setting

ak == —mw(a) +k, ke R", a € Z™, tk := —k. (48)

Foreach g = 1,2, ... we consider the Cayley graphs in G, Z™, R" associated to the
set X = {X2 = (X9, 4), Xq_zt = (X2, —)} (cf. Formula (27)). Notice that, for all
a € 7", we have (a, —)> = (0, +) = Id, the identity of G. In particular X = X!

We take two elements (a, o), (b, p) € G (0, p = £). We have

b—a ifp=o0

(a+b)t ifp#oc’ “49)

(b, p)(a, o)~ = b(0, p)(0, 0)(—a) = H

9 The notation x stands for semidirect product
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Therefore (a, o), (b, p) are joined by an oriented edge marked with £ € X% if o = p
and b —a = ¢, while (a, o), (b, p) are joined by an edge marked with 7, ¢ € X~2if
o = —p and a + b = £. Graphically

b,+)<—(@.+), (b -)<—(@—-). (a2

(b, —).

We have obtained the same picture as in §6.0.2, only now we are not imposing the gua-
dratic constraint h = —m(a), k = —m(b), where (h, k) satisfy (35) or (36). We usually
drop the 7 in the marking of the unoriented edges associated to £ € X q_z.

The significance of this choice is:

Proposition 8. i) The elements X0, X 7 21 generate G_,.
ii) The Cayley graph R’ contains the geometric graph F§eo of Definition 10.
We identify the basis Fp of Formula (39) with Z' x Z/(2) C G then:
iii) The graph A (cf. 9) is a subgraph of the Cayley graph G x.
iv) Each connected component of A is a full'® subgraph of the Cayley graph G.

In view of the previous proposition we set a:

Definition 14. A complete marked graph, on a set A C 7" x Z/(2) is the full sub—
graph generated by the vertices in A.

In fact using conservation of mass and the action of G on Z™, it is even better to
consider A g lying in the orbit of G_; in Z™ formed of elements a € Z™ | n(a) = 0, —2.
This identification is not canonical but depends on the choice of a root r € Ay that
corresponds to 0.

There are symmetries in the graph. The symmetric group §,,, of the m! permutations
of the elements e; preserves the graph. By Lemma 13 we have the right action of G, on
the graph:

(b,o0)~ (b,0)t =bot, (b,0)+ (b,o)a= (b+oa,o), Ya,beZ". (50)

Up to the G action any subgraph can be translated to one containing (0, +); in this way
we keep only the combinatorial information.

7.2. The quadratic energy constraints. We consider R” with the standard scalar product.
Given a list S of m vectors v; € R”, we have defined the linear map  : ¢; > v;.
Let S2[Z"] := {fo’jzl aj jeiej}, aj j € Z be the polynomials of degree 2 in the e;

with integer coefficients. We extend the map 7 and introduce a linear map L® : g
(2) e
a'”) as:

m(e) =vi. mlee)) = (vi.v;), LP:Z" — S*@Z™),
a = Zaiei = a(z) = Zaieiz.
We have m(AB) = (n(A), m(B)), VA, B € Z".

Remark 17. Notice that we have a'® = «? if and only if a equals 0 or one of the
variables e;.

100 A full subgraph of a graph I' consists of a subset of the vertices and all the edges in I" between these
chosen vertices.
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Definition 15. Given an element u = (a,0) = (3_; ajej, o) € G set
1
Clu) = %(a2 +a®), SK@W:=x(Cw) = %u Zj:amﬁ + Z“iivf|2>~ (51)

We call K (1) the energy of u; this is exactly the eigenvalue of K given by Formula (41).

Notice that C(u) has integer coefficients.
Foru = (a,0) and g = (3 ; nje;, p) consider gu = (b, op), b = >, nje; + pa.
We have

Cgu)=0C(g)+Cu)+ (p — 1)%a2+0(2niei)a. (52)

From (52) we see that K (gu) = K (u) if and only if:

0=K(g)+(p— DIr@+2Q_ nivi, m(a)). (53)

Definition 16. Given an edge u 2o su=(a,0),v=(b,p) =xu, x € Xy, we
say that the edge is compatible with S or 7w if K (u) = K (v).

As in the previous section we identify the basis Fp of Formula (39) with
' X 7/(2)CG.

Proposition 9. The graph A of Definition 9 is the subgraph of G x in which we only
keep the compatible edges and the vertices in Z' » 7Z./(2).

Proof. i) If wehavea € Z" and b = (¢, 1)a = £ +a,setk := —n(b), h := —n(a),
we have k + m(£) = h. The condition K (a) = K(b) is given by formula (53) with
g = (¢, 1). This in turn gives formula (47) with x = h, i.e. implies the fact that 1 € H;
or equivalently that %, k satisfy Egs. (35).

Similarly if b = (¢,t)a = (£ — a, 1) we have w(£) + h + k = 0, the condition
K(a) = K(b) is given by (53) with g = (¢, 7); this gives formula (46) with x = h or
x = k, i.e. implies the fact that 4, k € S, or equivalently that &, k satisfy Eqgs. (36). O

Example 6. In our Example 5 consider the component A, +) in (44). By construction
the edges appear in the Cayley graph, moreover the condition that all the vertices have
the same energy are the equations in (42). The projection of A, 4+, with the map —x
gives Ag, in (45).

This proposition is the combinatorial counterpart of conservation of the quadratic
energy K computed in Formula (41) and summarized as:

e Ifu, v are in the same connected component of Ag we have K (1) = K (v).
e Under the map —r, the component A maps to a connected component C of I's.

Corollary 3. A connected component A of As is a complete subgraph (cf. Definition
14) of G.

Proof. Fix an element u of which we want to find the component. Consider the set of
all elements v with the same energy as u. They determine a complete (or full) subgraph
of the graph G, and an edge in this subgraph is by construction compatible, thus the
component passing through u of this graph is the required one. O
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8. Graph Isomorphism
We wish to identify the connected components of A g with those of I's.

Proposition 10. i) Under the map (a, o) — —m(a) the graph As maps surjectively
to the geometric graph I's. The image of an edge in A is an edge in Is.
ii) The preimage of an edge in U is a set of edges in A g which are simply permuted
by right translations under the subgroup ker () of Z™.

Proof. i) This is just the definition of I'g since we have shown that a compatible

edge (a, ) <t (b, £) is such that setting h = —m(a), k := —m(b) one has
that &, k respect (35).

ii) Given a compatible edge (a, %) < (b, L) leth = —m(a) , k = —m(b).
Consider now a’ such that a — a’ € ker(sr) and set b’ = a’ + £ so that by defini-
tion (a’, &) is connected to (&', &) in G x. We notice that 7 (a) = w(a’) so that
K (a) = K(a'), the same holds for " and we may conclude that K (a’) = K (D').

This shows that (a’, +) D (b', £) is a compatible edge. We follow the same
reasoning in the case of ared edge (¢, t). O

We now want to invert Proposition 10 and thus lift a connected component C of
I's to a connected component of Ag. In our Example 5, one can easily see that Ay, is
isomorphic to .4, + and hence can be lifted. However this is not always the case unless
we impose some further constraints. Indeed consider a connected graph in 4 € Ag and
let A be its projection on I's. As seen in Corollary 7, the two graphs are isomorphic if
and only if every circuit in A is also a circuit in A.

There can be two cases: 1. the circuit in A contains an even number of red edges.
2. the circuit in A contains an odd number of red edges.

Example (Case 1). Suppose that the geometric graph contains a component

k3
:4/ ym

v2
V-]
kf ———————hk

which is the case provided that

2 2 2

2(k1, v2 —vp) = [va — 1|7+ |v2|” — |vi]
v —3u+v3+u =0, 2 2 2

2(k1, v4 — v2) = |vg — V2|” + |va]” — |v2|”.
Let us choose any a € Z™ such that —w (a) = k;. We easily verify that the tree

e|—ey e3—ey eq4—en

(a,+) ——>(a+e] —er,+) ——> (a+e] —2er+e3,+) —> (a+e] —3ex+e3 +eq,+)
is contained in Ag. Let us call v = e; — 3e3 + e3 + e4, by hypothesis 7 (v) = 0, so that
we have —m (a +av) = ki for all integers «. This implies that the connected component
of (a, +) has infinitely many vertices:

e|j—e e3—e) e4—ep
(a,+)—>%a+e1 —e),+) —>(a+e1 —2er+e3,+) —— > (a+v,+)

\Lc)] —e
el es—en e3—en

—es
<~ (@+2v,4)<—(a+v+e; —2er+e3,+) <—— (a+v+e] —er, +).
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To avoid this pathology we simply require that v; — 3v> + v3 + v4 # 0 so that this
geometric graph does not have a realization.

Example (Case 2). Suppose that the geometric graph contains a component

k3
vz—y xl@
k; L S k>

which is the case provided that

ky+ks=ki+vy—vi+ki+v4—vy =1 +03,

2 2 2

2(k1, v2 —v1) = |v2 — vi]” +|v2|” — |vy]

2k1=v1+v2+v3—v4, 2 ) 2
2(k1, v4 — v2) = |vg — V2| + V4] — |v2|7;

we substitute 2k in one of the linear equations and obtain that this geometric graph does
not have realization if

2 2 2
(V1 +v2 + V3 — V4, V4 — V2) F [v4 — V2|" + |v4]” — |v2]".
To repeat this reasoning in the general case we need the following trivial fact:

Lemmad. Ifa = ) ; nje; € Z" resp. (a, 1) is a product of d elements in X, we have
that )", |n;| < 2dgq.

