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ABSTRACT. We consider a class of a priori stable quasi-integrable analytic
Hamiltonian systems and study the regularity of low-dimensional hyperbolic
inwvariant tori as functions of the perturbation parameter. We show that, under
natural nonresonance conditions, such tori exist and can be identified through
the maxima or minima of a suitable potential. They are analytic inside a disc
centered at the origin and deprived of a region around the positive or negative
real axis with a quadratic cusp at the origin. The invariant tori admit an
asymptotic series at the origin with Taylor coefficients that grow at most as
a power of a factorial and a remainder that to any order N is bounded by
the (N + 1)-st power of the argument times a power of N!. We show the
existence of a summation criterion of the (generically divergent) series, in
powers of the perturbation size, that represent the parametric equations of the
tori by following the renormalization group methods for the resummations of
perturbative series in quantum field theory.

1. Introduction
1.1. The model. Consider the Hamiltonian
1 1
H:w-A+§A-A+§B-B+5f(a,ﬁ), (1.1)

where (a,A) € T" x R" and (8,B) € T x R” are conjugated variables, - denotes the inner
product both in R” and in R®, and w is a vector in R" satisfying the Diophantine condition

|w-v| > Colv|™T Vv e Z"\ {0}, (1.2)

with Cy > 0 and 7 > 7 — 1; we shall define by D,(Cp) the set of rotation vectors in R" satisfying
(1.2). We also write
flea,B) =" e [,(8), (1.3)
veZ"
and set d = r + s. We shall suppose that f is analytic in a strip of width £ > 0 around the real
axis of the variables a, 8, so that there exists a constant F such that |f,(8)] < Fe ! for all
velZl andall geT".

1.2. Low-dimensional tori. The equations of motion for the system (1.1) are

a=w+A,

B=B,

1= —e0a f(a, B), (14)
B =—edsf(a,B),

For € = 0 the system of equations (1.4), with initial data (e, 30,0, 0), admits the solution
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which corresponds to a r-dimensional torus (KAM torus): the first  angles rotate with angular
velocity wq, . ..,w,, while the remaining s remain fixed to their initial values.
Note that (1.4) can be written as

a - _Eaaf(aa/@)u
{B — —c0pf(a, B). (1.6)

so that we obtain closed equations for the angle variables: once a solution has been found for them,
it can be used to find the action components by a simple integration.
We look for solutions of (1.6), for e # 0, conjugated to (1.5) , i.e. we look for solutions of the

form
a(t) = +a(y, Bose),
{ﬁ<t) = Bo + b(¥, Bo; e), (1.7)

for some functions a and b, real analytic and 27-periodic in 1 € T, such that the motion in the
variable v is ¢ = w.
We shall prove the following result.

1.3. THEOREM. Consider the equations of motion (1.6) for w € D,(Cy), and suppose By to be

such that
85](‘0(60) =0,

1.8
Béfo(ﬁo) is negative definite. (18)

There exist a constant €9 > 0 and, for all € € (0,¢), two functions a(1, Bo;e) and b(v, Bo;e),
real analytic and 2m-periodic in ¢ € T", such that (1.7) is a solution of (1.6).

1.4. Remarks. (1) As it is well known, and as it will appear from the proof, the solutions whose
existence is stated by the theorem cannot be expected to be analytic in € at € = 0. Furthermore,
if the second condition in (1.8) is replaced with

(’“)éfo (Bo) is positive definite, (1.9)

then the same conclusions hold for € € (—&g, 0).

(2) The proof will yield more detailed information on the regularity of the considered tori, as we
shall point out. In particular the analyticity domain is much larger, see the heart-like domain Dg
in Figure 1 below (and the discussion in the forthcoming Section 5.9). In fact we think that our
technique can lead to prove existence of many elliptic invariant tori, i.e. for a large set of negative
¢’s, and to understand some of their analyticity properties; see Section 6 for further remarks and
results.

complex
e—plane

Fic. 1. Analyticity domain Dy for the hyperbolic invariant torus. The cusp
at the origin is a second order cusp. The figure corresponds to the case in
(1.8) of the theorem 1.3.

1.5. Contents of the paper. The paper is organized as follows. In Section 2 we introduce the
main graph techniques which will be used, and we prove through them the formal solubility of
the equations of motions (known from [JLZ]): this is enough if one wants to prove existence
and analyticity of periodic solutions, (see the remark 2.10 below), but it requires new arguments
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to obtain existence of quasi-periodic solutions. Such arguments are developped in the following
Sections: in Section 3 we introduce the concept of self-energy graph, which will play a crucial role,
and we describe the basic cancellation mechanisms which will be used in Section 4 to perform a
suitable resummation of the series. In Section 5 we shall use such results in order to prove the
convergence of the resummed series and its analyticity properties. Finally in Section 6 we make
some conclusive remarks, and briefly discuss possible generalizations and extensions of the results.
The main technical aspects of the proof will be relegated to the Appendices.

1.6. Comparison with other papers. The problem considered here is a priori stable in the sense of
[CG]: the low-dimensional invariant tori are degenerate in absence of perturbations. Hamiltonians
of the form (1.1) were explicitly studied in [T], in a more general formulation (see Section 6 below),
and in [JLZ], in a more particular case.

The problem usually considered in the literature essentially corresponds to a Hamiltonian of the
form

SAZ W At BT A+ f(ABaf),  fo(ABB) =0+ B 48 (110)

where A is a, a priori fized, nondegenerate matrix (so that before the perturbation is switched
on the invariant torus at A = 0 has a priori a well defined stability property, i.e. its elliptic
or hyperbolic stability is already well defined); this case is called a priori unstable in [CG]. The
system (1.10) has been widely studied in the hyperbolic case A > 0, in the elliptic case A < 0, and
in the mixed case. The general hyperbolic problem has been studied in [Mo]; in [Gr] the stable
and unstable manifolds of the tori are also determined. The elliptic and mixed cases have been
considered in great detail in several papers starting with [Me]; the reader will find, besides original
results, a complete description of the subsequent results and the relevant references in the recent
paper [R], with some very recent further results, on a subject that keeps being under intense study,
in [XY], [BKS] and [Y].

Our case is of the form of (1.10) with A replaced by €A; in our case the perturbation is small
because it is proportional to ¢, while in (1.10) one makes also use of the possibility of taking A, B, 3
small to obtain a small perturbation. By classical perturbation analysis our case can be reduced
to the theory of (1.10).

We consider the novelty of this paper to be the technical analysis of the analyticity, in €, of
the resonant (i.e. of dimension lower than maximal) hyperbolic invariant tori of (1.1) in a region
as large as Figure 1 based on the Lindstedt series method; the same analyticity domain can be
obtained by a careful analysis and a nontrivial extension of the methods of [Mo].

This is partially done in [T], where C*° dependence on /¢ was proved at e = 0. And it is done
in a more special case in the paper [JLZ], where a scenario very similar to the one provided by our
conjecture (see below) emerges.

Closer to our approach is the analysis in [CF]: however the model studied there differs from
ours (see (2.24) of [CF]), and existence of hyperbolic low-dimensional tori can be obtained for it
without the need of performing the resummations which are on the contrary essential in our case.
The technique of [CF] can be extended to cover also our case (which coincides with eq. (2.22) of
[CF]), but it would still make reference to the coordinate changes which are characteristic of the
methods of [Mo] (called “classical transformation theory” in [CF]).

In fact one is also interested in asking whether the analyticity region in € can be extended further
to reach some points on the negative real axis and whether the analytic continuation to £ < 0 of
the parametric equations of the hyperbolic tori can be interpreted as the parametric equations of
elliptic tori. We do not address the latter question: the analysis performed in the present paper
at first suggests us that by the same methods it should be possible to prove the following.

1.7. CONJECTURE. Consider the equations of motion (1.6) for w € D,(Cy), and suppose By to be

such that
93fo(Bo) = 0,

1.11
8%}“0 (Bo) is negative definite. (1.11)
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Is it possible that there exist constants 9 > 0,6 > 0 and a subset I., C [—eo,0] with length
>(1- sg) go such that the functions of the theorem 1.8 above are analytically continuable outside
the domain Dy along vertical lines which start at points interior to Dy and end on I, where their
boundary value is real and gives the parametric equations of an invariant torus for all € € I, on
which the motion according to (1.6) is ¢ = w?

The extended domain shape, near the origin, suggested in the above conjecture is illustrated in
the following Figure 1'.

A

complex
e—plane

Fic. 1’. The domain Dy of Figure 1 can be further extended? the conjec-
ture above asks whether the extended analyticity domain could possibly be
represented (close to the origin) as here: the domain reaches the real axis
at cusp points which are in I, and correspond, in the complex e-plane, to
the elliptic tori which are the analytic continuations of the hyperbolic tori.
The analytic continuation would be continuous thorough the real axis at the
points of Ir,. The cusps would be at least quadratic.

2. Formal solubility of the equations of motion

2.1. Formal expansion and recursive equations. We look for a formal expansion

€)= Zska(k) () = Z e’ Va, ZE Z LYY
k=1

- veZ” jo vez” (2.1)
5):ZEkb(k) Z eV by, ( :ZE Z e ¥ k)
k=1 vel” k=1 wveZ"
where we have not explicitly written the dependence on 3.
Then to order k the equations of motion (1.6) become
22t — (k=1)
w-v Oaf
(w-v) a,” = [Oafl, 22)

(w-v)?by) = [95f] ”

where, given any function F' admitting a formal expansion

ZE Z eV ER), (2.3)

k=1 vel”

we denote by [F ]( ) the coefficient with Taylor label k and Fourier label v
We can write

4 p+q
Daf]) = Zzp' qlz ivy p+1a§f,,0(ﬁo)(na,(j§f>)( H br(zlj“), (2.4)

p>0g>0 j=1 j=p+1

where 0 < k; < k for all j =1,...,p+ ¢ and the * denotes that the sum has to be performed with

the constraints
p+q p+q

1+ij:k’ Vo—l—ZVj:V, (25)
j=1 j=1
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and, analogously,

p p+q
[65f]’(/k_1) — ZZ%% (il/o)p ag-’_lfllo(/ao)(l_[ag;j)) ( H bl(/]jy))7 (26)
p>0¢>0"" % j=1 j=p+1

with the same meaning of the symbols.

