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Abstract

We prove that the weak coupling 2D Hubbard model away from half
filling is a Landau Fermi liquid up to exponentially small temperatures.
In particular we show that the wave function renormalization is an order 1
constant and essentially temperature independent in the considered range
of temperatures and that the interacting Fermi surface is a regular convex
curve. This result is obtained by deriving a convergent expansion (which
is not a power series) for the two point Schwinger function by Renormal-
ization Group methods and proving at each order suitable power counting
improvements due to the convexity of the interacting Fermi surface. Con-
vergence follows from determinant bounds for the fermionic expectations.

1 Introduction and Main result

1.1 Motivations.

The Hubbard model, according to many (see for instance [L]), has the same
role in the problem of electron correlations as the Ising model in the problem of



spin-spin correlations, that is it is the simplest possible model displaying many
"real world” features. Still, we are far from a rigorous understanding of many of
its properties, except in 1D, where Bethe ansatz arguments [LW, G] and Renor-
malization Group (RG) analysis [S, M] provide a quite good understanding of
many of its properties up to zero temperature. In more than one dimension
only few of its properties are rigorously known: among them we quote the The-
orems in [L1], establishing the value of the total spin of the ground state in
arbitrary dimension (for all densities in the attractive case and at half-filling in
the repulsive case), and the bounds in [KT] on the correlation functions in 2D,
ruling out the possibility of magnetic ordering or superconductivity at non zero
temperatures. Recent years have seen a great deal of theoretical investigation
on the 2D Hubbard model, as such model has been proposed as a basic model
for the electronic degrees of freedom of high T, superconductors [A]. Tts zero
temperature behavior is still rather controversial and only approximate analysis
have been performed [Me]. On the other hand there are several non trivial and
physically important questions for which a rigorous answer is not known, the
most important of which is about the Fermi liquid or non Fermi liquid behav-
ior of the 2D Hubbard model; while we refer to the comments after Theorem
1.1 for the precise definition of Fermi liquid, we mention that such question
can be answered only by a rather detailed (essentially optimal) knowledge of
the temperature dependence of the Schwinger function (hence the bounds in
[KT] cannot be of any help in such a question). There are convincing physi-
cal arguments [VR] supporting the idea that Fermi liquid behavior is crucially
related to the convexity of the Fermi surface; in particular the 2D Hubbard
model is believed to be a Fermi liquid for densities sufficiently smaller than
the half-filling density, i.e. for values of the chemical potential corresponding
to a closed and convex free Fermi surface. It is on the other hand well known
that the interaction produces a deformation of the Fermi surface [HM] and it
is not guaranteed a priori that the interacting Fermi surface, if existing at all,
is still convex. Moreover doubts on the reliability of lowest order approxima-
tions, due to a possible non convergence of the series expansion, has been raised
recently in the physical literature, see [A]. Therefore, rigorous confirmation on
such expectations is much to be desired and we provide it here.

Our main result can be informally stated in the following way (see Theorem
1.1 for a formal statement, the comment after the Theorem for the definition of
Fermi liquid and (1.7) for the definition of Fermi surface at finite temperature).

For values of the chemical potential smaller than and not too close to u = 2
(the half filled band case) the weak coupling 2D Hubbard model is a Fermi liquid
up to exponentially small temperatures, independently on the sign of the interac-
tion. In particular the wave function renormalization is essentially temperature
independent and the interacting Fermi surface is a reqular convex surface.

In [R, AMR] it has been proved that in the half-filled band case the weak
coupling 2D Hubbard model is not a Fermi liquid for temperatures larger than
an exponentially small one. Then, combining our results with those in [R], we



find that the 2D Hubbard model, for temperatures larger than an exponentially
small one, shows a crossover between a Fermi and a non Fermi liquid behavior,
while varying the chemical potential from 0 to 2.

Our main result is proved by showing convergence of a suitable resumma-
tion of the weak coupling expansion for the interacting two—point correlation
function, needed to take care of the modification of the Fermi surface due to the
interaction. In fact the deformation of the Fermi surface has the effect that the
naive power series expansion in terms of the free propagator is not convergent at
low temperatures. We have then to employ RG methods so that the interacting
propagator is dynamically changed (“dressed”) at each step of the multiscale
analysis; correspondingly the location of the singularity of the interacting prop-
agator will define an interacting Fermi surface which is dynamically modified at
each RG step. Convergence of the resummed series follows from power counting
improvements at all orders due to the convexity of the interacting Fermi surface
and from determinant bounds for the fermionic expectations.

1.2 The Hubbard model.
The Hamiltonian of the 2D Hubbard model is given by

H= Z Z a;o( - % - 'u)az:,cr +U Z a;r,Tag;,Ta;ﬂ%,i (1.1)
ZeA o=1] TeA

where:

1) A C Z* is a square sublattice of Z* with side L (the sites will be labelled by
(n1,m2) € 22, —[L/2] < my,n2 < [(L —1)/2]);

2) a%g are creation or annihilation fermionic operators with spin index o =1J
and site index & € A, satisfying periodic boundary conditions in Z;

3) A is the discrete Laplacean, acting on a function f : 7? — R, periodic of
period L in both directions, as: Af(Z) = > ,_, , f(@+¢;) —2f(Z) + f(Z—
€;), where é;, j = 1,2, are the two unit versors on 7%

4) p > 0 is the chemical potential, whose value fixes the average density of
particles;

5) U is the strength of the on-site density—density interaction; it can be either
positive or negative.

We shall also consider the operators a,{g = eHmOa;EUe_Hmo with x = (g, )
and xg € [0, 8], for some 8 > 0; we shall call 2 the time variable. The finite
temperature Schwinger functions are defined as

Tre PHT(qSt  ...qfn
S(X1,01,€1; -+ ;Xn,On,En) = ,(l,r:172;1 X,0) (1.2)




where x; € [0,8] x A, 0; =1, ¢, = £ and T is the operator of time ordering,
acting on a product of fermionic fields as:

€1 En _ 7 En(1) €x(n)
T(axl,ol e axn,an) - (_1) A% (1),02(1) """ WX (n)s0n(n) (1'3)
where 7 is a permutation of {1,...,n}, chosen in such a way that z,(1y0 > --- >

Tr(nyo, and (—1)7 is its sign'.

In the non—interacting case U = 0 the Schwinger functions of any order n can
be exactly computed as linear combinations of products of two—point Schwinger
functions (via the well-known Wick rule). The two—point Schwinger function
itself (also called the free propagator) is equal to:

e~k (x—y)

1
So(x—y)=5(x,0,—y,0,+) == : = (1.4)
v=o fBL? kepy , —tho +eo(k) —p

where:

(a) k = (ko, k) and Dy, = Dy x Dy;
(b) Dy = {ko=2E(no+3%) : no € Z} and Dy = {k = Z(ny,na) : —[L/2] <
ni,ne < [(L—1)/2]}

(c) eo(k) =2 — cosky — cosks is the dispersion relation.

Note that So(x) is a function of 2o € R antiperiodic of period 3 and that its
Fourier transform Sp(k) is well-defined for any k € Dg 1, even in the thermo-
dynamic limit L — oo, since |kg| > % We shall refer to this last property by
saying that the inverse temperature (3 acts as an infrared cutoff for our theory.

In the limit 8, L — oo the propagator Sp(k) becomes singular on the surface
{ko = 0} x 25}9), where Egﬂ)) = {k € [-m, 47| x [-7,47] : eo(k) — u = 0} is
the free Fermi surface. It is easy to realize that, if 0 < p < 2, then 2;9) is a
smooth convex closed curve, symmetric around the point k= (0,0). It can be
parameterized as k = ]5(1[,9 ) (0) in terms of the polar angle 6 € [0,27]. We shall
also denote |]5§9> (0)| by u(9(6).

In order to make apparent the structure of the pole singularity of S’o(k) at
{0} x 229’, it is sometimes convenient to rewrite So(k) in the form:

A 1 !
PR S 0 () + R

(1.5)

where 6 is the polar angle of E, Zy = 1 is the free wave function renormalization
0 =
and 17%)(9) = (850/(’%)‘];:%(9)

Fermi surface, |R(k)| < C’/g —15(},9)(6‘)

is the free Fermi velocity. Moreover, near the

2 .
, for some positive constant C'.

LIf some of the time coordinates are equal each other, the arbitrariness of the definition
is solved by ordering each set of operators with the same time coordinate so that creation
operators precede the annihilation operators.



1.3 Main results.

The interacting two—point function S(x —y) = S(x,0, —;y, 0, +) turns out to
have, in the L = oo limit, the following structure. Let us call S(k) the Fourier
transform of S(x) and (k) the self-energy, defined as usual by the identity

S(k) = E (1.6)
—iko + Eo(k) —u+ E(k)

By simple symmetry arguments, one can see that E(ko,E) = E(ko,—E) =

¥*(—ko, k); this allows us to introduce the following definitions.

a) The interacting Fermi surface Y is defined as
- o1 -
EF:{k eo(B) + 5 Y B(inB 1,k):u}, (1.7)
j=+

see also Remark (3) in Section 1.4. We shall be able to parameterize ¥ p
as k = pr(f) in terms of the polar angle 6 € [0,27] and we shall denote

|[Pr (0)] by u(0).
b) The wave function renormalization is the real quantity
Z(0) =14 ik, X (1.8)
where 9k, = (3/2)[S(5, 5r(9)) — £(~5, Fr ()]

c) The Fermi velocity is the real vector

B} 1 0(eo+ 33, S(inB 1K)

’UF(H) =
Z(0 -
(6) ok e (@)

Our main result is the following.

Theorem 1.1 Let us consider the 2D Hubbard model with 0 < p < po = 2_2‘/5

and =1 > e T0T where a > 0 is a suitable constant. There exists a constant
Uy > 0 such that, if [U| < Uy, the two point Schwinger function S(k) can be
written, in the limit L = oo, as

N 1 1
= Z20) Tkt e (0) - (k - pr(0)) + R(K) (110
with Z(0),7r(0) and §r () real and
Z0) = 1+a(@)U?+0U?)
Tr(0) = T2(0) + b(O)U? + O(U?) (1.11)
ir(0) = P (0) + O +O(U?)



where a(0),b(0)],|E(0)| are bounded above and below by positive O(1) constants
in the region B> e T0T. Moreover

[R(K)| < Ok = 5r(0)* + k5 + |k — pr (6)][ kol (1.12)
for some constant C > 0.

Remark. One corollary of the proof of Theorem 1.1 is that, under the assump-
tions of the Theorem, one can compute the free energy of the Hubbard model
in terms of a convergent expansion (not a power series in U). In particular it
turns out that the first non trivial correction to the free energy coincides with
the first order of naive power series expansion in U; this means that first order
perturbation theory is asymptotically correct as U — 0. A second corollary of
the proof of the Theorem is that the decay of S(x) in real space can be estimated

as
1 1

L+ x| 1+ (B~ x])Y
for any positive integer N. (1.13) tells us that the interacting Schwinger function
S(x) has the same large distance behavior as Sp(x), as long as 1 << |x| << f;

for larger distances the decay is suppressed because of the presence of a non
zero temperature 371,

|S(x) — So(x)| < Cn|U] (1.13)

The above theorem says that the 2D Hubbard model is a Ferm: liquid up to
exponentially small temperatures and far from the half filled band case, in the
following sense. Let us compare the representation (1.10) of the interacting two—
point Schwinger function with the free one, given by (1.5). They are apparently
similar but the parameters Z(0), vr(0) and pr(0), differently from Zy, 17%0) (9)
and 15(},9)(6‘), are functions of the temperature 51, for 5= > e~%/IUl. However
such dependence can be stronger or weaker and the different sensitivity to a
variation of the temperature has important physical consequences. In the case
of the 2D Hubbard model (1.1) with u < po we prove that Z(0), vp(6) and
7r(0) are slowly depending on 3 for =1 > e~%/IUl  that is they are essentially
constant in [ above an exponentially small temperature. This means that, in
the considered range of parameters, the interacting two—point correlation is es-
sentially identical to the free one, up to a renormalization of the parameters
essentially independent on the temperature; in this sense we say that the system
shows a Fermi liquid behavior for temperatures larger than an exponentially
small one. This notion of Fermi liquid is the natural mathematical interpreta-
tion of the notion of Fermi liquid often used in the theoretical physics literature,
and it is essentially the same as the one adopted, for instance, in [Sal, DR].
Of course the property to be a Fermi liquid (in the above sense) is not trivial
at all and it is not verified in many cases. For instance, in the 1D Hubbard
model, the wave function renormalization Z depends logarithmically on 3, that
is c;U?%logB < |Z — 1| < caU?log B, with ¢, co two positive constants, for
temperatures above an exponentially small temperature; so, with our definition,
the 1D Hubbard model is not a Fermi liquid in such range of temperatures. In



the 2D Hubbard model at half-filling (i.e. at p = 2) it has been recently proved
[R, AMR] that, for temperatures above an exponentially small temperature,
c1U%log? B < |Z — 1] < caU?%log? B, so that the system is not a Fermi liquid
at half-filling in that range of temperatures. On the contrary, an example of
Fermi liquid in the above sense is provided by the continuum approximation
of model (1.1) in d = 2, the so—called jellium model, for which [DR] showed
that, in a range of temperatures above an exponentially small temperature,
c1U? < |Z — 1] < ¢aU?, and the system is a Fermi liquid. Note that in the
jellium model, due to rotation invariance, the interacting and the free Fermi
surfaces have exactly the same shape, that is a circle, and the effect of the
interaction essentially consists just in changing its radius.

1.4 Additional remarks.

1) In the interacting case U # 0, the Schwinger functions are not exactly
computable; they can be written as power series in U, convergent for |U| < eg,
for some constant €g. The power expansion in U is constructed in terms of
Feynman diagrams, using as free propagator the function Sp(x) in (1.4). All
the known bounds on the radius of convergence g of this power series shrink
to zero as f — oo. Theorem 1.1 has been proved by constructing a suitable
resummed version of the naive power series expansion (needed to take care
of the modification of the Fermi surface) which we show to be convergent for
|U| < a(logB)~t. As far as we know, the bounds provided by Theorem 1.1
are the best available in the literature. Note that if we contented ourselves
of proving the Theorem for |U| < [C’BO‘} 71, with C, « two positive constants,
the proof below would have been greatly simplified (no resummations and no
multiscale infrared analysis would have been necessary) but of course physically
the result would have been much poorer.

2) The Theorem is proved in the far from half-filling case, that is for 0 <
w< po = 272‘/5 (i.e. for values of the average density sufficiently smaller than
1). The condition of smallness of the chemical potential guarantees certain
strong convexity properties of the free Fermi surface we shall need in the proof
below; moreover such condition suppresses a class of possibly dangerous con-
tributions to the power series (the so—called “umklapp” processes with n < 4
quasi—particles, see below for definitions) that we are not able to control at the
present time. We expect that our condition pu < pgo is technical and it is not
unlikely that our proof could be extended to any p < 2, under the smallness
condition |U| < Up(p), with lim,,_,o- Up(u) = 0. Our result, combined with
the result of [R, AMR] discussed above, implies that the 2D Hubbard model
shows a transition from Fermi to non—Fermi liquid behavior, in the above range
of temperatures, depending on the choice of . It would be very interesting to
explicitly investigate the crossover between the two regimes.

3) At non zero temperature there is an ambiguity in the definition of the Fermi
surface and, in order to resolve this ambiguity, we made the specific choice
(1.7). It will be clear from the proof below that any “reasonable” definition of
the Fermi surface will have the same regularity properties as those of the one




n (1.7). The claim in Theorem 1.1 implies of course that the interacting Fermi
surface is a regular and convex curve, uniformly in § in the allowed range of
temperatures.

4) As already mentioned in item (1), Theorem 1.1 is proved by an iterative
resummation of the original power series expansion for the two—point correla-
tion function and by a renormalization of the free “measure”, which takes into
account, in particular, the modification of Fermi surface. This allows us to reex-
press iteratively the original power series in U as an expansion in an increasing
number of parameters (they are indeed functions), called the “effective cou-
plings” and physically describing the effective interaction at different momentum
scales, denoted by (A1 = U, Ao, A_1, A_2,...); moreover, the coefficients of the
new series are themselves depending on U through the renormalized single scale
propagators. The new series will be well-defined whenever U = maxp<i |An|
will be smaller than Uy, where Uy is a constant independent of the temperature.
From the physical point of view, this means that the temperature dependence
at all orders in the expansion for S (k) is essentially all included in the effective
couplings, whose size in turn will depend strongly on the temperature. The
possibility of resumming the perturbative expansion in a new series with the
above properties was conjectured in [GS], where the authors proved the claim
for the second order contributions. We stress that the possibility of resumming
the series into a new series admitting this kind of “uniform bounds” is specific
of d = 2 far from half-filling; for instance in d = 1 the coefficient at order 2n > 2
of the resummed expansion for Z(#) behaves like (U/Up)?"(log )", instead of
(U/Up)*™, even assuming that the effective interactions are bounded. This is
not the case in d = 2 far from half-filling; in this case the breaking of Fermi
liquid behavior can be due only to some instability occurring in the effective
interactions.

5) Our result should be compared to [DR], in which a proof of Fermi liquid
behavior was given for the jellium model. We have taken from such papers
two crucial technical ingredients: the idea of using anisotropic sectors (and
the relative sector lemma of [FMRT]) for the bounds and the idea of further
decomposing some sector into isotropic sectors in order to improve the bounds
for the self energy; note however that the technical implementation of such ideas
in the proofs is rather different with respect to [DR], mainly for the heavy use of
trees for reorganizing the perturbative series and for the fact that we do not need
neither a “1PI analysis” to extract our power counting improvements needed
to prove the Theorem. Moreover, the presence of a non circular Fermi surface
causes many new technical problems with respect to the case in [DR]. The more
important one is that, while in the Jellium case the interacting Fermi surface is
fixed a priori to be a circle as consequence of rotational symmetry, here on the
contrary the shape and the regularity or convexity properties of the interacting
Fermi surface are completely unknown: in fact there is no a priori evidence of
the fact that the interacting Fermi surface is regular and convex uniformly in
[ in the considered range of temperatures. Hence we cannot in our case fix
the interacting Fermi surface by properly tuning the chemical potential, as it is
done in [DR]; on the contrary, we proceed in a way similar to that used in [BM],



by inserting at each integration step all the quadratic part of the interaction
in the free fermionic measure. In this way to each fermionic integration at a
certain momentum scale corresponds a different Fermi surface, and one has to
check that the geometrical conditions for defining sectors and to apply the sector
lemma are verified at each scale.

6) In [BGM] a statement similar to Theorem 1.1 above was proved. However
in [BGM] the interacting Fermi surface was fixed by adding a suitable countert-
erm to the free Hamiltonian. The result of Theorem 1.1 cannot be recovered
simply by the results of [BGM], because the inversion of the counterterm must
be discussed. This is an highly non trivial problem, that is essentially solved
below, by checking that the modified Fermi surface satisfies the same convexity
properties of the free one, at each RG step (the choice of dynamically changing
the Fermi surface instead of inverting the counterterm is not substantial and
the two approaches are essentially equivalent). The inversion problem was dis-
cussed at level of perturbation theory in the series of papers [FST] and in [Sa2].
In [PS] it was announced that the inversion problem was solved even at a non
perturbative level; a proof is however not yet published.

7) If the temperature is low enough, it is expected that Fermi liquid behavior
breaks down, as a consequence of quantum instabilities present in the systems.
It is possible to destroy such instabilities by choosing properly an highly non
symmetric dispersion relation, for instance by introducing an external magnetic
field; indeed for such a system in [FKT] a proof of Fermi liquid behavior was
given up to zero temperature in 2D. We stress that also in [FKT] the interacting
Fermi surface is not fixed by the symmetries and a counterterm is introduced to
fix the interacting Fermi surface; however, the ”inversion problem”, which we
solve for the Hubbard problem in the present paper, is still an open problem in
that case.

8) Our results hold for temperatures T > e~ T where a > 0 is a suitable
constant depending on the parameters of the free Fermi surface and on the size of
the first and second order contributions of the perturbative RG expansion. This
kind of result is obtained thanks to the fact that we use an expansion in terms of
7effective couplings” in which also the marginal terms, quartic in the fermionic
fields, are renormalized. Indeedcif such terms were not renormalized one could
obtain at most a bound T' > e_\_l?\, the constant ¢y being related to an all order
bound, like in [DR]; of course it is expected ¢g >> a. Apart from improving
the range of temperatures in which our results hold, the renormalization of the
quartic terms is technically very useful, as it greatly simplifies the discussion of
the power counting improvements on which the proof is based.



2  Grassmann functional integrals and Renor-
malization Group analysis

2.1 Grassmann representation.

It is well-known that the usual formal power series in U for the partition function
and for the Schwinger functions of model (1.1) can be equivalently rewritten in
terms of Grassmann functional integrals, defined as follows.

Let us temporarily introduce an ultraviolet cutoff on kg (our lattice model
has an intrinsic ultraviolet cut-off in the & variables) in the following way. Con-
sider the smooth support function Hy(t), ¢ € R, such that

=1 1f|t|<60/75
Ho(t) = HQ(_t) S (0, 1) if 60/’7 < |t| <eg, (21)
=0 if |t| > e€q ,

with v = 4 and ey a parameter to be fixed below. Then, given a (large) integer
N, we restrict the set Dg of ko possible values to the set {ko = %’T(no +3):
Ho(y"Nko) > 0}, which we shall denote with the same symbol, as well as the set
Dg, 1, which is a finite set for each N. Given N, we consider the Grassmann al-

gebra generated by the Grassmannian variables {z/?lf - izgﬁ ,anda Grassmann

integration f [Hi:gﬁ . dz/}lf adz/;; a} defined as the linear operator on the Grass-
mann algebra such that, given a monomial Q(z/;_, z/AJ+) in the variables z/;lf o itS

action on Q(¢—,1T) is 0 except in the case Q(¢)—,¢hT) = Hiey . 1/);01/31( o
up to a permutation of the variables. In this case the value of the 1ntegra1
is determined, by using the anticommuting properties of the variables, by the

condition
o="1) o=")

/ | IT wdiadin,] TT deodi, =1 (2.2)

keDg, 1 keDg, 1

If we define the free propagator gi as gic = Ho(y ko) | — iko + EO(E) — ul -t
and the “Gaussian integration” P(dv) as

o=1l o=1l
Pav) = | [T (E8m)di diy,] - ep{~ > (L280) " b, }
keDg, 1, keDg, 1
(2.3)
it holds that
P(d"/})wl;,alwltg,oz = L265017026k17k2gk1 ) (2'4)
so that
—ik(x=y) g, — + _
Jim L2ﬁ e hm/ (d)vg by = So(x —y)  (2.5)

kecDg,

10



where So(x —y) was defined in (1.4) and the Grassmann fields 1 , are defined
by
1 ikx, 7+
E, = 5 Z e (2.6)
keDg, 1

Let us now consider the function on the Grassmann algebra
V() =U [ v oot v, (27)

where the symbol [ dx must be interpreted as

/dx = /J;:Q dxg Z (2.8)

and note that the integral [ P(dw)e_vw) is well defined for any U; it is indeed
a polynomial in U, of degree depending on N and L. Standard arguments (see,
for example [NO], where a different cutoff on ko is used) show that, if there
exists the limit of fP(dw)e*V(w) as N — oo, then the normalized partition
function can be written as

_BH
—12gry pdef T[] ~V ()
e Tefe—A70] ]\}5{1;0 P(dy)e (2.9)

where Hj is equal to (1.1) with U = 0.
Similarly, the Schwinger functions defined in (1.2) can be computed as

. fp(dw)e_‘/(w) fcl o1 T fcz on
S(X17 01751; ctt ;Xn; O'nvgn) = ]Vh—r)noo fP(d?/})eiﬁVl(w) : ° (2]‘0)

In the following we shall study the functional integrals by introducing suitable
expansions where the value of N has no role and we shall indeed be able to
control such expansions uniformly in N, if U is small enough. Our procedure
also implies that we can effectively take the limit N — oo everywhere.