It should be clear at this point that in order to /ift the components of I"g with at most
d vertices we must impose as many linear/quadratic inequalities on S as the number
of loops which may appear in a component. Thus if we wish to impose only a finite
number of constraints we cannot lift arbitrarily large components. Our strategy is the
following: first we fix d = 2n + 2 and impose constraints to ensure that all components
with at most d vertices can be lifted. Then we show that there are no compatible graphs
in Fgm with d vertices; this excludes the existence of graphs C in I's with d or more
vertices. Otherwise we would be able to lift some subgraph of C with d vertices to a
compatible graph in Ag. This means that the mapping —m gives an isomorphism from
each connected component of Ag to its image in I'g.

We impose

Constraint 2. We assume ) ; {;v; # 0, for all choices of the {; such that ) ; {; =0,
>l <4gn+1)and Y ; Lie; #O0.

Under this constraint take an element g = >, n;e; which is a product of d < 2n +2
elementsin X. We havethen > |n;| < 4g(n+1)soif g # Owehave(g) = >°; njv; #
0. Then for all k € Z"gk = n(g) + k # k, Vk, hence Case 1 may not occur.

For Case2let g = (a, ), a = D ; nje;, Y ;n; = —2 be such that gk = k for some
k € Z". This is possible if and only if 7w (a) = > ; njv; = 2k. Since we are assuming
that there is a non-trivial odd loop starting from k, changing if necessary the starting
point, the first step of the loop tells us that k lies in a sphere S, for some initial edge
leX.

This implies that k = —1/2 >", n;v; satisfies a relation of type

1D vl =200 mivi, w(0) = 2K (0), (54)
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where £ = (3, £;¢;) € X\, This formula vanishes identically if a2 —2a¢ = 2C(£) =
—2(¢2 +£?). Thus

(a—0>%=—0>—2¢?.

This implies that all coefficients of £ must be —1, and £ = —e; — ¢;.
This implies a — £ = £(e; — ¢;) hence a = —2¢;, —2¢; and k = v;, v;.
We impose
Constraint 3. We assume that for all choices of the n; suchthat 3", nj = =2, >, |n;| <

4q(n + 1) all Egs. (54) are not satisfied.

If C is any marked graph which has at most d vertices, a minimal loop in C has at
most d edges, thus:

Corollary 4. Under the previous constraints if C C s is a connected graph with at
most 2n + 2 vertices then C can be lifted.

Proof. By Corollary 7 we only need to prove that, under the previous hypotheses, it is
not possible that a non-trivial element g, which is a product of at most 2n + 2 elements
of X, fixes an element k € C.

By the constraints that we have imposed this may happen if and only if this element
generates a trivial constraint, that is an identity for all choices of v;. If g = a € Z™ this
is excluded by Constraint 2 and for g = at it is excluded by Constraint 3. O

9. The Equations Defining a Connected Component of I'g

Take a connected subgraph A of I'g which can be lifted (in particular this will be the
case if A has at most 2n + 2 vertices by the previous constraints). Choose aroot x € A;
we lift x = —m(a), and this lifts A to the component A, 4) througha in Ag. Forh € A
we have an element g, € G obtained by lifting a path in A from x to & and such that
h = gnx. We set

gn = (L(h),0(h)), L(h)€Z", oh)e{l,t} = h=—n(L(h))+0o(h)x.

(55)
We then can deduce that:
Lemma 5. For each h € A we have:
[(x, 7(gn) = 3K (&) ifo(h) =1 56)
X+ (o 7 (gn) = 3K (gn) ifo(h) =1
Proof. We use Formula (53) which implies that:
0= K(gn) + (o (h) = DIx[> = 2(7(gn), x). (57)
To be explicit if L(h) = >_, m;e; by (51):
7(gn) = D mivie K(gn) = o D mivi* + 3" miluil). (58)
i i i
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The equations on x given in Formula (56) are a complete set of conditions for the exis-
tence of a graph A inside some connected component (which could also properly contain
A) of Fﬁeo. The reader should notice that these equations are completely analogous to
the ones of Definition 11, given only for edges.

Definition 17. Let A C Gyx be the graph with vertices the elements g, (and g, =
(0, +4) = Id), this is called the combinatorial graph associated to A and the root x.

Example 7. We explicitly compute the combinatorial graph associated to A, of Example
5. We choose k; as the root.

A= (—ex —e3,-) (59)
—ep—eq
0,4) ——% (e3 — €1, +) — = (—e) — en +2e3, 4.

The system of equations associated to this graph is

(x,v3 — 1) = [v3]* = (v1, v3)
(x, —v1 — v2 +2v3) = 3|v3]® — 2(v) + v2, v3) + (V1, V2). (60)
X2 — (x, v2 + v3) = —(v2, v3)

Notice that this graph does not belong to Ag but if @ € Z™ is such that —7(a) = ki,
then the right translation by (a, +), i.e. A(a, +) gives A,+) € As.

Remark 18. Notice that the map which associates to each 7 € A the element g, =
(L(h), o (h)) is well defined only if A can be lifted. The construction of the L (k) is in
turn the key to the reducibility as can be seen in Example 14.

Consider now a complete subgraph (cf. Definition 14) of G x which contains (0, +).
We associate to each vertex g # (0, +) of the graph an equation:

[(m(a)) =1K(a) ifg=(a,+ 1)

x>+ (x, (@) = ;K (a) ifg = (a.~)
We think of this system of equations as associated to the graph.

Definition 18. We call the set of complete subgraphs of G x which contain (0, +) and
have at most 2n + 2 vertices the set of possible combinatorial graphs. We say that a
possible combinatorial graph A has a geometric realization (in Fﬁw ) if the equations
associated to the graph have real solutions.

The following statement holds.

Proposition 11. A possible combinatorial graph A is a combinatorial graph if and only
if Egs. (61) have solutions in S€.

Remark 19. Notice that in a possible combinatorial graph one may deduce the color of
each vertex by computing its mass. Indeed all vertices (a, +) must have n(a) = 0 while
(a, —) corresponds to n(a) = —2.



Normal Forms for the NLS 535

We have reduced our problem to that of understanding which possible combinatorial
graphs have a geometric realization. Naturally for given S this amounts to checking
whether the equations associated to the graph are independent and- if they are not— to
verify their compatibility.

Definition 19. We say that two possible combinatorial graphs are equivalent if one is
obtained from the other by right translation by an element of G (see formula (50)).

Remark 20. Tt should be clear that if A has a geometric realization then so has any other
equivalent possible combinatorial graph. Moreover the two identify the same compo-
nents of I'¢”” with a different choice of the root.

Example 8. The following combinatorial graph is equivalent to A of Example 7:

A = (—ex —e1, —) (62)

—ex—eg

€] €3

(e1 — €3, +) 2= 0, +) 2 (o3 — 2, 4).

Indeed it is obtained by right translation with the element (e; — e3, +). The equations
are

(x,v1 —v3) = [v1? — (v1, v3)
(x, v3 — v2) = [v3]% — (v2, v3) (63)
x> = (x, v2 + v1) = —(v2, v1);

it is easily seen that these equations are equivalent to the system given by formula (60),
and they still identify the geometric graph Ay, of Example 5 only now the root is in k.

9.1. Relations. Take a possible combinatorial graph A

Definition 20. e If A has k + 1 vertices is said to be of dimension k.
e The dimension of the lattice generated by the vertices of A is the rank, rk A, of the

graph A. The dimension of the lattice generated by the black vertices (a, +) (resp.
red) is called the black (resp. red) rank of A.
o [fthe rank of A is strictly less than the dimension of A we say that A is degenerate.

Take a connected component A of I'g and choose a root x € A. Assume that A can
be lifted. Let A = {g,, a € A} be the combinatorial graph of which A is a geometric
realization.

Lemma 6. The rank of A does not depend on the choice of the root but only on A.

Proof. If we change the root from x to another y we can stress in the notation g, , =
(Lx(a), ox(a)) and have

8ax = 8a,y8y.x» = Ly(a) = Ly(a) +Uy(a)Lx()’)v ox(a) = Uy(a)ax(y)~ (64)

This shows that the notion of rank is independent of the root. O
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Notice that when we change the root in A we have a simple way of changing the
colors and the ranks of the vertices of A that we leave to the reader.

If A is degenerate then there are non trivial relations, > JNaa =0, ng € Z, where
the sum runs among the vertices a € A.

Remark 21. 1tis also useful to choose a maximal tree 7 in A. There is a triangular change
of coordinates from the vertices to the markings of 7. Hence the relation can be also
expressed as a relation between these markings.

We must have by linearity, for every relation > nsa = 0, n, € Z that 0 =
> nqa®, where we recall that if @ = " a;e; we have that a'® = > a;e?. Finally we
have 0 = > ngm(a)and D, nyn(a) = 0.