2.2. Tree formalism. By iterating (2.2), (2.4) and (2.6), one finds that one can represent graphically
ag,k) and b,(,k) in terms of trees. The definition and usage of graphical tools based on tree graphs
in the context of KAM theory has been advocated recently in the literature as an interpretation
of the work [E]; see for instance [G1], [GG], [BGGM] and [BaG].

A tree 6 (see Figure 2 below) is defined as a partially ordered set of points, connected by lines.
The lines are oriented toward the root, which is the leftmost point; the line entering the root is
called the root line. If a line £ connects two points v; and vy and is oriented from vs to vy we say
that v < v1 and we shall write v] = ve and £ = {,,; we shall say also that ¢ exits from vy and
enters vy.

V11

Fic. 2. A tree 6 with 12 nodes; one has p,,=2,pu; =2,Pvy =3,pv3 =2,Pv, =2.
The length of the lines should be the same but it is drawn of arbitrary size.

There will be two kinds of points: the nodes and the leaves. The leaves can only be endpoints,
i.e. they have no lines entering them, but an endpoint can be either a node or a leaf. The lines
exiting from the leaves play a very different role with respect to the lines exiting from the nodes,
as we shall see below. We shall denote by vy the last (i.e. leftmost) node of the tree, and by ¢y the
root line; for future convenience we shall write vy = r but r will not be considered a node.

We shall denote by V() the set of nodes, by L(6) the set of leaves and by A(f) the set of lines.

Fixed any ¢, € 6, we shall say that the subset of 6 containing ¢, as well as all nodes w < v and
all lines connecting them is a subtree of 6 with root v’: of course a subtree is a tree.

Given a tree, with each node v we associate a mode label v, € 7", and to each leaf v a leaf label
ky € N. The quantity

E=VO)|+ > ko (2.7)

is called the order of the tree 6.
With any line £ exiting from a node v we associate two labels 7, v, assuming the symbolic values
o, 8 and a momentum label vy € 7., which is defined as

vy =y, = Z Uy, (2.8)

weV (0)
w=v

while with any line ¢ exiting from a leaf v we associate only the labels v, = v, = 3.
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We can associate with each node also some labels depending on the entering lines and on the
exiting one: the branching labels p, and q,, denoting how many lines ¢ having the label v, = «
and, respectively, v, = [ enter v, and the label §,, defined as

_ L iy, =0,
O = {0, if v, = . (2.9)
Then with each node v we associate a node factor
1 1 /. \pet(1-dy)
b= (i) 05+ fu, (Bo), (2.10)

which is a tensor of rank p, + ¢, + 1, while with each leaf v we associate a leaf factor (to be defined
recursively, see below)

L, = by, (2.11)
which is a tensor of rank 1 (i.e. a vector); to each line ¢ exiting from a node v we associate a

propagator
1

Go = 0y,7y

which is a (diagonal) d x d matrix, while no small divisor is associated with the lines exiting from
the leaves. For consistence we can define

Gt = 0y 04,81, (2.13)

for lines exiting from leaves, so that a propagator Gy is in fact associated with each line.

2.3. Remark. Note that we can write (2.12) in the form

_ Gf,aa Gf,aﬁ
Ge=( Gro GW) (2.14)

where Gy aa, Gr,a8, Go,ga and Gegg are r X r, r X s, s X r and s x s matrices. By construction
one has Gy o3 = G{Ba =0, and

Go = G(w - vy), GT(—z) = G'(z) = G(x); (2.15)

here and henceforth T and 1 denote, respectively, the transposed and the adjoint of a matrix.

2.4. Tree values and reduced tree values. Call Oy p  the set of all trees of order k with vy, = v
and 7y, = 7, if 4o is the root line. Set

_fr, fory=a,
dny—{s7 for v = 3 (2.16)

we can define an application Val: © , , — ]Rd”, defined as

Val(e):( I1 Fv)( 11 L)( I1 Gg), (2.17)

VeV (H) veL(6) LEA(D)

which is called the value of the tree 6.
We can define also

Val’(e)z( 11 F)( 11 L)( Gg), (2.18)

veV(0) veEL(0) LeAN(0)\Lo
where, as usual, £y denotes the root line; Val'(f) is called the reduced value of the tree 6.
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The following cancellation is proved in Appendix Al.

2.5. LEMMA. Suppose that for all trees § € Oy ~ the set A(0) \ lo does not contain any lines £
with momentum vy = 0. Then Val'(0) is well defined and

> val'(h) =o. (2.19)

(-)e(—)k,o,a

2.6. FExistence of formal solutions. The following result states the existence of formal solutions
to (1.6) which are conjugated to the unperturbed motion (1.5), provided the value B is suitably
fixed.

2.7. LEMMA. One can write, formally, for all v € Z" \ {0},

al) = > val(y),

0€OL 1 o (2 20)
by = 37 val), '
0cO ., 8
while agk) =0 and
-1
by) =~ |98f(B0)] Y. val'(), (2.21)
0€0; 1 0

where the quantities Val(§) and Val'(9) are defined by (2.17) and (2.18), respectively, and
imposes the constraint that the tree whose reduced value is given by [%fg (Bo) bék has to be discarded
from the set Opy1.0,5. If one has

8,@f0(60) =0,
det al%fo(lgo) # 07

then there exists a unique way to fix bék) for all k € N such that a,(,k) and b,(,k) are finite for all
v € 7"\ {0} to all perturbative orders k.

(2.22)

2.8. About the proof. The proof of (2.20) is by induction. In order to show that it is possible to fix
uniquely bék) so that the existence of a formal solution follows, the key is to realize that no division

by zero occurs in the recursive solution of (2.2): the coefficients bék) are determined precisely by
imposing the validity of this property for the lines ¢ with 7, = v, = 8. In fact the condition to

avoid dividing by zero takes, to all orders k in ¢, the form 8% fo(Bo) bék) = some vector determined

recursively, so that bék) is defined by exploiting the assumption (2.22). A further key point is to
realize that the lines ¢ with 7, = 7, = a and carrying vy = 0 never appear, and the previous
lemma is enough to imply this. Details of the proof are given in Appendix A2. B

2.9. Remark. By (2.2) and by the lemma 2.7 one has

2af] = > varo),

0€OL v,
o (2.23)
- ’
[aﬁf}y _HGOZ Val'(9),
Fk,v,B

as one realizes by comparing (2.17) with (2.18).

2.10. Remark. As it will follow from the analysis performed in the next Sections, the tools
described above are sufficient to prove the convergence (hence the analyticity) of the perturbative
expansions (2.1), for € small enough, in the case of periodic solutions (i.e. r = 1): in fact we shall
see that the main technical difficulties shall arise from the problem of bounding the propagators,
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while, in the case of periodic solutions, we can simply bound G, by the inverse of the rotation
vector w (which is a number in such a case).

3. Self-energy graphs

3.1. Trimmed trees. With respect to the papers [GG], [BGGM] and [BaG], the trees here carry
also “leaves”: each leaf can be decomposed in terms of trees, because bék) is given by

by = ~[33h0(80)] @YY, (31)

with ng+1) expressed as sum of reduced values of trees of order k 4+ 1 (see Appendix A2); more
precisely
Gyt = 3 val')) - fo(Bo)by) = Y. Val(s), (3.2)

0€Ok 11,0, €Oy 1 05

where * has been define after (2.21): it recalls that the tree whose reduced value is given by
93 fo(Bo) by has to be discarded from the set O1.0.5.

Of course each leaf can contain other leaves and so on. If each time a leaf is encountered, it can
be decomposed into trees, at the end we have that the value of a tree 6 can be expressed as product
of factors which are values of trees without leaves, that we can call, as in [Ge], trimmed trees. The
sum of the orders of all the so obtained trimmed trees is equal to &, if the tree 6 belonged to Oy 1 ;
moreover for all trimmed trees the order equals exactly the number of nodes, as it follows from
(2.7) by using that a trimmed tree has no leaves.

3.2. Multi-scale decomposition and clusters. Given a vector w € D, (Cp), define wy = QTC(J_lw.
Then there exists a sequence {Yn},ez, , with v, € [2"7",2"], such that

l|wo - v| — p| > 27+ if 0 < |p| <27 (+3)/7 (3.3)

for all n < 0 and for all p > n, and |wg - V| # 7, for all v € 7, and for all n < 0; the existence of
such a sequence (depending on w) is proved by Proposition in Section 3 of [GG].
Given a line ¢ with momentum v, we say that ¢ has scale label ny, = 1 if

|lwo - ve| = 70, (3.4)
and scale label ny =n € Z\ Z. if
Yn—1 < |wo - Ve| < - (3.5)

Once the scale labels have been assigned to the lines one has a natural decomposition of the tree
into clusters. A cluster T' on scale n is a maximal set of nodes and lines connecting them such
that all the lines have scales n’ > n and there is at least one line with scale n; if a cluster T” is
contained inside a cluster T we shall say that T’ is a subcluster of T. The mr > 0 lines entering
the cluster T and the possible exiting line (unique if existing at all) are called the external lines of
the cluster T'; given a cluster T on scale n, we shall denote by np = n the scale of the cluster. We
call 7(0) the set of all clusters in a tree 6.

Given a cluster T' € T () call V(T), L(T) and A(T') the set of nodes, the set of leaves and the
set of lines of T, respectively. Let us define also

vr= Y w, (3.6)

and denote by 7g(6) the set of all clusters T' with vy = 0. Given a cluster T call Ty the subset
of T obtained from T by eliminating all the nodes and lines of the subclusters 77 C T such that
vy = 0, and denote by V(Tp) and A(Tp) the set of nodes and lines, respectively, in Tp.

3.3. Self-energy graphs. We call self-energy graphs of a tree 0 the clusters T' € 7 () such that
(1) T has only one entering line ¢2. and one exiting line 1.,
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(2) T € To(0), i.e.
v = Z v, =0, (3.7)

veV (T)

(3) one has

S ] <27 (3.8)
veV (Ty)

where ny2 = n is the scale of the line 2.

We say that the line £1. exiting a self-energy graph T is a self-energy line; we call normal line
any line of the tree which is not a self-energy line.