Note that both the Gaussian integration P(diy) and the interaction V(¢)
are invariant under the action of the following symmetry transformations:

(1) spin exchange: V5 4 =95 |;

(2) global U(1): 95 , — ey , with a; € R independent of x;

X,0

o Vxn cos  sind (P . .

(3) global SO(2): ( < 1 _sng cosd =) with 6 € R indepen-
dent of x;

(4) parity: 1/1?;015)10 — 1/)?;0775)10;

(5) complex conjugation: z/J(izo o w({xo 200 © 7 c*, where c is a generic
constant appearing in the formal action.

11



2.2 The ultraviolet integration.

It is convenient, for clarity reasons, to start by studying the free energy Fr, g,
defined by (2.9). A preliminary step to our infrared analysis is the integration
of the ultraviolet degrees of freedom corresponding to the large values of k.
We proceed in the following way. We decompose the free propagator gix into
a sum of two propagators supported in the regions of kg “large” and “small”,
respectively. Given the function Hy(t), t € R, defined in (2.1), we define x(k) =

HO(\/kS + [eo (k) — u]2> and f1(k) =1 — x(k), so that we can rewrite gy as:

G = ) + x()g = 5 (k) + §9 (k) (2.11)

We now introduce two independent sets of Grassmann fields {1/)1(:;1 )i} and
{1/)1(()%0&}, k € Dsp, 0 =1, and the Gaussian integrations P(di)*!)) and
P(dp(=9), defined by

/P(dw(Jrl))d;l((TL)l_d;l((:?j = L2ﬂ601,025k17k2g(+1)(k1)a
/P(di/}(SO))J)l((i?l_J)l((i?; = L2ﬂ601,d25k17k2g(S0)(k1)' (212)

Similarly to P(dv), the Gaussian integrations P(dy(+1)), P(dy)(=9)) also admit
an explicit representation analogous to (2.3), with gx replaced by ¢(+V) (k) or
§=9(k) and the sum over k restricted to the values in the support of (k)
or fi(k), respectively; moreover, for any N > 1, P(d¢(=?) is independent
of N. The definition of Grassmann integration implies the following identity
(“addition principle”):

/ P(dp)e V) = / P(dp(=9) / P(dypHD)eVEETHE) - (93)

so that we can rewrite Fr, g as

o L*BFLs  _ /p(d¢<g0))exp { Z%ﬁ(—vw(sm +)n)} =

n>1

= e*LZﬁFO/P(dwﬁo))e*"“)w(“)), (2.14)

where the truncated expectation ] is defined, given any polynomial Vl(z/J(‘H))
with coefficient depending on (=9 as

a" +1)
ENWa(in) = i log [ PG| (2.15)

and V(© which of course depends on the ultraviolet cutoff, is fixed by the
condition V(@ (0) = 0. Tt can be shown (see Appendix A) that V() can be

12



written as

V(O) ’Q/J(<O) Z Z /Xm dXQl

I=101,....,00=T{
0
[H%Zo)fm ,;93_1] Wi (x1, ..., xa1) (2.16)

where the integrations [ dx; must be interpreted as in (2.8). The possibility

of representing V() in the form (2.16), with the kernels Wz(lo) independent of
the spin indices o, follows from the symmetries listed above, after (2.10). For
each fixed N, the kernels WQ(ZO) vanish for [ large enough; moreover they are
translation invariant and are given, in the limit NV = +o00, by power series in U,
convergent for U small enough; finally, for any family {m;;,1 <i < j < 2[}, of
non negative integers such that m = Zlgiqul m;; < 2, there exists Uy such
that, if |U| < Uy,

/Xm "'dx2l|: H |fz —fjlm”}}WQ(IO)(Xl,...,XQl)} S L260l|U|maX{l’l_l} N
1<i<j<2l
(2.17)
for some constant C' > 0, . The proof of (2.17) is based on a multiscale analysis
of the ultraviolet integration over the time coordinates (much simpler than the
infrared integration we shall study below) and it is sketched in Appendix A.

2.3 Renormalization of the free measure.

The Grassmann integral in the r.h.s. of (2.14) is computed iteratively in the
following way. We step by step decompose the propagator into a sum of two
propagators, the first supported on momenta ~ 4", h < 0 (here ~ is the same
scaling parameter appearing in (2.1)), the second supported on momenta smaller
than 7". Correspondingly we rewrite the Grassmann field as a sum of two
independent fields: (5% = (M) 4 h(h=1) and we integrate the field 1), in
analogy with (2.14). In this way we inductively prove that, for any h < 0, (2.14)
can be rewritten as

o VBFLs o LPBE, / P, ¢, (dp(SM)e V0= (2.18)

where: V(") can be represented by an expansion similar to (2.16), with P(=0)

replaced by ¥(=") and the kernels WQ(IO) replaced by new kernels Wz(lh ); the
Grassmann integration Pg, ¢, (di)(S")) can be represented as

o=t4 L2BC; (k)
< 3 (<h)+ (<h)
Pp, ., (dv >—[k€1;[ (S Eg ) Mer P I
B,L

o="1l
- exp 25 ST Onk)(—iko + En(k) — )it SV SN D (2.19)
kGD*

13



where Ej (k) is a function to be iteratively constructed below, with Ey(ko, l;) =
go(k). Moreover Cj,(k)~! is a compact support function defined as

Cp M (k) = Ho [y ""| = iko + En(k) — p] (2.20)

and Dj ; the restriction of Dg 1, to the set of momenta in the support of C; (k).

Note that, for o = 0, the Gaussian integration Pg, ¢, (d(S?)) coincides with
the integration P(dy(<?)) defined above. So, by this remark, we see that the
representation (2.18)—(2.19) is true at the first step A = 0. In order to inductively
prove it for h < 0 we proceed as follows. We introduce the localization operator
as a linear operator acting on the kernels of V(*) in the following way:

wih) :
LWy (x1, ..., —{ o (kX)) I=102 2.21
a D) = it 1>3. (221)
We also define R as R = 1 — £ and rewrite the r.h.s. of (2.18) as

e_L2ﬂFh/PE,L O (dp(SM)eEVI W EN—RVEIWED) (2.22)

where by definition £V can be written as

v =% /dxdynh (x =y S OEY + (2.23)
o=t
+ Y [t o U S
o,0'=1T]

Now, calling 715, (k) the Fourier transform of nj(x) and defining
Ep1(k) = En(k) + C, ' (k)i (k) , (2:24)

we can rewrite (2.22) as
00t [Py, o (@) eV RO (o,

where t, is a constant which takes into account the change in the renormalization
factor of the measure, of size |U||h|y?", as it follows from the bound in the first
line of (2.38) below. Moreover

Ly® = %" /dxl...dX4 A (x1 - xq) SRS = (SIH 1)

X1,0 X9 ,0 x3,07
o0’ =14

) (2.26)
We now define V® = £,V" 4+ RV and again use the addition principle in
order to rewrite (2.25) as

i _(R) () (Sh—1) (h)
oL 5<Fh,+th>/th o (e 1>)/ g ()P )
(2.27)
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with Pp f*l(d’l/](h)) a Grassmann Gaussian integration such that
—h

S(R)— A (h .
/PEh—lvf;jl(dw(h))wl(q?mwl(cz),:z = L2ﬁ6k17k25017029(h)(k1) )

i (1) — Sl
with g (k) = —iko 4+ Ep—1(k) — p

(2.28)

and

fn(k) = Ho [y~ = iko + En(k) — p|] = Ho [y"*'| = iko + Ep—1(k) — p]
(2.29)
If we now define

=1y (Sh=1)y_[28F _ph) (y(Sh—1) (h)
g (¢ )—L*BFp :/PE (d1/1(h))e Vi (4 +¢ ), (230)

—1
h—1,f,

it is easy to see that V("1 is of the form (2.16), with ¥(<0) replaced by (<=1

and the kernels W2(l0) replaced by new kernels W2(lh _1), and that

Fy_1 ZFh-i-th-f—ﬁ'h . (2.31)

It is sufficient to use the identity

VD (D) 4 1285, =Y %(—U"&? VO @ED 4 gim) - (232)

n>1

where EF is the truncated expectation with respect to the propagator M (k).
Moreover the symmetry relations listed after (2.10) are still satisfied, because
the symmetry properties of the free integration are not modified by the renor-
malization procedure, so that the effective potential V) on scale h has the same
symmetries as V(9 and in particular it can be expanded in the form (2.16), with

kernels W2(lh ) independent of the spin labels.

We iterate this procedure up to the first scale hg such that
7" e < min{|ko — ImEj, (k)| k € Dp 1, Gy, (k) > 0}, (2.33)

where eg is the same of (2.1). By the properties of Ej(k), that will be described
and proved below, it will turn out that hg is finite and actually larger than
[log., (7/2e0/3)], see comments after (2.51). Moreover, this definition is such that

Jns(k) = C’,:; (k), hence the propagator associated with P, , .o, (dip(=hs)) is
given by ¢("#) (k).
On scale hg we define

o L8Py ttn,) _ /thﬁihchﬁ (A Sh )P @) (2.34)
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so that we have o

Frg=Fo+ Y (Fu+tn). (2.35)
h=hg

Note that the above procedure allows us to rewrite the effective coupling on
scale h Ap(x), x = {x1,X2,X3,X4}, and the renormalized dispersion relation
Ej (k) as functionals of U and Aj, E;, with h < j < 0:

En_1(k) = Epk) +C, (k)57 (k Epy A, - ., Eo, Mo, U) |
Mo1(X) = M(X) + Bh(x; En, Any - -+, Eoy Mo, U) (2.36)

The functionals 37 and Si are called the E-component and the A-component
of the Beta function.

The key point of the subsequent discussion will be the fact that the kernels
of the effective potentials V") will be given by convergent power series in U, A,
h < j <0, under some smallness and smoothness conditions of Ey and \;.
Once identified the conditions on Ej and A, sufficient for proving convergence
of the series, we shall inductively check such conditions.

The property A\, has to satisfy so that the iterative construction is well-
defined is a smallness property, a bit stronger than the request:

An(k1, ko, ks, ki — ko + k3)| < Up (2.37)

where \, (k1, ko, ks, k1 — ko + k3) is the Fourier transform of \j(x1,X2,X3,X4)
and Uy is small enough. The precise statement of the smallness property we
need to require on )y is a bit technical, in particular it involves the definitions
of “sectors” and “modified running coupling functions” and we postpone it to
next subsections, see (2.92) below.

The smallness and smoothness properties that Fj (k) has to satisfy are the
following:

|En(k) — En-1(k)| < ColU||hly*" 1(C, ' (k) > 0)
(2.38)
|Ok;, -+ Ok, (En(k) — Ep1(k))| <

Co|U||h|yE=™hif 0< Oyt (k) < 1
, n>1

i1

<
Co|UP|hyE=mh if O k) =1

where the function 1l (condition) is the function = 1 if condition is satisfied and
= 0 otherwise, and i; € {0,1,2}, j = 1,...,n, and Jy, must be interpreted
as discrete derivatives in the three coordinate directions?, acting on functions

2In the following we will be interested in studying the L — oo limit of the free energy
and two—point correlation function. For this reason, even if, strictly speaking, the rigorous
way to proceed should be performing bounds at finite L, showing uniformity in L and then
performing the limit, in order not to make the notation too cumbersome and not to hide
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f:Dgr — Ras:

Oko f (Ko, k1, k) = 2ﬂ [f (ko + 2—7T, ki, ko) — f(ko, ki, k2)]

m B
Ot (hobasks) = oo [flhok + 20 ko) = Flho baska)] . (239)
ak2f(k05k17k2) = %[f(kO;klakQ_F%)_f(kOaklakQ)} *

The reason for having two different bounds depending on the value of C~*(k)
in the second of (2.38) depends on the very definition of Ej_1(k) — Ep(k): by
(2.24) such difference is equal to C~1 (k)7 (k) with 7, (k) a function that will be
proved to be bounded proportionally to |U||h|y?" and with the n—th derivative
bounded proportionally to |U|?|h|y?~™"; when deriving E},_;(k) — Ej(k) the
derivatives can all fall onto C~!(k), in which case we get a term proportional
to |U||h|y2~™" (non vanishing only in the region were C~' (k) is non constant).

Note also that, by the parity and complex conjugation symmetries listed after
(2.10), En(k) satisfies the symmetry properties

En(ko, k) = Ep(ko, —k) = Ef(—ko, k) . (2.40)

Note that at the first step & = 0 the symmetry (2.40) is true, by the explicit
form of ¢(k) and the definition of Ey(k).

We now proceed as follows. In the following subsections 2.4-2.9 we shall:
describe the geometric properties of the Fermi surface on scale h, which will
be crucial for the subsequent inductive bounds; describe the perturbative ex-
pansion in (Ap, ..., A, U) for the effective potential V(") resume the inductive
procedure described in [BGM] (adapted to the present case) allowing to prove
that, under the above smallness and smoothness conditions on Ej and Ay, the
expansion for V) is well-defined; adapt the expansion for the free energy to
the computation of the two—point Schwinger function and complete the proof
of the Main Theorem, under the above smallness and smoothness conditions on
Ep and Ap. Then in section §3 we shall inductively prove the smallness and
smoothness properties of F and Aj,. While the smallness condition on A;, will
be controlled as in [BGM], by imposing a condition on the temperature, the
inductive proof of the smallness and smoothness conditions on Ej, is the main
novelty (and the real new technical difficulty) with respect to [BGM]. This will
conclude the proof of Main Theorem in the introduction.

the ideas behind the proof, we shall sometimes proceed formally by replacing the discrete
derivatives in spatial direction by their formal L — oo limit, and the sums (27/L)? ZEEDL
by f :rw f jﬂ dk. Being the bounds we perform purely dimensional, it can be realized that our

bounds can be adapted also to the finite L case, and the resulting estimates turn out to be
uniform in L for L big enough. A rigorous discussion of the uniformity of the bounds at finite
L for L big enough in a case similar to the one discussed in this paper can be found in [BM]
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2.4 The Fermi surface at scale h.

Given hg < h <0 and Ej,(k), we define an effective dispersion relation on scale
h as

ah(E)de”[ W R) + En(-2 B (2.41)

T
B’ B

Remark. Note that, thanks to (2.40), e, (k) is real and e, (k) = 5 (—Fk).

A crucial consequence of the properties (2.38) and of the explicit form of the
unperturbed dispersion relation gq(k) is that at any scale h < 0 we can define a
Fermi surface ¥} (h) — = {k : en(k) — pn = 0} with strong convexity properties.

Let us start by stating the properties of the free dispersion relation EO(E) we
shall use in the following.

1. fp < po = 2_2\/5

ing in (2.1)) such that, for |e| < e, £o(k) — 11 = e defines a convex curve
»(©) (e) encircling the origin, which can be represented in polar coordinates
as p'=ug(0, e)e,(0) with €.(0) = (cosd,sinf). Moreover ug(,e) > c® >0
and, if ro(0, e) is the curvature radius,

, there exists eg < pug—p (eg is the same parameter appear-

ro(f,e) P> >0. (2.42)

Note that the symmetry property Eo(E) = 80(—];) implies that the curves
2O (e) are symmetric by reflection with respect to the origin.

2. If |e] < eg and p'= ug(6, €)é,(0), then

0 < cf < Veo(p) - €:(0) < 5. (2.43)

3. Given e as in item 1) and Ei,... kon € O (e), n < 4, then

2n
IS R <o (2.44)
i=1

We shall refer to this property by saying that “umklapp processes with
n < 4 quasi—particles are not allowed”.

Remark. The validity of property (3) can be checked by noting that: if g1 < us

the surface EELOI) (0) corresponding to chemical potential u11 is completely enclosed

into the surface Efg) (0) corresponding to chemical potential ,ug; at u and e fixed

and n < 4, the Lh.s. of (2.44) is maximized by 8arccos(l — p — e) obtained
in correspondence of the choice k; = (arccos(l — p — e), 0), V 1,. 2n the
condition p + eg < (2 — /2)/2 is equivalent to 8 arccos(1 — o) <
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We call 2;9) = 2(0)(0) the free Fermi surface and we put ug(6,0)e.(0) =
) (6) and uo () = ug(6,0) = |5 (9))-

The key remark is that, if (2.38) is true for |U| < Uy with Uy small enough,
for any hg < h < 0, then the same properties (1)—(3) above still hold (with
slightly modified constants) for the Fermi surfaces corresponding to the disper-

-,

sion relations ep, (k).

Lemma 2.1 Let us assume that (2.38) is satisfied for hg < h < 0 and for
|U| < Uy, with c¢o = |hg|Uy small enough. Then there exist constants €, c,cy, Co
such that the following properties are true.

1. If le| <€, en(k) — = e defines a convex curve S (e), encircling the origin
and symmetric by reflection with respect to it, which can be represented in polar
coordinates as p = up(0,e)é.(0). Moreover up(6,€e) > ¢ > 0 and, if rn(0,e) is
the curvature radius,

rn(0,e) ' >¢c>0. (2.45)

2. If le] <€ and p'= up(0,e)e-(0), then
0<c1 <Ven(@) é.(0) <co. (2.46)

S If p < pp = 2%5 and |e| <€, then

-

2n
n<4, kex®(e), i=1,....2n, = 1> ki <2m. (247)
=1

Remark. Lemma 2.1 says that, under the smallness and smoothness properties
(2.38) and under the symmetry assumption (2.40), the qualitative and quanti-
tative properties of the dispersion relation on scale h are the same as the free
one. From the proof below it will become clear that, if Uy is small enough, then
the constants €, ¢, c1,ca can be chosen equal to: € = €9/2, ¢ = /2, ¢; = /2
and cy = 3¢5 /2.

Proof. Given hg < h < 0, we can write g, (k) = EO(E)—i-Z?:hH(aj_l(E)—aj(ﬁ)).
From this identity and the inductive assumption (2.38) we soon find, if ¢y < 1,

0
len(k) —eo(B)] < ColU] Y lilv™ < GylUl

Jj=hg
. . 0
Ven(k) = Veo(k)| < 201|U| Y ~lj| < CilU], (2.48)
Jj=hg
0 h,;+3
107 1,0 (k) = Of g c0(B) < ColUL [IU] Y 1il+ D 1dl| <4Caco,
Jj=hz+3 Jj=h+1

19



where hy = min{j > h+1: C;l(wﬁ_l,/z) > 0} and we used that C;l(wﬁ_l, k)

= 1if j > hg +3 and that /%77 < 3. The first two bounds in (2.48)
show that e, (k) and Ve, (k) are close within O(U) and O(U?) to o(k) and
650(15) respectively. This properties and the validity of properties (1)—(3) in
the unperturbed case h = 0 guarantee that the equation ej,(k) — = e can
be inverted for h < 0 if e is small enough (as it follows from an application
of implicit function Theorem). Then the set of vectors X" (e) defines a closed
curve enclosing the origin (and symmetric around it, because of the remark after
(2.41)), close to X (e) within O( ). Also, the third bound in (2.48) implies
that the second derivatives of ey, (k ) are close to the second derivatives of gq(k )
if co small enough. This means that X" (e) is convex (since so X(9)(e) is) and
rn(0,¢e) = ro(0,€) + O(cZ) (because the curvature radius rp, (6, €) is computed in
terms of the first two derivatives of ej,(k)) and the Lemma is proved. ®

In analogy with the definitions corresponding to the unperturbed dispersion
relation £o(k), we call E(h) = x(")(0) the Fermi surface on scale h and we put
un(6,0)E,(0) = 5 (6) and up,(0) = un(6,0) = |7 (6)].

We conclude this section by listing some more properties of Fj (k) and of
G (k) following from the inductive assumptions (2.38). First of all, by pro-
ceeding as in the proof of Lemma 2.1, we see that (2.38) imply that

|En(k) = Eo(k)| < CglU]
|0, En(k) — 0, Eo (k)| < Ci|U,
|3ki15kith() Ok; ak Eo(k)| < Cheo s (2.49)
|Okiy -+ Ok, Br(k) = Oy, - Ok, Bo(k)| < Cp|U|[AYE™" . n>3

with ¢y = |hg|Up small enough.

Finally, let us consider the propagator ¢ (k) in (2.28). By putting Ej,_1 (k)
= Ep(k) + (Er-1(k) — Exr(k)) and by expanding Ep (k) at first order in kg, we
see that the propagator ¢ (k) in (2.28) can be rewritten as

~(h) K) = _ fh(k) _ ]
§r ) —iko[1 + an(k)] + en(k) + ra(k) — p 7 (2.50)

where, if J, is defined as in (1.8),

an(k) = i0p, En(—=, k) . (2.51)

T
ﬁ )
By the second of (2.40), we sce that a, (k) is real. Moreover both aj, and the
rest 7, can be bounded using (2.38) and (2.49); we find that there exists C' > 0
such that |ax(K)| < C|U| and |rj, (k)| < C|U||h|y?" for any k in the support of
frn(k). This implies in particular that, under the inductive assumption (2.38),
the scale hg defined in (2.33)) is finite and larger than [log, (7/2e0f)], if U is
small enough. Moreover, by using the definition of f5(k) in (2.29), one can
easily see that there exists K > 0 such that

k) #£0 = K ley" <|ko| + [en(k) — ul < Keoy" . (2.52)
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In particular, if f,(k) # 0, we can write k = up (0, )&, (0) with e = (k) —
and |e| < Kr"e.

2.5 The sector decomposition.

The smoothness properties of Ej, (k) and the symmetry and convexity proper-
ties of the Fermi surface described in previous subsection allow for a further
decomposition of the propagator g(h)(k) that is convenient for explicitly per-
forming the bounds on the kernels of V(®): as in [BGM] we decompose the
field ¢(<") by slicing the support of C’,:l(k) as follows. As in section 2.3 of
[BGM], we introduce the angles 0., = m(w + )7 "2 with w an integer in the
set O, = {0,1,...,y~(=1/2 _ 1} (recall that v = 4). Correspondingly we
introduce the functions (3 ,,(0) with the properties:

™
0= 6null < T0"2 = Guu(®) =1

3T
10 = Onoll > 7"2 = Chu(®) =0 (2.53)
> Gw®) =1, VOeT
w€eOy,
where || - || is the usual distance on T*.

We also introduce the support function Fj, (k) = fr(k)(h,w(0), where, if
k = (ko, k), then 0 is the polar angle of k. We shall call the functions F, (k)
the anisotropic support functions and the indices w € Oy, the anisotropic sector
indices (the name recalls the fact that the support of F}, (0, k) is a geometric
set that is “wider” than “thick”; it is O(y"/?) “wide” in the direction tangential
to the Fermi surface and O(7") “thick” in the normal direction).

Given any k belonging to the support of F}, .,(k), we put

k= (Ohw) + Kin Onw) + Ko7 (Onw) = P (On.0,) + & (2.54)

where, putting €;(0) = (—sinf,cos0), the vectors 73(0) and 7i;,(0) are defined
as

-1

7(0) = d—(h)(e) dﬁ(}f)(ﬁ) :u%(0)€T(9)+uh(9)€t(9)
b ] b NoAGEET R
ino) = wl0e0) —u0)E0) s

ul (0)2 + un(0)2

Using (2.52) and (2.53) it is easy to realize that |k}| < Cy" and |k}| < Cy"/?
for some constant C; see Lemma 7.3 of [BGM] for details.
Using the decomposition (2.54), we can rewrite

P = Z eizpF)(Ohw)ww)(chgi . P(dy™) H P(dypM) |, (2.56)

w€eO, w€eO,
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where P(dwgh)) is the Grassmannian integration with propagator

Z / / dk/ kozoJrk,_‘) Fh w(kl + p%)(oh W))
k R —’Lko + En_ 1(k/ + p(h) (eh,w)

.
)

) -
(2.57
(h) def . (h) . .
where we defined pj’ (0h,.) = (0,0 (On,w)). We insert the decomposition (2.56)
into the r.h.s. of (2.30):
/PEh e L (dyph )exp{ D) (p(Sh-D | Z pTip AN h)i)}
w€eOy,
(2.58)

and in this way we induce a decomposition of the kernels of V(*~1) into a sum of

contributions labelled by the choices of the sector labels of the integrated fields

,(ch()fiw, see next section for a description of this further decomposition of the

kernels of V(h=1),

The bounds on the (decomposed) kernels of V*~1) are based on the following
key bound on the asymptotic behavior of gfuh)(x).