Recalling that n(a) = 0, —2 (resp. if a is black or red), we have :

0= > . (65)

aln@)=-2

Applying Formula (56) we deduce that, in order to ensure that the equations of .4 are
compatible, we must have

D naK(@) =2, ) ngm@)+[ D nad(x)*=2(x. > num(a)) = 0.
a a al|n(a)=-2 a
(66)
The expression >, ng K é“) = (>, naC(a)) is a linear combination with integer coef-
ficients of the scalar products (v;, v;).
Given a possible combinatorial graph A with a relation:

Definition 21. If > n,C(a) # 0 we say that the graph has an avoidable resonance.

Lemma 7. A degenerate possible combinatorial graph A with an avoidable resonance
has no geometric realization for a generic choice of the S := {v;}.

Proof. The graph has a realization only if >, n,K(a) = 0 but this polynomial, by
definition, is not identically zero. 0O

Example 9. Consider the possible degenerate combinatorial graph

ey—ez —c1—e€3

e1—e3
A=¢e —epg<~<—"—— —e] —e3 —— —2e3.

—ej—e2

—e| — e

The relation is (81 - 82) + 2(—61 - 63) - (—263) - (—6‘1 - 62) =0.
We may write the value of C(a) of each vertex a; we get

e% —e1e; 0 ejes —e%.

ejez
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We have

ZnaC(a) = e% —ejep +2ee3 + e% —elep,
a

so the equations of this graph are incompatible if n(e% —erep+2e1e3+ e% —eje2) #0;
this is a generiticity condition.
We arrive now at the main theorem of the section:

Theorem 4. Given a possible combinatorial graph of rank k for a given color, then
either it has exactly k vertices of that color or it produces an avoidable resonance.

Proof. Assume by contradiction that we can choose k + 1 vertices (ag, ay, - . . , ax), dif-
ferent from the root of the given color so that we have a non trivial relation Zi nia; =0
with ng # 0 and the vertices a;, i = 1, ..., k are linearly independent. We compute the
resonance relation

ZZniC(a,-) = Zn,-cr(a,-)(ai2 +al.(2)) == Zni(aiz +al.(2)),
i i i

since all the vertices a; have the same color. By linearity we have >, n,-ai(z) = 0. We
deduce that 3", n;C(a;) =+ ; niaiz.

We consider the elements a; withi = 1, ..., k as independent variables and write
the relations as

k k k
0 = noap + Znia,-, = (Z:nia,-)2 +ng Zniaiz =0.
i=1 i=1 i=1

Now Zf:l niai2 does not contain any mixed terms apay, h # k, therefore this equation

can be verified if and only if the sum Zile n;a; is reduced to a single term n;a;, and
then we have ng = —n; and agp = a;, a contradiction. 0O

Constraint 4. We impose that the vectors v; are generic for all resonances arising from
degenerate possible combinatorial graphs with at most n + 1 elements of a given color.

Remark 22. 1t is essential that we introduce the notion of colored rank, otherwise our
statement is false as can be seen with the following graph:

(—ex +e)) =———=(—2ey) (67)
) — (—52 — e])'
Relation is (—ep +e1) — (—ex — e1) + (—2e1) = 0; we have
C(—er+e)) = ef —ejer, C(—ex—e)) = —ejer, C(=2e)) = —ef,
e% —e1ey — (—ejep) — e% =0.

Actually this graph does not really pose any problem since its only geometric realization
isin S (hence it is not a true combinatorial graph). However we are not able to exclude
the existence of more complicated graphs of this form which may have realization in S€¢.
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We are reduced to considering possible combinatorial graphs with at most 2n + 2
vertices and such that the vertices of the same color are linearly independent. We call
these graphs colored-non-degenerate.

We now look at Egs. (61) associated to the graph by a choice of S. Consider a possible
combinatorial graph A of black rank / and red rank k. If 2 < n then we can require that
the images of the black vertices a € A through the map —r are independent. Then the
linear equations (61) associated to these vertices are independent and have solutions. The
same holds for the red vertices, only Egs. (61) associated to these vertices are quadratic
and so the solutions need not be real.

Given a colored-non-degenerate possible combinatorial graph A with ranks i, k < n
for dimension n we associate to it the n x & matrix M*(A) with columns the vectors
7 (a), where a runs over the black vertices, with the same for the e n x k matrix M~ (A).

Constraint 5. For any colored-non-degenerate possible combinatorial graph A with
red and black rank < n we require that:11

AMHA) #0, AR (A) #0.

If one of the colored ranks is k = n + 1, then any choice of S must lead to a relation
between the vectors 7 (a;), where the a; are the vertices of the same color. We will use
this to show that either the equations are generically incompatible or they give a solution
in the special component. This is the content of the next section.

10. Geometric Realization

Consider a possible—combinatorial graph A with < 2n+2 vertices and suppose that it has
rank n + 1. By Theorem 4, the vertices of each color are linearly independent. We want
to study its geometric realizations in dimension exactly n. For this we can consider the

variety R 4 of realizations of the graph, i.e. the set of points (x, vy, ..., v,,) € CO+D"
which satisfy Egs. (61) associated to .A.
Call 0 : R4 — C™" the projection map (x, vy, ..., V) —> (v1,..., Uy). We say

that a graph is not realizable for generic v; if 6 (R 4) is an algebraic variety of codimension
at least one.'?

Suppose that we have n + 1 black vertices (different from the root). If we choose n of
them (discarding say a;) by Theorem 4, we can require that for generic S the 7 (a;) with
i =2,...,n+ 1, are independent. This we do by choosing S so that the determinant of
the matrix M having 7 (a;) as rows is non-zero. Then the system of equations is incom-
patible if the n + 1 x n + 1 matrix obtained by adding the row 7 (a;) and the column of
inhomogeneous terms has non-zero determinant. We compute this determinant which
is a polynomial in the v; and if it is not identically zero we impose it as a generiticity
constraint and .4 is not generically realizable.

If it is identically zero then the equations have a solution, which we can compute by
Cramer’s rule by discarding the first equation. Hence A4 is generically realizable.

In the same way suppose we have n + 1 red vertices. We choose one of them, say
ay, and subtract the equation for a; to the remaining Eqgs. (61). We obtain a system of
n linear equations Mx = b which, by Theorem 4, are generically independent. We

1 1f Aisaa x b matrix and h < min(a, b) we denote by AP A the matrix with entries the determinants of
the & x h minors.

12 In this discussion we ignore the delicate issues of whether a realization may be integral, real or imaginary.
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impose as a genericity constraint det(M;) # 0 and solve the equations by Cramers
rule. We obtain a solution x 4 which is a rational function in the v; with det(M) at the
denominator. The graph has realization for all the S for which x 4 solves the quadratic
equation associated to aj. We substitute x 4 and rationalize. If the numerator is a non-
zero polynomial then we impose it as a generiticity constraint and A is not generically
realizable. Summarizing, we impose

Constraint 6. For any colored-non-degenerate possible combinatorial graph A with
red and/or black rank n + 1, we impose that the vectors v; are generic for all resonances
described above.

Example 10. We consider the combinatorial graph of example 8 in dimension n = 2.
We impose

d=(vi;1 —v3,1)(v32 —v22) — (V12 —v32)(v3,1 —v21) #0,

solve the first two Eqs. (63) by Cramer’s rule and obtain the solution x = (x1, x2):

x1 = (Jv1]* = (1, v3)) (V32 — v2.2) — (V1.2 — vV32)(Jv2]* — (2, v3))/d ,
x2 = (v11 — v3.) (2> = (V2, v3)) — (V1> = (1, v3)) (V3.1 — v2.1)/d.

We substitute in the last equation, rationalize and obtain that a realization exists only if

2 3 2 2.2
((Ul, v2) — (v, v3) + [v3]” — (v2, v3)) . (01,1 V2,1 + V1,1 V127 V2,1 U127 V2

+ vl,l2 V12022t vl,z3 V22 — 21,1 V1,2 V2,1 V2.2

+o11%v? — v v — v vt s = 3% v v — 3vi27 v v
+2012021 122031 =201 1222 V33 v v 2420107 vs 2 + 3 v2 g v3 0
— V12022 v3,12 + vz,z2 v3,12 =3, v3,13 — 2,1 v3,13 + v3,14

— v vipvin — vt i —2vi2vmvan — 3v P v v3a — 3uipt vao v
+201,102,1022032+2011 V12031032 +401202103,1V32 +4V1,1 V223,132
—2v21v2203,1 V32 —3 V12 v3,12 V32 — 122 v3,12 V32

+ 20112 v3p2 + 30127 1307 — v V21 v327 0212 3 + 3012 Vo0 v3 0

2 2 2.2 3 3 4
—3v11v3,1032"— V21031032 +20317 032" =3 V12032 — V220327 +V32 )=0-
‘We thus have the final definition of generic for tangential sites S.

Definition 22. We say that the tangential sites are generic if they do not vanish for any
of the polynomials given by Constraints 1 through 6.