Given a self-energy graph T € 7(0) we say that a self-energy graph 7" € 7(6) contained in T
is mazimal if there are no other self-energy graphs internal to T and containing 7. We say that
a self-energy graph T has height Dy = 0 if it does not contain any other self-energy graphs, and
that it has height Dy = D € Z , recursively, if it contains maximal self-energy graphs with height
D—1.

lr

Fic. 3. An example of three clusters symbolically delimited by circles, as
visual aids, inside a tree graph (whose remaining lines and clusters are not
drawn and are indicated by the bullets); not all labels are explicitly shown.
The scales (not marked) of the lines increase as one crosses inward the circles
boundaries: recall, however, that the scale labels are < 0. If the mode labels
of (v4,vs) add up to 0 the cluster 7" is a self energy graph. If the mode labels
of (v4,vs, va, vg) add up to 0 the cluster T’ is a self-energy graph and such
is T if the mode labels of (vq,va, v7,v4,vs5,v2, vg) add up to 0. The graph 7’
is maximal in T. If the three clusters T, T/, T"' are self-energy graphs then
their heights are respectively 2,1, 0.

Given a line £ € A(Ty) with momentum vy, its reduced momentum v is defined as

V= Y v (=1, (3.9)

weV (Ty)
w=v

and it can be given a scale n such that
Tno—1 < |wo - 17| < e (3.10)

we call n? the reduced scale of the line /.

3.4. Remarks. (1) Given a self-energy graph T, for all lines £ € A(T), one can write, by setting
= £U7
vy = v + o, (3.11)

where v = Ve, is the momentum flowing through the line % entering 7', while o, is defined as
follows: writing ¢ = £, then o, = 1 if EQT enters a node w < v and o, = 0 otherwise.

8/luglio/2009; 16:14 9



(2) Note that the entering line ¢2. must have, by the condition (3.7), the same momentum as the
exiting line £}, hence, by construction, the same scale ngz = Ny

(3) The notion of self-energy lines has been introduced by Ehasson who named them “resonances”
[E]. We change the name here not only to avoid confusion with the notion of mechanical resonance
(which is related to a rational relation between frequencies of a quasi periodic motion) but also
because the “tree expansions” that we use here (also basically due to Eliasson) can be interpreted,
[GGM], as Feynman graphs of a suitable field theory. As such they correspond to classes of self-
energy graphs: we use here the correspondence to perform resummation operations typical of
renormalization theory.

3.5. Value of a self-energy graph. Given a self-energy graph T and denoting by |V(7T')| the number
of nodes in T', define the self-energy value as

Vr(w - v) —glVTﬂ( II F)( 11 LU)( 11 Gg), V(T)| > 1, (3.12)

veV(T) veL(T) LeN(T)

seen as a function of w - v, if v = Ve =g s the momentum flowing through the external lines
of the self-energy graph T'. Recall that we are considering trimmed trees, so that no leaves can
appear; see §3.1.

We can have four types of self-energy graphs depending on the types a or 3 of the labels "yélT

and Vez,:
T, Vez.
; 3 g (3.13)
3 Jé] «@
4 B B
Given a tree 6, define
N, (0)={e AB) : ng=n}, (3.14)

and

M@O)= > |vl. (3.15)

veV ()

Call N (0) the number of normal lines on scale n and call R, (6) the number of self-energy lines
on scale n. Of course

N (0) = N*(0) + R, (0). (3.16)

Then the following result holds; it is a version of the key estimate of Siegel’s theory in the
interpretation of Bryuno [B] and Péschel [P]. This is proved as in [G1] or [BaG], for insatnce;
howeve, for completeness, a proof is also given in Appendix A3.

3.6. LEMMA. For any tree 0 € O, ~ one has
NZ(0) < e M(0) 277, (3.17)
for some constant c.
3.7. Localization operators. For any self-energy graph T' we define
LVr(w-v)=Vr(0) + (w-v)0Vr(0), (3.18)

were OV denotes the first derivative of Vp with respect to its argument; the quantity Vr(0) is
obtained from Vr(w - v) by replacing v, with v/ in the argument of each propagator Gy, while
OVr(0) is obtained from Vr(w - v) by differentiating it with respect to © = w - v, and thence
replacing vy with u? in the argument of each propagator Gy.
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We shall call £ the localization operator and LVr(w-v) the localized part of the self-energy value.

3.8. Families of self-energy graphs. Given a tree # containing a self-energy graph 7', we can
consider all trees obtained by changing the location of the nodes in Ty (note that Ty is defined
after (3.6)) which the external lines of T are attached to: we denote by Fr,(6) the set of trees
so obtained, and call it the self-energy family associated with the self-energy graph 7. And we
shall refer to the operation of detaching and reattaching the external lines, by saying that we are
shifting such lines.

Of course shifting the external lines of a self-energy graph produces a change of the propagators
of the trees. In particular since all arrows have to point toward the root, some lines can revert
their arrows.

Moreover the momentum can change, as a reversal of the arrow implies a change of the partial
ordering of the nodes inside the self-energy graph and a shifting of the entering line can add or
subtract the contribution of the momentum flowing through it. More precisely, if the external lines
of a self-energy graph T are detached then reattached to some other nodes in V(T'), the momentum
flowing through the line £ € A(T) can be changed into +v{ +ov, with o € {0, 1}: if we call V; and
V5 the two disjoint sets into which ¢ divides T (see Figure 2), such that the arrow superposed on
¢ is directed from V5 to V; (before detaching the external lines), then the sign is + if the exiting
line is reattached to a node inside V; and it is — otherwise, while ¢ = 1 if the entering line is
reattached to a node inside V5 when the sign is + and to a node inside V; when the sign is —, and
o = 0 otherwise.

Fic. 4. The sets Vi and V, in a self-energy graph T; note that, even if

they are drawn like circles, the sets Vi3 and V, are not clusters. One has

V) =Uyy +Us, +Vus+Vyg and v=v,s ; of course v, =,z and v)=—(y, +Vy,)
T

T T
by definition of rself-energy graph. The black balls represent the remaining
parts of the trees. The labels are not explicitly shown.

Referring to (3.13) for the notion of type of self-energy graph one shows the existence of the
following cancellations (the proof is in Appendix A4).

3.9. LEMMA. Given a tree 0, for any self-energy graph T € T (0) one has

0, if T is of type 1,

(w-v)BY, @) T is of type 2.,

Z LVr(w-v)= (w~u)B}0(9), if T is of type 3,
0'€Fry (6) Arr (0)) " if T is of type 4 ,

(3.19)

where v = Ve, the sum is over the self-energy family associated with T', and A]:To(g), BI}'TO(H) and

B-/7{-T0(9) are matrices s X s, r X s and s X r, respectively, depending only on the self-energy graph
T; in particular they are independent of the quantity w - v.

3.10. First step toward the resummation of self-energy graphs. Let 6 be a tree § € ©p 1, with a
self-energy graph T. Define 6y = 0\ T as the set of nodes and lines of 8 outside T (of course 6y is
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not a tree). Consider simoultaneously all trees such that the structure 6, outside of the self-energy
graph is the same, while the self-energy graph itself can be arbitrary, i.e. T' can be replaced by
any other self-energy graph T’ with k7» > 1. This allows us to define as a formal power series the
matrix

M(w - v;e) Z Vi (w - V) (3.20)
0=60UT"

where the sum is over all trees 6 such that 6 \ T is fixed to be 6y and the mode labels of the nodes
v € V(T') have to satisfy the conditions (1) + (3) in §3.3 defining the self-energy graphs.

The following property holds (the proof is in Appendix A5) as an algebraic identity between
formal power series.

3.11. LEMMA. The following two properties hold: (1) (M (z;€))" = M(—a;¢), and (2) (M(z;¢))’
= M(z;€); the latter means that the matriz M (x;¢€) is self-adjoint.

3.12. Remarks. (1) The function M (w - v;e) depends on € but, by construction, it is independent
of 6p: hence we can rewrite (3.20) as

M(w-v;e) ZVT/ w- V) (3.21)

where the sum is over all self-energy graphs of order k > 1 with external lines with momentum v.
(2) In (3.20) or (3.21), if vp—1 < |wp - V| < 7yp, the sum has to be restricted to the self-energy
graphs 7" on scale ngr > n 4+ 3. Writing, for any line £ € T, v, as in (3.11) one has

|wo - 2] > 27C; G W] T > 27( 3 |1/U|)7T > 9Ton+s, (3.22)
veV (Ty)

while |wo - ¥| < 2", so that, by using again (3.11), one obtains
lwo - vy| > 272713 — 2™ > 212 (3.23)

which implies ny, > n + 3.
(3) The matrix M(w - v;¢) can be written as

(3.24)

M(w-vie) = (Mm(w ‘vie) Mag(w- ,/;5))

Mpo(w - vie) Mpg(w - v;e)

where Myo(w-v;e), Mag(w-v;e), Mgo(w-v;e) and Mag(w-v;e) arer xr, rx s, sxr and s X §
matrices. It is easy to realize that (up to convergence problems to be discussed in Section 5)

Moo (w - vie) = 0(62(w v)?),
Map(w - vie) = O(*(w - v)), (3.25)
Mpgg(w - vie) = O(e) + O(e*(w - v)?).

The proportionality of My (w - v;€) to (w-v)? and of Mys(w - v;e) to w - v is a consequence of
the lemma 3.9. First orders computations already give, for instance,

Mpgpg(w - v;e) = Eaéfo(ﬁo) +0(e%) + 0(*(w - v)?),

N 1
Mop(w - vie) = —26% (w - v) Z (@-2)? (3.26)

v1+va=0
lv1l+lvg|<2= (nH3)/7

198 fu, (B0)0 fu, (Bo) — Vi fu, (Bo)v293 fu, (Bo) | + O(e* (w - v)),

where v,—1 < |wo-¥| < yp,. Therefore Mgg(w-v;e) # 0 by hypothesis (see (1.8)), and Myg(w-v;e)
is generically nonvanishing.
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:())43 The Lemma 3.11 implies, that, by defining the matrices BI}'TO(G) and B;'TO(H) as in the lemma
.9, one has

T
By, )=~ (B;TO(G)) . (3.27)

3.13. Changing scales. When shifting the lines external to the self-energy graphs, the momenta
of the internal lines can change. As a consequence in principle also the scale labels could change;
however this does not happen, as the following result shows; for the proof see Appendix A6.