Lemma 2.2 Let us assume that the bounds (2.38) are wvalid and that ¢y =
|hg|Uo is small enough. Given hg < h <0 and w € Oy, let us put

T = :Ellﬁh(ohyw) + 117/27?}1(9}1&)) (259)

Then, given M > 1 and N > 2, there exists a constant Cpr,n such that

Cuny3"
1987 (x)] < = (2.60)
(14 (3"ldg(wo)| + 7"t NM][1 4+ =" (v a5 ) V]
where dg(zo) = fr 1 sin(wB o).
Remark. The bound (2.60) implies that
[axlxt g6l < c0 20, 261

that will be widely used in the following. In order to prove (2.61), it is sufficient

to consider the integral obtained by substituting |x|? with (1/|dg(z0)|? + |2 [?)7-
|75|72, j1 + j2 = j. This integral can be bounded by choosing M > 3 + j; and
N =2+ js in (2.60) and by doing the rescalings xo — vy, o — v~ P! and
aly — P02t/ G242) gl one gets a bound proportional to 7Pk with

a;j=1/2+G+1)?/(+2)<j+1

Proof. The key remark in order to get the bound (2.60) is the followmg If
k = (k:o,k:) belongs to the support of Fy ,(k), w € Op, and we write k=

]5(;) (Hh,w) lnh(é'h w) + k27'h(9h7w), then
OE_1 (k)
ow;

‘ <Cy7 (2.62)
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-,

for some constant C. In fact, if k = (ko, k) belongs to the support of Fj, ., (k),
we can write Ej,_1(k) = e5,(k) + (En_1(K) — En(K)) + (Ep (k) —en, (k) where, by
the properties described in previous section, ‘(?ké [(Eh—1(k)— Enr(k))+ (En(k) —
ah(E))H < O~". Moreover it is easy to prove that Ok, en(k) = O(v"/2). In fact we
have Vep (k) = [Ven(k)|7n(0, €) where [Ven (k)| = O(1), e = en(k) —p = O(y"),
0 is the polar angle of k and i, (6, €) is the outgoing normal vector at (" (e)
in k. Furthermore || — 6}, .|| = O(y"/?) so that

den(K)
ok,

Ven(k)|iin (0, €) - Fu(0nw) = [Ven(k)|n(0) - 7(0nw) + O(4") =
= |Ven(k)|sin(0 — 0h..) + O(Y") = O("/?) (2.63)

and (2.62) follows.
The bound (2.60) is simply obtained by integration by parts and dimensional
bounds on the integrand and on the measure of the support. First of all, note

that by the compact support properties of Fy (k) it holds that |g£,h)(x)| <

Cr3h, for some constant C. In order to bound |(a:’2)Ng£)h)(x)| with N > 2, by
integrating by parts with respect to k}, we rewrite:

1 dEI —i(kozo+k %
|($I2)Ng£;h)(x)|:}g Z /(27T)26 (kozo+k )a]]c\g .

koE'D;—}

Fho(K + P (0h)) 1. (2.64)

—iko + En_1(k' + p (0h)) —

Using (2.62), (2.49) and the fact that the n-th order derivative of ¢ ., (6) is of
—nh/2 Fh,,w(k’er;ﬂh)(eth)) } — —Nh
—iko+Eh71(k’+p(}")(0h,w))—u O(FY )
for N > 2 and any k' in the support of F, (k' + pgf) (0h.,.)); this implies that
|(x’2)Ng£,h)(x)| < Cny2hy="V=1) for some constant Cy.
Similarly, using the bounds (2.49), we find that, given N > 0,

order y , it is easy to see that 8,?/7 [
2

[ds(20)]V gl ()| < Cnuy 2y =N (@) gV (x)] < Cny By (2.65)

Combining (2.65) with the analogue bounds on |g£)h) (x)| and |(a:’2)Ng£)h) (x)| we
find (2.60). m

Note that g&h)(x) is approximately odd in x: in fact gfdh)(O) admits an im-
proved dimensional estimate with respect to the bound (2.60), as expressed by
the following Lemma.

Lemma 2.3 Let us fit h <0 and w € Op. Then

190 (0)] < Cy2" (2.66)
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Remark. Note that the bound (2.66) on the size of g&h)(O) is 4" smaller than
the bound on the size of g&h)(x), see (2.60).

Proof. The propagator gfuh)(()) can be written as

fn(ko, pe(9))
L+ a(0)] + ea(p) + O(coy?h)

98"(0) = / A0 (0) / dkopdp (2.67)

where, referring to (2.50), a(f) = an(un(0)é-(0)) and eg(p)Len(pe,(6)) —
en(un(0)er(0)) (note that eg(un(f)) = 0 and ey(up(f)) = O(1) uniformly in
#). The bound on the error term in the denominator in (2.67) comes from
the bounds on 75 (k) and an(k) discussed after (2.50). Similarly we find that
fu(ko, per(0)) = fu(VES[L + a(0)]? + eo(p)?) + [ (ko, pér(6)), where

fu(t) = Ho(y"t) — Ho (v ") (2.68)

and ff*(ko, pé-(0)) is an O(y") function, vanishing outside a region slightly
larger than the support of fy(ko, pé-()). Replacing in (2.67) f, with f + f{f
and using that the error term in the denominator is O(coy?"), we find that

Fn(VE[L+ a(@)]® + eo(p)?)
—iko[1l + a(0)] + es(p)

() = [ d61..(0) [ dhopdp LR (2.69)
where the rest R{" is dimensionally bounded by |R£,h)| < eysh,

Now, for any fixed 6, we can use Dini’s theorem to invert the relation eg(p) =
e into p = p(e), and we can rewrite the first integral in the r.h.s. of (2.69) as

L (VK +a@) +e*)
/ L) / dkop(e)de 7S —z’kz[Ha(@)] te

(2.70)

Note that on the support of fh we have e = O(y"), so that we can rewrite
ple) = up(d) + O(y") and ey(p(e)) = ej(un(d)) + O(v"), where uy(f) and
ep(un(#)) are bounded below and above by positive O(1) constants, uniformly
in 6. Then (2.70) is equal to

1 fh(\/k2[1+a(6‘)]2+e2) 5
/ B (O)n6) [ a0 LOMEY (@71)

and, since the first integral is zero by oddity, the Lemma is proved. ®

In order to perform the inductive bounds, in the following it will also be
convenient to introduce, besides the anisotropic sector functions, the isotropic
ones, defined as follows. We introduce the angles 0, o = 7(@w + 3)v", with @ an

integer in the set O = {0,1,...,7~ (=1 — 1}, and the functions (), ;(f) with
the properties:

_ e _
10 — Onoll < ZWh = Ch,w(e) =1
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_ 3T _
10 — Onoll > Zv" = (a(d) =0 (2.72)
> Che®)=1, VOeT'.

We also introduce the support functions Fi (k) = fu(k)(), 5 (6), to be called
the isotropic support functions. From now on we shall use the convention that

we shall denote all the quantities associated with the isotropic sectors by symbols
obtained by overlining the symbols for the corresponding quantities associated
with the anisotropic sectors.

Given any k belonging to the support of F, ;(k), we put
k=0 Ona) + K (2.73)

where ¥ = O(y"). Correspondingly we can decompose g(") (k) into a sum of
isotropic propagators:

06 = 3 e T
weO0y,

95 (x) = Z / / dk/ ~ilkowo k7).
k €D YT

Frok + P2 0h.0))
h B = (2.74)

ko + Ep (K + ) (Bne)) —
with géh)(x) satisfying the following analogue of Lemma 2.2 and of Lemma 2.3
(to be proven via a repetition of the proof of Lemma 2.2 and Lemma 2.3).

Lemma 2.4 Let us assume that the bounds (2.38) are valid and that co =
|hg|Uo is small enough. Given hg < h <0 and@w € Oy and N > 0, there exists
a constant Cn such that

2h
—_(h) Cny
[ < g 2.75
70O = TG o+ 7D (275)
Remark. (2.75) implies the analogue of (2.61):
[axix g6l < € L0, (276)

Note that the dimensional bound on the integral of an isotropic propagator is
the same as the bound on the integral of an anisotropic one.

Lemma 2.5 Let us fix h < 0 and @ € Oy. Then

787 (0)] < Oyt (2.77)
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Remark. Note that the bound (2.77) on the size of §f:,h)(0) is 7" smaller than
the bound on the size of g(h) (x), see (2.75).

w

2.6 The tree expansion.

In this section and in the two following ones we shall describe the expansion for
the effective potential V") and the inductive bounds we use to prove conver-
gence of the expansion for the free energy, under the smoothness and smallness
assumption (2.38) and under a smallness assumption on A\, (X) to be stated in
a precise form below. In particular we shall summarize the bounds described
in [BGM] in a form adapted to the present case and suitable for proving the
improved dimensional bounds on Ej, (k) (i.e. allowing for an inductive proof of
(2.38), see next Chapter).

Our expansion of VM), 0 > h > hg, is obtained by integrating iteratively the
field variables of scale j > h+1 and sector index w € O; (for the moment we do
not consider isotropic sectors; they will be introduced in next Chapter in order
to optimize the bounds) and by applying at each step the localization procedure
described above. The result can be expressed in terms of a tree expansion,
very similar to the one described in [BGM]. For completeness we list here the
definition of trees. See Fig.1 for an example of a possible tree appearing in the
expansion for the effective potentials.

U<//< |
r v /\,

<

| n

h h+1 hy -1 0 +1

Figure 1: : an example of tree.

1) Let us consider the family of all trees which can be constructed by joining
a point 7, the root, with an ordered set of n > 1 points, the endpoints of the
unlabelled tree (see Fig. 1), so that r is not a branching point. n will be called
the order of the unlabelled tree and the branching points will be called the non
trivial vertices. The unlabelled trees are partially ordered from the root to the
endpoints in the natural way; we shall use the symbol < to denote the partial
order.
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Two unlabelled trees are identified if they can be superposed by a suitable
continuous deformation, so that the endpoints with the same index coincide.
It is then easy to see that the number of unlabelled trees with n end-points is
bounded by 4™.

We shall consider also the labelled trees (to be called simply trees in the
following); they are defined by associating some labels with the unlabelled trees,
as explained in the following items.

2) We associate a label h < —1 with the root and we denote by T, the
corresponding set of labelled trees with n endpoints. Moreover, we introduce
a family of vertical lines, labelled by an integer taking values in [h, 1], and we
represent any tree 7 € T, so that, if v is an endpoint or a non trivial vertex,
it is contained in a vertical line with index h, > h, to be called the scale of v,
while the root is on the line with index h. There is the constraint that, if v is
an endpoint, h, > h + 1.

The tree will intersect in general the vertical lines in set of points different
from the root, the endpoints and the non trivial vertices; these points will be
called trivial vertices. The set of the wertices of 7 will be the union of the
endpoints, the trivial vertices and the non trivial vertices. Note that, if v; and
vy are two vertices and vy < wva, then hy, < hy,.

Moreover, there is only one vertex immediately following the root, which
will be denoted vg and can not be an endpoint (see above); its scale is h + 1.

Finally, if there is only one endpoint, its scale must be equal to h + 2.

3) With each endpoint v of scale h,, = +1 we associate one of the monomials in
(2.16) contributing to V(°) and a set x,, of space-time points (the corresponding
integration variables); with each endpoint of scale h, < 0 we associate a con-
tribution of type A, that is a contribution of the form (2.26), with h = h, — 1,
and the corresponding set x, of space-time points. We impose the constraint
that, if v is an endpoint, h, = h, +1, if v’ is the non trivial vertex immediately
preceding v.

Given a vertex v, which is not an endpoint, x, will denote the family of all
space-time points associated with one of the endpoints following v.

4) If v is not an endpoint, the cluster L, with scale h, is the set of endpoints
following the vertex v; if v is an endpoint, it is itself a (trivial) cluster. The tree
provides an organization of endpoints into a hierarchy of clusters.

5) The trees containing only the root and an endpoint of scale h+ 1 (note that
they do not belong to 75,1 ) will be called the trivial trees.

6) We introduce a field label f to distinguish the field variables appearing in
the terms associated with the endpoints as in item 3); the set of field labels
associated with the endpoint v will be called I,. Analogously, if v is not an
endpoint, we shall call I, the set of field labels associated with the endpoints
following the vertex v; x(f), e(f) = £ and o(f) =1J will denote the space-time
point, the creation/annihilation index and the spin index, respectively, of the
field variable with label f.
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In terms of these trees, the effective potential V"), h < 1, can be written as

VO HED) 4 LBF =3 3 V(s (2.78)

n=1 Te7—h,n

where, if vy is the first vertex of 7 and 71,..,75 (s = $y,) are the subtrees of 7
with root vy, V(h)(T, w(gh)) is defined inductively by the relation

(-1

ph) (T, 1/}(§h)) — '
s!

Ea VD (o, pSPHD) YD) (g, g(ShH]
(2.79)

and f;(h+1)(7i7¢(§h+1))

a) is equal to RV (7, 4p(ShH1D) if the subtree 7; is not trivial;

b) if 7; is trivial and h < —1, it is equal to £,V or, if h = —1, to one of
the monomials contributing to V() (4)<0).

S,al denotes the truncated expectation with respect to the measure P(dip("+1)),
that is

0

P
r _— — H A1)\ A X1+ Ap X,
gh-i—l(le"'vXp):mlog/ . P(dw(.(u ))6 141 pp .

(2.80)
This means, in particular, that, in (2.79), one has to use for the field variables
the sector decomposition (2.56). The sector decomposition induces a further
decomposition of the functions VM (7,4(<M) in the r.h.s. of (2.78) and in order
to describe it we need some more definitions.

We associate with any vertex v of the tree a subset P, of I,, the external
fields of v. These subsets must satisfy various constraints. First of all, if v is
not an endpoint and vy, ...,vs, are the vertices immediately following it, then
P, C U;P,,; if v is an endpoint, P, = I,. Given a vertex v, |P,| = 2 is not
allowed and vertices v with |P,| = 4 are necessarily endpoints. We shall denote
@y, the intersection of P, and P,,; this definition implies that P, = U;Q,,. The
subsets P,,\@,,, whose union Z, will be made, by definition, of the internal
fields of v, have to be non empty, if s, > 1. Given 7 € Tp, 5, there are many
possible choices of the subsets P,, v € 7, compatible with all the constraints.
We shall denote P, the family of all these choices and P the elements of P-.

Moreover, we associate with any f € Z, a scale label h(f) = h, and an index
w(f) € Opn(y).- Note that h(f) and w(f) single out a sector of scale h(f) and
sector index w(f) associated with the field variable of index f. In this way we
assign h(f) and w(f) to each field label f, except those which correspond to the
set P,,; we associate with any f € P,, the scale label h(f) = h and a sector
index w(f) € Op. We shall also put, for any v € 7, Q, = {w(f), f € P,}. We
shall call O, the family of possible values of Q = {w(f), f € U,I,}.

With these definitions, we can rewrite V") (7,4(S?) in the r.h.s. of (2.78)
as:

V(h)(T, w(Sh)) = Z y (,P,Q),
PeP. . QcO.
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V(7 P,Q) = /dxvoz/}(<h( DE® Y (x,,) (2.81)

where

<h) ie(F)Pw) (On.w(1)E),, (Sh)e(f)
fH < DP BTNy END o (2.82)
epP,

and K f,h;,r 3 (Xy,) is defined inductively by the equation, valid for any v € 7
which is not an endpoint,

K8l (xu —S,H KD (0c,)] €0 IR (P \Qu)s -, 00 (P, \Qu, )

(2.83)
where Q; = {w(f), f € P,,\Qu, } and ﬁgﬁ”)(Pvi\Qvi) has a definition similar to
(2.82). Moreover, if v is an endpoint and h, < 0, Kl(,h”)(xv) = A, —1(Xy), while
if by = +1 K s equal to one of the kernels of the monomials in (2.16).

(2.78)—(2.81) is not the final form of our expansion; we further decompose
V(M (7, P,Q), by using the following representation of the truncated expectation
in the r.h.s. of (2.83). Let us put s = s,, P; = P,,\Q.,; moreover we order in an
arbitrary way the sets PX = {f € P;,e(f) = £}, we call fi their elements and
we define x = Upepx(f), ¥ = Uppex(D). iy = x(fi). iy = x(f5).
Note that > ;_, |P7 | = >i_, |P;"| = n, otherwise the truncated expectation
vanishes. A couple | = (f;;, f;,rj,) = (f;, f;") will be called a line joining the
fields with labels f, fl,J,, sector indices w; = w(f;), w;r = w(ffr) and spin
indices o, = o(f;), ol"’ = o(fl ), connecting the points x; = x; ; and yl Yi'j
the endpoints of . Moreover, if w;,” = wl+, we shall put w; = w;” = wl Then, 1t
is well known [Le, GM] that, up to a sign, if s > 1,

ELWDS(PL), ., 05 (Py)) =
= S TTa 00 308, by or [ dPr®) et GMT (), (25)

where - "
g&h) (x) — e_lpF(Gh,w)mngh) (x) (2.85)

and T is a set of lines forming an anchored tree graph between the clusters of
points x" Uy that is T is a set of lines, which becomes a tree graph if one
identifies all the points in the same cluster. Moreover t = {t;» € [0,1],1 <
i, < s}, dPr(t) is a probability measure with support on a set of t such that
ti,y = u; - uy for some family of vectors u; € R* of unit norm. Finally Gh’T(t)
isa(n—s41) x (n— s+ 1) matrix, whose elements are given by

Gliry = b 38 (Xij = Yiry) )8 (2.86)

7wl

with (f;, f;rj,) not belonging to 7.
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In the following we shall use (2.84) even for s = 1, when T is empty, by
interpretlng the r.h.s. as equal to 1, if |P;| = 0, otherwise as equal to det G =
ET (DM (Py)).

If we apply the expansion (2.84) in each non trivial vertex of 7, we get an
expression of the form

(<h (h
% h) T P, Q Z /dxvow( ) Uo) leQ\Quo,T(XUU) = Z V(h)(TapaﬂaT)
TeT TeT
(2.87)

where T is a special family of graphs on the set of points x,,, obtained by
putting together an anchored tree graph T, for each non trivial vertex v. Note
that any graph 7' € T becomes a tree graph on x,,, if one identifies all the points
in the sets x,, for any vertex v which is also an endpoint. Given 7 € T, and

the labels P, ), T calling v, ..., v} the endpoints of 7 and putting h; = hyr,
the explicit representation of w! F), 2N\, T(XU()) in (2.87) is
1
Wrp a\a,,,7(Xu) lH Kh (Xo7 1 { H o /dPTU (tv)
notve.p. Y
. o, Ty g(ho) (5, —
det G (tv)[lg Ot o O o 851 (31 yl)]]} ; (2.88)

2.7 Modification of the running coupling functions.

Let us consider the expansion described in previous section and let us remark
that, thanks to momentum conservation and compact support properties of
propagator Fourier transforms, V" (7, P, Q) vanishes for some choices of €.
In the following bounds it will be crucial to take into account this constraint,
and for this reason we introduce a different representation of the running cou-
pling functions A, in order to include in the new definitions the momentum
constraints on the external lines of the corresponding vertices.

We define, for any h < 0 and w € Oy, the s-sector S, as

Shw = 1k = p2,(8) € R? : |en (k) — pl <~ €0, Chw(6) # 0} (2.89)

Remark. Note that the definition of s-sector has the property, to be used ex-
tensively in the following, that the s-sector Spi1,, of scale h + 1 contains the
union of two s-sectors of scale h: Sp41.4 2 {Sh,2w U Sh,2w+1}. This follows from
the definition of (j,, and the inductive assumption on Ej,(k), see (2.38), to-
gether with the fact that v = 4 (so that v/2 = 2). Moreover S}, 2., and Sp, 2011
are the two only sectors on scale h strictly contained into Sp41 -

We now observe that the field variables z/Jk f”)"j((fj)) ) have the same supports

as the functions C vo( (f)) Choy () (0(f)) and h(f) < h;—1,Vf € Pyx; hence in
the expression (2.88), we can freely multiply K (kvz) by [1ep,. Fhi,l_@(f)(/%’),
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where Fhw(ﬁ) is a smooth function equal to 1 on Sy, and with a support
slightly greater than Sy, ., while @(f) € Op,—1 is the unique sector index such
that Sp(5).w(s) € Shi—1,6(r)- In order to formalize this statement, it is useful to
introduce the following definition.

Let G(Z) be a function of 2p variables & = (&1, ..., Z2,) with Fourier trans-
form G(k), defined so that G(Z) = [ dk(2r)~* exp(—i 3.2, eik:#;)G(k), where
€1y.+-1Ep = —Ept1 = ... = —€2p = +1. Then, we define, given h < 0 and a
family w = {w; € Op,i =1,...,2p} of sector indices,

T dg —i NP ok
Fapna*O@) = [ e E0

G(E).  (2.90)

Hence, if we put p; = |Pp:[, Qur = {w(f), f € P, } and we define
Kl o, 050) = (Sponvo,. # KD () (2.91)

we can substitute in (2.88) each K (xyr) with f(ﬁi)ﬂv* (xv7), to be called the
modified coupling functions. In par‘;icular, if v} islof ‘éype A, we shall denote
the corresponding modified coupling functions by the symbol Ap,—1.q,. (xvi*).
The smallness condition on A can be now stated in terms of S\hi_l)gu* (;{Ui“) as
follows: C

1 -
—_ * o ) < .
77 [ B Gl < €U (2.92)

for some constant C > 0.

We shall call Wif;?g%T(xvo) the expression we get from W.p o\q,  7(Xv,)

by the substitution of the kernels KZ}* (xy7) with the modified ones. Note that
(mod)

WT,P,Q,T(Xvo) is not independent of €,,, unlike WTﬁpyg\vaT(xvo), and that
Wig?g?T(xvo) is equal to Wy p o\q,, . 7(Xv,), only if |Py,| = 0; however, the

previous considerations imply that, if pg = | P,,| > 0,

(gpo,h,ﬂw) * Wf“;"é)T) (%) = (3;90,}1,9% * WT,P,Q\QvO,T) (Xug) (2.93)

a trivial remark which will be important in the discussion of the running coupling
functions flow in next Chapter.

2.8 Bounds for the effective potentials and the free energy.

In order to explicitly keep track of the constraints satisfied by the sector indices
), which is crucial for performing the dimensional bounds on the free energy,
we introduce the following constraint functions. Given a tree 7 € 7T}, ,, with all
its labels, a vertex v € 7 and the set of anisotropic sector indices 2, = {w(f) €
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On(y), [ € Py} labelled by P,, we define

(Y € P, 3K(f) € Snipratr) t Syen, RS =0), [P <8

1, |P,| > 10 .
(2.94)

X(Q'U) =

The previous considerations and (2.35) imply that

0 00
Frg<F+ > (t+d. > Y Y 1% p1)|, (2.95)

h=hg n=17€Thn PEPr TET
with
F % mod
TP = 3 [mev)] [ o) W] - (296)
aaein b

where x* is an arbitrary point in x,,, € O, and, if 2l = |P,,| > 0 and
0 < F <2, QEQ C €, is an arbitrary subset of the sector indices in 2, of
cardinality F, |Q(65t)| = F: in particular, if [ = 0 or F =0, 29\9252607 coin-

cides with » o, . Note that we could freely insert [ [, x(£2,) in (2.96), because
of the constraints following from momentum conservation and the compact sup-
port properties of propagator Fourier transforms; here we used that umklapp
processes are impossible if |P,| < 8 (because of the condition on p chosen in
Theorem 1.1); for vertices with |P,| > 10 we discarded any possible constraint
coming from momentum conservation (modulo 27Z?).

The following Theorem will be the starting point of our analysis.