Remark 23. Each of the constraints involves at most 2 + 2 edges, thus at most4g(n+1)
indices which have to be taken up to symmetry by S, hence can be taken in correspon-
dence with the vector variables y1, ..., yagn+1)-

We have ensured that for generic choices of S only those graphs which are generically
realizable are realized.
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Example 11. Consider the possible combinatorial graph:

(—e3 —eq4,—)

—e1—eyq o —ey—ey
—e3—eé4

el e3—en

(e3 —e1,+) <= ©,+) (e3 — €2, +).

It is easily seen that in dimension n = 2 this graph is generically realizable, and its
equations have the unique solution x = v3.

We now want to study those graphs of rank n + 1 which are generically realizable in
dimension n. As we have seen, on a Zariski open set of the space vy, ..., v, we have
a unique realization given by solving a system of linear equations and thus given by a
vector x whoose coordinates are rational functions in the vectors v;. We call this function
the generic realization.

Theorem 5. If A is a possible combinatorial graph of rank n+ 1 which has a realization
for generic v;’s, then its generic realization is in the special component (the solution x
belongs to the set S).

The proof is based on two points. A graph which has a generic geometric real-
ization in the special component is called special. It is easy to describe the special
graphs, up to translation they correspond to combinatorial graphs with vertices in the
set —e;, —e;T,i,j=1,...,m.

Lemma 8. If for a non-degenerate graph of dimension n > 1 the solution to the associ-
ated system, in dimension n, is given by a polynomial, then the graph is special and the
polynomial is of the form v; for some i.

For n = 1 the same result is true for a nondegenerate graph with 2 edges.

Proof. See Appendix B. O

Let A be a graph of rank > n + 1; consider as before the variety R 4 of realizations
of the graph, with its map 6 : R4 — C"".

Proposition 12. There is an irreducible hypersurface W of C™" such that the map 6 has
an inverse on C™\W. The inverse is a polynomial map.

Proof. Black edges. We have n + 1 linear equations (x, w(a;)) = b; which are generi-
cally compatible. We solve them by Cramer’s rule choosing an index j and discarding
Eq. (61) associated to a vertex a;. Since the equations are always compatible we must
obtain, generically, the same solution for all choices of a ;. Consider the matrix M; with
rows the w(a;),i = 1,...,n+ 1i # j. The solution is a rational function of the v;
having as denominator the determinant of M. This reasoning defines the solution of
our equations for all S for which there exists a j such that det(M;) # 0. We claim
that each of these determinants is an irreducible polynomial so it defines an irreducible
hypersurface H;.

In fact a choice of n rows gives by assumption a surjective linear map C"" — cr.
Any surjective linear map can be considered (in appropriate coordinates) as a projec-
tion on the first mn coordinates. Hence an irreducible polynomial remains irreducible
by composition. The claim follows since it is well known that the determinant is an
irreducible polynomial of the matrix elements.
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We claim that these hypersurfaces are not all equal. By hypothesis the matrix B =
(a;;) has rank n + 1. All the matrices obtained by B dropping one row define the various
determinantal varieties, H;. The fact that these varieties are not equal is discussed in
Appendix C. It depends on the fact that the matrices cannot have all the same kernel
(otherwise the rank of B is < n). Then the result follows by Proposition 16.

Hence our solution is well defined outside a subvariety of codimension at least 2.
This implies immediately that it is given by a polynomial using the following standard
fact (which follows immediately from the unique factorization property of polynomial
algebras): Let W be a subvariety of CN of codimension > 2, let F be a rational function
on CN which is holomorphic on CN \ W, then F is a polynomial.

Red edges. When we also have red edges we select n+1 linear and quadratic equations
associated to the n + 1 vertices which are formally independent. We see that Egs. (61)
(for these vertices) are clearly equivalent to a system on n linear equations associated
to formally linearly independent markings, plus a quadratic equation chosen arbitrarily
among the ones appearing in (56). Thus a realization is obtained by solving this system
and, by hypothesis, such solution satisfies the quadratic equation identically.

Let P be the space of functions D" | ¢jv;, ¢; € Rand (P, P) their scalar products.
By assumption we have a list of n equations Z?:l ajj(x,v;) = (x, ;) = b; with the
ti = >} a;jvj linearly independent in the space P and by = >, 1 @  (vh, Vi) €
(P, P).

Solve these equations by Cramer’s rule considering the v; as parameters. Write x; =
fi/d, where d(v) := det(A(v)) is the determinant of the matrix A (v) withrows ¢;, f;(v)
is also a determinant of another matrix B;(v) both depending polynomially on the v;.
We have thus expressed the coordinates x; as rational functions of the coordinates of the
v;. The denominator is an irreducible polynomial vanishing exactly on the determinantal
variety of the v; for which the matrix of rows ¢;, j = 1,..., n is degenerate.

Lemma 9. Given x = (x1,...,x,) = (fi/d, ..., fu/d), let (x)*> = > xiz. Assume
there are two elements a € P,b € (P, P) such that (x)?> + (x,a) + b = 0 holds
identically (in the parameters v; ), then x is a polynomial in the v;.

Proof. Substitute x; = f;/d in the quadratic equation and get

A2 fH+dY fiai+b=0, = > f2+d > fia; +d*b =0.
i i i i

Since d = d(v) = det(A(v)) is irreducible this implies that 4 divides > ; fiz.

Since the f; are real, for those v := (v, ..., v,) € R™ for which d(A(v)) = 0, we
have f;(v) = 0, Vi; so f; vanishes on all real solutions of d(A(v)) = 0. These solutions
are Zariski dense, by Lemma 17, in the determinantal variety d(A(v)) = 0. In other
words f;(v) vanishes on all the v solutions of d(A(v)) = 0 and thus d(v) divides f;(v)
for all i, hence x is a polynomial. O

Proof of Theorem 5. Once we fix a root we have that the variety R4 is the set of solu-
tions of a system of > n + 1 linear and quadratic equations in the variables x, v;. We are
assuming, by Proposition 12, that we have a solution x = F(v) which is a polynomial
invy, ..., v,. Wenow can apply Lemma 8. O

10.1. Proof of Theorem 2.

i) Assume by contradiction that there is a connected subgraph A of the graph I'f*’
with n + 2 vertices and all black edges. Then A is the geometric realization of
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a possible combinatorial graph A with n + 1 non-zero black vertices which, by
Theorem 4 must be independent. By Theorem 5 we have that A is contained in the
special component and we have a contradiction.

ii) Such a component must contain an integral point in one of the spheres S;. Suppose
by contradiction that there is a connected subgraph of this component with 27 + 1
vertices, denote it by A. By hypothesis A can be lifted, let A be its combinatorial
graph. We can have at most n black and n red vertices otherwise the graph has
rank > n + 1, but if we have exactly n black vertices and at least one red vertex we
also have rank > n + 1 since the red vectors are linearly independent of the black
similarly for red. So we can have at most n — 1 black and n red vertices for a total
(including the root) of 2n vertices.

iii) We put in the same family two components whose combinatorial graphs are equiv-

alent.
There are only finitely many possible combinatorial graphs with at most 2n verti-
ces. A family is formed by the geometric realization of one representative for each
equivalence class of equivalent combinatorial graphs. This automatically chooses
a root.

iv) Take a marked graph A with k + 1 < n + 1 vertices and all black edges. Call A a
realization of A and let x be the root. Any other realization A’ has a corresponding
root x” such that x — x” is a vector orthogonal to all the 7 (¢;), where a; are the non-
zero vertices. By Costraint 5, the 7 (a;) are all independent. Conversely if x” is a
point in R” such that x” — x is a vector orthogonal to all the 7 (a;), then it solves the
same equations as x. Hence it is a vertex of a connected component which contains
a translate of A and can only be bigger. If the component corresponds to a bigger
graph, the point x’ solves some further independent linear equations, with respect
to x, and hence x’ belongs to a lower dimensional affine subspace determined by
the bigger graph; since these graphs are finitely many this completes the picture.

v) This is the content of Theorems 4 and 5.

Definition 23. Let B, = By n,q be the set of non-equivalent combinatorial graphs for
a given dimension n.

Each A € B, has realizations in I and the choice of a representative in the equiva-
lence class fixes a root in each component of I'g.

Example 12. The set B is simply the set of graphs with a single edge: (0, +), (£, 14+n(£)).

For n = 2 we have Bj and the complete graphs with three vertices (0, +), (¢, 1 +
n(£)), (¢', 1+n(£")). We should consider graphs with up to 2n = 4 vertices which are of
rank < 2 and such that the non-zero vertices of different colors are dependent. A direct
computation shows that no such graphs exist.

Remark 24. One might think at this point that for any » the set B3, is only made of graphs
with at most n+1 vertices which are affinely independent. However this conjecture seems
quite hard to prove; it is true but requires a lengthy proof for ¢ = 1, and for general ¢ it
seems quite hard to verify even in dimension n = 3 and indeed it may not be true.

10.2. Proof of Theorem 3. Once we have ensured that no graphs with more than 2n
vertices exist we can apply Proposition 10 and Corollary 4. This gives an isomorphism
between the components of I's and those of Ag. More precisely for each family of
components we choose one A € I'g and we also choose a root.
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By translation this also determines a root for all other components in the same family.
With these choices we can associate to A the combinatorial graph A € B, of which it is
arealization, see Definition 17. Let x be the vertex associated to (0, +). Then we obtain
all the components in Ag over A by right translation with all the elements (a, &) such
that x = —m(a).