3.14. LEMMA. For all lines £ € A(6) one has ng = nY; in particular this implies that, when shifting
the lines external to the self-energy graphs of a tree 0, the scale labels ny of all line £ € A(0) do not
change.

4. Resummations of self-energy graphs: renormalized propagators

4.1. Renormalized trees. So far we considered formal power expansions in €. By introducing the
function h = (h,,hg) = (a,b), we can write the function h(¢, Bp;¢) = h(1;¢) as

h(yie) = Y e”¥h,(e), (4.1)

vel”

because we are looking for a solution periodic in ¢ € T".
In terms of the formal power expansion envisaged in Section 3, we can define a solution “approx-
imated to order k” as

k
B = Yl nl = Y val), 42
k=1 0cO,,

I gied

where Oy p -, is defined in §2.4, and Val() is given by (2.17).

However we can define a different sequence of approzimating functions E[k} (v;¢), formally con-
verging to the formal solution (as we shall see in the proposition 5.13 below), by defining it
iteratively as follows.

Denote by 9?),,77 the set of all trees of order k without self-energy graphs and with labels vy, = v
and vy, = y associated with the root line; we shall call @ﬁyﬁ the set of renormalized trees of order
k (and with labels v and v associated with the root line). Given a tree 6 € 65,1/77 and a cluster
T € T(0), by extension we shall say that T is a renormalized cluster.

We can also consider a self-energy graph which does not contain any other self-energy graph: we
shall say that such a self-energy graph is a renormalized self-energy graph; of course no one of such
clusters can appear in any tree in @EJA’Y'

For a renormalized tree 6 of arbitrary order k', define

va'lo) = ( T1 #=)( TI 2)( II &), 43)
veV (0) veL(H) LeN(O)

with the dressed propagators given by

—10] -2
Gy = (w-vp) " 1dy,,,,

— -1 4.4
ng]:{(w-w)%l—Mm(w-w;a)} , fork>1, (44)

where the sequence { M¥(w-v; )}, cn is iteratively defined as sum of the values of all renormalized

self-energy graphs which can be obtained by using the propagators @Lkil], i.e. as

M[k](w-l/;a): Z Vr}k](w-l/),

renormalized T'

W)= (T R)( L 2)( 11 @),

veV(T) veL(T) LeN(T)
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where |V (T)| is the number of nodes in T; we can also define M°)(w - v;e) = 0. The leaf factors
L, in (4.3) are recursively defined as

Lo=bf = e Y Ve, (4.6)
96@73;1015
where o )
Val (9):( I1 Fv)( II L)( I & ) (4.7)
veV(0) veEL(H) LeAN(0)\Lo

and * has the same meaning as after (3.2).

To avoid confusing the value of a renormalized tree with the tree value introduced in (2.13), we
shall call (4.3) the renormalized value of the (renormalized) tree.

Then we shall write

B (gie) = 3 VR, (o),

vel”
(k] k] —[k, k] —Y (4.8)
h, () = Z e h,” (e), h'yu (e) = Z Val™(0),
k=1 cOR

k' v,y
where the last formula holds for v # 0, because for v = 0, one has (4.6) for v, = 3, while

_[kvk/] —
by =0

4.2. Remark. Note that if we expand the quantity M¥(w - v;¢) in powers of e, by expanding
the propagators 62’“’”, we reconstruct the sum of the values of all self-energy graphs containing
only self-energy graphs with height D < k. Therefore if we expand M1 (w - v;¢) in powers of
€ we obtain the same terms as if expanding M (w - v;e), plus the sum of the values of all the
self-energy graphs containing also self-energies graphs with height k£ + 1, which are absent in the
self-energy graphs contributing to M* (w - v;e). Such a result will be used in Appendix A7 in
order to prove the following result.

4.3. LEMMA. The power series defining the functions H,[,k] (), truncated at order k' < k, coincide

with the functions h,(,gk,)(a) given by (4.2).

5. Convergence of the renormalized perturbative expansion

5.1. Domains of analyticity and norms. Consider in the complex e-plane the domain D, (¢) in
Figure 5 below: if ¢ denotes the half-opening of the sector D.,(¢), then the radius of the circle
delimiting D, (¢) will be of the form e(p) = (7 — ¢)eg (see below).

We shall define || - || an algebraic matrix norm (i.e. a norm which verifies ||AB|| < ||A] || B|| for
all matrices A and B); for instance || - || can be the uniform norm.

The propagators éﬁf“] in (4.4) satisfy interesting k-independent bounds described and proved
below.

A
e-plane

DEO (90)
. >

F1G. 5. The domain D.,(¢) in the complex e-plane: the half-opening angle
of the sector is p<m but, otherwise, arbitrary, and the radius of the circle
delimiting De, () is given by e(p) = (7 — ¢)eo.
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5.2. PROPOSITION. Let D.,(p) be obtained from the disk of diameter 9 > 0 in the complex
e-plane by taking out a sector of half-opening ™ — ¢ around the negative real axis. Assume that the

propagators é&k] =gt (w - vy €) satisfy
2 1

T — 2

(—x;¢), H@[k] (z;e)|| <

(5.1)

for all |e| < (m—)eo, if eo is small enough. Then there is a constant By such that, summing over
all renormalized trees 8 with |V (8)] =V nodes the values |W[k] (9)|, one has

—[kV] K] el By \V
ny < 2 ‘Val (9)‘§ EEy

9€0%, T
- B\
3 ‘Val[k](H)‘ < <|€|—’> e rsl8, (5.2)
T—
6667‘;”/’7
M(0)=s
V41
[kyV]‘ < H 2 -1 H By 1%
‘bo < (%fO(ﬁO) ) — lel™,

for all s > 0.

5.3. Remark. Note that, although the propagators are no longer diagonal, they still satisfy the
same property as (2.15), which is the crucial one which is used in order to prove both the lemmata
2.5 and 2.7 about the formal solubility of the equations of motion and the lemmata 3.9 and 3.11
about the formal cancellations between tree values.

5.4. Proof of the proposition 5.2. We can consider first trees without leaves, so that the tree values
are given by (4.3) with L(6) = 0.
The hypothesis (5.1) implies that for all propagators GL’“] one has

[6] < iz, e =2 - (2;2)2. (5.3)

Therefore the contribution from a single tree (see §2.4) is bounded for all ng < 0 by

’n,()fl

eV (2200 ) T T [l 05 @0 (T ciz )] )

veV () ’ n=-—00

where V' = |V (0)], having used that, for all trees 6 € esz’ the number N,,(0) of lines with scale
n in @ satisfy the bound

Nn(0) < cM(0)2"7 =c2"7 > v, (5.5)
for some constant ¢: an estimate which follows from the proof of the lemma 3.6 (see §A3.3). The
bound (5.5) is used in deriving (5.3) for all lines ¢ € A(#) with scale ngy < ng, while for the lines ¢

with scale ny > ny we have used simply that the propagators are bounded by C;2~2(m0—1),
If we use (recall that we are supposing that there are no leaves)

1 o 8\ s

1

E 05" fu(Bo)| < CYpe ), (5.6)
Z (pv+QU):k_17

veV(0)
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for some constant Cs, and if we choose ng so that

KR > KR

b -n/T <

5 + 2¢ E n2 < 1 (5.7)
n=|ng|+1

(e.g. we can choose ng = min{0, —27log2log((1 — 2-/7)x/(16clog2)), then we obtain the first
bound in (5.2), where we can take By = Dy, with

Dy = DoCq2~ (oD Y~ emrI/, (5.8)
veZ”

for some positive constant Dg. This follows after summing over all renormalized trees with V' nodes
and without leaves: this can be esaily done. The sum over the mode labels can be performed by
using the decay factors e #I**|/8 while the sum over all the possible tree shapes gives a constant
to the power k.

Furthermore the value x/8 is so small that with our choices of the constants an extra factor
exp[—+xM (0)/8] has been bounded by 1 so that if, instead, the value of M(#) is fixed we obtain
the second bound of (5.2).

So far we considered only trees without leaves. If we want to consider also tree with leaves, we
can proceed in the following way.

—

Given a tree 6 (with leaves) of order k', we can write its renormalized value Val ](6‘) as the
product of the value of a trimmed tree 6 times the factors of its leaves: simply look at (4.3)), and
interpret the renormalized value of the trimmed tree 6 as

Val' (3 ( I1 F)( I1 G ”), (5.9)

VeV (8) LEA(D)

I1 Lv) (5.10)

veL(0)

while the product

represents the product of the leaf factors (4.6) associated to the |L(6)| leaves of §; note that in
(5.9) we can completely neglect the propagators associated to the lines exiting from the leaves, as
(2.13) trivially implies.

The only effect of the leaves on W[k] () is through the presence of some extra derivatives %
acting on the node factors corresponding to some nodes v € V(#); in particular the momenta of
the lines £ € A() are completely independent of the leaves (which contribute 0 to such momenta).

Each leaf whose factor contributes to (5.10) can be written as sum of values of renormalized trees

01,...,0 L), according to (4.6); for each of such tree, say ¢;, we can write W[k] (0;) as product
of the renormalized value of the trimmed tree §; times the product the factors of its |L(6,)| leaves.
And so on: we iterate until only trimmed trees are left. The sum of the orders of all trimmed trees
equals the order k' of the tree 6.

Then we can see how the analysis performed above in the case of trees without leaves can be
modified when also trees with leaves are taken into account.

First of all note that if, when considering the trees whose renormalized values contribute to the
leaf factor (4.6), we retain only the trees without leaves, we can repeat the analysis leading to

(5.8), with the only difference that (as it can be read from (4.6)) one has a matrix [aéfo(,ﬁo)} -
TRV,
acting on the reduced value Val" (9) and the tree 6 has order x, + 1 (hence V + 1, if V is the

number of nodes of #, as we are supposing that 6 has no leaves), so that the first bound in (5.2)
has to be replaced with

b < - pa]” T vl
PeOV i (5.11)

< (st )| (2) e
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so that we have an extra factor

s~ s )] (22 a2

with respect to the bound one obtains for (5.2): this yields the third bound in (5.2) for leaves
arising from trees which do not contain other leaves.