Theorem 2.1 Given hg < h<0,7 € Thn, P P., T €T, if E;(k) satisfies
(2.38) for any j > h, Ap,.—1,0,. Satisfies (2.92) for any endpoint v* € T and
Uol|hg| = ¢o is small enough, then

JOERT) < (fulyye-iPab T Lypind,
v not e.p. ¥’
(1) n o h(3—21Pu ) L sp.
Jun(T P T) < (U] ETE Pl T =y ., (2.97)
v not e.p. U’
where
5(p):1—§+11(p210). (2.98)

Remark. By construction, clusters with |P,| = 2 are not allowed, and clusters
with |P,| = 4 are necessarily endpoints. Then the exponent 6(|P,|) appearing in
(2.97) is always < —1/2 and, as a consequence, it can be easily proved that the
sums over P and 7 in (2.95) converge exponentially, see [BGM], so that the sum
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in the r.h.s. of (2.95) is absolutely convergent and, under the assumptions of
the Theorem, limy,_,, Fr, g does exist and is O(U). This proves the first claim
in the Remark following Theorem 1.1.

In the remaining part of this section we shall give the proof of Theorem
2.1, already presented in section 2.7 of [BGM] (see in particular eq. 2.101) in a
slightly different case and with a smallness condition on the \j, different from
(2.92) (but dimensionally equivalent). Moreover, the proof will be presented
here in a form convenient for performing the improved dimensional bounds on
Ej(k) in next Chapter.

Proof. We shall describe the proof in the case that all the endpoints are of
type A. A posteriori, it will be clear that the possible presence of endpoints of
scale +1 with p > 6 external legs (produced by the ultraviolet integration, see
Appendix A) does not qualitatively change the argument.

We begin with considering the case F' = 1. By using the definition of
Wr(j;?gz),:r(xvo) and the expression (2.88), we can bound the r.h.s. of (2.96)
as

/ H d(x; —y1) [H|Xhi—1,m; (Xv:»‘)q :

leT*

5 [mev)

awe®, Lv

1
{ H S—MH%?X|detGh“’T”(tv)| H |9gfv)(xl _yl)|} ; (2.99)

notve.p. leTy

where T is a tree graph obtained from T' = U,T,, by adding in a suitable
(obvious) way, for each endpoint v}, i = 1,...,n, two lines connecting the four
space-time points belonging to x,».

A standard application of Gram—Hadamard inequality, combined with the
dimensional bound on g&h) given by Lemma 2.2, implies (see eq.(2.80) of [BGM]
and related proof) that

| det G v (t,,)] < Do Poc|=1Pol=2(s0=1) - o § (300, 1Pug=IPul=2(s0 1)
(2.100)
By using the bound (2.61) with j = 0, it also follows that

1 . 1 o
1 S_v!/Hd(Xl—yz)Igw'f”)(XI—yz)léc I e

vnot e.p. IET, vnot e.p. U’
(2.101)

The smallness assumption (2.92) on the size of Ay, 1., implies that

/ II -]l |Xhi71,£2v; (xo:)| < (ClUD™. (2.102)

1ET*\U, T, i=1
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Finally, as we shall explain below, by suitably taking into account the constraint
functions x(S(Py)), the sum over the choices of the sector indices gives

> II (X(Qv) II 5@,%) < (2.103)

Q\Qi.}n)r vET LeT,

< Py R H ,Y[—;m4<v>+%<|Pv|73>11<4§|Pv\ss>+%<\&\71>11<\Pu\210>]
v . p.

)

where my(v) denotes the number of endpoints (all of type A, by hypothesis)
following v on 7. It is straightforward to check that Theorem 2.1 in the case
F =1 follows by combining the bounds (2.100), (2.101), (2.102) and (2.104).

If F =0 and |P,,| > 0, the Theorem simply follows by the remark that the
r.hus. of (2.96), that is of the form 3 " [- - -] can be rewrittenas 3, <o, >oavw, [ ];

where w; is an arbitrary sector index in €2,,. Now, the sum } ¢, [--] can be
bounded as in the second line of (2.97), the first sum Zwleoh gives a contri-
bution O(y~"/2) and the first line of (2.97) follows. If |P,,| = 0, the proof of

(2.104) shows that the same bound is true if the sector Qéi)t is substituted with
a suitable internal sector; hence the Theorem follows by the same remark as
before.

Let us now describe the proof of (2.104), that will be the starting point of
the proof of the improved dimensional bounds on E},(k), to be described in next
Chapter.

Let us first note that, by the definition of s—sector S}, ., and by the properties
of Ey(k), the following crucial property is true:

given w € Oy, and the s—sector Sh,,, for any j > h there is a unique W' (j;w) € O;
such that S; . (j.w) D Shyw-

This property allows us to give a meaning to the following definition. Given
T € Thon, P € Pr and v € 7, we introduce the symbol ng) to denote the set

OF ={w(f), fe Py : h(f) 23Ul Giw(f), fE€P, : §>h(f)}=
= (W} € Oy, ] € P}, (2.104)

where the last identity defines the scales j;j ) and the sector indices w}j ), fepr,.

The definition (2.104) implies in particular that Q, = Q™. With reference to
definition (2.104), in the following we shall also denote:

(@) = 1V € Py 3R() € Sj0 o = Y (DR =T) . (2.105)
fePs

Note in particular that:

(W) < y(QF) if  j<k. (2.106)



Given 7 € T, we define the set V() of c—vertices of 7 as the set of vertices v
of 7 which either are endpoints or have the property that their set Z, of internal
lines is non empty?; in the following we shall often drop the dependence on T
(when it is clear from the context). Note that by definition, if 7 € T, , then
[Ve(7)| = O(n) and it holds [],c, x(Q) = [[,ev. X(22). Moreover, using that

Q, = Qg,h), we see that we can replace the product J], ., x(€2,) in the Lh.s. of

(2.104) by [T ey, x(24").

We now begin to inductively bound the Lh.s. of (2.104); first of all we shall
bound the sum corresponding to the first c—vertex following the root; then we
will iteratively enter its structure. After each step we will be left with a product
of sector sums of the same form of the initial one, but on larger scales.

We call 0y the first c—vertex following the root and hg = hg, (the scale label
of the legs belonging to Tj,); using (2.106), we find

[T x@) <x@®y [ x@). (2.107)

veEV, v>00,vE Ve

Substituting (2.107) into the Lh.s. of (2.104), we find

> II <X(95h)) II (L;,%) < (2.108)

Q\Q(elm)t veVe LeT,

<Y | X x@)] Y T @) I -

ol ol 1o O\ Q) v>T0,0EVe leT

where Qg;) =< Qg;o) means that the indices in Qg{j) satisfy the following con-

straint: given f € P, and the corresponding index w;h(’) € Oj<h,(,) of Qgg"), then
: f
. h h) .
the index o.); ) € Oj;m of ng) is such that Sj;h,))w](ch,) C Sj;h,o)ﬁw;}z,o). The symbol

* on the sums in the second line means that the sector index in Qéi)t, associated

to one of the fields in Py, (say to the field fo € Pj,), is not summed over.
By the sector counting Lemma (see Lemma C.1 in Appendix C), the sum in

square brackets can be bounded, uniformly in Qg:"), as

*

Z X(Q(h)) < m(ho—h)[%umo|—3>ﬂ<4SIPaolss)+%(lPao\—1>11<\Pq;0|210>]

o <o) )
ol o)
(2.109)
so that the r.h.s. of (2.109) can be bounded by the r.h.s. of (2.109) times

i [ H X(Qghf)))} [Hawf»wf} , (2.110)
ler

UvQE;hO) v>00,vEV,

3With reference to the definition of x—vertices introduced in Sect.3.1 of [BGM], a vertex
is called a c—vertex if it is either an endpoint or a x—vertex. The prefix c— recalls that a
constraint function yx is associated to any c—vertex.
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where the * on the sum recalls again that we are not summing over the sector
index of fo € Pj,.

We will now prove that (2.110) can be reduced to a product of contributions
analogue to the Lh.s. of (2.109), with hy replacing h. In fact, calling 7, =

{v1, ..., vs;, } the set of c-vertices immediately following 9o on 7 and Qg;”) =
UU@OQSJ’“), we can rewrite (2.110) as
(ho) .

ST Y I v I o]

QU ves, 00\l w2vweVe 1€Uw>0 T

Yo

ho)
. H et 7“"1 Z H F ( ) H 6“”?"‘"17 . (2111)
l€T5, l(hO) vED, lE€T3,

Zo

The function F, (Qgho)), defined by (2.111), is the sum over the “internal sector
indices” of the product of the constraint functions corresponding to the vertex
v. Note that also the Lh.s. of (2.109) could have been written in terms of one

of these functions; the L.h.s. of (2.109) is in fact equal to Z;m) F,, (Qg,};))
v

We now choose as the root of T3, the vertex v; € ¥, such that fo € P,,;
then we select a leaf v* of Tp, and we call [* the branch of T3, anchored to v*.

Calling Q(f“{)* = Upe o ', we denote by Fy .- (24,\,-) the product of
the constraint functions corresponding to the set of vertices 7y \ v*:

- (ho) \def (ho)
Fopor @)= T F@8) I oo (2.112)

vED, \v* l€T5,\1*

so that we can rewrite (2.111) as

D Ot ur Z Fopor (00 ZFU* (), (2.113)

wlt u)l: 0\1; foio)

where the *x on the second sum means that we are not summing neither on wy,
nor on wy= and the * on the third sum recalls that we are not summing over wy».
Bounding the last sum by sup,, . E;(ho) Fyw (Q(ho)), we see that the last sum

v*

can be factorized out:

(2.113) Z Fopor (Q,.) s [ Z o (1) (2.114)

oho)

1/0\1; u*

It is now clear that we can iterate the same procedure by choosing another leaf
of Ty, \ I* and by factorizing out the corresponding contribution. At the end of
the procedure we reach the root of Tj, and we finally find that (2.110) can be
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bounded by
11 sup > F Q) (2.115)

vED, Y Qiho)

where w} is the sector index corresponding to the line of T5, entering v € ¥, if
v is not the root, or to lp, otherwise; the x on the sum E;um means that we
are not summing over wy,. ’

Now, if v € 9, is an endpoint, then the corresponding contribution in (2.115)
can be easily bounded by

3 RQ) < ey F (2.116)
Qq(_,h'o)

where we used again the sector counting Lemma C.1.
If v € ¥, is not an endpoint, the corresponding factor in (2.115) has exactly
the same form as the Lh.s. of (2.109), and we can bound it by repeating the

same procedure described above; then, proceeding by induction, we find (2.104).
]

Before concluding this section, let us state a generalization of the bound
(2.104), proved in Appendix D, that will be useful in the following.

Lemma 2.6 Given hg < h < 0 and a tree 7 € Ty, ,, with all its labels, let us

consider the sum
> 11 (X(Qv) II 5@,@) (2.117)

o\of) ver leTy

with F compatible with P, i.e. F < |P,,|. If F = 3, (2.117) can be bounded

by the r.h.s. of (2.104) times v% and, if F =5, (2.117) can be bounded by the
r.h.s. of (2.104) times y".
The same result is true if T is a trivial tree or T € Ty 1 and |Py,| = 4.

Lemma 2.6 allows to get the following generalization of Theorem 2.1.

Lemma 2.7 Given hg < h <0, 7 € Thn, P € P, T € T, if Ex(k) satisfies
(2.38) for any k > h, if An,.—1,0,. satisfies (2.92) for any endpoint v* € T and
if Uo|hg| = co is small enough, then

3) n _3|p, 1 g
IO@PT) < (Ut et ] et (7D

v not e.p.
5 n h(Z_3|p, 1 ;
TP T) < (Ul E D TT =02 g

v not e.p.

The proof of Lemma 2.7 consists in a repetition of the proof of Theorem 2.1,
unless for the fact that one has to use the estimates described in Lemma 2.6 in
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order to bound the sum over the sector indices. Lemma 2.6 guarantees exactly
that the analogue of the sum in (2.104) with 3 external fixed sectors is bounded
by the r.h.s. of (2.104) times a gain v*/? and the analogue of the sum in (2.104)
with 5 external fixed sectors is bounded by the r.h.s. of (2.104) times v", and
(2.118) follows.

2.9 The two point Schwinger function.

In this section we want to describe how to modify the expansion for the free en-
ergy described in previous sections in order to compute the two point Schwinger
function.

The Schwinger functions (2.10) can be derived from the generating function
defined as

W(¢) _ log/P(dw)eiv(w)Jrf dx[¢,t,a¢;,d+¢;a¢;,a] (2'119)

where the variables ¢5 , are Grassmann variables, anticommuting among them-
selves and with the variables 5 . In particular the two—point Schwinger func-
tion S(x —y) = S(x,0,—; y,0,+), see (2.10), is given by

62

Sx-y)= oo W(9) o (2.120)
x,0Py.o =

We start by studying the generating function (2.119) and, in analogy with the
procedure described in Section 2.2, we begin by decomposing the field v in an
ultraviolet and an infrared component: 1 = 1) 49)(<0) see (2.11). Proceeding

through the analogues of (2.13) and (2.14), after the integration of the 1)
variables, we can rewrite:

V(D) _ o~ LBFy5=0) (5) / Pay(<0).
7V(0)('¢'(<0)) B(O)(¢(<O) ¢ fdx [¢Inw(<0) +'¢’(<0)+¢ ] (2 121)

where S(Z9(¢) collects the terms depending on ¢ but not on (<% and
B© (¢ (=0) , @) the terms depending both on ¢ and (=0 at least quadratic in
0.

Proceeding as in Section 2.3, we can show inductively (see below) that for
any hg < h <0, "% can be rewritten in a way similar to the r.h.s. of (2.121)
(and analogous to (2.18)):

V(@) — o= LBFu+5 (¢) /th’Ch (dw(ﬁh)) ) (2.122)

oV @E)—BO @ EN )+ [ak[df QT REN T HETT QY 6]

)

where [ dk must be interpreted as equal to ﬁ ZkeDg,L and BM (y(=h) | ¢)

can be written as B;h) (=) 4 W%L), with Wg) containing the terms of third
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or higher order in ¢ and Béh) (¢ (S7) of the form

(h) (qy(Sh) (h) (4 (Sh)
/dx[ﬂsfo- % G(h+1) % 8V (w ) 8V (1/} ) *G(h+1) *¢:U:| +

oyt oS
2V (y(=h)y
+ h+1 h+1 -
+/dx{¢,7a $ GO ST g G g ] (2.123)
where
G (x) = Z 9" % QW (x) (2.124)
j>h+1

and chh) is defined inductively by the relations

1

I = oMY, G k), QW , (2.125)

with 7 (k) defined as in (2.23)—(2.24). Note that, by the compact support
properties of ¢ (k) and the bound in the first line of (2.38), it holds that (for
U small enough), if g™ (k) # 0, then §\) (k) = 0 for [j — h| > 2, so that

A =1 = (g "D QLY = A (gD (QETY L (2.126)
Hence, proceeding by induction, we see that on the support of §(") (k) we have
@ -1 <oulink, IRQY] < CulUliay T (2a27)

uniformly in k. In order to derive (2.127), we used the inductive assumption
(2.38).

Using (2.127) and the definition (2.124), it is easy to see that G(")(x) satisfies
bounds similar to (2.60) and (2.61); in particular, we find that

/dx|x|j GO (x0)| < Cyy=(+h (2.128)

For h = 0 the assumption (2.123) is clearly true (it coincides with (2.121)).
Assuming inductively that (2.123) is true up to a certain value of h < 0, we can
show that the same representation is valid for h — 1. In fact we can rewrite the
term V(") in the exponent of (2.123) as V(W) = £V 1 RY(P) using (2.21), and
we “absorb” the quadratic part of LV (the one in the first line of (2.23)) in
the fermionic integration, as explained in §2.3. Similarly we rewrite

0 9 R
T(Sh)i]’(“(tﬂ(gh)) =/dynh(x—y)wfg");+Wv<h>(w<ﬁh>), (2.129)

where V") was defined after (2.26). This rewriting induces a decomposition of
the first line of (2.123) into two pieces, the first proportional to nj, the second
identical to the first line of (2.123) itself, with V(*) replaced by V(*). We choose
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o “absorb” the term proportional to ny into the definition of Q™ and this
gives the recursion relation (2.125).

After these splittings and redefinitions, we integrate the field ¥, as in
Section 2.3, and we end up with an expression given by the r.h.s. of (2.123),
with h replaced by h — 1 and the inductive assumption (2.123) is proved.

For h = hg we define

€7L25(Fhﬁ+th,B)+S(<hﬁ)(¢) _ /PEhﬁ—lvch,B (dq/}(ﬁha)) .
.exp{ — D) (y(Sha)y _ Blhs) (yp(She) gy (2.130)
b [ i G, QU GET QL

so that, up to terms of third or higher order in ¢,
SOEDY /dx : (2.131)
o=1l
. ((bj £ QU8) x g(ha) s Q8) k= — g 5 G sy _y % GUO) ¢;) .
From the definitions and the construction above, we get
82

Cy) = (<hg) (=hs) _
Sx-y)= i [S <hs)(¢) + §(=hs (¢)} ‘(H = (2.132)
1

=Y [(Qm) £ g™« QM) (x —y) = (G wmy_y + GM) (x — y)} '

h=hg

Taking the Fourier transform and defining by = min{h : ") (k) # 0}, we get

hi+2 hi+2
=Y V(@) - D GO, (k) (2.133)
Jj=hk Jj=hk

where we used the compact support properties of f;(k), see comment after
(2.125). If we define Dy, (k) = —iko + En—1(k) — p, we can rewrite (2.133) as

- 1
k) = 1+W(k)|, 2.134
09 = g 1+ W) (2134)
where we used the identity, easily following from the definition (2.29),
hix+2
> ik =1 (2.135)
Jj=hk

and we defined

hk+2
Z f; |:Dh]k( )) (Q(])) _

Jj=hx
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P2 h (k) | K
X;;D 0 > frk ﬁ . (2.136)

J'=i
By using (2.24), (2.38) and (2.127), it follows that
W) < CUlIRR" . W )] < CalU]lAly =" (2.137)

Substituting (2.134) into the definition (1.6) of X(k) we find:

- 1
206) = Bu1) — <o) + [y 1] Dy, (k) , (2.138)
so that, using (2.38) and (2.137), we find
SR <], (RS < Cep (2.139)

In the same way we can prove that |OxX (k)| < C|U|, but this bound is not
sufficient to prove Theorem 1.1, which needs the improved bound

X (k)| < C|UJ? . (2.140)

In order to get this estimate, one has to check that at first order ¥(k) does not
depend on k. By using (2.126), (2.135) and some straightforward calculation,
one can see that

»(k) = | > k) +0U?) (2.141)

Then (2.140) follows from the remark that the first order contribution to n,(k)
(the tadpole graph) is constant.

Theorem 1.1 follows from the bounds (2.139) and (2.140), the remark that,
by the same symmetries implying (2.40), Ej:i Im X (jnp~t, E) =0 and
> j—+ jRe S(jnB7L, E) = 0 and an explicit calculation of the second order con-
tributions to ¥ (k) and its first derivatives with respect to ko and k, showing that
they are not vanishing, as well as the first order contribution to X (k) (shown in
(2.141)).

The second claim in the Remark after Theorem 1.1 on the spatial decay of
S(x) follows from bounding (2.132) and its derivatives, in a way similar to that
described in sec.5 of [BGM] or in sec.12 of [GM]. We do not repeat here the
details.

Of course, the results above are obtained under the assumption (2.38) and
the assumption that (2.92) is true for any h; —1 > hg, that we shall inductively
prove in the next section.
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3 Smoothness of the effective dispersion rela-
tion

3.1 Proof of the bounds (2.38)

In this section we first want to prove (2.38), under the assumption that the A
smallness condition (2.92) is verified for any h; > h; we shall then prove the
smallness assumption on A, by an iterative argument.

We actually want to prove a statement slightly stronger than (2.38) and, in
order to do this, we introduce some definitions. We denote by 37 (x) the Fourier

transform of 52 (k) = 7y, (k), see (2.36) and (2.24), and, given an isotropic sector
index @ € Oy, we define

def

ﬁ%@(x) = Bah. (@) * Bi) (%), (3.1)

where §27h)(w@) is the “isotropic analogue” of the operator in (2.90) (i.e. the

operator obtained by replacing Fj, (k) in the r.hs. of (2.90) with Fj 5 (K),

where Fh@ (_E) is a smooth function = 1 on ?h@ and with a support slightly
larger than S}, ). We want to prove the following.

Theorem 3.1 Given hg < h <0, let us assume that E;(k) satisfies (2.38) for

any j > h and that, given any tree T € Thy (with all its labels), Ap,.—1.0,.
satisfies (2.92) for all the endpoints v* € 7. Then, if Uplhg| = co is small
enough,

[ 182 o0l < Colu |k
[ xix5 0] < CUUPIRR e mz1 (32

Note that the bound (2.38) easily follows from Theorem 3.1. In fact, given k
in the support of C; ! (k), let us define w(k) € Oy, as the isotropic sector index

such that Fh@(,;)(/z) =1, so that 52(k) = Fh@(,;)(lg)ﬁ,% (k). Hence, we can write

B0 = [ dxe™62 0.

O, O, (Br (k) = i"/dx Tiy -+ @i, "B 5 (%) (3.3)
The bounds (2.38) immediately follow from these identities, together with the
definition of C; ' (k) and the bounds (3.2).

So now we shall focus on the proof of Theorem 3.1.

Proof. The same iterative construction leading to the tree expansion for V()
allows us to represent ﬁ%@(x) as a sum over trees. Let x,y be the two points
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where the two external fields (the fields in P,,) are hooked on; then, by (2.23),
(2.24) and (2.87),

Y Y Y Y Y (M)

n=17€Th_1,n ‘PEPT TeET O\Qyy, v

B * / A, \ (YWD (x,,) (3.4)

where WT( P Q)

7(Xy,) can be represented as in (2.88), with the kernels K ,; re-
placed by the modified ones. Again, for simplicity, we shall explicitly study
only contributions coming from trees 7 such that all the endpoints are of type

A. Given 7 € Tr—1n, P € P, with |P,,| =2, T € T, in analogy with definition
—(2)

(2.96), we define J}, ,, (7, P, T;j) as
—(2) j
Thno(™P.Tij) = > le ]/ x—y)lx-yl-
Q\Qu v
= mod
(S * / Aoxuo \ {6, YW B0 7 (3600 (3.5)
We want to prove an improved version of the bound (2.97), valid if |P,,| = 2

and n > 2:

—=(2) .
sup Jp, (T, P, T55) < (¢;|U)" ||y 22" H |P [P0 P Do =hor) - (3.6)
weOh veV, U

where v’ is the c—vertex immediately preceding v on 7. Note that the proof of
Theorem 2.1, adapted to the present case, would easily imply a bound like (3.6)
with |h|y2" replaced by 7" and |P,|® replaced by 1. The bound (3.6) is valid
for n > 2; if n = 1 there is only one possible choice of 7 € 71 and, calling v
the only endpomt in 7 and {fo, f3} = P, \ P,,, we shall prove that

—(2) ) .
Ihie(m P, T;j) = > 5w(f2),w(f3)/d(xl —X4) [x1 = x4]” -

w(fz2),w(f3)€On
"?2,&(@@) * /ngng ggz)fs)(XQ — X3)/~\h7Qv (Xl,Xg,X3,X4)‘ S (37)
< cj|U|2_‘5j,0|h|5j,0,7(2—j)h .

It is easy to realize that the bounds (3.6) and (3.7) and the representation (3.4)
allow us to get the bound (3.2) on 37 .. So we will now prove (3.6) and (3.7).
We shall proceed as follows; we shall first prove (3.6) under the assumption
that, given b’ and k with h < b’ < k, @;,4 € Oy, with [@; — @y| < 1, and
P = P'UP?, with P = {f1, fa}, P% = {fo, f3},

Z/ (x1 = x4) [x1 — x4/

W€Dy,

/deng, g(h )(X2 —x3) -
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S (Xl,XQ,Xg,X4)’ < |U2%0(1 + |k |F50 )2 —ik (3.8)

where Q4 = {@; € Oy, f € P'Y}U{w(f) = w, f € P*} and, with a small abuse
of notation,

5 1 k- i5 wx
)\k,fh (X17X27X3;X4) = @ Z/ (27:)86 Ei:l kix; .
L

Froy, (k1) F o (k2) s oo (B3) o, (Fa) (ki ko, ks, k) . (3.9)

After having proved (3.6) under the assumption (3.8), we shall prove (3.8) in-
ductively in A/, so that, in particular, (3.7) will follow.