To establish the isomorphism with the components of I's we make sure that two
conjugate blocks are disjoint, i.e. that a pair z, zx is never in the same block of ad(N).
This would correspond to a loop in the geometric graph which is not a loop in A g, which
is excluded by Constraint 3.

Corollary 5. If the v; are generic, in the projection map T's — T the preimage of
a connected component of U's is the union of two disjoint and conjugate connected
components of I's.

Each A € B, has realizations in I's and the choice of a representative in the equiv-
alence class fixes a root in each component of I'g. For all k € S¢ set x(k) := x(A) to
be the root of the component A of I'g to which k belongs. By Corollary 4 and Formula
(55):

Lemma 10. Each component A can be lifted defining in a compatible way elements g (k)
so thatk = g(k)x(A), g(k) = (L(k), o (k)), and if ki, ko are joined by an edge marked
€ G we have g(ky) = Lg(ky).

Clearly if A is a realization of A then (L(k), o (k)) is just the vertex of 4 which is
identified with k in the isomorphism between A and A.

Example 13. We consider the component Ay, of Example 5 (which exists provided that
n > 2). This component is the realization of the combinatorial graph A of Example 7.
Hence:

gkl = (07 +)a ng = (e3 _el9+)7 gk} = (—61 — e _2637+)’
8ky = (—e1 — ez, —). (68)

11. Proof of Theorem 1

11.0.1. Reduction to constant coefficients. We think of y = (y1,...,ym), x =
(x1,...,Xx,) as vectors so that, given a = > ;nje; € Z™, we have a - x =
>inixi, a-dx =Y ;njdx; = d(a - x). Furthermore dy A dx = ; dy; A dx;.

Before proving the theorem in general we show how to reduce to constant coefficient
a single block. As usual we use the graphs in Example 5.

Example 14. Consider for ¢ = 1, the Hamiltonian:

4
(@), )+ D IkilPlzi, P + 4y/E15361 ™D 1, 2, + 4 B3¢/ 21,7,

i=1

+4/E162eT D g 2k + dEIEeTINT 2 + 4 BrEe Ty oy
+4,/E1626 17y 7
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the terms depending on z, 7 are those of Formula (43). We apply the change of variables:

4
Zki — e—lL(ki)-xZ;(" y — y/ + ZL(kl)|Z;<l|2, X = x/’

i
i=1

where L(k;) are defined in Lemma 10 and given in formula (68): L(k;) = 0, L(kp) =
e3 —ey, L(k3) = —ey — ey — 2e3, L(ky) = —e; — ep. A direct check shows that this
change of variables is symplectic and that the Hamiltonian in the new variables is:

4
@@+ (w0, L) + ki) 2], 12+ O, (69)

i=1

where w(£) = wg — 2&, and:

4
0= 2> (& Lk, 1P + 4V/E18324, 2, + 4v/EaEazh, 2,

i=1
+4/E1622), 74, + I E1EZ 24, + AV E2E3Z), 70y + AV E1E2Z1, T, -
Theorem 1 is contained in the following, more precise, proposition:

Proposition 13. i) The equations

a=e M0y =)+ Y LGP x =y (70)
keS¢

define a symplectic change of variables v . D(s,r/2) — D(s,r), which pre-
serves the spaces V*. . .
We denote by W = diag({e'"®* Yy cge, {e LRV o), the matrix of W3 on w.

ii) The Hamiltonian H in the new variables is N' + P o W3 where

N =Now® = @) y)+ > (kP + (@), L) )12+ Qw), (D)

keS¢

and

QW) :=90x, wW)=Qow®

= D@ D i+ D e® D [z + T (72)

tex9  (hk)ePy tex;? {hkjePy
is independent of x.
1ii) P := P o WO satisfies the bounds of Theorem 1, iv).
Proof. i) By definition |L(k)| < 4nq for all k. Since

sup |w/|a,p = ecs|w|a,p < eCsr/z =r
D(s,r/2)
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iii)

for s small enough the transformation is well defined from D(s, r/2) to D(s, r).
It is symplectic because:

dy Adx +idz AdZ =dy Adx' =D (L(k) - dx') Ad(|zx]?)
k
+Hdz Ad7 + Zd(L(k).x’) A (z23dZ) + Zdzy) = dy Adx' +idZ A dZ.
k

Finally it preserves the spaces V' since it is linear in the variables w which
have degree 1 and in y, |zx|? of degree 2. In fact it maps a space V%/ into
Zi Vi —h,j+2h

h=0 N . . o .
We simply substitute the new variables in the Hamiltonian; we obtain that

(@&, y)+ D kPl = @&, y) + D (@&, LK)z * + D kP2l
k k k

(73)

By definition of W we have Q(x, w) o UG = 9x, w'W). Formula (72) follows
from Lemma 10. In fact we substitute in Formula (30) zz = e 1L®)-xz/

27y, then if
le X(q), (h, k) € Py we have

L))

ik = e1(£,x)e—1L(h).xZ;lelL(]()_XZ;C

and, by Formula (49) we have £ — L(h) + L(k) = 0. Similarly when ¢ €
Xq_z, {h,k} € Py we have

ei(é,x) i(Z,x)e—iL(h).xzze—iL(k).xz;(

Ihik =€
and, by Formula (49) we have £ — L(h) — L(k) = 0.

Let us prove the bounds. We notice that the total degree 2i + j is the same in the
two sets of variables. Moreover ¥® is independent of &, hence P o W@ has the
same order as P, see Sect. 4.0.5, and the bounds follow by Proposition 6. 0O

Remark 25. It is possible to choose also infinite sets of v; so that the change of variables
is still convergent in a ball. For this it is enough to impose a reasonable growth to |v;|
asi — oo.

11.1. Definitions of Q, Q. From Formula (38) we have

N' =K'+ (VeAg (&) — (@ + D* ALY + D L)z H) + Q' (w),
k

5 5 (74)
K' = (@0.y") + > _((wo. LK) + [k}, >
k

We set

Qi = (wo, L(K)) + k|,

0= QW)+ D> (VeAgu1 () — (¢ + D2A )L, LK)z}, (75)
k
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and remark that the € are integers and the coefficients of the quadratic form Q are
homogeneous in the variables & of degree g.

We can group Q > QA, where the sum runs over all blocks A € I'g and QA
involves only the variables z;, z; with k appearing in the block. We now use the graph
language. Having made the change of variables we should really introduce a new graph
f‘g expressing the non-zero entries of Q in the basis z’. In fact by Remark 11 this is just a
subgraph of that larger graph but it is also clearly isomorphic to I'g although the matrix
entries have changed, so by abuse of notation we still denote it by the same symbol I's.

Take a block A € I's and let A4 be the corresponding disjoint conjugate compo-
nents in [" s (by convention, in A+ the root x corresponds to z,, while in A_ the root x
corresponds to 7).

Remark 26. 1. Q 4 is a Hamiltonian on the symplectic space W4 with basis (z,/(, Z;{), k
running over the vertices of A.

2. We denote the vertices in each A+ by Z4 and Z4 resp. The variables Z4 and Z4
form the bases of two Lagrangian subspaces'? decomposing W,.

3. Both K" and (VeAy41(8) — (¢ + 1)2Aq &)1,y in N’ commute with Q(x, w'W),
hence ad(K'+ (Ve Ag+1(€§) — (¢ + 1)2Aq (&)1, y")) takes a scalar value on any given
block Z4.

11.1.1. The matrix blocks of Q. Set iQ’, to be the matrix of ad(Q/,) and iD’; to be the
(diagonal) matrix of

ad(QY (Vs Ags1(§) = (g + D*Ag®)L LK)z )
k

in the geometric basis z;, z; with k € S°. Clearly the matrix representation of Qy is
04 = Q', + D/,. Moreover, by definition of I, we have 0, = Q’ &) Q/

Given two verticesa # b € A+, we have, from Formula (30), that the matrix element
Q;, , 1s non-zero if and only if they are joined by an edge ¢ and then Q;, , = () if
b=z, or Q) , =—c()if b =Z. The element c(£) is described in Formula (30). On
the diagonal we have Q;’a = 0, while the D(’l’a = (VeAg () —(g+ 1)2Aq (&)1, L(k))
ifa = z;( or —(VeAy41(8) - (g+ 1)2Aq &)1, L(k))ifa = Z;{ (cf. (16)). The same rules
hold for vertices a # b € A_ and one easily verifies that

0; =—Q/§+- (76)

By definition L(k) depends only on the combinatorial graph .4 of which A is a
realization, therefore the matrix Q 4 depends only on the combinatorial block A.
In order to stress this point we write Q4 = C4=C4 +PCq _,WithCy _=—C4g 4.

Lemma 11. For all combinatorial blocks A which do not contain red edges, the matrix
C 4.+ is self-adjoint for all € € A,>. If A contains red edges then each vertex has a sign.
This defines a diagonal matrix of signs X 4, and C 4 .. is self-adjoint with respect to the
indefinite form defined by X 4.