Now we consider any tree of order k', and we decompose it in a collection of trimmed trees (as
described above) 6y, 01, 01, ..., such that the root of 6 is the root r of @, while the root r; of
each other trimmed tree 6;, i > 1, coincides with a node of some other trimmed tree. Moreover
the propagators of the root lines of the trimmed trees 5j, 7 >0, can be neglected by the definition
(2.13). Then the value of the tree 6 becomes the product of (factorising) values of trimmed trees.

Then we can define the clusters as done in Section 3, with the further constraint that all lines
interanl to a cluster have to belong to the same trimmed tree. Then for each trimmed tree the
cancellation mechanisms described in the previous Sections apply, and for each of them the same
bound as before is obtained.

Therefore for §y we can repeat the same analysis as for trees without leaves with the only
difference that the third of (5.6) does not hold anymore, and it has to be replaced with

> (po+a) =k—1+I[LO); (5.13)
veV ()

as noted before the presence of the leaves implies that, for each of them, there is a derivative dg
acting on the node factor of some node v € V(#), so that, with respect to the bound (5.2), we
obtain an extra factor CQL(G)‘ (one for leaf).

Now we can consider the trimmed trees 61, . . . ,§| L(0)|> and proceed in the same way. With respect
to the previous case, for each trimmed tree §; we obtain an extra factor Cy for each leaf attached
to some node of §j, Furthermore, as all the trimmed trees except fy contribute to leaves, there is
also an extra factor C3 for each of them.

At the end, instead of the first bound in (5.2) with Dy given by (5.8), we obtain

(@)k/ (C2Cs)"; (5.14)

™=
as the total number of leaves is less than the total number of lines with vanishing momentum
(hence less than k'), we obtain the first bound in (5.2), provided that one replaces the previous
value (5.8) for By with
By = D;CyCs5. (5.15)

The sum over the trees can be performed exactly as in the previous case.
In the same way one discusses the second and the third bound in (5.2), which follow with the
constant By given by (5.15). This completes the proof. m

5.5. PROPOSITION. Let D, (¢) be as in the proposition 5.2; then the matrices MFl(w-v;€) satisfy
for e € Dg () the relation

T
(M[k] (z; a)) = M (—g;e). (5.16)

Let also
Mgf)][(w ‘VsE) M[k](

5.17
M[ﬂ(w-l/;a) M[k( (5-17)

ME (- v:e) = <

EE
bh
\_/

then, if vq—1 < |wo-v| < v4 and gg is small enough, the submatrices M, ,(w v;e) can be analytically

continued in the full disk |wo - v| < 4 and satisfy the bounds
|ME @) < (el (m = o)) €02,
M @50)|| < (el (m = 9))? C Jal, (5.18)

|8 2) — 2 310(80) | < (el/(m = 9))? €2,
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for all k € N and for a suitable constant C. As a consequence ng] verify(5.1) for all k > 1, and
therefore (5.2) holds for all k > 1.

5.6. Proof of the Proposition 5.5. We consider the matrices M defined in (4.5) and suppose
inductively that M verifies (5.18) and the analyticity property preceding it for 0 < k < p — 1;
note that the assumption holds trivially for & = 0. Note also that (5.18) imply that the propagators

@Ek] verify (5.1) for g small enough and € € D¢, (p).

To define M™* we must consider the renormalized self-energy graphs 7' and evaluate their values
by using the propagators 6e Pl , according to (4.5).

Given © = w - v such that v,-1 < |z| < 7, for some ¢ < 0, the propagators Gg have an
analytic extension to the disk |z| < 442 and, under the hypotheses (5.16) and (5.18), verify the

symmetry property and the bound in (5.1), as it shown in Appendix AS.
We have (see (4.5))

MP (g 2) = Z S v (@), (5.19)

h=q+3 renormalized T
npmh

where by appending the label h to Vg? ) (z) we distinguish the contributions to MP!(z;¢) coming

from self-energy graphs T on scale h (which is constrained to be > g+ 3; see the remark 3.12, (2)).

The value V¥) ] (x) is analytic in « for || < 42 and the sum over all T’s with V' nodes is bounded

by
[p] (le|Bf)Y —k27M/7/8
Z ‘VT,h(x) =~ me 5 (520)
IV (r)|=v
because the mode labels v, of the nodes v € V(T') must satisfy >, oy (7 [Vo] > 2-1/T (recall that
we are dealing with renormalized trees, so that for all clusters T € 7 () one has Ty = T', and use
(3.8) and use the remark 3.12, (2)).

Since the symmetry property expressed by (5.1) for k = p is implied by (5.16) and this is the
only property of the propagators that one needs in order to check the algebraic lemmata 3.9 and
3.11 (see the remark 5.3), we can conclude that the same cancellation mechanisms extend to the
renormalized self-energy values Vq[? ) (w-v) (see the remarks A4.6 and A5.3). Therefore we see that
V:[,?]h o (2) will vanish at @ = 0 to order o, if we set
2, fory=aand vy = a,
1, fory=aandy =g,

1, fory=pfand vy = q, (5.21)
0, for~y= ﬁandv'—ﬁ,

Oy =

moreover VT n.a5(%) — Vq[?]h 53(0) vanishes to order 2 at = = 0.
By the analyticity in « for || < 4j42 and by the maximum principle (Scharz’s lemma) we deduce
from (5.10) that one has

B )V _o—h/T X Ty’
vl } < (le|By o K2 /8( ) 7
XT: } Ty () 1—er/8 Yh+2

IV (T)|=v

5.22
‘V )_ V[ZD] (0)‘ < (|E|Bf)v 67527}”7/8 ol ( )
T,h 55 T,h,B8 = 1 _—e—~r/8 Yha2
\V(T)\ v

Therefore we can use that Z%qu e "2 "9 < Bl < oo and that V > 2 for (1,7) €

{(a, @), (v, B), (B,)}, while V > 1 for (v,7") = (8, 5’), and the proof is complete. B

5.7. Convergence of the sequence { M (w - v; 8)}196N' It also follows that there exists the limit

lim ME (z;e) = M (;¢), (5.23)

k—oo
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with M1l (x; ) analytic in € in D.,(¢): in fact the following result holds (the proof is in Appendix
A9).

5.8. LEMMA. For all k > 1 one has

HM[kJrl] (z;¢) — MW (“’;E)H < By Bke*, (5.24)

for some constants Bl and BQ.

5.9. Fully renormalized expansion. We can now define the “fully renormalized” expansion of the
parametric equations of the invariant torus as the sum of the values of the renormalized trees

evaluated according to (4.3) with @Lk_ll replaced by

el 2 [oc] -
G (z;e) = (:1: 1 — M (z; a)) , T =w- . (5.25)

The above discussion shows that the series converges for all € € D,, and that it coincides with the

limit for £ — oo of E[k} (v; e), which therefore exists.
The radius of the domain D, (p) is (m — @) €0, if ¢ is the half-opening of the sector D, (p),

because the norms of the propagators relad (7;¢) are bounded by 2/(2?(m — ¢)) (see A8.3).

Therefore the functions h[k] (1h; ) converge in a heart-like domain

U Dule) =D (5.26)

—m<p<lT

whose boundary, for negative ¢ close to 0, is such that Im () is proportional to (Re (g))?.

5.10. PROPOSITION. There exist positive constants €g, B, Bi and Bg, such that if

k il
h )= > Val ™),
@72

i e e (5.27)
va<o) = ( II »)( IT »)( II &),
veV(0) veEA(H) LeL(0)
the renormalized series
i) =3k 3 e ¥Rl () (5.28)
k=1 veZ"

converges in the heart-shaped domain (5.26) and its coefficients are bounded by

]h%},(g)’ <BBF, NI

a;vhg'g(g)\ < NPTHBNBIBE for N >0, (5.29)

uniformly in € € Dy.

5.11. Comments about (5.29). We leave out, for simplicity, the proof that the N!?7*! is the
appropriate power of N! that follows from our analysis. Although it is quite clear that one has
obtained a remainder bound proportional to a power of N!, derived already in [JLZ], we evaluated
it explicitly in the hope that the power series expansion of H[Oo} (;¢e) (hence of h(1;¢€), see the
proposition 5.13 below) at ¢ = 0 could be shown to be summable in the sense of the Borel transforms
or of its extensions. Since we have analyticity of h in the domain Dy of Figure 1 in Section 1 we
would need that the remainder in (5.29) behaves at most as N!2, see [CGM]. Since 7 > r — 1
and r > 2 (in order to have quasi-periodic solutions) we see that (5.29) is not compatible with
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the general theory. Therefore one needs more information than just (5.29) in order to be able to
reconstruct from the power series at the origin the full equation of the invariant torus.

5.12. Conclusions. In Appendix A10 we show that the function H[OO] (1;¢), i.e. the limit for

k — oo of the approximated functions E[k} (v; ), solves the equations of motion (1.6), so proving
the following proposition: this concludes the proof of the theorem 1.3.

5.13. PROPOSITION. One has, formally (i.e. order by order in the expansion in € around e =0)
ool N e Rl .
h (IZJ?E) = khm h (’l,b, E) - h(’l:ba E)? (530)
where h(1;e) is the formal power series which solves the equations (1.6).

6. Concluding remarks

6.1. Some extensions. The case of more general Hamitonians of the form
H=ho(A) +ef(a, A), (6.1)

with (e, A) € Td x A, where A is an open domain in Rd, should be easily studied as the case
treated here to show existence and regularity of invariant tori associated with rotation vectors

d . . . . .
w € R" among whose components there are s rational relations, while the independent ones verify
a Diophantine condition.

6.2. Periodic orbits. The fully resonant case r = 1 corresponds to periodic orbits is of course
a special case of our theory, but it is well known. Note that in such a case the series expansion
envisaged in Section 2 is sufficient to prove existence (and analyticity) of the periodic solutions,
and no resummation is needed; see the remark 2.10.

6.3. (Lack of) Borel summability. As pointed out in the concluding sentence of Section 5 the
results that we have are not sufficient to imply (extended) Borel summability of the formal power
series at the origin of the parametric equations of the torus, i.e. of h(e;e). The resummations
that lead to the construction of h();¢e) are therefore of a different type from the well known ones
associated with the Borel transforms.

Acknowledgements. We are indebted to V. Mastropietro for his criticism in the early stages of
this work. We thank also H. Eliasson for useful discussions.