In order to prove (3.6), we will first further expand Wi’;,og)T(x) in (3.5) by
extracting some “loop propagators” from the Gram determinant in the second
line of (2.99) (via an interpolation technique described below). Such extrac-
tion of loop propagators will imply some new constraints on the sector indices
appearing in the sum ZQ\QvQ in (3.5). Then, depending on the explicit struc-
ture of the terms obtained by this further expansion, we shall decide whether
rewriting the extracted loop propagators as sums of isotropic propagators or
not. In both cases we shall describe a new inductive procedure to bound the
sum over the sector indices, in order to take into account the new constraints
coming from the extraction of the loop propagators. We shall compare the new
inductive procedure to bound the sector sums with the one described in §2.8
and by comparison we will show how to get the desired dimensional gains.

We can now turn to the proof of (3.6) and we shall first consider the case
j = 0. The proof is done by distinguishing among several different cases. First
of all, we need to introduce some definitions. We call vy = {v1,...,vs,, } the set
of c¢—vertices immediately following vy on 7 (note that, for the trees contribut-
ing to 87 _(x —y), vo is necessarily a c-vertex). Given T, we identify the two
(possibly coinciding) clusters vy and vy in which the two fields in P, (call them
fx, fy) enter. Correspondingly, we call lx y the (possibly trivial) path on T,
connecting vx and vy. Moreover we identify vy with the root of T;,: in this way
the concept of leaf of T, is well defined.

(A) Let us assume that s,, > 2. Let us further distinguish the case T, # Ixy
and T, = lx,y.

(A1) sy, > 2 and T, # Ix,y. In this case there must be at least one leaf of T,
different from vy; let us choose one such leaf and call it v*; see Fig. 2, where
the solid lines represent the tree propagators in Ty, the wiggling lines represent
the loop fields and the broken lines represent the external fields. Note that in
Fig. 2 the case vx # vy is considered, but the following analysis is independent
of this condition.
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Figure 2: : an example of case (Al).

By construction, v* has one exiting line belonging to the spanning tree T,
(call it I* and f* its field label) and |P,«| —1 > 3 loop lines. Let Py, CUpey, Py

be the set of fields contracted into the Gram determinant det G"vo:Tvo appearing
in (2.88). If, given a set Z of field labels, we define 7% = {f € I : (f) = +},
we can think G0 "% as a matrix whose rows are associated to the fields f € PE_0

and whose columns are associated to the fields f € PE‘Z . Let us distinguish the

field labels belonging to Py« = Py \ f* from those belonging to PEO \PU and
let us correspondingly write G ™o in blocks, as follows:

B Toy A B
det G = det (C’ D> (3.10)

where: A is the block with both row and column indices belonging to Py Bis
the block with row indices in P,~ and column indices in P20 \ P,«; C'is the block

with row indices in Pyo \PU and column indices in PU*; D is the block with
both row and column indices belonging to PEO \Ij’v*. Note that by construction

neither A nor D are square matrices and, because of this, det (61 g) =0, so

that we can rewrite the r.h.s. of (3.10) as:

A B A 0 b q A sB
det<C D)—det<0 D>_/OdS$det<sC D>_

1
:/ ds Z (—l)i-’_jBij detmij(G(s))—l—
O iepn , jePf\PL
1
+ [ ds > (—1)"C;; det my; (G(s)) (3.11)
O iePg\Py, . jePL,

A sB

where G(s) = (SC D

) and, given a matrix M, m;;(M) is the minor of M
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corresponding to the entry ,j. The identity (3.11) is essentially a first order

A B . A 0
c D> around the point (O D

the operation of “extracting one loop” connecting P,- with P, v, \Pv*. The key
remark is that the r.h.s. of (3.11) is a sum of less than Hve% | P,| terms, each of
them equal to the product of a propagator B;; or C;; times a determinant that is
still a Gram determinant, then it can still be bounded via the Gram—Hadamard

inequality, the result being the following dimensional estimate, analogue to the
r.h.s. of (2.100):

expansion of det ( ) and it corresponds to

|detmjz( (s ))| < cz U0 | Py, |—| Py| =254, Sh(zsvﬂ | Py, | —|Py|—2504) (3.12)

A procedure analogue to the first order expansion leading to (3.11) allows us to
A B . A 0 .

expand ( c D) up to fifth order around the point ( 0 D) and to rewrite

det GPTvo as

h, T, _ - h, Ty
det G 0 (tvo) - , Z, ‘,}(_1)61Gi1j1,%'1j1 (t'uo) '
WARXZWAL
~ 1 *
~det G™Tvo ({ivgy, 1451} 0,b0,) + 3 Z (—1)s1teates .

{iadariydl ¥,

3
h, Ty
[H G iqja,tglq ( ):| det Gh Tro ({Zq]q’ qjq}q 13 0 tUU) + (313)
q=1
1 * 5 W
+--+tes v
T Y. (e [H Gigiorin (tvo)] :
{iadarihd Yoy g=1

-det G"Tvo ({ijq, qjq}q 1; 5, tvo)

where: the ’s on the three sums constraint the indices {i,jq, iyj,} to run over
choices such that fi;jq € P,. and f;;j; € 1520 \ P,- or viceversa; €q = £ is a sign,
depending on the parity of the element index {izjq, 177y}, ¢ = 1,...,5; the ma-
trices G Tvo ({iqiq:ihds}e1: 5 ty,), L =1,3,5 are the minors of G"7vo (s, t,,)
complementary to the elements (iyjg,iyj,), ¢ = 1,...,L; the parameter 0 <
5 < 1 appearing in the argument of G"Tvo in the third line is an interpolation
parameter corresponding to the integration variable s appearing in (3.11). Note
that the determinants on the first two lines are computed at s = 0, and this im-
plies that they are the product of two determinants, the first involving only fields
in Pv* the second involving only fields in P \Pv* The three determinants in
(3.13) are Gram determinants which can be bounded using Gram-Hadamard
inequality: the one on the first line can be bounded exactly as in (3.12), while
the other two can be bounded by the r.h.s. of (3.12) times a factor y~3" or y =6
respectively.
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(2)

h,n,w

The splitting (3.13) induces a similar splitting in J
| Py, | = 2:

(r,P,T;0) with

—(2)

h,n,w

T o(rP.T0) < S T (P, T;0,L) (3.14)

hnw
L=1,3,5

and, calling sj, = 01,55,

Q\Qvo v

{ H 5‘h 1,0, (Xv)}{/dPTUO(tUO)Sle!% )

v e.p.

/HXm yi)

leT*

*

L
b T,
> [TIehs, )] (3.15)
Giadn g, a=1

det G Tvo ({iqjq, Z;];}gzlv SL, tvo) H gff;) (Xl — yl)éwf_’wl, } .
IET,,

.{/dPTU(tU) H idetGhu,Tv(tv) H g&’;v)(xl —Yz)5wl+1wl}| )

v>vg v €T,
not e.p.

where

Qoo = {w(f) € Onp), f€PN\fx fy}}U{Er =@, f € Pon{fx fy}} (3.16)

and, by writing X(Qv,w), we implicitly introduced the notion of a y function de-
pending on a set of sector indices which contains both isotropic and anisotropic
sector indices: in general, if P* C P,, P! = P, \ Py and €, is the set of sector
indices 2, = {w(f) € On(y), f € P} U{ws € Oy, f € P.} labelled by Pg and
P}, we define

- Sh(f)w(f)a if fe P -
'y = — ’ v =
@) =x (vre . s e {00 S Y i) =0
(3.17)
The modified coupling function /\ 1.8, ,(%v) is defined in a way similar to
(3.9). The presence of the functions X(vaw) and of :\hu—l,ﬁu _(xv) is due to the

convolution operator §27 h,(@,@) appearing in the definition (3.5).

We now want to show how to get the desired dimensional gain for the three
contributions 722731@(7, P,T;0,L) in (3.15), L = 1,3,5. In order to do that, we
shall suppose that the modified coupling functions satisfy the following bound,

essentially equivalent to the smallness condition (2.92):

1 -
5 [ Al a0l < Ol (318)
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At the end, by an iterative argument, we shall prove this bound, together with
the bound (3.8).

(A1.1) L = 3: there are exactly three loop lines connecting P« with P,, \ P,«,
call them [y,15,13 and f1, fo, f3 their field labels, see Fig. 3.

Figure 3: : an example of case (Al.1).

. 3 h, Ty 3 h
Let us consider the product [],_; qu‘jq)‘;;jé = [1I,-, timiggfd()fq)(xlq -vi,)

5wl+
ggz)fq) with ¢ = 1,2, 3 and the propagator of the spanning tree ggz)f*) (we recall
that f* is the field label of the line [* of T, exiting from v*) with the sums of

isotropic propagators gﬁ{j}, q=1,2,3, and ggﬁ, such that gh,@q C Sh,w(s,) and

— in (3.15) and let us substitute both the extracted loop propagators
q

Wy

Sh.o+ C Shw(s-)- This operation is allowed since Y weo, ggl) = 2 scon gt(ﬂh)
and our definitions are such that any isotropic sector is strictly contained in one
anisotropic sector.

For any fixed configuration of internal anisotropic sectors, the new sums on
the isotropic sectors can be written as:

> >, (3.19)

Ba=elfe) @ <w(f*)
where the meaning of the symbol < is the same as in (2.109). Note also that, by
construction, the summand in the r.h.s. of (3.15) is 0 unless x({w1, w2, ws,w*}) =
1, so that we can freely multiply the summand in the r.h.s. of (3.15) by
X({wlaw%w&w*})'

Having done this, we can bound the resulting expression by replacing all the
modified coupling functions, all the propagators and all the Gram determinants
with their absolute values. Now, we can bound the integral over the absolute
values of the modified coupling functions as in (2.102) (by using (3.18) in place of
(2.92)), the integral over the absolute values of the propagators of the spanning
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tree as in (2.101) (note that the integral [ d(x;- —y;~) ggi) (x;» —yy+)| admits the

same dimensional bound as the integral of an anisotropic propagator, see Lemma

2.4). Moreover, the product of the determinants times H2:1 |§§J’f1) (x1, —¥1,)| can
be bounded by the product over v of the r.h.s. of (2.100) times a dimensional
gain 73}1/2

~"/2 smaller than the bound on the size of an anisotropic propagator of scale h,
see Lemma 2.2 and Lemma 2.4. After these bounds, the sum Z{l Jark can

Wite=
be bounded by [] P12 <TI |P,|°, where the latter is the same product
appearing in the r.h.s. of (3.6).

We are still left with the sum over the sector indices:

Z Z {H x( vw} ({w1,ws, w3, w*}) {H MZMZ}H%%M;'

q

coming from the fact that the bound on the size of |§§,’Z) (x1, —y1,)| is

VEY, veV,

Uy Q0 \Qy :fg<5((j:q)) 5232 leT q=1
(3.20)
where the product x({@),@a, @3, }) [[°_, .+ - takes into account the new

g=1 W, Wy

constraints coming from the extraction of the threqe loop propagators.

We want to prove that (3.20) can be bounded by the r.h.s. of (2.104) times
a dimensional factor v~"/2|h|. Combining this loss with the gain 4*"/? coming
from the bound on the size of the loop propagators and discussed above, we see
that globally the contribution under analysis has a dimensional gain 7" |h| with
respect to the bounds described in §2.8, that is the desired gain.

We proceed keeping in mind the procedure followed in the proof of (2.104)
and by comparison we shall show how to get the dimensional gain. Using the
definitions introduced in §2.8 after (2.110) we can rewrite (3.20) as

> Y A0l ¥ M @ T 4]

Q0 \Qup a=Ua) \0€uy  UysoQu\Qy w>v,weV, 1E€EUw> o T
= @* <w(f*) =

3
x({@1,w2,ws,w"}) H Ourt o Hawf M} = Z Z (3.21)
a=1 q’ g

1E€Ty, Qu \Quy “a=w(fq)

@* <w(f*)

~ 3
| IT Fo@00)] - xC@n@2,@0,@ ) T 0t o T 00 o -
VEY, lETvo q=1 q q

Defining
~ def ~
Forvor Qo) [ Folws) ] Ot or (3.22)
vEw,\v* L€ Ty \I*

and calling Q@ = {w(f1),w(f2),w(f3),w(f*)}, we can bound (3.21) as

(3.21) < sup [ Fo\w ~U v } -sup{ Fv* v*,w } :
QW ~Z\ o\" o\v” Q) ~Z
1!0 1!
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Y x({@, @, @3, 7Y (3.23)

where the *x on the first sum means that we are not summing over the indices
in Q,, UQ®, while the % on the second sum means that we are not summing
over the indices in Q4. Now, the first two sums can be bounded using Lemma
2.6 and, with respect to the cases in which the two sums have just one fixed
external sector (as it is the case in the proof of (2.104), see (2.114)), they have a
dimensional gain 7" and 7"/2 respectively. The last sum can be bounded using
the following Lemma, see Appendix B for a proof.

Lemma 3.1 Given hg < h <0, the following bound holds:

sup Y x({@1, @2, Ts,@a}) < ey A (3.24)
@1€0n 4e0,
q=2,3,4

Using Lemma 3.1 we see that
S ({1,555} < e ] (3.25)
w1,ws,w3,w*
Combining all the gains and losses described above, we see that (3.20) can be
bounded by the r.h.s. of (2.104) times a dimensional factor y~"/2|h|. As dis-
cussed after (3.20) this implies that Ty (7, P, T;0,L = 3) with [P, | = 2
admits a dimensional bound given by the r.h.s. of (3.6) with 7 = 0.

(A1.2) L=5: there are five extracted loop lines connecting P, with on \PU*,
call them [1,1l2,13,1s,05 and f1, f2, f3, f1, [5 their field labels, see Fig. 4; the
other lines exiting from P,« can be contracted with any other loop line.

Figure 4: : an example of case (A1.2).

We replace all the modified coupling functions, all the propagators and all
the Gram determinants with their absolute values. Having done this, we bound
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the integral over the modified coupling functions as in (2.102), the integral over

the propagators of the spanning tree as in (2.101) and we bound the product

of the determinants times szl |g£}2}q)(xlq -yi,)l loy the product over v of the

r.h.s. of (2.100). After these bounds, the sum Z{iqjq)i;]; s_, can be bounded

by [Toeo. |Pol® < I1pev. [ Po|®, where the latter is the same product appearing
2o c

in the r.h.s. of (3.6).
We are still left with the sum over the sector indices:

> [T )| [ TT ot o | ﬁ‘sw?;vwzq : (3.26)
q=1

Uou\Quy 2200 leT

5
q=1 wfq,w
from the extraction of the three loop propagators.

We want to prove that (3.26) can be bounded by the r.h.s. of (2.104) times
a dimensional factor 7", that is even more than the desired dimensional gain.
With the same notations as above, we rewrite (3.26) in the form

> [ 11 FU(QU,@)} T o ﬁé‘”fq o (3.27)

Q0 \ Qo vET, €Ty,

where the product ] - takes into account the new constraints coming
lq

Defining fgo\v*(flgo\v*) as in (3.22) and calling Q) = {w(f)}ooy U{w(f)},
we can bound (3.27) by

*

s 3 o @e)] s 3 R-@)] G2
YOy o Qe 5\ QO

where the * on the first sum means that we are not summing over the sectors in

Q.. Now, the first sum can be bounded exactly as in the proof of (2.43), while

the second one, using Lemma 2.6, has a dimensional gain 7", and this concludes

the proof in the present case.

(A1.3) L=1: there is exactly one loop line connecting P,- with P,, \ P,-, call it
[1 and fy its field label, see Fig. 5.
We consider the extracted loop propagator Ggiv,%’lj{ = tiy i, g&}l)(xll —

yll)c5wl+1 i, and we rewrite both ggz)fl) and the propagator of the spanning tree

(R) (h) (h)

Goo(f) BS SUMS of isotropic propagators, to be denoted by g’ and g.’. For any

fixed configuration of internal anisotropic sectors, the new sums on the isotropic
sectors can be written as:

Y. Lo -t <), (3:29)
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r

Figure 5: : an example of case (A1.3).

where the characteristic function is due to the remark that the value of the
integrand in the r.h.s. of (3.15) is 0 unless |@; —@*| < 1, because of momentum
conservation. _

We now rewrite the determinant det G"o-Tvo ({i1j1,4]j1};0,ty,) as a prod-
uct of two determinants, the first involving only fields in P, \ fi, the second
involving only fields in P, \ (Py U f1):

det G Tvo ({iyj1, i) 71} 0, tyy) = det GM. (ty:) - det G110 (£,,) . (3.30)

vy \v*

The splitting (3.30) allows us to bound the resulting expression by

>3 e e <1 )\ sup gl (o] [ axlgl o) <

{i1J1,4] 47 } @1,07"

<oty Th YT Y (e —wt < 1) 7] g \ 0] (3.31)
{i1g1,44 47} 1,00
where [v*] collects all the spanning tree propagators, the determinants and the
endpoints associated with the vertices v > v*, except the propagators of I; and
I*, while [v, \ v*] collects all the other terms, again except the propagators of Iy
and [*.

Note that [v*] has the structure of a contribution to the effective potential
with two external fields whose isotropic sectors are fixed. If we denote by 7/
the subtree of T rooted in vg and containing v* and by P’, ', T" the subsets of
P.Q, T corresponding to the subtree 7’ of 7, we can write

[v*] = Z { H X(Qv,wl,w*)} : (3.32)

Q\(@1Ua*) ver!

N~ =~ mod
. |/d(X»U* \X )327h)(w17@*) * [det G’L}}* (t'u*) . W‘IE/,P',)Q/,T' (X'U* )] )
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where x* is the space time point of x,- where the line [* is hooked on and, in
analogy to (3.16), we defined

Qv or = {w(f) € Onyy, f€PN{f1, [} U{Ty, =w1,wp- =w*} . (3.33)

Note that, in the case that v* is an endpoint, the r.h.s. of (3.32) can be
bounded by (3.8), with k = h/ = h and 7 = 0, which has a dimensional factor
4"|h| more than the dimensional estimate one would get simply using (2.92)
and Lemma 2.2. If v* is not an endpoint, we will prove below that

* mg(v* 1 —h,
[v*] < (c|U]) a( )~y2h|h| H ;|pv|575(lpvl)(hu hot) (3.34)

veEVe,v>v* v
where my(v*) is the number of endpoints of 7/ and v’ is the c—vertex immediately
preceding v on 7’. The proof of (3.34) will be postponed, see item (B) below.
Note that the bound in (3.34) has a 4"|h| more than the dimensional bound one
would get by repeating the proof of Theorem 2.1.

Let us now consider the factor [y, \ v*]. It can be written in the following
way:

o \ 0] = / dxrdxady |G e (%, y,%1,5%5)] (3.35)

where x; and x» are the space-time points in 7\ 7/, where the two propagators of
[* and l; are hooked on. Note that ¥ (x,¥,x1,X2) has the same structure

w,w,w*
of a contribution to the effective potential with four external fields with fixed
isotropic sectors. It follows that
* ~(4
o \ v <GS e s (3.36)
where w, w1, ws are the anisotropic sectors containing @, wy, w*, respectively and
(4 4
G‘(ul,hw* has the same structure of J,(L)i_m4(v*)(7\7’, P\P', T\T"), see (2.96).
By using Lemma 2.7, we get

@

w,w1,w*

< (C|U|)n—m4(v*) H ,76(|PU\)(hu—hv/) , (3'37)

VeV, vET! ,u>Vo

In order to complete the proof, we still have to bound the two sums in
(3.31); the first one gives a factor H'UGEO |Po| < [l,ev, vgr |Pol; the second a

factor y~". Combining all these bounds, we find that also the term with L = 1
can be bounded by the r.h.s. of (3.6).

(A2) sy, > 2 and T, = lx,y. In this case by hypothesis all the vertices in v,
belong to ly,,, and each of them has at least two free loop lines contracted into
the Gram determinant, see Fig. 6.

We consider the vertex vx and we note that, by construction, vx has one
external line coinciding with fx and another one belonging to the spanning tree
Ty, let us call it f*. Calling Pyo the set of loop lines contracted into the Gram
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Figure 6: : an example of case (A2).

determinant and va = PEO N P,,, we again write G"Tv in blocks, as in (3.10),

with A the block with both row and column indices in va, B the block with
row indices in P,, and column indices in P, \ P,,, C the block with row indices

in PEO \va and column indices in va and D the block with both row and
column indices in Pyo \ P,..

C D 0 D
get the analogue of (3.13) and, since |P,,| = 2, we get the bound analogue to
(3.14):

In this case, by a fourth order expansion of (A B) around A0 ), we

T L P10 < Y T2 (P, T;0,L) (3.38)
L=0,2,4

where 722721@(7',P,T;0,L) with L = 0,2,4 are defined by an equation com-
pletely analogous to (3.15), where, if L = 2,4, the sum Z?iqjq v has to
qlqSq=
be interpreted as the sum over the indices {igjq, i,j} 5=, such that*fiqjq € P,
and fi jo € Py, \ Py, or viceversa, while, if L = 0, the factor + Z{iqqui;j;}qL:l
L h, T, = Lo g . .
[T qujq,%;j; - det GMTvo ({igjg, it jlyE 1550, ty,) in (3.15) must be inter-
preted as equal to det A - det D. In other words, the bound (3.38) allows us
to distinguish between the contributions to 7;123“3 (r,P,T;0) such that: vy is
connected with v, \ vx only by a line of the spanning tree (L = 0) or vx is
connected with v, \ v« also by exactly two loop lines (L = 2) or vy is connected
with v, \ vx also by four or more loop lines (L = 4).

We now want to show how to get the desired dimensional gain for the three
) _(rP,T:0,L), L =0,2,4, in the r.l.s. of (3.38).

n,w

o =(2
contributions J 51

(A2.1) L = 2: there are exactly two loop lines connecting P, with P, \ P,,_,
call them [y,15 and fi, fo their field labels, see Fig. 7.
This case can be treated in a way similar to the case Al.l1 above. Let

. 2 h, Ty, 172 o (h) .
us consider the product [];_, qujq,i;j; == tzq,l&gw(fq)(xlq - qu)éwqulfq in

54



Figure 7: : an example of case (A2.1).

(3.15) and let us rewrite both the extracted loop propagators g( () withg=1,2

and the propagator of the spanning tree gf)( ) (we recall that f* is the line of

Ty, belonging to P, ) as sums of isotropic propagators, to be denoted by gg’?,

q = 1,2, and gé’i’. For any fixed configuration of internal anisotropic sectors,

the new sums on the isotropic sectors can be written as

> Z , (3.39)

Wq*“(fq) *<w f )

where the meaning of the symbol < is the same as in (2.109). Note also that, by
construction, the summand in the r.h.s. of (3.15) is 0 unless x({@, w1, w2, w*}) =
1, so that we can freely multiply the summand in the r.h.s. of (3.15) by
x({w,w1,w2,w*}). In this case it is crucial the assumption that the external
sector index corresponding to fx is isotropic.

Having done this, we can bound the resulting expression by replacing all the
modified coupling functions, all the propagators and all the Gram determinants
with their absolute values. Now, we can bound the integral over the absolute
values of the modified coupling functions as in (2.102) (by using again (3.18)
in place of (2.92)), the integral over the absolute values of the propagators
of the spanning tree as in (2.101) and the product of the determinants times

szl |§éh()fq)(xlq —y1,)| by the product over v of the r.h.s. of (2.100) times

a dimensional gain y". After these bounds, the sum ZL can be

;g1 g2
q.]q-,ijq}qzl

bounded by [T,c, [Pol* <[l ey, [Po|” (the latter is the same product appearing
Yo c
in the r.h.s. of (3.6)) and we are still left with the sum over the sector indices:

> X [H x(© } ({w,01,02,5"}) [H o } Héwl*vwfq'

q

Uu@u\Oup @3 220 leT =1

(3.40)

where the product x({w,w,ws2,w"}) Hq 1 6w .~ takes into account the new
lg’"lq
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constraints coming from the extraction of the two loop propagators.