13 Notice that the two bases iZ 4 and Z 4 are dual bases only when A does not contain red edges. Indeed, in
general, the duality matrix is diagonal with elements +1.
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Proof. This is essentially a consequence of the fact that H is real, but it follows imme-
diately from the definition of ¢(£) and the explicit formulas for C 4 , given above. O

Definition 24. We denote by M the finite list of matrices {C 4} o, where A runs over all
the non-equivalent combinatorial blocks with chosen root at (0,+) which contain only
the indices 1, ..., 4qn. We denote by M(&) the finite (and independent of m) list of
matrices {C p} o, where A runs over all the non-equivalent combinatorial blocks with
chosen root at 0.

Corollary 6. The matrices M (&) are obtained from the matrices M by permuting the
variables {&1, ..., &y, ).

Proof. Infact we have finitely many graphs with at most 2n vertices, the indices appear-
ing in the edges are the ones appearing on a maximal tree with at most 2n edges. On
each edge they involve at most 2¢ indices and so we have the a priori bound number
4gn of indices which, up to symmetry, can be takentobe 1, ...,4gn. O

Example 15. We describe the block C 4  for the graph A consisting of a unique edge £.
Recall that n(€) = >, ¢; is either 0 or —2 so 1 + 1(€) = 1, —1 respectively. Set

c(0) = (g+Da), VeAgi().L — (g +1D*AgE)N@) = (g + D +n(0)b(),
we then have:

0 (+n()a(t)

Ca+=(@+1) : 77
a(f) b(0)
For g = 1 one gets
1,2 1,2
A = (0,+) ——= (e —e1,+) Ay =(0,4) (—e1 —e2, ),
0 2615 0 —2&16
Cp+=2 , Cppr =2 . (78)
2J615 & —& 2J615% & —&
For g = 1 consider the component .A of Formula 59, we obtain
0 26183 0 0

Cui—2 2615 & -& 2868 —2JV&18 | .
A+ 0 2/EE & +& 25 0 ’
0 2VED 0 & - &

the reader can easily verify that in the Hamiltonian (69) Qis represented by the matrix
above.

Proof of Theorem 1. The change of variables @z = W) 0 W@ o UG Ttem i) follows
from Corollary 2. Item ii) follows from the corresponding item of Proposition 13. Item
iii) also follows by item ii) of 13. The set of matrices M is defined in Definition 24. iv)
follows from the same statement for P. 0O
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12. Proof of Proposition 3 and Corollary 1

12.1. The arithmetic constraints. We want to show now that in some special cases, on
the integer points of the geometric graph we may impose much stronger conditions.

Proposition 14. (i) For n = 1 and for generic choices of S, all the connected com-
ponents of I's are either vertices or single edges.
(ii) Forn =2, and for every m there exist infinitely many choices of generic tangential
sites S = {v1, ..., vy} such that, if A is a connect component of the geometric
graph TUs, then A is either a vertex or a single edge.

Proof. (i) Itis proven in Example 12.
(i) This statement is proved in [11] for ¢ = 1 by a very direct and lengthy computa-
tion. Here we give a more conceptual proof based on estimates of integral points

on algebraic curves, valid for all g.

The simplest of such estimates is that, for all 0 < § < 1 one can estimate the number
of integral points of a circle of radius R by <« R® as R — oc.

In general Bombieri and Pila prove, in [3] Theorem 5, that if C is a real absolutely
irreducible algebraic curve of degree d and if N > ¢?, the number of integral points in
C in the square [0, N] x [0, N], is bounded by

N4 exp(12,/log(N) log log(N)).

In particular for any § > 0 and N large we have a bound N !/4+3

We need a less fine estimate, if the curve is not necessarily absolutely irreducible but
contains no lines we still get, by looking at its irreducible factors an estimate of type
N1/2%3 for N large. We want to use these bounds for our estimates.

Let us first characterize the sets x, vy, . . ., vy, such that there is an edge marked ¢ with
vertex in x. We can interpret Formulas (47)—(46) by saying that x, vy, ..., v, satisfy
an equation which is the equation for a sphere in either x (red edge) or one of the v;’s—
here we consider the other variables as parameters. Suppose now that x is a vertex of a
graph U with two different edges ¢1, £;. Hence x satisfies the two equations given by
these edges.

Case g = 1. We know that there is an index i = 1, ..., m such that ¢; appears in £; but
not in £, (otherwise we would have £; = ¢; — e; and £, = —e; — e; which does not
have a realization in I'g).

Suppose now that ¢, is red. We next claim that if |v;| < R for all i then |x| < CR
(where C is a universal constant). Indeed since one of the edges is red then x belongs
to the circle of diameter v, vy (we are assuming without loss of generality that the red
edgeis €r = —e; — e2).

Consider the set

Ay vy, ..., Uy, X} CZZ"”Z, lvil <R, x solves the equations given by U : =41, {5.

We claim that |Ay| < R?"~ '+ Without loss of generality we may suppose that £
depends non trivially on e3.

We first use the equation given by £; to express v3, 1 in terms of the other parameters.
This of course gives at most two solutions. Then the equation for ¢ is a circle in x with
diameter < 2R.

Thus Uy Ay has <« (’;)2R2m’1+‘3 elements. When R is large < (’5’)2R2’”’1+‘s <

R?™ thus the projection of this set on the first m coordinates is not surjective and thus
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any point outside this projection is a set of tangential sites satisfying the condition of
our proposition.

To treat the case of £1, ¢, both black we need to ensure that |x| < CR provided
that the |v;| < R. We compute x by Cramer’s rule, the denominator is 7w (£1) A 7 (£2)
while the numerator is bounded proportionally to |7 (£1) || (£2)|R. To obtain the desired
bound we restrict vy, . .., vy, to the sector where |7 (£1) A (£2)| = c(m)|mw(£1)]||m(€2)]
for all choices of £1, €2 € X (1); here c(m) is some constant depending only on m. The set
of v;’s which satisfy this constraint and have |v;| < R is still of the order of R>".

As done before, we use the equation given by £; to express vz in terms of the
other parameters. Then the equation for ¢; is a circle in one of the variables vy, vy with
diameter < 2CR.

Case g > 1. Itis no longer always true that there exists an index i such that e; appears in
£1 but not in €. If this restriction is satisfied then the previous proof applies, otherwise
we claim that we can apply Theorem 5 in the paper of Bombieri and Pila [3]. In fact
look at an equation

|G, P+ (e, ), D miv) = =1/20 D mivi P+ D~ mivil?)

or equivalently
206, )+ D mivi P o= |G, Y0P = =1 D mivi P +2 > milvi),
i i i

since >, m; = —2, either >, m;v; = —e, — e, (Where the previous arguments apply)
or there is then an index j with m; > 0, write the equation in terms of (x', y'), z = v 1
considering the other coordinates as parameters. This defines an ellipsoid

@)+ () + (mi +2m)z22 +az+b =0

which, if the remaining coordinates of the v; are bounded by some R, is contained in a
cube[—CR,CR ]3 with C some fixed integer depending on the m;. We now intersect with
the other equation and claim that we have an absolutely irreducible curve; to its projection
on one of the coordinate planes we apply the theorem of Bombieri and Pila. The other
equation is of the form (¥, >, njv;) = 1/2(| >, nivi|* + >, ni|v;|?) if the other edge
is black or (¥, >, (n; — mp)v;) = —1/2(1 > nivi > + X, nilvi ) + 1/2(1 3 myvi|* +
> m;|v;|?) if the edge is red. The equation is of the form n jx'z+cz+dy +ex'+ f 22 +g =
0, where d = >, njv; 2. If d # 0 we solve it for y and see that we have a plane quartic,
otherwise we project it to the plane y’, z still getting a plane quartic. In either case the
quartic does not contain a real line since its real points are bounded; the estimate on its
integral points follows from Theorem of Bombieri and Pila.
Two black edges. >°; mje;, > ;njej, >,;mi = > ;n; = 0.The equations are

&, Zm vi) = 1/2<|Zm vi[? +Zm uil?),
&, anv,)—l/mZn vi| +Zn,|v,| ).
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Say that m; # np, consider all the v;,i > 1 and y as parameters, let z, w denote the
coordinates of v which we consider as variables, so write the equations as

x(a+miz) = 1/2(m%+m1)[z2+w2]+m1zw+bz+cw+d,

x(@ +n12) = 1/2(n% )2 +wl+nizw+b'z+w+d.

We may assume n; # 0, otherwise we are in the previous case of an index appearing in
£1 and not in ¢>. Project to the z, w plane and we see that we obtain the cubic

[1/2(m3 + m))[z* + w?] +mizw + bz + cw + d](a’ +n12)

= (a+m)[1/2(n? +n)[> + w1+ njzw +b'z +'w+d']
of equation
Az[Z* + w? ]+ B2+ Cw? + Dzw+ Ez+ Fw+G =0

with A = 1/2nym1(m; — n1) # 0. Let us show that this is absolutely irreducible.
Otherwise it factors through a linear and a quadratic term, and we can always assume
that the linear term is defined over R since with any factor we also have the conjugate
factor. This implies that if there is a factorization it is of the form

(Az+ K)(Z>+w?+Mz+Nuw + P)
which implies that

Az(Mz+Nw+P)+ K +w?>+Mz+Nw+P)=Bz*+Cw?*+Dzw+ Ez+ Fw+G
AM+K =B, K=C, AN=D, AP+KM=E, KN=F, KP=G

in particular C = K.Now C = (m%+m1)a’—(n%+n1)a,Wherea =2 mivii, a =
20is1 iV

We have AF = CD and we claim that this imposes a non-trivial restriction to the
parameters, thus for a large set of parameters we can apply the method.