Appendix Al. Proof of the lemma 2.5

A1.1. Proof of the lemma. Part I: neglecting the factorials. Consider all contributions arising
from the trees 6 € Og k,o: We group together all trees obtained from each other by shifting the
root line, ¢.e. by changing the node which the root line exits and orienting the arrows in such a
way that they still point toward the root. We call F(#) such a class of trees (here 6 is any element
inside the class).

The reduced values Val' () of such trees 6 € F(6) differ because
(1) there is a factor iv, depending on the node v to which the root line is attached (see the
definition (2.9) of F,), and
(2) some arrows change their directions; more precisely, when the root line is detached from the
node vy and reattached to the node v, if P(vg,v) = {w € V() : vy = w = v} denotes the path
joining the node vy to the node v, all the momenta flowing through the lines ¢ along the path
P(vo,v) change their signs, the factorials of the node factors corresponding to the nodes joined by
them can change, and the propagators G, are replaced with their transposed.
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The change of the signs of the momenta simply follows from the fact that

> w=0, (A1.1)

veV(0)

as 0 € O 0,o: by the property (2.15), the propagator does not change.

The change of the factorials contributing to the node factors is due to the fact that for the nodes
along the path P(vg,v), an entering line can become an exiting line and wvice versa, so that the
labels p, and g, can be transformed into p, £ 1 and ¢, + 1, respectively: this does not modify the
factor (iuU)Per(l—ﬁv)ag;”v S, (Bo) in (2.9) — up to the factor iv, (if the root line is attached to
v), which has been already taken into account —, as one immediately checks, but it can produce a
change of the factorials.

If we neglect the change of the factorials, i.e. if we assume that all combinatorial factors are
the same, by summing the reduced values of all possible trees inside the class F(#) we obtain a
common value times ¢ times (Al.1), and the sum gives zero.

A1.2. Proof of the lemma. Part II: taking into account the factorials. One can easily show that a
correct counting of the trees implies that all factorials are in fact equal: to do this it is convenient
to use topological trees instead of the usual semitopological used so far (we follow the discussion in
[BeG]).

We briefly outline the differences between the two kinds of trees, deferring to [G2] and [GM]
for a more detailed discussion of the differences between what finally amounts to a different way
to count trees. Define a group of transformations acting on trees generated by the following
operations: fix any node v € V(#) and permute the subtrees entering such a node. We shall call
semitopological trees the trees which are superposable up to a continuous deformation of the lines,
and topological trees the trees for which the same happens modulo the action of the just defined
group of transformations. We define equivalent two trees which are equal as topological trees.

Then we can still write (2.15) restricting the sum over the set of all nonequivalent topological
trees of order k with labels v,, = v and ~,, = v (we can denote it by 9?:5,7)7 provided that to
each node v € V(f) we associate a combinatorial factor which is not the (p,!q,!)~! appearing in
(2.9).

In fact for topological trees the combinatorial factor associated to each node is different, because
we have to look now to how the subtrees emerging from each node differ. For semitopological trees
we have a factor (p,!g,!)~! for each node v, where p, and ¢, are the numbers of lines ¢ with vy, = a
and vy, = 3, respectively, entering v: except for the labels ;, we are disregarding the kinds of the
subtrees entering v, so that in this way we are counting as different many trees otherwise identical.
On the contrary, in the case of topological trees, we consider one and the same tree those trees
that are different as semitopological trees, but have the same value because they just differ in the
order in which identical subtrees enter each node v: therefore, if 5,1, ..., sy, are the number of
entering lines to which are attached subtrees of a given shape and with the same labels (so that
Sp1F .o Sui, =Pv+ Gus 1 < jy <Dy + qp), the combinatorial factor, for each node, becomes

1 g, 1
R = ; (A1.2)

pv!qv! S'U,I!---S'u,ju! Sv,l!---sv,jyl

note in the second factor in the above formula the multinomial coefficient corresponding to the
number of different semitopological trees corresponding to the same topological tree, for each node.

So in terms of topological trees a,(,k) and b,(,k) can be expressed as sum of tree values Val™P(f),

where
Valmp(e):( I1 Fgop)( I1 L)( I1 Gg), (A1.3)
veV(0) veL(0) LeN(0)
where . b
Pv — Oy
R = e v) 9" I (Bo)- (A1.4)
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Still, when computing the combinatorial factors inside each family F(8), they do differ. But this
is actually an apparent, not a real discrepancy. In fact, due to symmetries in the tree (that is, to
the fact that the subtrees emerging from some node are sometimes equal, i.e. that some s, ; are
greater than 1), the actual number of topological trees in a given family F(6) is less than the total
number of trees obtained by the action of the group of transformations: in other words some trees
obtained by the action of the group are equivalent as topological trees. When moving the root line
from a node vy to another node vy, so transforming a tree 6 into a tree 6 € F(6), for some nodes
w along the path P(vg,v1) the factor 1/s,, ;! can turn into 1/(s,,; — 1)!, but then this means that
the same topological tree could be formed by the action of s, ; different transformations of the
group: each of the s, ; equivalent subtrees entering w contains a node such that, by attaching to
it the root line, the same topological tree is obtained. Therefore, by counting all trees obtained
by the action of the group, the corresponding topological tree value is in fact counted s,, ; times,
so to avoid overcounting one needs a factor 1/s,,;: this gives back the same combinatorial factor
1/sw.i!. Analogously one discusses the case of a factor 1/s,, ;! turning into 1/(s, ; +1)!, simply by
noting that the same argument as above can be followed also in this case by changing the roles of
the two nodes vy and v;.

A1.3. Remark. The proof of the lemma relies only on the property (2.15) of the propagators, so
that also the function bt (1;¢) is well defined for all k € N.

Appendix A2. Proof of the lemma 2.7

A2.1. Proof. In order to prove the lemma we shall show by induction that aék) can be arbitrarily

fixed and bék) can be uniquely fixed in order to make formally solvable the equations (2.2).

For k = 1 it is straightforward to realize that al’ and bl are well defined for all v € Z' \ {0},
by using the first condition in (1.8).

Then, for k£ > 1, assume that all aék,) and bgk,), with k' < k — 1, have been fixed, and that, as a
consequence, all a,(,kl) and b,(,k/) are well defined for k' < k and for all v € Z" \ {0}.

By (2.16) and by the lemma 2.7, in (2.2) one has [Baf],(/k_l) = 0, so that the equation for a(¥) is
formally soluble, and aék) can be arbitrarily fixed, for instance equal to O.

In the second equation in (2.2) one can write

05111 = 93 fo(Bo)by ™" + GYY, (A2.1)

where the function G,(,k) takes into account all contributions except the one explicitly written, and,

by construction, all terms appearing in G,(,k) can depend only on factors bgg/) of orders k' < k — 2.

We can choose .
by = — |93 /(B)] &L, (42.2)

where the second condition in (1.8) has been used, so that also the equation for b(*) becomes

formally soluble. Of course also bék) is left undetermined: it will have to be fixed in the next

iterative step.
To complete the proof of the lemma one has still to show that the sums over the Fourier labels
can be performed, but this is a trivial fact for w € D, (Cp).

A2.2. Remark. The same proof applies to the renormalized trees introduced in §4.1.

Appendix A3. Proof of the lemma 3.6

A3.1. Inductive bounds. We prove inductively on the number of nodes of the trees the bounds
NZ(0) < max{0,2 M(0) 2"F3/7 _ 1}, (A3.1)

where M () is defined in (3.15).
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First of all note that if M (0) < 2=("+3)/7 then N,, () = 0 as in such a case for any line £ € A(0)
one has
lwo - ve| > 27 |vg| 7T > 2TM(9) T > 27273, (A3.2)

by the Diophantine hypothesis (1.2) and by the definition of wy given in §3.2.

A3.2. Bound on N} (). If  has only one node the bound is trivially satisfied because, if v is the
only node in V'(6), one must have M () = |v,| > 27"/7 in order that the line exiting from v is on
scale < n: then 2 M (0)2("+3)/7 > 4,

If 0 is a tree with V' > 1 nodes, we assume that the bound holds for all trees having V' < V
nodes. Define F,, = (22("+3)/7)=1: 50 we have to prove that N;(0) < max{0, M () E;;* —1}.

If the root line ¢ of 0 is either on scale # n or a self-energy line with scale n, call 01, ..., 6, the
m > 1 subtrees entering the last node vy of 6. Then

N (6) = N (6s), (43.3)

hence the bound follows by the inductive hypothesis.

If the root line £ is normal (i.e. it is not a self-energy line) and it has scale n, call 41, ..., ¢, the
m > 0 lines on scale < n which are the nearest to ¢ (this means that no other line along the paths
connecting the lines ¢4, ..., ¢,, to the root line is on scale < n). Note that in such a case ¢1,..., %,
are the entering line of a cluster T on scale > n.

If 6; is the subtree with ¢; as root line, one has

NX(0) =1+ izv;(ei), (A3.4)

so that the bound becomes trivial if either m = 0 or m > 2.
If m = 1 then one has T'= 6 \ 0, and the lines ¢ and ¢; are both with scales < n; as ¢; is not
entering a self-energy graph, then

|wo - ve| < 27, |wo - ve, | <27, (A3.5)
and either v, = vy, and one must have (recall that T} is defined after (3.6))

Yool = D> el > 27T =2E, > B, (A3.6)
veV(T) veV (Ty)

or vy # vy,, otherwise T would be a self-energy graph (see (3.7) and (3.8)). If vy # vy,, then,

by (A3.5) one has |wg - (v — vy,)| < 271, which, by the Diophantine condition (1.2), implies
lve — v, | > 227" +1/7 50 that again

ST vl = v - > 2270 S 9l S B (A3.7)
veV(T)

as in (A3.6). Therefore in both cases we get

M(0) = M(61) =Y |vo| > En, (A3.8)
veT

which, inserted into (A3.4) with m = 1, gives, by using the inductive hypothesis,

Ni(O) =1+ N;(61) <1+ M(61)E, ' —1

<1+ (M@O) - E)ES —1< M) B -1, (43.9)
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hence the bound is proved also if the root line is normal and on scale n.

A3.3. Remark. The same argument proves the bound (5.4) for renormalized trees, by using the
observation that there are no self-energy lines in the renormalized trees.