We want to prove that (3.40) can be bounded by the r.h.s. of (2.104) times
a dimensional factor |h|. Combining this loss with the gain v* coming from
the bound on the size of the loop propagators and discussed above, we see
that globally the contribution under analysis has a dimensional gain v"|h| with
respect to the bounds described in §2.8, that is the desired gain.

We proceed as in item Al.1 above. With the same notations as in (3.21),
we can rewrite (3.40) as

> Y [ A x@mmme ) TT oy w o . -

Ly \ g S00Up) Ve, = o=

(3.41)
Defining
~ def ~
fﬂo\vx (QE()\'UX) = H F'U (Q'Uqw) H 6wl+,u)f ? (342)
vEW, \vx LE€Tyy \I*

and calling Q) = {w(f1),w(fa2),w(f*)}, we can bound (3.41) by

‘F'U’UQ'U v*}' [ Fv*vaw}'
f;}g[ﬁz e (Pap\en) | - sup QZ Qo)

vo \vx

> x({@ @@, T}, (3.43)

w1,W2,0*

where the * on the sums means that we are not summing over the indices in
{@UuQB). Now, the first two sums can be bounded using Lemma 2.6 and, with
respect to the cases in which the two sums have just one fixed external sector (as
it is the case in the proof of (2.104), see (2.114)), they both have a dimensional
gain y//? (so combining the two, their product has a gain of 4"). By Lemma 3.1
we see that the contribution from the last sum can be bounded by c¢y~"|h|, and
we see that (3.40) can be bounded by the r.h.s. of (2.104) times a dimensional
factor |h|. As discussed after (3.40) this implies that 7221317@(7',P,T;0,L =2)
with |P,,| = 2 admits a dimensional bound given by the r.h.s. of (3.6) with
j=0.

(A2.2) L=4: there are four extracted loop lines connecting P, with I:’EO \ P,,,
call them ly,1s,13,14 and f1, fa, f3, f4 their field labels, see Fig. 8.

This case can be treated in a way similar to item A1.2 above: we replace
all the modified coupling functions, all the propagators and all the Gram de-
terminants with their absolute values. Having done this, we bound the integral
over the modified coupling functions as in (2.102), the integral over the prop-
agators of the spanning tree as in (2.101) and we bound the product of the

determinants times H;l:l |ggz)fq)(xlq —y1,)| by the product over v of the r.h.s.

of (2.100). After these bounds, the sum ZL 1 can be bounded by

¥ U
aJastqlgSq=1
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Figure 8: : an example of case (A2.2).

[Toeo |Po* < Iluey. |Pol® (the latter is the same product appearing in the
Yo c
r.h.s. of (3.6)) and we are still left with the sum over the sector indices:

S @] [ Mo @

Uy Q0 \ Qo ”>”0 leT

where the product H =100+ w- takes into account the new constraints coming
lq

from the extraction of the three loop propagators.

We want to prove that (3.44) can be bounded by the r.h.s. of (2.104) times
a dimensional factor 4", that is even more than the desired dimensional gain.
With the same notations as above, we rewrite (3.44) in the form

> [HFU(~ } I oo H it (3.45)

Qu, \2uy  VED, 1€Ty,

Defining fyo\vx (Qy \vy) as in (3.42) and calling Q6 = {w (fq)}q 1, U{w(f)},
we can bound (3.45) by

[ Z Fupon @) | - sup [ 30 A ()] (3.46)

2,00) b~ .
o\vx ¢ va«@\ﬂ(‘))

where the * on the sums means that we are not summing over the sectors in
Qy,. Now, the first sum can be bounded exactly as in the proof of (2.43), while
the second one, using Lemma 2.6, has a dimensional gain 7", and this concludes
the proof in the present case.

(A2.3) L=0: there are no loop lines connecting P, with P, \ P,_, see Fig. 9.
We consider the line [* in T, anchored to vx and we rewrite the correspond-

ing propagator ggz)f*) as a sum of isotropic propagators, to be denoted by g( 2
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Figure 9: : an example of case (A2.3).

For any fixed configuration of internal anisotropic sectors, the new sum on the
isotropic sectors can be written as 3 .., 1I(Jw —w*| < 1), where the char-
acteristic function is due to the remark that the value of the integrand in the

r.hs. of (3.15) is 0 unless [w — w*| < 1. We recall that if L = 0 the factor
h,Toy

L = S .
T X it} [qul ququi'qjé} +det G ({iqg, i4.5g Y g=1; S1: tu) i (3.15)
must be interpreted as equal to det A - det D. If we rename the matrix A by
CNJZX (t,,) and the matrix D by GZ:C;” 222“:,(7',P,T;0,0)
Uy \Ux 5T
in a way similar to (3.31):

S (@ - @] < 1)l o\ [ dxigl 0] (347

(tv,), We can bound J

Note that [vx] has a form similar to (3.32), so that it can be bounded by using
(3.8), if vy is an endpoint, or (3.34), in the opposite case; this will produce a
gain v"|h| with respect to the dimensional estimate one would get simply using
(2.92) and Lemma 2.2.

Let us now consider [vy\vx]. It has the structure of a contribution to the
effective potential with two external fields with fixed isotropic sectors, which we
substitute in the bound with the corresponding anisotropic ones, before using
Theorem 2.1. Hence no gain or loss follows from this operation, as well from
the bound fdx|§$)| < ey™" Since . 1(jw —@*| < 1) < ¢, the r.hs. of
(3.47) can be bounded by (C|U|)*(|h|y?")y"y=" = (C|U|)"|h|*", times the
usual factor HUGVC,'U>UX $|Pv|5")/6(lpu‘)(hu_hul)'

We now turn to the proof of the case s,, = 1 and of the bound (3.34).

(B) In this item we prove the dimensional gain for the case s,, = 1. The proof
includes the unfinished proofs of items (A1.3) and (A2.3) above, that is the
proofs of the bounds (3.34) and of the analogue bound for [vx] in (A2.3).

If s, = 1, we call v, the first non trivial vertex following vy on 7 and
V1,...,Um—1 the trivial c—vertices preceding v,, on 7, see Fig. 10, where the
c—vertices are represented as dots of larger size with respect to the others.
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Figure 10: : an example of tree in case (B).

Let us call k = h,,, the scale of v, and v,,, the set of c—vertices immediately
following v,, on 7; we shall also call tadpole propagator any propagator linking
two external fields of a single vertex. Very roughly, the strategy will consist
in getting a first dimensional gain v*|k| on scale k = h,,, by a loop extraction
similar to that described in §3.1, by distinguishing again among several cases.
Moreover, in order to “transfer the gain on scale h = h,,”, we shall suitably
“extract from the determinant” one tadpole propagator of scale h and expand
it into a sum of isotropic propagators, as described below.

hU .
Calling det GZO, det Gﬁfl ,...,det G, 7" the determinants of the tadpole prop-

agators contracted on scales h, by, ..., hy,, _, respectively, we want to prove the
following:
m—1 h
> Hx v |/ (X0, \X*) T (2 {( [ detGir) - (3.48)
Q\Q,, vET i=0

n 1 _h,
< (C|U|) ,_Y2h|h| H ;|P’U|5,.Y§(|Pv‘)(hv hyr) ,

v

mod
'WT(/,P' ,)Q' 1 (X, )}

veVe,v>v0

where the Lh.s. is equal to 7;127211@@)(7',P,T;0) and 7’ is the subtree of T
such that v}, i.e. the first vertex following the root on 7/, coincides with wvy,.
Correspondingly, P/, ), T" are the field labels, the sector labels and the spanning
tree of 7.

Comparing (3.48) with the naive bound one would get by repeating the proof
of Theorem 2.1 we see that, again, we want to find a dimensional gain of 7" |h/|
with respect to the estimates in Sect.2.

Remark. After a suitable (and obvious) identification of the symbols in (3.32)

with those in (3.48), it becomes clear that the bound (3.34) and the analogue
bound for [vx] in item (A2.3) are essentially the same as (3.48) (unless for the
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specific values of the external fixed isotropic sectors). Then the proof of (3.48)
described in the following applies unvaried to the analysis of (3.34) and of the
analogue bound for [vx] so that the bound (3.48) will also complete the proof
of the dimensional gain in items (A1.3) and (A2.3) above.

We look into the structure of v,,. Since, by construction, s,,, > 2, the spanning
tree T, can be represented as in Fig. 2 or in Fig. 6; the only difference is that
the loop fields may have different scales between k and h, with the important
constraint that at least four fields have scale h (indeed two fields of scale h
would be sufficient). Let us choose, as before, vy as the root of T, and select
one leaf of T), , to be called again v*. If it is possible, as in the case of Fig.
2, we choose v* # vy, otherwise (that is if T}, = Ixy, as in Fig. 6) it will be
necessarily v* = vy. By construction v* has one external line belonging to the
spanning tree Ty, call it f* and call w* its sector label. If v* # vy, Py will
have an odd number of fields associated to loop lines contracted into the Gram
determinant. If v* = vy, P,- will have an even number of fields associated to
loop lines contracted into the Gram determinant and one more field belonging
to P, (associated to a fixed isotropic sector index).
We consider the product of determinants

m—1
(TT detGur) - det Gl Tom (3.49)
1=0

where det G"vm-Tvm is the determinant of the loop lines contracted on scale
hy,,, if this family of lines is not empty, otherwise it is equal to 1. The product
in (3.49) can be rewritten as the determinant of a single “big” matrix G, of
all the loop lines contracted on scales h, hy,, ..., h,, (all the loop lines in the
examples similar to those of Fig. 2 and 6). Let us call ]5@* C P, the set of
loop lines of P~ contracted into G, —and Ij’gm the whole set of loop lines in
Uwew, Puw contracted into Gy . In analogy with the procedure described in
item (A1), we rewrite GG, in blocks, as in the r.h.s. of (3.10), with the blocks
A, B,C, D defined in a way similar to that introduced after (3.10): that is A
is the block with both row and column indices in P,«, B is the block with row
indices in Py« and column indices in Ij’gm\fj’v*, and so on. Then we Taylor
expand the determinant det (é ZB;) around det <‘81 ZO)> up to fourth or
fifth order, depending whether v* is equal to vy or not: in this way we can
distinguish the contributions to (3.48) in which there are exactly L = 0,1,2,3
loop lines connecting v* with v,,\v* from those with at least 4 or 5 loop lines,
depending on whether v* is equal to vy, or not. We do not write explicitly here
the expressions corresponding to these various contributions: they are similar to
the r.h.s. of (3.15) with G™ w0 replaced by a suitable minor G, = of the matrix
G, . As in Section 3.1 above, in the contributions with L = 0,1,2,3, the

minor G, ~can be rewritten in a factorized form, analogue to (3.30), allowing
to distinguish a contribution associated with the leaf v* from a rest associated
with v,,\v*.
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The case L = 0 can be treated as in item (A2.3). In fact, in this case the only
coupling between the contribution associated with v* and the rest is through a
single propagator belonging to T, . It follows, by momentum conservation and
the support properties of the single scale propagators (see the identity (2.135)),
that the scale of v, is < h + 2, so that the analysis in item (A2.3) can be
repeated almost unchanged.

We now turn to the detailed analysis of the cases L =1,2,3,4,5.

(B.1a) L = 3: as in the example of Fig. 3, there are exactly three loop lines con-
necting P, with P, \Pv* call them [y, 15,13 and denote by f1, fo, f3, h1, he, hs
and wi, wo, ws their ﬁeld scale and sector labels. With no loss of generality, we
can assume h < hy < hy < hsy <k.

In this case we consider the propagators of f1, f2, f3, f* and we expand them
as sums of isotropic propagators, to be denoted by géh Joj= 1,2,3 and gfj“f)*. If

h1 = h, we rewrite the propagator 521 (xf+ — yff) in the form
1 1

1

If hy > h, we expand the determinant of éﬂm appearing in the analogue of

(3.15) along the row corresponding to a field label f;” € P\ P, (that is a field
of scale h) and we rewrite

detGy = > (19l — ) -
fferfi\rPf
det Gym ({fo afO DR 5w(f0+)1w(f0*) ) (3.51)
9o e =y ) = gW ) + Y (xpr —yy)
wo=<wo
' (h)
./0 ds Ox Gy, (s(xfo+ —yf(;)) ,

where G ({f0 , fo }) is the minor of G, v, corresponding to the entry (f" 5 o),

(— 1)50 is the corresponding sign and we denoted by wg the common value of
(fo ). See Fig. 11 for an example.

Both in the case hy = h and h; > h, implementing the decompositions

(3.50) or (3.51), we see that the terms proportional to gr! 1(0) or to gfj?))(O) have

a dimensional gain of v, associated with the fact that the bound on §f;,h) (0) and

on gfdh)(O) are 7" smaller than the respective bounds on gf:,h) (x) and on g (x),
see Lemma 2.2, Lemma 2.3, Lemma 2.4 and Lemma 2.5.

So, in both cases, let us focus on the contributions proportional to the in-
terpolated term in (3.50) and (3.51).

Such terms have essentially the same structure as the r.h.s. of (3.15) with

L = 3, unless for the following facts: the minor G Too is replaced by a suitable
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Figure 11: : an example of case (B.1a).

minor of the determinant detG, of all loop lines contracted on scales h =
Pags hoys -« oy Ry, = ki if Ry > h the number of extracted loop lines is 4 instead
of 3 and their field labels are denoted by fo, f1, f2, f3; one of the loop lines (f; if
hi1 = hor fyif hy > h) is associated to an interpolated propagator (the second
term in(3.50) or the second term in the second line of (3.51), respectively).

For any fixed configuration of anisotropic sectors, the new sums on the
isotropic sectors, including possibly the sum over g, can be written as:

I > - (3.52)

7 LZJZ'-<Uin

where the * on the product means that the product runs overi =1,2,3if hy = h
and over i = 0,1,2,3 if h; > h. Note also that, by construction, the summand
in the expression under analysis (i.e. the analogue of the summand in the r.h.s.
of (3.15)) is identically 0 unless x({@1,@2,ws,ws+}) = 1. Then we are free to
multiply the summand in the expression under analysis by x({@1, @2, @3, W }).
However we choose to multiply it by a slightly weaker constraint, that is by

X({wg’“),wgf),wg’“),wﬁ 1), where wg’“) is the isotropic sector index on scale k

such that w; < w§k> (note that by construction @y- is already on scale k).

Having done this, we can bound the resulting expression by replacing all the
modified coupling functions, all the propagators and all the Gram determinants
with their absolute values. As regarding the factor (x Y ff) or (x Y frf)
appearing in (3.50) or (3.51), we can bound its absolute value by a sum over
the lines I € T” of |x; — yi|, where T" is a suitable subset of the spanning tree
T’. In particular we can associate each factor |x; — y;| to the corresponding
propagator of the spanning tree T”. Note that the number of terms in the sum
> e is of order n.

Now, we can bound the integral over the absolute values of the modified
coupling functions as in (2.102) (by using (3.18) in place of (2.92)), the integral
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over the absolute values of the propagators of the spanning tree times the factor
> e |1 — yi| by the r.hus. of (2.101) times a dimensional loss cny™", where
we used that the propagators associated to [ € T" are of scale j > k and that,
by (2.61), [ dx|x||gff)(x)| < ¢y~%. Moreover, the product of the determinants
times the product of the absolute values of the extracted loop propagators can
be bounded by the product over v of the r.h.s. of (2.100) times a dimensional
gain yPA+zl(h>h) g (hithaths). the first factor v comes from the derivative
Ox acting on g( ) or on §g?, see Lemma 2.4, while the remaining factors come
from the 1mproved bound on the size of the isotropic propagators with respect
to the anisotropic ones.

After these bounds, the sums over the choices of the extracted loop propaga-
tors (including possibly the sum over f;") can be bounded by |P,, | ] |Pyl?.

We are still left with the sum over the sector indices:

> 13 oy, ) I 2o 5 [ I 0]

Q\Qyq i Wi<w; “z‘“/o leT’

wev,,

(3.53)
We now want to bound (3.53) and to compare the result we shall find with the
bound we would get by proceeding as in Sect.2.8 above, that is with:

"1 2 (ho=hy ) (1P| =3+21L(| P, 210)) I1 N zhe (3.54)

vEVe v e.p.
v not e.p.

Using a notation completely analogous to the notations of 2.8, see (2.104) and
following equations, we begin with bounding the product of x functions in (3.53)

as
T x©e) < T x(©@), (3.55)
v>vq V>V
vEVe vEVe

that is we simply neglect the constraints associated to the vertices vy, ..., v,

and we weaken the remaining constraints by replacing sectors on scales < k
with the corresponding sectors on scale k.
Also, we rewrite the sums over the sector indices in the form

S de, |-

Q\Qvo 7 Wi <w;

=[H SO X X - Y 60
i oMeoy, Pao<a® ol a,. <0 N\,

vm

where the ** on the sums mean that we are not summing neither over the sectors
in ©,, nor over the sectors wg,w1,ws,ws. Let us denote by Pr, the set of field
labels of the half-lines corresponding to the extracted loop propagators (equal
to {fE, £, £} or to {5, £, i, fi}, depending whether h; = h or not) and
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by nF = |P, N P,,| the number of field labels in Pj, external to v;. With this
notation, we can bound

{H > }SCW(k—h)ﬂ(h1>h)ﬁﬁy(k_hi)

i <™ i=1
sk ' m
Z <™ H Fyé(hui_huifl)(‘Pvi‘_2_nzL) _ (3.57)
Qo <) i=1
3 m
— Cmfy—(k—h)ﬂ(h1>h) H,Y—(k—hi) H ,Y%(hui*hvi,l)(\PuJ*?)
i=1 i=1

Combining the two bounds in (3.57), we see that the global contribution from
the sector sums corresponding to the vertices v, ...v,, is proportional to
I, *y%(h”i_h”ifl)(lp“il_m, to be compared with the corresponding bound
[T 'Y%(h”_hv“l)(lp“i|_3+2]1(‘P”‘210)) obtained with the procedure of Section
2.8, see (3.54). We see that, as regards the sector sums corresponding to the
vertices vy, . . . U, with respect to the corresponding bound in (3.54) the present
bound has a dzmenswnal loss at most equal to 72(]“ h),

After having bounded as above the sector sums corresponding to the vertices
V1,...Um, we are still left with the sector sums corresponding to the vertices
v > Up,, that can be rewritten in the form

k%

M Y] S [ 11 @, o.a)
P aMedr Upse, Q) vZUm

*

{H‘swiwf}: ) {H > 5wf+,wff]- (3.58)

7 7

leT” oN\Q, T e <w®

k) —(k) —(k) —
T b [ T @D x(@0 28,58 1)
€Ty, vEY, .

Now, if hy = h (i.e. if the only extracted loop lines are fi, fa, f3), defining
QW = {wy, ws, ws, wy-+}, we see that we can soon bound (3.58) by an expression
analogue to the r.h.s. of (3.21), so that, repeating the discussion after (3.21),
we find that (3.58) can be bounded by the factor in (3.54) corresponding to
the vertices v > v, times a dimensional loss of v~ */2|k|. If hy > h (i.e. if
the extracted loop lines are fo, f1, fo, f3) we bound the sum Za)[()k)_<w(()k) by a

constant times v~%/2 and we neglect the constraint that the half-lines fJ and
fo have the same sector index (on scale k). After this, we are again left with
an expression analogue to the r.h.s. of (3.21), so that we lose a factor v~ */2|k]|
more.

In conclusion we can say that (3.58) can be bounded by a quantity that,
with respect to the factor in (3.54) corresponding to the vertices v > v,,, has a
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loss of v~ zk(+L(h>h) |k

Combining all the gain and losses discussed in this item we find that the con-
tributions under analysis, with respect to the bounds obtained via the procedure
in Section 2.8, have a global gain of:

_ 1 1
ey Ryt At ta o) p | TT (PP -

wew,
oy 3 (b=h) = 3R (I >) | :CTL|P1;1|[ H |Pw|3:| . (3.59)
wew,
3
.7h|k|7%(k—h)(1—11(h1>h)) H,y_%(k_hi) < "y |n| H P,J°
i=1 veV,

where in the last inequality we used the trivial bounds en < ¢, |k| < |h| and
Pl [ Te, 1Pal?] < ey, 1P

(B.1b) L = 2: there are exactly two loop lines connecting P, with P, \ P,«,
see Fig. 12.

Figure 12: : an example of case (B1.b).

We call [1,1s the extracted loop lines, fi1, fo the corresponding field labels
in Py, hi, ho their scale labels (assume h < hy < he < k) and wq,ws their
sector labels. In this case we proceed in a way very similar to item (B.1a) above
and we only rapidly repeat the proof of item B.la adapted to the present case.
The main difference consists in the fact that one of the fields in P,«, call it f3,
belongs to P,,, so that its sector label is fixed to be isotropic and equal to @.

Asin item B.1a we expand the propagators of I1, [ and [* as sums of isotropic
propagators and, depending whether h; = h or not, we also perform the expan-
sions in (3.50) or (3.51); the example of Fig. 12 refers to the second case.
Focusing on the contributions coming from the interpolated terms in (3.50),
(3.51) (the others trivially admitting a gain of v"), we note that, for any fixed
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configuration of isotropic sectors, the new sums on isotropic sectors can be writ-
ten as in (3.52), where the * on the product now means that the product runs
over i = 1,2 if hy = h and over ¢ = 0,1,2 if h; > h. We again choose to multi-
ply the summand in the expression under analysis by X({w(k) _gk) o) LW e},
(k)

where now @,
that @ < @}

Then we bound the product of coupling functions, the integrals over the
propagators of the spanning tree (including the factor ;. [x; — i/, see item
(B.1a)) and the product of Gram determinants times the product of loop prop-
agators as explained in item B.la above. With respect to the naive bounds
obtained by proceeding as in Sect. 2.8, we lose a factor ny~*, because of the
presence of >, ;. [x; — yi|, and we gain a factor AhAtgL(h>h) g (hithe) pe
cause of the presence of the isotropic loop propagators and of the derivative
acting on one isotropic loop propagator. Then, the sum over the choices of the
extracted loop propagators gives a combinatorial factor [Py, | [T,e, |[Pul?.

After this, we are left with the sum (3.53) over the sector indnilces, whose
bound must be compared with the naive bound (3.54). We proceed again
through (3.55) and (3.56) (where now the symbol []; must be interpreted as

explained above), then we bound []; Yo <ot and Yo _o exactly as in
i i vm Vi

(3.57), unless for the fact that the product H?:l appearing in the r.h.s. of
(3.57) must be replaced by Hle. So, exactly as in item B.la above, the sec-
tor sums corresponding to the vertices vy, ..., v, have a loss at most equal to
~y2(=h) with respect to the corresponding contribution in (3.54). We are still
left with the sum in (3.58) and again, if h; = h, we can reduce the analysis of
the expression in (3.58) to the analysis of an expression similar to (3.41) of item
A2.1; then we find that such expression can be bounded by the factor in (3.54)
corresponding to the vertices v > v, times a loss of |k|. If hy > h we bound
the sum Za)[()k)_<w(()k) by ¢y~ %2 and we neglect the constraint that the half-lines

must be interpreted as the isotropic sector index on scale k such

contracted in o have the same sector index (on scale k); then we are left again
with an expression analogue to (3.41) and we find a loss of a factor |k| more.

Combining all gains and losses we find that the global gain has an expression
similar to (3.59):

cny "kl Ehl(n>h) 5 (atha) | p, I[ IT 1P I] 3hh) .

wew,

Ay ERL (>R | :cn|Pvl|[ I1 IPMIQ} _ (3.60)

wev,

|k|72(k h)(1— ]1(h1>h))H,y—— (k—h;) <C ’7h|h| H |P |5
i=1 veVe

(B.2a) L = 5: as in the example of Fig. 4, there are exactly five loop lines

connecting P,. with Pvm \PU*, call them [q,...,l5 and denote by f1,..., f5, by
h1,...,hs and by w; ...,ws their field, scale and sector labels. With no loss of
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generality, we can assume h < hy < ---hs < k. If hy = h, then we rewrite the
propagator gl! (x;+ —y;-) in a form similar to (3.50):
1 1

1
gZi(Xffr_Yff) 2931(0)4' Z (Xff_ijf)/ dsaxggll (S(Xff_}’ff)) . (3.61)

w1 <w1 0

If hy > h, then as in item B.la above we expand the determinant of éﬂm
appearing in the analogue of (3.15) along the row corresponding to a field label
fo € P, \ P, and we rewrite det éﬂm as in (3.51).