We have F = ca’ — c'a and ¢ = —myy +m1zj>1mjvj,2, ¢ = —nyy+
n Zj>1njvj,2, while D = a’m; + cny — any — ¢’'m|. We see that in D the var-
iable y disappears while in F it appears linearly with coefficient —ma’ + nja =
> o1 (mim; — min;)v; 1. We cannot have (nym; — min;) = 0 for all i > 1 unless
£5 is a multiple of ¢;. This case, though, we have excluded in Theorem 4.

We conclude that, for any 6 > 0, the number of integral points are less than a constant
(dependent only on 8) times R'/?*3. At this point the proof is identical to the previous
argument. 0O

We denote the sets S which do not contribute to any Ay as arithmetically generic and
think of the condition Ax € 72 : (v1,...,vm, x) € Uy Ay as an arithmetic constraint.

Proposition 15. Under the geometric and arithmetic constraint forn = 1 orn = 2 all
the non-diagonal blocks in Q are two by two and given by Formula (77).

Remark 27. It is unclear what happens in higher dimension. One can use the same argu-
ment to exclude graphs of rank equal to the dimension, so Dimension 3 could still behave
in a special way. On the other hand, for ¢ = 1 there is a different method using the second
Melnikov condition which we shall discuss elsewhere.
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12.1.1. Real roots We ask if there are regions in the parameters & where all blocks have
real roots. The issue is only for graphs containing red edges and the region is described
by a finite set of inequalities given by Sylvester’s Theory.
We discuss here the case in which all graphs containing a red edge reduce to this
edge. As remarked in §12.1, one can have this case in dimension n = 1, 2 for all g.
The matrix associated to the graph .4 consisting of a unique red edge ¢ is given by
Formula (77) where:

e~ 1 —1
@t =qg[ : Z (Eq—-:-oc) (j++ot) f‘

aeN”
\a+Z+\1:q71

Ve Agr1(§).L — (g + 1)*Ag(E)n () = —(g + Db(D).

(79)

The characteristic polynomial of C 4/(g + 1) is t(t — b(£)) + a(£)? with discriminant
b(£)> — 4a(£)?. We want to show that there is a non empty open region in our param-
eter space where the roots of all these polynomials are distinct real, that is where all
these discriminants are strictly positive. For this, using the usual lexicographical order,
let us compute the leading terms of all these polynomials. Apply Formula (79) letting
d(£) := g — 1 — |€*], we see that the leading monomial of —4a(£)? is &1 V& As

for b () it has the monomial & ]q appearing with the following coefficient. In aAgg © the

neq+l
coefficient of Slq comes from aglgl = (g+ 1)51’1 while fori > 1in M%;Ei@) the coefficient

of 5{1 comes from % =(q+ l)zéf. If¢ = (44, ..., 4¢,) the coefficient of f;‘f in
b0)isli+(g+1)D ;. ¢.Since >, ¢; = -2 wefinally have £; + (g + 1) D> ;1 &i =
b —(q@+Dt —2(q+1D) =—ql1 —2(q+1) = —q(l1 +2) = 2.

In the term —(g + 1) A4 (§)n(€) = 2(g + 1) A4 (&) the monomial appears with coef-
ficient 2(q + 1). Thus we get a total contribution of —g#;. Thus if £; 7# O the leading
monomial of the discriminant is & 12 “ with positive coefficient. If £; = 0 let us look at the
BA%;@)
q(qg + DE]"'& and q(q + VE]'Ei&;. @ £ j # 1 giving q(q + DE]T Xy, &5
Together we get g (q + l)élq ! > j#1§j- When we take the scalar product with £ we get

thus a total contribution of —2¢g (g + 1)$1q_l Z#l &;. From 2(q + 1)A,(§) we get the

coefficient of Slq ~lin , I # 1. This comes from the terms @Ef ! Siz giving

term 2¢% (g + l)élq_1 > 1 & Thus we geta leading term of type 2(9%—q)(g+ l)élq_léz
unless ¢ = 1; in this case we need to do a different argument.

The leading term of b(£)? is thus 5;‘12 q72§22 with positive coefficient. This gives the
leading term in the discriminant unless £* = 0, hence d(£) = 0 and £ = —2e¢;, but this
is not possible by one of our first constraints.

Finally for ¢ = 1 the discriminants are all of type éiz + E} — 14§;&;, so we see that
in all cases we can apply the following lemma.

Given j € N consider the list M of monomials of degree < j in the variables
&, i =1,...,mordered lexicographically, denote by A < B this ordering.

Given a positive constant D, set

Ap = 151§ > 0. A() > DB()}. VB < A, A, B € M;).
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Lemma 12. i) Forevery D > 0 the open set Ap is non empty.
ii) Consider a list of polynomials f; (&) of degree < j and with real coefficients. If, for
each i, the coefficient in f; of the leading monomial is strictly positive, then there
is a positive constant D so that in the region Ap we have f;(§) > 0 forall i.
iii) Under the hypotheses of ii), if all the f; are homogeneous, the non empty open set
where f;(§) > O foralli is a cone.

Proof. i) Consider the curve & := U +1)W+H, if M =[], Sihi, we have that on
this curve M (1) = 12 hiG+D"™'™ Ttis clear that B = [, &9 < A = [/, "
if and only if the sequence (ki, ...ky) < (hi,...hy). Butif > ki < j, > hi <
jr Gkty .o km) < (B, ... hy) wehave > hi(j+ DT S S kg (G 4+ D
so that lim;_, o A(#)/B(t) = co. For any D > 0, for large ¢ the curve lies in Ap.

ii) The leading monomial is the maximum in the lexicographic order. Take a polyno-
mial f =aM + Zf‘ a; M; with M leading monomial and @ > 0. We have, in the
quadrant & > 0, that aM + 3 ¥ a;M; > aM — 3% |a;|M;. Tf deg(f) < j,in Ap
we further have:

k k
a
aM — E la;|M; = E (ED_ lai ) M;.
i i

Since a > 0 it is enough to choose D > max |a; |§.
iii) The set where an homogeneous polynomial is positive is a cone. O

Proof of Theorem 3. This now follows from the previous lemma and the discussion of
the discriminants that we have performed. O

Proof of Corollary 1. We use the notations and results of Remark 26. We divide S¢ in the
connected components of I'g and apply the standard theory of quadratic Hamiltonians
to each geometric block A:

Hy = Z Qrlzp? + Oa(w),
keA

where now all the € in the block are equal in the case of A black while they are oppo-
site in the case of a red edge so that ad (D ;.4 fzk|21/(|2) acts as a scalar matrix on the
variables Z 4.

Ifiad(Q4(w)) is semi—simple with real eigenvalues, it is a standard fact that there
exists a real linear symplectic change of variables {4 under which

Hyoya =Y Qulul®,

keA

where £y are the eigenvalues of iad (Hy).

In particular for all geometric blocks A which do not contain a red edge, this property
holds for all positive £ by using Lemma 11. Formula (19) follows with Q= > Acred Q A,
here A € red means that A contains red edges, and we have seen that this is a finite set.
We have proved ii).

The change of variables Y4 := waq — La(§)wa where wa = (2}, 2} )kea and L4
is a matrix which diagonalizes 04 = iad(@ 4)- Since there are only a finite number of
distinct matrices Q 4, we only need a finite number of distinct ¥/ 4.
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We have Q) = Qk + Ak(QA), where Ak(QA) runs over the eigenvalues of QA, this
proves i).

Each change of variables 1/ 4 is locally analytic (real algebraic) in & for those £ where
the eigenvalues which are not identically equal are distinct. This condition identifies an
algebraic hypersurface (where the non-identically equal eigenvalues of a combinatorial
block coincide) which we have to remove. The algebraic hypersurface that we remove
is a cone, so we can remove a conic neighborhood of this hypersurface arbitrarily deter-
mined by its intersection with the unit sphere. Since the choice of the neighborhood on
the unit sphere is arbitrary, we easily see that in the domain A, this is equivalent to
removing a tubular neighborhood of order £2. The bounds iii) follow by homogeneity
of the functions.

To be more explicit, from Theorem 1 we have decomposed our space as an infinite
direct orthogonal sum of symplectic spaces, each decomposed explicitly as the direct
sum of two Lagrangian subspaces in duality, each stable under ad(N).

It is a standard fact that, if for a given symplectic block the matrix is semisimple
with real eigenvalues, then on that block there is a symplectic change of variables which
makes it diagonal. In fact if the matrix preserves the decomposition into two Lagrang-
ian subspaces, as in our case, we can take the change of variables preserving the two
subspaces.

Under the geometric constraint all blocks relative to only black edges give rise to
symmetric matrices for a positive quadratic form which thus are semisimple with real
eigenvalues and can be diagonalized.