Appendix A4. Proof of the lemma 3.9

A4.1. Factorials. As for the proof of the lemma 2.7 we ignore the factorials: to take them into
account one can reason as said in Appendix Al.

A4.2. Self-energy graphs of type 1. First we prove that ) .. Vr(0) = 0. Given a tree § consider all
trees which can be obtained by shifting the entering line ¢2. Note that the trees so obtained are
contained in the self-energy graph family Fr, ().

Corresponding to such an operation Vr(0) changes by a factor iv, if v is the node which the
entering line is attached to, as all node factors and propagators do not change. By (3.6) the sum
of all such values is zero.

Then consider V7 (0). By construction

vr(0) = Y ( I1 F)( ac™ 1] GW) (A4.1)
CeA(T) weV(T) CEA(TI\E

where all propagators have to be computed for w - v = 0, and

n d n
06" = =G (w v + o)

, T=w- V. (A4.2)
=0
The line ¢ divides V(T') into two disjoint set of nodes Vi and Vz, such that £% exits from a node
inside Vi and ¢% enters a node inside Va: if £ = £, one has Vo = {w € (T) : w < v} and

Vi = V(T)\ Va. By (3.4), if
v = Z vy, vy = Z vy, (A4.3)
veVy veVa

one has v; +v,3 = 0. Then consider the families F1(6) and F3(6) of trees obtained as follows: F7(0)
is obtained from 6 by detaching ¢} then reattaching to all the nodes w € V; and by detaching
2, then reattaching to all the nodes w € Va, while F»(6) is obtained from 6 by reattaching the
line /% to all the nodes w € V2 and by reattaching the line £2. to all the nodes w € V; note that
2l (9) @] ]—'2(6) C fTo (6‘)

As a consequence of such an operation the arrows of some lines ¢ € A(T') change their directions:
this means that for some line ¢ the momentum v, is replaced with —v,; and the propagators G,
are replaced with their transposed GET. As the propagators satisfy (2.15) no overall change is
produced by such factors, except for the differentiated propagator which can change sign: one has
a different sign for the trees in F7(f) with respect to the trees in F2(f). Then by summing over
all the possible trees in Fi(f) we obtain a value 721415 times a common factor, while by summing
over all the possible trees in F2(6) we obtain —i%v1v5 times the same common factor, so that the
sum of two sums gives zero.

A4.3. Self-energy graphs of type 2. Given a tree  with a self-energy graph 7' consider all trees
obtained by detaching the exiting line, then reattaching to all the nodes v € V(T'); note again
that the trees so obtained are contained in the self-energy graph family Fr,(6). In such a case
again some momenta can change sign, but the corresponding propagator does not change (reason
as above for self-energy graphs of type 1). So at the end we obtain a common factor times iv,,
where v is the node which the exiting line is attached to. By (3.6) again we obtain ), Vr(0) = 0.

Ad4.4. Self-energy graphs of type 3. To prove that Y . Vr(0) = 0 simply reason as for ), Vr(0)
in the case (1), by using that the entering line ¢2. has Yoz = .

A4.5. Self-energy graphs of type 4. Given a tree 6 with a self-energy graph T consider the
contribution to OVr(0) in which a line ¢ is differentiated (see (A4.1)). The line £ divides V(T') into

8/luglio/2009; 16:14 24



two disjoint set of nodes V7 and Vs, such that ElT exits from a node vy inside V7 and €2T enters a
node vy inside Va: if £ = ¢, one has Vo = {w € V(T) : w < v} and V4 = V(T') \ Va. By (3.6), with
the notations (A4.3), one has vy + v» = 0. Then consider the tree obtained by detaching ¢%. from
v1, then reattaching to the node vo and, simultaneously, by detaching ¢ from v, then reattaching
to the node v1; note that the tree so obtained is inside the class Fr,(6).

As a consequence of such an operation the arrows along the path P connecting v; to ve change
their directions: this means that for such lines ¢ the momentum vy is replaced with —vy, but the
propagators are even in the momentum, so that no overall change is produced by such factors, if not
because of the differentiated propagator (which is along the path by construction) which changes
sign. For all the other lines (i.e. the lines not belonging to P) the propagator is left unchanged.

Since a derivative with respect to 3 acts on both the nodes v; and vz, the shift of the external
lines does not produce any change on the node factors (except for the factorials, that we are not
explicitly considering, as said at the beginning of this subsection). Then by summing over the two
considered trees we obtain zero because of the change of sign of the differentiated propagator.

A4.6. Remark. To prove the lemma 3.9 we only use that the propagators satisfy (2.15), so that
the same proof applies also to the renormalized self-energy graphs (see the proposition 5.5), where
there are no self-energy lines and the propagators are given by (4.4).

Appendix A5. Proof of the lemma 3.11

A5.1. Proof of the property (1). Given a self-energy graph T with momentum v flowing through
the entering line ¢, call P the path connecting the exiting line /. to the entering line ¢2.. Then
consider also the self-energy graph 7" obtained by taking ¢} as entering line and ¢2 as exiting line
and by taking —v as momentum flowing through the (new) entering line £}.: in this way the arrows
of all the lines along the path P are reverted, while all the subtrees (internal to T') having the root
in P are left unchanged. This implies that the momenta of the lines belonging to P change signs,
while all the other momenta do not change. Since all propagators Gy are transformed into G} the
property (2.15) implies that the entry ij of the matrix M (w -v;¢€) corresponding to the self-energy
graph T is equal to the entry ji of the matrix M(—w - v;¢); then the assertion follows.

A5.2. Proof of the property (2). Given a self-energy graph T, consider also the self-energy graph
T’ obtained by reverting the sign of the mode labels of the nodes v € V(T'), and by swapping
the entering line with the exiting one. In this way the arrows of all the lines along the path P
joining the two external lines are reverted, while all the subtrees (internal to T') having the root
in P are left unchanged. It is then easy to realize that the complex conjugate of Vp (w - v) equals
Vr(w - v), by using the form of the node factors (2.10), and the fact that one has f5(8) = f—.(8)
and Gf(w - v) = G(w - v) (see (2.15)).

A5.3. Remark. The lemma has been proved without making use of the exact form of the propa-
gator, but only exploiting the fact that it satisfies the property (2.15): therefore, once more, the
proof applies also to the renormalized trees as a consequence of the first relation in (5.1), and it
gives (5.6).

Appendix A6. Proof of the lemma 3.14

A6.1. Set-up. Given a tree § € Oy -, consider a self-energy graph 1" with height D. Call
T® c TG ¢ ... c TP the resonances containing T, and set T = T'1); denote by n = n; > ny >
ns > ... > np the scales of the lines entering such resonances.
For any ¢ € A(T}), one can write
v = v + o, (46.1)

where v is the momentum of the line ¢ (with scale n) entering T (see (3.9)).

A6.2. Proof. By shifting the lines entering all the resonances containing ¢, the momentum
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vy can change into a new value Dy (as it can be seen by applying iteratively (3.10)) in such
a way that |wq - oy| differs from |w0 . 1/?‘ by a quantity bounded by v, + Yn, + -+ + Vnp <
2" 4 2M2 44270 < 2L

As ‘V?’ < 2=(+3)/7 by definition of self-energy graph, we can apply (3.2) and conclude that
lwo - 2| has to be contained inside an interval [y,—1,7,], with p = n? > n+3 (see the remark 3.12,
(2)), at a distance at least 2"T1 from the extremes: therefore the quantity |wg - D] still falls inside
the same interval [y,—1,7,]. In particular this implies the identity

if 714 is defined as the integer such that vz,-1 < |wo - D¢| < Y, -

Appendix A7. Proof of the lemma 4.3

A7.1. Set-up. We have to prove that, for all ¥’ < k, one has

—[k ’ ’
B ()0 =), (A7.1)

(K]

which yields that the functions h and h"" admit the same power series expansions up to order k.

Of course both h{y ) a [H[k] (¢; 5)]9/) are given by sums of several contributions; in the same
way [MF (w-v;e)]*) can be expressed as sum of several terms. We shall prove that, given any tree

value Val(#) contributing to h,(,kl) and any self-energy value Vr(x) corresponding to a self-energy

graph T of order k’, one can find the same terms contributing, respectively, to [H[k] (; 5)],(,k,) and
to [MF(z; a)](kl), and vice versa. The proof will be by induction on k' =1,... k.

A7.2. Remarks. (1) Note that [_k (¢; a)] ) is not the same as E[k’k]@b a) the quantity

[H[k] (¢;5)]§,k/ is the coefficient to order k' that one obtains by developping " (1,b, g) in pow-
ers of . ,

(2) The contributions to [h[ (Y; )y () and to (MM (z;¢)]%) can arise only from trees of order
k" < k. Furthermore [h" (¢b; )] = M (: €))% and [MF (z;2)]*) = [MF)(2; €)]*): this
symply follows from the remark 4.2 and the trivial observation that, for k¥ > &/, the self-energy
graphs [trees] whose values contribute to M*(z;¢) [H[k] ()] but not to MF1(z;¢) [H[k ](1/;; e)]
are those containing also self-energy graphs with height D > &’: such contributions are of order at
least D in ¢, so that they can not contribute to [M™H (z;)]*") [[H[k] (v €)]+].

A7.3. Starting from h. The case k' = 1 is trivial. Suppose that, given k' < k, the assertion is
true for all k" < k’: then we show that is is true also for k'.