Both in the case hy = h and hy > h, implementing the rewritings (3.61)
or (3.51), we see that the terms proportional to g"!(0) or to ggé) (0) have a
dimensional gain of v". So, in both cases, let us focus on the contributions
proportional to the interpolated term in (3.60) and (3.51).

We replace all the modified coupling functions, all the propagators and all
the Gram determinants with their absolute values. As before, we can bound
the integral over the absolute values of the modified coupling functions as in
(2.102) (by using (3.18) in place of (2.92)). The integral over the absolute
values of the propagators of the spanning tree times the factor (xf1+ — yff)

or (x;+ —y;-) is bounded again by the r.h.s. of (2.101) times a dimensional
J0 9]

loss ecny™*. The product of the determinants times the product of the absolute
values of the extracted loop propagators can be bounded by the product over v
of the r.h.s. of (2.100) times a dimensional gain W%h, coming from the fact that
the dimensional bound of the derived isotropic propagator on scale h (the one
corresponding to fi or to fy, depending whether h; = h or not) is W%h smaller
than the corresponding bound for an anisotropic propagator on scale h. After
these bounds, the sums over the choices of the loop propagators can be bounded
by [Py, | HwEEm | Pl®.
We are still left with the sum over the sector indices:

> 2 [T x@a)][ T bt “f[‘swm}’ (3.62)

Q\Qvo Wik <W;* 22‘1;2 1eT’
where the index ¢* attached to the sector indices in the second sum is i* = 1,0,
depending whether i1 = h or not, and the * on the last product means that the
product ranges over ¢ = 1,2,3,4,5 or over ¢ = 0,1,2,3,4,5, depending whether
hi1 = h or not.
We now want to bound (3.62) and to compare the result we shall find with
(3.54). We again bound the product of x functions as in (3.55). We bound the
sum )., . by a constant times 7"/ and, after this, we rewrite

S M- = 0 I ] X X - %
O\ Qo g g wik)eok g wi-<w§k) QSJI:,)I Qo -<Q£,’:3L O\ Qo
(3.63)
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where the x* on the sums mean that we are not summing neither over the sectors
in ,, nor over the sectors wp,ws,...,ws. If we denote by Pr, the set of field
labels of the half-lines corresponding to the extracted loop propagators (equal
to {f,..., fE,} or to {f&, fE,..., f£}, depending whether h; = h or not)
and by nl = |P;, N P,,| the number of field labels in P, external to the cluster
v;, we can bound

“‘[ ]g oy 3 (b= h>ﬂ<h1>h>H7% ~hi)

* % m
Z <cm H,y%(hvi*hui,l)ﬂpvi |-2—nf) _ (3.64)
Qo <) i=1
5 m
= My~ (k=)L (ha>h) H (ki) Hvé(hvi—hviq)(lﬂil—?)
i=1 i=1

Combining the two bounds in (3.64), we see that the global contribution from
thle sector sums corresponding to the vertices vl, ... Up, is proportional to [T\,
yi(h“i_h”ifl)(lp“il_z) —3(k=h)1L(h1>h) H _ 7’5 (k—hi) Comparing this with the
corresponding bound in (3.54), we see that the present bound has a dimensional
gain at least equal to =3 *k=M (> =1) TT5_ y=3(k=hi),

After having bounded as above the sector sums corresponding to the vertices
V1,...Um, we are still left with the sector sums corresponding to the vertices
v > Uy, that can be rewritten in the form

EES

1 Y] X [ «@)][or.]-

[ wgk)eok Uv>va£k) V>Um leT”
.
> IMowre IT 0urs [ U(Qv’fg)}. (3.65)
o \a,, ! 1T, vew,

- (whenever present in
fo

(3.65)), we are left with an expression completely analogous to (3.27) so that,
proceeding as in item (A1.2), we find that (3.65) admits a bound that, with
respect to the corresponding bound in (3.54), has a dimensional gain of *.

Combining all the gain and losses discussed in this item we find that the con-
tributions under analysis, with respect to the bounds obtained via the procedure
in Section 2.8, have a global gain of

_ 1y _l(p_ _
ey by P [ [T 1P ]y #ty b aen-

wew,

If we now discard the constraint coming from 4§+
fo’

5

AT 3] = entpul | TT 1PuF)] - (3.66)

i=1 wew,
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—_= _l n
oyl B k= h) (A (a1 >h)=1) {H7 3 (k—hi) }gc AP H |P,|° .

1=1 veEVe

(B.2b) L = 4: there are exactly four loop lines connecting P,- with P, \ P,..
We call fi, fa, f3, fa the field labels of the extracted loop lines, hi, ho, hs, hy
their scale labels (assume h < hy < -+ < hy < k) and wq, wa, ws, wy their sector
labels. In this case we proceed in a way very similar to item (B.2a) above and
we only rapidly repeat the proof of item B.2a adapted to the present case. The
main difference consists in the fact that one of the fields in P,-, call it f5, belongs
to P,,, so that its sector label is fixed to be isotropic and equal to @.

As in item B.2a, depending whether hy = h or not, we perform the expan-
sions in (3.61) or in (3.51). We again focus on the contributions coming from
the interpolated terms in (3.61), (3.51) (the others trivially admitting a gain of
).

We bound the product of coupling functions, the integrals over the propaga-
tors of the spanning tee (including the factor » ., [x; — yil, see item (B.1a))
and the product of Gram determinants times the product of loop propagators
as explained in item B.2a above. With respect to the naive bounds obtained
by proceeding as in Sect. 2.8, we lose a factor ny~*, because of the presence
of > cpn X1 — yil, and we gain a factor y3h because of the presence of one
derived isotrop1c loop propagators. The sum over the choices of the extracted
loop propagators gives a combinatorial factor |P,, | ] |Pul?.

After this we are left with the sum (3.62) over the sector indices (where now
the * on the last product means that the product ranges over i = 1,2,3,4 or
over ¢ = 0,1,2, 3,4, depending whether Ay = h or not), whose bound must be
compared with the naive bound (3.54).

We proceed again through (3.55), we bound )

7v~"/2 and we consider the rewriting (3.63) (where now the symbol [T must
be interpreted as explained above). We bound [ Zwﬁwl@) and Z;Zim-mi’;i

wew,

Biw <win by a constant times

exactly as in (3.64), unless for the fact that the product H?:l appearing in the
r.h.s. of (3.64) must be replaced by H;l:l. So, exactly as in item B.2a above,
the sector sums corresponding to the vertices vy, ...,v,, have a gain at least
equal to 7_%(k_h)(ﬂ(h1>h)_l) H?:l 7_%(’“_’”) with respect to the corresponding
contribution in (3.54). We are still left with the sum in (3.65) and again we
discard the constraint coming from 5w0+7w; (whenever present in (3.65)); in this
way we are reduced to an expression completely analogous to the one considered
in item (A2.2), see (3.45), and we find that such expression can be bounded by
the factor in (3.54) corresponding to the vertices v > v,, times a gain of v*.

Combining all gains and losses we find that the global gain has an expression
similar to (3.66):

cm’kW%hIPml{ 11 IPwIﬂ7’%h7’%(’“’h>(ﬂ(hl>h>’l) :

weEWL
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AT 3|2k = enlpul | TT 1Pl - (3.67)
i=1 wev,
1 1 1
.,yh,y—g(k—h)(ll(h1>h)—1){H,y—g(k—h } < gl H P[5
i=1 veVe

(B.3) L = 1; as in the example of Fig. 5, there is exactly one loop line con-
necting Pv* w1th P \Pv*. We call [; the extracted loop line and fi, hy, w;
its field, scale and sector labels. Let us rewrite the propagators of [* and [y
as sums of isotropic propagators, to be denoted by gfu f)*( ) and g(hl)( ). Note
that, by momentum conservation and the support properties of the single scale
propagators (see the identity (2.135)), hy > k — 2, so that it is sufficient to
consider the case h; = k; the general case will differ only in irrelevant details.
Moreover, the momentum conservation also implies that the summand in the
expression under analysis can be freely multiplied by 1 ([ws- — ;] < 1).

Note also that the determinant det éﬂm of the loop lines contracted on scales
h = hyyy hyyy - .., hy,, = k, except those contracted in [, can be factorized in
a form analogous to (3.30), to be denoted by det G- - det éﬂm\v*' Let us
call j. € [h, k] the smallest scale among those of the propagators contracted
into det (N?U* and j € [h, k| the smallest scale among those of the propagators
contracted into det ézm\”*; the indices of the vertices with scale j, and j will
be called i, and i. Note that at least one among j. and j is equal to h.

For any choice of [; and any vertex v;, ¢ = 0,...,m, we can split the set P,,
as P,, = P, UP] UP,,, where P, and P’ are the sets of external lines of vZ

contracted in det GU* and det GU vt respectively. Then we define two trees
7% and T, by adding to the two subtrees of 7 with first vertex Up, the first one
containing v* and the other containing [v,,\v*], the vertices v;,,...,v;,—1 and
vs,...,Um_1, Tespectively; see Fig. 13 for an example.

Ifver"and v =uv;,i=1i"...,m, weshall put Py = P, U{f1,f*};ifveT
and v = v;, i = 4,...,m, we shall put P, = P}/ UP,, U {F..7 Y, FLand
being the lines contracted in /; and [* and not belonging to P,«. If v > vy, we
shall put P = P, if v € 7*, P, = P, if v € 7. Moreover, we shall call T* the
subset of the spanning tree T associated with all the vertices v > v*, while T
will be T\{T™*,1*}.

Note now that, for any ¢ =0, ..., m, the constraint x(f)vi)@) is indeed inde-
pendent of the two external lines in P,,, since they have the same momentum
and belong both to P,,. It follows, by taking also in account that there is
a separate conservation of momenta constraint for the sets P, and P;/, that
X(Qu, o) = x(QUP;)) x(Q(P)))). Hence it is easy to see that we can bound the
expression under analysis by the following one:

>3 ey -l < 1) ] e \e') suplel 9] [ dxigl. oo <

I W1,Wp=
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Figure 13: : an example of 7* and 7.

hll

<dPel| 2 IR 0] [\ (3.68)

vEy, \v*

where [v*] and [v,,\v*] have a structure very similar to J? ( *)(T*,P*,T*)

VERLUZANG
with [P _| = 2 and Jﬁzi (7. P.T) with [P,.| = 4, with the following main
differences.

my(v*

1) The two external legs of v+ and two of the four external legs of v; have scale
k instead of j* or j.

2)Ifver*and v =1v;,i=14"+1,...,m, then the minimum value of |P}| can
be equal to 4, instead of 6.

3) If v < vy, the external legs involved in the conservation of momentum
constraint are those belonging to P, (whose number is [P;| —2), if v € 7%, or
those belonging to P (whose number is [P,| —4), if v € 7.

Let us consider first [v,,\v*]. We begin with bounding the sum over the
sector indices. By extending in an obvious way the previous definitions, we can
write

m

H X(Qv,w,wl,wf*) = H X(QUP" (vi)) H X(Qv,w,wl,wf*) ) (3.69)
v>u= i—it1 V>
vEVe veVe

so that, using the item 3) above (together with momentum conservation, which
allows us to eliminate one sector sum in each vertex) and calling €.+ the sector
indices of the legs in Pvz, we get

Z H X(Qv,w,wl,@f*) <

Q\cht v>vr
veE

Ve
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H e )Pul=9 5 T (@%, L) . (3.70)

i=i+1 QeNQE) T

Let us now consider det G, \,~; we can bound it as

m—

~ Popr|=1Pu Ly
|det GQm\'U* < H ( % ) +1 (C,y%hum) =
i=i
H oy (s =R )Py |=[Pog ) {clﬁmw”m*‘*v%h”m%m] ,(3.71)

where L, and L<,, denote the number of loop lines contracted on scale h,, and
less or equal to h,,, respectively.

Let us now observe that, if we extract from the bound of [v,,\v*] the first
terms in the r.h.s. of (3.70) and (3.71), we are left with an expression, which
has the same structure of a contribution to the effective potential on scale k
with four external legs of fixed sector of the same scale. By using Lemma 2.7,
this quantity can then be bounded by (c|U|)"~™+(*") | (5,1) 140020 On
the other hand, the product of the first terms in the r.h.s. of (3.70) and (3.71)

is equal to ] = W/HIPo=2) Tt follows that

v7<v§vm

[0 \V*] < (c[U])" (D) HP=) [T 47070 (3.72)
Sy-

v;<v§'um V>Um

Let us now consider [v*]. If v* is an endpoint, by using (3.8), we see that
[v*] < c|U||k|y**. Moreover, since |P,| > 6 for any v > v, i = 0 independently
of the value of j. and |P|—2— |P,| if vo < v < v, while [P,| = |P,] if
Vix < U < Upy. It follows that the r.h.s. of (3.68) can be bounded by

N o 1
o™ | I 1Pl ] Ikly=y 0= T =070, (3.73)

v
vEeY,, v>v0

which can be bounded by the r.h.s. of (3.6) (our goal) times a ”bad factor”
~J+=h_ However we can still improve the previous estimate, by extracting one
propagator of scale h from the determinant of the loop lines belonging to P,,,
as in item (B.1a), using (3.50). In this way, the bound (3.73) is multiplied by a
factor ¢|P,, |?(n — m4(v*))y~*~" and we are done.

We still have to consider the possibility that v* is not an endpoint. If j. = k
the problem we have to face is exactly equal to the problem we are studying, so
that we can suppose inductively that the bound (3.6) is satisfied. The induction
is on the number of endpoints and stops when the vertex which takes the role of
v* at each step of the inductive procedure is an endpoint. Hence, we get again
the bound (3.73) and we can improve it by a factor ¢|P,, |?(n —my(v*))y~ =",
since 7 = 0.
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If j. < k, the structure of [v*] is not exactly equal to that of the Lh.s. in
(3.6), because of the remarks 1)-3) after (3.68), but it is enough similar to apply
again the procedure described in item (B). To be more precise, we consider the
highest vertex v > v*, such that s, > 1, let us call it v, and we expand as before
the determinant of all the loop lines of scale between hv;; and j.. The terms of
the expansion with L > 1 can be treated as before, since the procedure described
in items (B.1a), (B.1b), (B.2a), (B.2b) does use the momentum constraints on
the scales larger than h,y, see (3.55). It follows that

. s (v . _(p 1
[v*] < (c|U]) a( )|k|~y23* H AP/ H S_U!|pv|575(|Pv\) ) (3.74)
v+ <v<v* v>v*
By using (3.72) and (3.74), together with the remarks that at least one among
i and i, is equal to h and that [P,| +|P}| — 2 = |P,|, if max{v;, v } < v < vy,
we see that the r.h.s. of (3.68) can be bounded by

(c|T )" [kl *" < 11 |Pv|5> II D (3.75)

v
V>V, v>v0

and, if j, > h, once again we can improve the bound by a factor c|P,, |*(n —
my(v*))y~ =" since i = 0. The final expression will be bounded by the r.h.s.
of (3.6).

It remain to consider the terms in the determinant expansion with L = 0, 1.
It easy to see that, in both cases, we have to extract the dimensional gain from
a term with the same structure of [v*], but a smaller number of endpoints. So
we can proceed by induction, which ends as soon as the analogue of v* is an
endpoint; we omit the details, which would be obvious at this point. We only
stress that in this iteration each vertex acquires, with respect to the bound
(2.97), at most a factor | P,|® and that each propagator of the spanning tree 7 is
multiplied at most one time for factor |x; —y;|, as a consequence of the “tadpole
gain” operation (3.50), so that there is no risk of factorials in the bound.

This concludes the proof of (3.6) with j = 0 under the assumptions (2.92),
(3.18) and (3.8). The validity of (3.6) with j > 1 under the same assumptions is a
trivial generalization of the proof above. In fact, in order to take into account the
factor [x —y|” in the r.h.s. of (3.5), we can bound it by (en)? =1 >, ) [xi —y1),
where 7" C T is a path on T such that (x —y) = > cpn(x — y1). Each
term |x; —y;|’ in this sum can be associated to the corresponding propagator
of I € T: then, when performing the integrations over the propagators of the
spanning tree, each of these terms contributes with a dimensional factor < y~"J,
see Remarks following Lemma 2.2 and Lemma 2.4. Then, for any integer j > 0,
(3.6) under the assumptions (2.92), (3.18) and (3.8) follows. ®
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3.2 Proof of the bounds (2.92) and (3.18)

In this section we want to prove that if, given h < 0, for any 7 > h (2.38)
is satisfied, then (2.92) and (3.18) are true for h; — 1 > h and (3.8) is true
for h < I/ < k < 0. Combining this result with the results discussed above
in Sect.3.1 finally completes the inductive proof of the validity of (2.38) and
of (2.92). Furthermore, this result, together with Theorem 2.1, completes the
proof of convergence of the expansion for the free energy and, together with the
discussion in Section 2.9, finally completes the proof of Theorem 1.1.

Given a set Py = {f1, fa, f3, fa} of four field labels, a set of sector indices
Qy ={wy € 0; : f € Py} and a set of space—time points x = {x; : f € P4}
labelled by Py, let us begin with proving that, if Up|hg| = ¢ is small enough,
then

/ dxsdxcsdxa o, (x)| < ClU|,  j>h (3.76)

implying (2.92) for any tree 7 € Tp.n, n > 1. We proceed by induction. Note
that for h = 0 the bound just follows from the bounds on the kernels of the
effective potential V(©), _

In order to prove (3.76) for j < 0, we substitute into the definition of A, o, the
beta function equation in the second line of (2.36) (for notational convenience,
in the following we shall drop the dependence of B;-l on (Ej, Aj;---; Ep,U)). We
find

0

N.0u (%) = Fag0 x @) + Y Faga, B () (3.77)
j'=j+1

where, repeating the same iterative construction leading to the tree expansion

for V()| see (2.87), and for 32, see (3.4), we can represent each term in the sum

in the r.h.s. of (3.77) as:

B 0,(x) = a0, * By (x) = Z Z Z Z Z { H X(Qv)} ~

n=27€T;_;, \va?\’% TET Q\Qyy vEVe

mod
Ta,5,04 * /d(xvo \ )W R (%) - (3.78)

Note that the sum in the r.h.s. begins, by construction, with the second order
(n=2).

In analogy with (2.96), we can define J;fly)n’m (r,P,T) as the following quan-
tity, representing a bound for the terms appearing in the sum in the r.h.s. of

(3.78):

Jj(’4,)n,ﬂ4 (Tu P7 T) = Z : (379)
O\ Qo

’ [H X(Qv)

/ dxodx3dxy -

mod
Fuon [ doc, \OWED (x,,)
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Assuming inductively the bound (3.76) for j/ > j and repeating the proof of
Lemma 2.7, leading to the first bound in (2.118), we find:

4 n 1 —h,,
I, PT) < (U™ T <P UPD et (3.80)
veV, “U°

Using (3.80) into (3.78), we find |3}, o, (x)| < ¢|U[?, so that, by (3.77)
N, (%)| < ColU| +cljl|U < ClU] (3.81)

where in the last passage we used that |j||U| < ¢o. This completes the proof of
(2.92). The proof of (3.18) is a step by step repetition of the proof above and
we do not repeat it here.

Let us now turn to the proof of (3.8). We begin with considering j = 0.
We again proceed by induction. First, we want to show the validity of (3.8) for
k=0 and h < h' <0, that is we want to prove

Z d(x1—x4) ‘/dx?dxg gfuh,)(xz — X3)/~\07Q4 (x1,%2,X3,%X4)| < CO|U|’72hI ;
weOh/

~ i (3.82)
where (4 was defined after (3.8) and \; g, in (3.9). The strategy consists again
in rewriting g&hl)(xQ — x3) as

1 ’
gl7(0) + (2 = x5) 3 / ds Oy (s(x2 = x3)) - (3.83)
0

w=<w
We substitute (3.83) into (3.82) and we bound the Lh.s. of (3.82) by the sum of
two terms, corresponding to the two terms in (3.83). Now, the term proportional
to g&h )(O) can soon be bounded as in the r.h.s. of (3.82), by Lemma 2.3 and by
the estimate (2.17) for | = 2. The term corresponding to the second addend in
(3.83) can be bounded as

> sup |07 (x)] /ddengX4|X2 — x| - [N g, (X1, %2, %3, %4)| <
@WEOD,, *
< GolUPy (3.84)

and (3.82) follows.

Now, for any fixed b’ € [h, 0], we inductively suppose that (3.8) is valid for
any k < k < 0, with & > &/, and we prove it for k = k. We insert in the r.h.s.
of (3.8) the beta function equation in the second line of (2.36) and we find that
(3.8) can be bounded by

Z d(Xl — X4) ’/dXQdX3 g&h/)(XQ — X3))\0_’Q4 (Xl ...X4) + (385)
W€D,
0
+ Z Z /d(x1 — X4) /dXdeg g (xy — X3)[3:7Q4 (x1...%4)| ,
k=k+1w€eO,,/
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where ﬁ]‘i &, (x) admits the same representation (3.78), with 4 replaced by Q.
The term in the first row of (3.85) can be bounded as in (3.82). Repeating the
proof discussed in items (B.1la)—(B.3), it can be realized that the k—th term in

the sum in the second line of (3.85) can be bounded as:

Z /d(xl—X4) ‘/dxde3 g&h/)(XQ —X3)[‘3375~14(X1,X2,X3,X4) < C|U|272h/|k| .

W€D,
(3.86)
Inserting the bounds (3.82) and (3.86) into (3.85) we find that (3.8) with k =k
can be bounded by

0
ColUy*" +c|UPy™ D7 |kl < ClU" (k] (3.87)
k=k+1

where in the last passage we used that |U||k| < co. So, (3.8) is proved in the
case 7 = 0.

As regards the case j > 1, we can once more proceed by induction. The
term with k =0 and h < h’ <0 and j > 1 can be bounded exactly as in (3.82),
with Cp replaced by some Cp ;. The term with k = k, supposing inductively
that (3.8) is valid for any k > k, can be bounded by an expression analogous to
(3.85), with a factor |x; — x4|/ more appearing under the integration. Via the
same strategy used to prove (3.82), we can prove that the analogue of the term
in the first line of (3.85) can be bounded by Co;|U|27?"'; the reason for the
factor |U|? replacing the factor |U| in (3.82) is that the function A\g(x) is local
(hence with vanishing derivative) unless for terms of order |U|? coming from the
ultraviolet integration.

Similarly, the analogue of the k—th term in the sum in the second line of
(3.85) can be bounded by the r.h.s. of (3.86) (with ¢ replaced by some new
constant ¢;) times a dimensional factor y~7* (obtained exactly as described at
the end of section 3.2 above). Substituting such bounds in the analogue of (3.85)
we find that (3.8) with k = k and j > 1 can be bounded as

0
CoIUPY +¢;[UPY Y [kly =% < C|U 2[RIy =0 . (3.88)
k=k+1

So the proof of (3.8) is complete and, together with it, the proof of convergence
of the expansion for the free energy and for the two point Schwinger function is
complete. In particular this concludes the proof of Theorem 1.1. ®

A The ultraviolet integration

In this Appendix we prove (2.17). By definition, WQ(ZO) =limy_ 00 WQ[?"N], where
WQ[?"N} are the kernels of the theory with effective potential VI®M defined by
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an equation similar to (2.14), with & replaced by the truncated expectation
with propagator

N
gL () = 37 g (x) | (A1)
=0
where
S0 = S hy () (A2)
== 1 (ko) — = ) '
L%p KDy, ! —iko +eo(k) — p

with ho(ko) = Ho(lkol) and hy(ko) = Ho(y™|kol) — Ho(v™7*|kol).
Note that limy oo g0=M)(x) = g(t1)(x) and that, for any integer K > 0,
g9 (x) satisfies the bound

Ck
| < - %
L+ (v o] + |7])

19 (x) . (A.3)
where |zo| has to be thought as the distance from the origin on the one dimen-
sional torus of size §, while |Z| is the distance on the two dimensional torus of
size L2.