Consider next the cases in which, under the arithmetic constraint, we have the remain-
ing 2 x 2 blocks associated to red edges. For these we can apply Theorem 3. It remains
to prove that the global symplectic transformation defined as direct sum of all the ones
diagonalizing each block is indeed continuous and preserves the domain. This follows
from the fact that, up to a scalar summand, we have only finitely many types of blocks
inad(Q). O
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Appendix A. Marked Graphs

This section is independent of the previous parts of the paper. Its only purpose is to
establish the correct algebraic language.This standard material in Group Theory.

A.1. The Cayley graphs. Let G be a group and X = X! C G a subset.

A.l1.1. Marked graphs.

Definition 25. An X—marked graph is an oriented graph A such that each oriented edge
is marked with an element x € X.

x —1

a—2sp a<*—1p

We mark the same edge, with opposite orientation, with x .
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A morphism of marked graphs j : Ay — Aj is a map between the vertices, which
preserves the oriented edges and their markings.
A morphism which is also injective is called an embedding.

Recall that

Definition 26. i) A path p of length f, from a vertex a to a vertex b in a graph is
a sequence of vertices p = {a = ag,ay, ...,ay = b} such that a; 1, a; form an
edgeforalli =1,..., f.

The vertex a is called the source and b the target of the path.
ii) A circuit is a path from a vertex a to itself.
We always exclude the presence in a path of trivial steps that is a;_1 = aj+1.

iii) A graph without circuits is called a tree.

iv) If we have an oriented path p := {ag,ai,...,ay} marked a;_\ LS a, i =
1,..., f in an X—-marked graph, then we set g(p) :=grgr—1-.-8&l1.

v) If g% = 1 then an edge marked g has both orientations so we consider it as unori-
ented.

A.1.2. Cayley graphs. A typical way to construct an X—marked graph is the following.
Consider an action G x A — A of G on a set A, we then define.

Definition 27 (Cayley graph). The graph Ax has as vertices the elements of A and,
given a, b € A we join them by an oriented edge a > b, marked x, ifb=xa, x € X.

If G acts on two sets A and A and 7 : A — Aj is a map compatible with the G
action, then r is also a morphism of marked graphs.

A special case is obtained when G acts on itself by left (resp. right) multiplication
and we have the Cayley graph GlX (resp. G'y). We concentrate on GZX which we just
denote by G x. One then immediately sees that

Lemma 13. If G acts on a set A and a € A the orbit map g — ga is compatible with
the graph structure.

The graph G is preserved by right multiplication by elements of G, that is if a, b
are joined by an edge marked g then also ah, bh are so joined, for all h € G.

The graphs G',, G’y are isomorphic with opposite orientations under the map
g>g .

The graph Gy is connected if and only if X generates G, otherwise its connected
components are the right cosets in G of the subgroup H generated by X.

Definition 28. Given an X—marked graph A. We say that A is compatible with G x if it
can be embedded j : A — Gx in Gy.

Note. Two embeddings of A in Gy differ by a right multiplication by an element
of G.

Let us understand the conditions under which a connected graph A is compatible.
Take two vertices /1, k in A and join them by a path p := k = ko, k1, ...,k = h.
Assume that k;—1,k;, i = 1,...,¢ is marked by the element g; € X. Then define
g(p) := grg—1...&1. We can fix an element r € A which we call the root and lift it
for instance to 1. Given any other element i € A, choose a path p from r to & and set
gn = g(p). In order for this to be well defined we need that if / is joined by two distinct
paths p1, pa then g(p1) = g(p2). In other words
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Lemma 14. A is compatible if and only if given any circuit p from r to r we have
g(p) =1d.

If this condition is fulfilled we have the special lift j : a — g, under which r — 1.
In particular suppose that G acts on a set A and .A C A is a connected subgraph of
Ax with f vertices. Then

Corollary 7. A sufficient condition for A to be embedded in G x is that, foranya € A, if
an element g € G is a product g = x1x3 ...xq of d < f elements we have that ga = a
implies g = 1.

Appendix B. Proof of Lemma 8

Proof. Consider a graph with r + 1 vertices and of rank » > 2. We distinguish the ele-

ments a;, i = 1,...,u corresponding to black vertices from the b;, j =1,..., v of

red vertices, we are assuming that both colors appear. We have a;(1) =0, b;(1) = —2.
We have the equations

(x, (@) = K@), |x[+x, 7)) =Kb)).

If the solution x is polynomial in the v;, it is linear by a simple degree computation.
Since it is also equivariant under the orthogonal group, it follows that it has the form
x = > ¢;v, for some numbers ¢;. Letnowa = — > cyes s0x = —m(a). The fact that
the given system of equations is satisfied for all v; (this since they are now polynomials)
is equivalent to the equations.

—aa; = C(a;), a* —ab; = C(bj). (A.1)

By changing root if necessary we may always assume that there are black vertices dif-
ferent from the root. For such a vertex a; # 0 we have an equation —2aa; = al.2 + al.(z)

which implies that @; divides ai(z).

Ifa; = j pjej we have that al.(z) => i Pj e? is an irreducible polynomial unless
a; = p(ep — ex) (recall that Zj pj = 0). Then —2a — a; = (ej, + ¢x) which implies
—2a = (1 + p)ep + (1 — p)ex, namely a = aep, + (—a — 1)ey, for some «.

Now we exploit the fact that a satisfies also all the other equations. If it satisfies
another black equation—say with a vertex a j— by linear independence of the vertices we
must have « = 0 or « = —1 and a = —e;, for some /. Hence the only case to exclude
is 1 black and one or more red equations. For a red equation we have:

2 2 (@) 2 2 (@)
2a° — 2ab; =—bj —bj < a" +(a—bj) =—bj .
By comparing the coefficients of the quadratic terms we see that b; = >°; ¢;e; cannot
have any positive coefficient g, since n(b;) = —2. Hence we must have b; = —ej, —¢;
for the same h, k appearing in a. Now substitute in the equation

(aep + (—a — 1)ek)2 + ((a+ ey — ozek)2 = e% + e,%

to get a+ (o + 1)2 = 1 with solutions « = 0, —1, hence x = vy, v; as desired. O
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Appendix C. Determinantal Varieties

In this section we think of a marking £ = 3"/ | a;v; coming from the edges (for ¢ = 1
we have dv; & v;) as a map from V®m to V. Here V is a vector space where the v;
belong. Thus a list of k markings is thought of as amap p : V¥" = V @ C" —
VoK = v ® CK. Such a map is given by a k x m matrix A and p = ly ® A so that
Im(p) =V ® Im(A), ker(p) =V Q ker(A).

When dim(V) = n we shall be interested in particular in n—tuples of markings. In
this case we have

Lemma 15. An n—tuple of markings m; := Y jaijvj is formally linearly independent
— that is the n X m matrix of the a;j has rank n— if and only if the associated map
0 VO 5 VO s surjective.

We may identify V®" with n x n matrices and we have the determinantal variety D,
of V¥ defined by the vanishing of the determinant det (an irreducible polynomial),
and formed by all the n—tuples of vectors v1, ..., v, which are linearly dependent. The
variety D, defines a similar irreducible determinantal variety D, := p~1(D,) in VO™
which depends on the map p. This is a proper hypersurface if and only if p is surjective.
We have already remarked that, in this case, D,, is an irreducible hypersurface with equa-
tion the irreducible polynomial det op. We need to see when different lists of markings
give rise to different determinantal varieties in V ®,

Lemma 16. Given a surjective map p : V" — VO avector a € VO™ is such that
a+beD,, Ybe D, ifand only if p(a) = 0.

Proof. Clearly if p(a) = O then a satisfies the condition. Conversely if p(a) # 0,
we think of p(a) as a non zero matrix A and it is easily seen that there is a matrix
B =p®) e D,suchthat A+ B=p(a+b) ¢ D,. O

Let p1, p2 : VO™ — VO be two surjective maps, given by two n x m matrices
A = (a; ), B=(bij); aij,b;jecC.

Proposition 16. o ! (Dn) = py ! (Dy) if and only if the two matrices A, B have the
same kernel.

Proof. The two matrices A, B have the same kernel if and only if p1, p; have the same
kernel. By Lemma 16, if pl_l(Dn) = pz_l(Dn) then the two matrices A, B have the
same kernel. Conversely if the two matrices A, B have the same kernel we can write
B = CA with C invertible. Clearly C D,, = D,, and the claim follows. 0O

We shall also need the following well known fact:

Lemma 17. Consider the determinantal variety D, given by d(X) = 0, of n x n complex
matrices of determinant zero. The real points of D are Zariski dense in D.

Proof. Consider in D the set of matrices of rank exactly n — 1. This set is dense in
D and obtained from a fixed matrix (for instance the diagonal matrix ,,_; with all 1
except one 0) by multiplying Al,,_1 B with A, B invertible matrices. If a polynomial f
vanishes on the real points of D then F (A, B) := f(Al,—1B) vanishes for all A, B

14 This means that a polynomial vanishing on the real points of D vanishes also on the complex points.
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invertible matrices and real. This set is the set of points in R2"2, where a polynomial
(the product of the two determinants) is non zero. But a polynomial which vanishes in
all the points of any space R® where another polynomial is non zero is necessarily the
zero polynomial. So f vanishes also on complex points. This is the meaning of Zariski

dense. 0O
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