Consider a tree § € O, , and let Val(#) be its value. Denote by T1,...,Tn the maximal self-
energy graphs in 0, and by ki,...,kx the number of nodes that they contain, respectively; the
number of nodes external to the self-energy graphs will be kg =k — k1 — ... — k. Call 8y the tree
obtained from @ by replacing each chain of self-energy graphs together with their external lines
with a new line carrying the same momentum of the external lines. The tree 6y will have kg + 1
lines: by construction each line ¢; of 6y corresponds to a chain of p; self-energy graphs, with p; > 0,
of orders Kj1, ..., K;p,, such that

ko pi

S>> Kij=k— k. (A7.2)

i=1 j=1

Then consider y as a tree 7% € Gk vy let ¢; the line in §% which corresponds to the line with
the same name in #y. For each line ¢; € A(6%), by setting x; = w - vy,, the propagator is of the

form
-1

gt (24;€), 6[1%1] (x558) = [xfll — M- (:vi;a)} , (A7.3)

(€A
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and it can be expanded in powers of MF=1(z;;¢) as

k1)

1 1 1 1
G" (re) = — (]1 + M (g e) = + MV (@5 6) 5 M (wise)— + .. > - (AT4)

Ty €T3 [

K2

We can consider the contribution

1 _ 31 1 _ 41
— [ME (g 0)) ) = S M (ge)) Kir) — (A7.5)

to (A7.4). Note that K;; < k— 1 for all 4, j, by construction, so that by the remark A7.2, (2), we
can write

[ME=U (g0 )] For) = [MF (g5, 6)|Eivi) = [MIEiri] (g5 )] Eiri) (A7.6)

forall j =1,...,p; and for all ¢ = 1,...,kg. Hence by the inductive hypothesis, we can deduce
that, for all 7, j, there is a contribution to [M*—1(xz;; e)] (i) = [M¥](x;; )] i) which corresponds
to the considered resonance in . As a consequence we can also conclude that there is a term

contributing to [HW (¢, 5)]9/) which is the same as the considered tree value Val(0).
Of course if instead of a tree value we had considered a self-energy value, the same argument

should have applied, so that the assertion follows.

AT.4. Starting from E[k} . The construction described in A7.3 can be used in the opposite direction,

in order to prove that each term of order k£’ in e which is obtained by truncating H[k] to order k
corresponds to a term contributing to h(*),
Appendix A8. Proof of the bound (5.1) from (5.8)
AB8.1. Set-up. Consider the matrix
-1
A(z;e) = (G[k] (z; 5)) =221 — MW (z;6) = A+ 22 + 222 Ay, (A8.1)
with
A~ Ao 0 B 221 0
N0 Agg) \ 0 2?L—edffo(Bo) )
- 0 B(e)
A1— (—B(é‘) 0 ) ) (A82)
A, M (;e) —Mgcﬁ](:c; ) —e2xB(e)
P\ M (@se) — 2aBle) —MUl(wse) + €03 50(B0) )
where
B(e) = (52:10)71 Z LV (w - V), (A8.3)
T/
with the sum running over all self-energy graphs of type 2, so that one has
[Al<C, [lAg <G (A8.4)

for some positive constant C'.

The matrix A is a block matrix which induces natural decomposition R? = R’ @ R’; the
eigenvalues of the block Ane = A|R" are all equal to 22, while the eigenvalues of the block
Ags = A|R’ are of the form \; = 2% + aje, with a; > 0.

Set Ay = A +nA, with n = 2.

Define

B(x;¢) = " A(z;6)e ™ = e Ao 4 222X Age ¥ A8

= Bo(z;€) 4+ 2x2e™ Age ¥ (48.5)
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of course B(z;e) has the same eigenvalues as A(x;e).

A8.2. Block-diagonalization. Consider By(x;e): we shall fix the matrix X in such a way that
Bo(z;¢) is block-diagonal up to order .
So we look for X such that

(147X +00?) (A+nA1) (1 —nX +0n?) =A+nJi + O(n?), (A8.6)
with
Jl oo Jl af Jl oo 0
g = (7 s ) — (L, _ A8.7T
' <J1ﬁa Jlﬁﬁ) < 0 Jlﬁﬁ) (48.7)

By expanding to first order (A8.6) we obtain
[X,Al+ Ay =, (A8.8)

while imposing (A8.7) gives
Xag = —B(E) (Agﬁ — .1'2]1)71 5

. (A8.9)
Xga:—(Agﬁ—CCQ]l) B(E),
where ) ) o
Ags — 221 ’1H=— (62 )7 < A8.10
H( g — 1) ~||(9Bfo(Bo)) || <= (A8.10)
for some constant C. Furthermore, by choosing X, = 0 and Xgg = 0, one obtains J; = 0.
Then it follows that one has
B(zje) = A+ O(n*X?) + O(e*2?) = A + O(e*2?), (A8.11)
so that
B Ha;e) = A 4+ O(e?2?), (A8.12)
where the eigenvalues of A=1 are of the form either 1/2? or 1/(z? + a;¢).
Therefore one has 5
¥ o) < e[ 1B7 e < =5 (48.13)

which proves the bound in (5.1) for real e.

AB8.3. Bounds in the compler plane. The above analysis applies also for complex values of e.
Consider the domain Dy represented in Fig. 5, with half-opening angle ¢ < 7. For € € Dy one has

that the norms of G (w;¢))~! are bounded from below by

2

5 (m— ), (A8.14)

when 7 is close to .

Appendix A9. Proof of the lemma 5.8

A9.1. Set-up. Both M¥(w-v;e) and M¥*+1(w-v;¢) can be expressed by (4.5): the only difference

—[k
is that one has to use the propagators GE D for prlk+1l (w-vse).
This means that there is a correspondence 1-to-1 between the graphs contributing to M ¥ (w-vse)
and those contributing to M+ (w - v;¢), so that we can write

M (@ vye) = MF (W v;e) = Z Vrfpk’kﬂ] (w-v),

renormalized T'

Vq[{c,k+1](w ) = V@) ( H Fv) [( H 65@71}) B ( H a&k])]

VeV (T) LEA(T) LEA(T)

(A49.1)
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[k,hot1] (w-v) as sum of V = |V(T)| terms

For each renormalized self-energy T we can write V
—[k— —
corresponding to trees whose lines have all the propagators of the form either GE 1 or G, !

—[k— —
to one which has a new propagator given by the difference GL V_a@ b

A9.2. Remark. Note that the scales of all lines are uniquely fixed by the momenta, so that both

propagators @Ek_ll and GE’” admit the same bounds (see (5.6)).

A9.3. Bounds. We can order the lines in A(T') and construct a set of V subsets A1(T),...,Av(T)
of A(T), with |A;(T)| = j, in the following way. Set A1(T) = 0, Ao(T) = ¢4, if ¢; is the root line
of 6 and, inductively for 2 < j <V —1, Aj11(T) = A;(T) U¥;, where the line £; € A(T)\ A;(T) is
connected to A;(T'); of course Ay (T') = A(T). Then

Vgc,kﬂ]( E\V(T)|( H F)
veV(T)

(I 6 ) (et (T a)]

=1 (1) CeA(TN\A, (T)

(A49.2)

where, by construction, the sets A;(6) are connected (while of course the sets A(#)\ A;(8) in general
are not).
We can write

—[k]  =[k—

G[k 1] e G 1] {M[’“] (w- vy, ie) — MF=1(w - I/gj;&'):| @j , (A9.3)
so that in (A9.2) we can bound
O OR D) Com | o IOV 8 )
LeA;(T) CEA(T)\A(
(A9.4)

) 2
< [(22+27001)2k H 2_2nNn(9)] ,

n=—oo

where the power 2 (with respect to (5.9)) is due to the fact that in the product two propagators
correspond to the line ¢;.

This means that Vgc k] (w - v) admits the same bound as the square of Vgc ) (w - v) times the
supremum (over v) of the norms

HMM (w-vie) — MF(w. I/;E)H . (A9.5)

If we perform the sum over all self-energy graphs in (A9.1) and we use that the first non-trivial
terms corresponds to graphs with V' = 2 nodes, we obtain, for k > 1,

HMU“H](w-V;E)—M[k](w-l/;a)H < Ce? Z HM[kl(w-l/;a)—M[k Yw-vse)
vel”

. (A9.6)

for some constant C'. Therefore the lemma follows.

Appendix A10. Proof of the proposition 5.13

A10.1. Set-up. Define

vao - (I #)( 1 =) 1T &) (a10.)

veV (0) veL(H) LeN(O
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0]

where the propagators 6&“’] = 6[“’] (w - vy; ) are defined in (5.19); we shall denote by G' the

operator with kernel 6[“’] (w - v;e) in Fourier space.

Then one has
B (s 0) Z ST ke N Val (g (A10.2)

k=1pecZ" 0eOf

which we can represent, in a more compact notations, as
o) = S VAl (640, (A10.3)
fcOR

where O™ is the set of all renormalized trees, and, for § € OF  _ C OF, we have defined

k, v,y
Val* (6;4: ¢) = e*e ¥ Val ™ (8). (A10.4)

The function h(e;e) solving the equations of motion (1.6) is formally defined as the solution of
the functional equation

h(tp;e) = GOy f (¥ + h(eh;e)), (410.5)

where G = (iw - 9)"2 = G is the operator with kernel G(z) = 22.
We have the following result.

A10.2. LEMMA. One has G(z) (M!>®)(z;¢e) + (GI®)(z;¢))71) = 1.

A10.3. Proof. By definition one has ™ (z;6) = (G (z) — M>®l(z;¢))71, so that G~} (x) =
(6“"’] (z;€))7' + M!*®l(z;¢); then the assertion follows. m

A10.4. Conclusions. The following result shows that the function B> (1/;, ¢) formally solves the

equation of motions (1.6); as the analysis of the previous sections shows that the function B> (1/;, €)
is well defined and it is, order by order, equal to the formal solution envisged in Section 3, we have
proved the proposition.

A10.5. LEMMA. The function I (¢ e) defined by (A10.3) formally solves (A10.4).

A10.6. Proof. We shall show that (AlO 3) solves (A10.5). One has

Gawf(¢+h[ ($:9)) = GZ af’“ (h[“](w;s))p

=GZ—,65Z,“ ¥) 3 Val (bripie)... S Val(0,:9;¢) (A10.6)
— p. 9.cOR o con
=G (@ ) 3 Val” (0 e),
(4SS}

where ©% differs from ©® as it contains also trees which can have only one self-energy graph

with exiting line £y, if, as usual, £y denotes the root line of 6; the operator G(C“"’])—l takes into
account the fact that, by construction, to the root line £y an operator G is associated, while in
WR(H; 1; e), by definition, a propagator G[Oo] is associated.

Then we can write (A10.5), by explicitly separating the trees containing such a self-energy graph
from the others,

Gof (v +B (wie)

:G(é[“])’l (G™M S Val® (Gwse) + Y Val (6545e))
9cOR 9cOR (A10.7)

= (MR () + @) 7B (g5
= (M 4+ @R gie) = B g0,
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where the lemma A10.2 has been used in the last line.
Note that at each step only absolutely converging series have been dealt with; then the assertion
is proved.

[BaG]

[BeG]

[BGGM]

[BKS]
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