We associate with any propagator g(17) (x) a Grassmann field »19) and a
Gaussian integration P(dy (%)) with propagator ¢(17)(x). Using repeatedly the
addition principle (2.13), we can rewrite V() as:

VO (¢) + L*BFy = (A4)
- _ z\}im log/P(dq/J(l’O))P(dw(l’l)) . .p(dq/,(LN))e*V(w“‘SN)Jrqb) _
—00

We can integrate iteratively the fields on scale NN —1,...;k+1, k> 0, and
after each integration, using iteratively an identity like (2.14), we can rewrite
the r.h.s. of (A.4) in terms of a new effective potential V(*:N):

N
(A4) = lim {L?ﬁ Y E- (A.5)

N —o0
J=k+1
~log / P(dg ) P(dp D) - Py HR)em V0= ]

with V#N) admitting a representation similar to (2.16), with kernels denoted

Wz(lk’N); the constants E; are determined by the conditions V=1 (0) = 0.
Note that the possibility of rewriting the effective potential on scale 0 in the form
(2.16), with W2(lk ) independent of the spin labels, follows from the symmetries
listed after (2.10) and the remark that P(dy(+1)) itself is invariant under the
same symmetries. Note also that V() = V(=1L.N) and F = Z;io E;.

By proceeding as in Section 2.6, one can see that the contribution of or-
der n in U to V*N)(¢)) and the corresponding kernels can be written as a
sum over a family 7T, ), of trees 7 of suitable tree values VEN) (7:4h) or

W2(;€’N)(T; X1,01,€1;---;Xa1, 097, €91), €ach of them computable as a product of
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truncated expectations E(:q I (i.e. of truncated expectations associated to the

propagators g(17) of (A.2)). The definition of T, v),, is similar to the definition
introduced in Section 2.6 above with the following modifications:

1) atree 7 € T(k,n),n has vertices v associated with scale labels k +1 < h,, <
N + 1, while the root r has scale k;

2) all the endpoints are “of type U”, that is are associated to a contribution
V(v), see (2.9);

3) in analogy with definition 1 in §(3.1) of [BGM], we call y—vertices the vertices
v of 7 such that the set of internal lines Z, is not empty; V, () will denote
the set of all y—vertices of 7.;

4) if v is an endpoint, its scale is hy + 1, if © is the x—vertex immediately
preceding v.

The values WQ(;C’N) (T;%1,01,€1;...;Xa1,091,€9;) can be computed via the
iterative rules described in §(2.4) of [BGM] (with some obvious modifications
needed to adapt the rules to the present case) and can be bounded via the
same strategy described in detail in §(2.7) of [BGM]. Using the dimensional
bound (A.3), it is easy to realize that the contribution from a tree 7 € T, ny,n
associated with a kernel with 2/ external legs can be bounded, if we also fix the
set P, of external lines in each vertex and call Wz(lk ’N)(T; P) the corresponding
kernel, as:

1 E,N
LTB/dxl"'dlelwg(l’ )(T;P;X1701,€1;---;X21,021782z)| <

< On|U|n,_Y—k(n—l+nmd) H ,_Y—(hv—hv/)(nu—l-i-nzad) (AG)

3

veVy

where v’ is the y—vertex immediately preceding v on 7, n, is the number of
endpoints following v on 7, n*? is the total number of tadpoles on 7 (i.e. the
number of trivial y—vertices v with n, = 1) and n‘*? is the number of tadpoles
following v on 7.

Remark In deriving (A.6) an explicit computation of the tadpole contributions
is needed. In particular one has to realize that a parity cancellation implies
that the tadpole contribution associated with the subtree rooted on a trivial
x-vertex v of scale h, with n, = 1 can be bounded by Cy~"+ (instead of the
naive dimensional bound C).

Note that the “internal dimensions” (n, — 1+ nt®?) are all > 1, so that the
sum over P and 7 of (A.6) gives rise in the usual way to a bound L?3(C|U|)™.
The insertion in the integral of the factor [[,.; ;<o [# — @;|™" will produce
the same type of bound, with C"*™ m = 3" m,;, in place of C™, so that (2.17)
follows, for U small enough.
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B Proof of Lemma 3.1

Given h < 0 and an isotropic sector index of scale h, @ € Oy, let us call gh,w the
corresponding isotropic s—sector (here we choose a notation as close as possible
to that introduced in [BGM] for the anisotropic sectors, see (2.72) of [BGM]).

Let assign wy = Wy, € Oy, and let us call A (@y;W9,w3,w,) the set of se-
quences (Wa,w3,ws) in O x Oy, x Oy, such that

there exists a sequence of vectors (El, EQ, Eg, E4) s.t.

k; € Shz: and E?:l k; = 0.
We want to prove that
(A (@132, T3, @)| < Oy ], (B.1)
for some constant C' > 0. Let 6; be the center of the f—interval which the polar

angle of 7 has to belong to, if p'€ Sy, z,. For any pair (i,5), 4,7 = 1,2, 3,4, we
define:

¢ij = min{||6; — 0;[[,m — |0 — 0]}, (B.2)
where || - || is the distance on the torus. By a reordering of the sectors, we can
always impose the condition:

max{¢1 3,014} < P12 (B.3)

In fact, calling A} (wy;ws,Ws,ws) the subset of Ay, (W1;Ws, W3, wa) with wWa,Ws, Wy
satisfying condition (B.3), it holds:

|Ap (w1; W2, W3, w4)| < 3|A}J (W1; W2, Ws,W4)] - (B4)

So, we describe how to bound |A} (wq;We,ws,wa)|. With no loss of generality,
we shall assume ¢ 2 < 7/2 (the case ¢1,2 > 7/2 can be reduced to ¢1 2 < 7/2,
by the reflection symmetry of the Fermi surface).

We first note that, given any positive constant kg, if we define

Ac(ko) = {(@2,@3,01) € A} (@1; @2, T3, @1) : |d12] < ThovE},  (B.5)

we have:
A< ()| < 9627 (5.6)
In fact, for any choice of ¢1o = k", |k| = 0,1,...,[ko7" 2] = N(ko), by

condition (B.3) we have that w3 can be chosen at most in |k| + 2 different ways.
Finally, once wy and w3 are fixed, by momentum conservation w, is fixed in
a finite number of sectors (and it is easy to realize that such number is < 8).
Then | A< (o)| is bounded by 8 S0 ([k| +2) = 8N (r0) +2][N (k0) + 3] <
96x3y~" and (B.6) follows.

Then, in order to prove (B.1), it is sufficient to prove that a similar bound is
valid for the set A (ko) = Aj (W1; W2, W3, wa) \ A< (ko). We start with computing
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the number N of pairs of angles (65, 604) compatible with a given choice of 01, 62
st. /2> g1 > Thoy"/?. Since ]5(;)(9) = —]5(;)(6‘ + m), if we write 03,0, in
the form: 0; + m + mn;y", i = 1,2, it is clear that N can be bounded by twice
the number of pairs 7i = (n1,n2) of integers compatible with the condition

2
STER O+ i) -5 0] =47 with [ <R, (B.7)

i=1
for some O(1) constant R. (B.7) can be rewritten in the form:

2
7= fli) =y [P0+ my) — 5 0] (B.8)
=1

with f twice differentiable. We now want to apply Dini’s implicit function

theorem in order to invert (B.8) in a neighborhood of @ = # = 0 (that is an
“unperturbed” solution to (B.8)). Let Adif(Di(Q))*l and ||A]| its norm. A
simple application of Dini’s Theorem implies that, if 77 varies in a ball Bp(ﬁ)

around 0 of radius p so small that

= -, =, 1 . —,
IDf () = DFO)|| < AT vii € B,(0) , (B.9)
and o < p/(2]|4]|), then for any 7 € B, (0) we can invert (C.6) as
o . ~ p
n = g(r), 7 € Bs(0), o< —, B.10
@ @ o (8.10)

with g twice differentiable and such that the image of B, (6) through ¢ is con-
tained in B,(0). In order to have the condition || < R in (B.7) verified together
with the condition |7] < 2H€4H in (B.10), we can choose

po|A|IR . (B.11)
We now want to compute ||A|| and check (B.9). Using (7.3) and (7.6) of [BGM]
and calling s, = §'(6; + my"n;), we see that the Jacobian of f(7), in the basis
ﬁh(t?l), Fh (91), is:
. sy sin ((61) — a(fy + ™"n1))  shsin (a(61) — (b2 + 7y "ng))
Df(n)=m
sy cos (a(01) — a(f1 + ™" "n1)) 5 cos (a(b1) — (B2 + Ty "nz))
(B.12)
so that det Df(0) = n2s'(61)s'(65) sin (a(f2) — a(61)). Hence, recalling the
definition of A (see the lines preceding (B.9)) and the property c1]|6; — 62|] <
[|a(01) — a(B2)]] < ea]lf1 — 02| (see (7.5) of [BGM] and section 2 of the present
paper), we have:

Ol CZ

— < ||A]| <
|sin(6; — 62)] — 1Al = | sin

7(91 T (B.13)
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Using the bound (B.13), we now want to check that the definition of p in (B.11) is
compatible with (B.9). We first note that, since s'(6) is differentiable, the Lh.s.
of (B.9) is bounded by cy"|ii] < c¢y"p = 2¢R||A||y", for some O(1) constant
¢ > 0. So, (B.9) holds if 8cR||A||>y" < 1 and, by (B.13), this is surely true if

AP

8cRCE —5———
¢ 2 sin2(91 — 92)

<1. (B.14)

We now recall that, since we are assuming that ||6; — 62| > 7rey"/2, it holds:
|sin(0y — 02)| > 2|6 — 02| > 2k0y"/2. This means that (B.14) is satisfied if xg
is big enough, that is if

K& > 2cRCY ; (B.15)

for instance we can choose kg = Cov2cR.
With these choices, we finally have that (B.8) can be inverted into (B.10)

and, if |7] < R, then |7i| < 2||A||R < %. This means in particular that,

for any choice of 8y = 1 + 7k~", [roy 2] < |k| < [2 7’1] w3 can be chosen in at

most different ways. Once both @y and w3 are chosen, by momentum

4C5R
[ sin(mky")]
conservation @, is essentially fixed (it can be chosen in finite number of ways,
and one can realize that this number is < 8). Then the number of elements of

As can be bounded as:

=]
|As (ko)| < 2 Z Ty < [16C2Rlog ]y~ "|n| . (B.16)
k=[roy ™ 2]

Combining (B.16) with (B.6) we get (B.1).m

C Improved proofs of geometric lemmas

In this Appendix we want to prove the following Lemma (called Sector Counting
Lemma).

Lemma C.1 Let W/, h,L be integers such that ' < h <0 and L > 4. Given

(h/) - (h) € Oy and w(h), (h) € Oy, let us define Q(h) {w(h )}Z 15
Q(L 1= { h )} <o and Q(h {w(h iLo. Then, for any choice of wlh ), it is
Z X(Q(Lh,)) < CL,Y%(h—h')(L—3) , (C.1)

i) <o,

uniformly in wgh/) and in Q(Lh_)l. The symbol < must be interpreted as explained

after (2.109).

In [BGM] a slightly different version of Lemma C.1 was proved, see Lemma
(3.1) of [BGM]. The main differences between the Lemma C.1 and the one proved

81



in [BGM] are the following: in [BGM] the case of a fixed C° Fermi surface was
considered, while here we are studying the case of a C? Fermi surface, changing
step by step of O(|U||h|y?h).

By a critical rereading of the proof of Lemma 3.1 of [BGM], see Section 7
of [BGM], it can be realized that the proof in [BGM] can be easily adapted
to the case of a C> Fermi surface, changing step by step of O(|U||h|y?"). In
order to see this it must be taken into account that, as already noted after
(2.89), given an s-sector Sp, ., on scale h, there are exactly *y%(h*h/) s-sectors on
scale b/ strictly contained into it, and their centers 6y, ., are independent of the

specific shape of the Fermi surface. Moreover the fact that ]5(1;I /)(6‘) is convex
(uniformly in A') must be used. Keeping these two remarks in mind, the proof
of Lemma C.1 above in the case of a C'>° Fermi surface, changing step by step of
O(|U||h|v*"), is easily obtained by replacing any p(6) appearing in the proof
in Section 7 of [BGM] by 15(;/)(6‘).

While the fact that the Fermi surface was fixed was not really used in the
proof in Section 7 of [BGM], the fact that it was chosen as a C* curve was used
here and there and it is not so straightforward to adapt the proof of [BGM] to
the present C? case. However by a careful rereading of Section 7 of [BGM], it
can be realized that the only places where the C? regularity of pr(6) was used
were the proofs of Lemma 7.1 and of Lemma 7.5, where some error terms were
bounded by the third derivatives of p(#). In this section we want to reproduce
the proofs of this two Lemmas in a more careful way and the result will be that
the proofs also work in the case that the Fermi surface is C?, and not more
regular than this. This in particular implies the validity of Lemma C.1 above.

In the following we refer for notation to Section 7 of [BGM], but we shall
drop everywhere the dependence on e. Moreover, all the quantities pr(6), u(6),
5(9), 1(0), 7(0) appearing below do depend on h': pr(f) must be interpreted
as equal to ﬁ(Fh )(9) and all the other quantities are obtained from ﬁgl )(0) via
the definitions in Section 7 of [BGM]. We chose to drop the dependence on h’

in order to unify the notation with that of Section 7 of [BGM].

C.1 Proof of Lemma 7.1 of [BGM].

We want to prove that 0 < ¢; < &/(0) < ca, where, if cosa = (ucos +
u’'sinf) /s’ > 0,

a(f) = f(0) = arcsin {ﬁ

otherwise a(f) = m — f(6). By explicitly performing the derivative, we find:

[u(6) sin 6 — u'(0) cos 4] } , (C.2)

5”(9
s'(0)

—

[u(f) sin @ — u/(0) cos O] + [2u/(0) sin € + (u(6) — u”(8)) cos 6]

F'(6) =
s’(@)\/l - W [u(f) sin 6 — /() cos 9}2

(C.3)
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Using that s'(8) = y/u2(6) + (u/(0))?, we see that the denominator in (C.3) is
equal to

\/u2(9) + (' (0))% — u2(6) sin® 6 — (u/(0))2 cos? 0 + 2u(h)w’'(0) sin O cos ) =
= ‘u(ﬁ) cos + u'(6) sin@‘ = 5'(0)|cos ()] . (C.4)
Using that s”(f) = 44448 we can rewrite the numerator in (C.3) as

1,11

[ (uv 4+ u'u’)

Tt Gy (vsind —wleost) 4 2ulsin (u—u")cos ] =
u u’

1
= m [ (uu' + u'u")(usinf — u’ cos @) +

+(2u/sin @ + (u — u”) cos 0) (u? + (u')2)} -
= e [0 ) + ©
+cos(2u(u’)? +u® — uQu”)} —
ot
- [u2 + (u’)Q]
s'(6)3 , .
- m(u sinf + ucosf) =

where, in the last identity, we used the identity [2(u)?+u?—uu"] = (s'(9))3/r(6),
which is an easy consequence of (7.3) and (7.4) of [BGM]. It follows that
o/ (0) = s'(0)/r(0), that is bounded away from 0, by hypothesis.

u'sin 6 +ucos ) (2(uv')? + u® — uu’)

C.2 Proof of Lemma 7.5 of [BGM].

With the definitions introduced in the proof of Lemma 7.5, we can rewrite (7.24)
of [BGM] as:

T2
1<¢ 5 @) = 5 @) - 1) + [ (B — 5 (B)] - ﬁ@)})
[PF(019) = Pr(01)] - 7(01) + [Pr (B27) — PF(92)] 7(01)

n
where gin =0, + nT;.
The equation ¥ = f(z) admits an unperturbed solution 0 = f(0) and we want

to apply Dini’s theorem to invert the equation as z = g(r) in a neighborhood
of 7 =0.
The Jacobian matrix of f is:

(¢ L71(61) 0o (01r)) ¢_1ﬁ(§l)a‘)ﬁF(§2n))
(©.7)

7(61)90pF (011)) 7(01)99pF (020)

(fl) = f(a1,20) = (C.6)

Df(z) =
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and, using (7.3) of [BGM], we can rewrite:

s'(01y) cos (a(f1y) — a(61)) s’ (02y) cos (a(f2y) — a(61))

In particular, the Jacobian determinant at z = 0 is

det Df(0) = &' (B1)s'(B2)¢ " sin(a(Ba) — a(Br)) , (C.10)

(_% sin (o) — a(@1))  —L% sin (a(Bay) — a(B1)) )
(

which is bounded above and below by O(1) constants. As a consequence, there

exists Adéf(Di(Q))*l and its norm ||4]| is a O(1) constant.
Now, a simple application of Dini’s Theorem implies that, if p is so small
that

1
IDf(z) — DO < Ay Ee B,(0) (C.11)
and r < p/(2]|A]]), then we can invert uniquely (C.6) for any i € B,(0) as

= y(@) (C.12)

and the image of B,(0) through g is contained in B,(0). So, let us compute
[[Df(xz) — Df(0)]| in our case. We have that Df(xz) — Df(0) is given by:

—¢ 78" (1) —¢~ 15/ (02y) sin (a(P2y) — a(61))
sin(afi) —a@)  +6715/(@)sin (alf) — o))
a a 3 3 (C.13)
_ s’(@ln)_~ _ S/(egﬂ) COS (04(9277) — Oé(gl))
-cos (a(f1y) — a(01)) — s'(61) —5/(62) cos (a(f2) — (6y))

and its norm is bounded by C(cz + n)|z|, where ¢z was defined in lemma 7.5 of
[BGM] and C' is constant depending only on the second derivative of s(#) and
the first derivative of «(#), that is at most on second derivatives of u(6). Now,
choosing ¢s sufficiently small, we can say that for (C.11) is satisfied with p =1
and (C.12) holds for any |r] < ¢, where ¢ is a suitable O(1) constant. ®

D Proof of Lemma 2.6

Consider the sector sum (2.117), where the sum runs over the sector indices
in Q\Q t and, given fi,..., fr € P,,, we defined Q( ot = {wp M. We want
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to prove that, if F¥ = 3 or F' = 5, the sum in (2.117) can be bounded by the
expression in the r.h.s. of (2.104), i.e. by the bound for the sector sum with
F = 1, times a dimensional gain of v*/2 or 4", depending whether F = 3 or
F=5.

First of all, let us note that, if 7 is a trivial tree or 7 € Tp 1 and |P,,| = 4,
the bound we want to prove is obvious. In fact, in these cases only F' = 3 is

allowed and, if wy,...,ws € Op and Qg = {w1,...,wys}, it is
Z x(Q4) <c, (D.1)
w1€0y

simply by momentum conservation. Another simple consequence of momentum
conservation is the following.

Lemma D.1 Let h/,h,L,F be integers such that ¥ < h < 0, L > 4 and

1< F<L-1. Given w%hl),...,w(Lh,) € Op and wgh),...,wgl) € Oy, let us
R’ R’ R’ R’ h h
define Q(L ) = {wz( : Ly /Q(LJF = /{wz( )}iL:FJrl and Q(LZF = {Wz( : iL:FJrl'
Then, for any choice of wgh ), . ,ng ) e Oy it is
S Q) < chqdtEron, (D2)

(h") (h)
Qe =L p

Proof. If F = L — 1 the statement of the Lemma is a simple consequence of
momentum conservation. If F < L — 1, then we can bound (D.2) by

S Y aw { 3 X(Q’LL’)}. (D.3)

(h")
(h') (h) (h') (h) w. " "€O0,, (h") (h)
Wp 5=Wp i, wy T =<wy Ii¢F+1h' Wp 1 =Wp

Now, the last sum can be bounded as Zwih/)-my‘) () < ¢F, simply by mo-

mentum conservation. After this bound, we see that the remaining sums con-
. . 1 ’ .
tribute with a factor 4z(»~?*)(E=F=1) and the Lemma is proved. ®

D.1 The case F = 3.

We start with the analysis of the case F' = 3. We assume that the number of
endpoints n of the tree is n > 2, the case n = 1 being already treated, see (D.1).

As in Sect.2.8, we denote by 7y the first c—vertex following the root and we
call hg its scale. Then, we bound the product of x—functions in (2.117) as in
(2.107) and, using the latter estimate, we bound (2.117) by the r.h.s. of (2.109),
where the * on the sums must be interpreted as meaning that all the sectors
index in Q(e?;)t must not be summed over. With this interpretation of the * on the
sum and using Lemma D.1 for 4 < L < 8 and the trivial bound 7<h0_h)<L—3)/2

for L > 10, we perform the bound analogue to (2.109):

*

3 x(@D) < ey to—IPe a1y [>10)] (D.-4)

Vo

(h) (ho)
Q% -<Q%0
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and we see that, with respect to (2.109), we gain at least a factor vé(h_ho).
Now, proceeding through the analogues of (2.110) and (2.111), we rewrite the
left over expression in the same form as the r.h.s. of (2.111):

Yo I Rl IT b (D.5)

Q(ﬁ’lO)\QEjp)t VED, lETfJO
-0
We now distinguish three possible cases.

(1) If the lines with field labels f1, fo, f3 are all incident to the same vertex
vx € U, we choose vx as the root of T and, “pruning T5 of its leaves”, one
after the other, via the same procedure described after (2.111), we can bound
(D.5) by the analogue of (2.115) that takes the form:

sup Z va(QSJZD)) H sup Z F,(Qho)) (D.6)

(3) ~
Qe QSJZO)\Qii)t VED\vx w Q(ho)\w

where w? is defined as after (2.115). Now, each factor in the product over
v € Ty\vx can be bounded exactly as explained after (2.115), that is as in
(2.116) if v is an endpoint or, if it is not, by the r.h.s. of (2.109), with (hg — h)
replaced by (h, — hg) and |Ps,| replaced by |P,|. As regarding the first factor
n (D.6), if vy is an endpoint, it can be bounded by constant, that is it gives a
contribution 40/2 smaller than the corresponding (2.116); in this case, combin-
ing this gain with the gain y2("=50) found above, see (D.4) and the following
comment, the desired dimensional gain is found. If vx is not an endpoint, we
are still left with Sup) ZQEZ‘”\QQ F, (2"} and we still have to establish
whether this factor admits a dimensional gain with respect to the corresponding
factor in (2.115). We shall discuss this below, after item (3).

(2) If two of the lines with field labels in {f1, f2, f3}, say fi, f2, are incident
to the same vertex vy, while f3 is incident to a distinct vertex vy € 74, we
identify the path I on Tj, connecting v« and vy, we denote by Ty the subtree
of Ty, rooted on vx and with no lines in common with lx y and by of C 9§, the
set of vertices in Ty (note that possibly T is trivial, that is o5 = {vx}). In
analogy with (2.112), we define

: Qho) def Qo))
]:20\% D, [iv H F ’ H 6w;r7wf

vED\TF 1€T5, \{Tx Ul }

- (lho)ydef (ho)
Fos (@)= T £ T] Out o > (D.7)

vEDY leTx

where 5 denotes the line of Tj,\Tx incident to vx (f; and w} will be its field
and sector indices); we can rewrite (D.5) as

S G > FmE) Y Faaa(@gt) <

w;’Jer;ﬁ Slig\{wl,w2,w;} Q(_ho\)_x\{w;,w3}
Yo \Xy
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< sup ) féS(Q(@%()))}'SuP{ > ]:20\2?)((9(@?{)@;) -(D.8)

W1,W2,wy w3
- « (ho)
Qv,o:\{whw%wx} Q%O\q30 \{ws}

Now, the second factor in (D.8) can be bounded following the same procedure
described in Section 2.8 and we do not find neither a gain nor a loss with respect
to the estimates in Section 2.8. The first factor can be studied as in item (1)
above and, if vk is an endpoint, we gain v"0/2 with respect to the estimates
in Section 2.8; in this case, combining this gain with the gain 7%(}1_’”)) found
above, the desired dimensional gain is found. If v« is not an endpoint, we are still
left with SUpo®) ZQ&D)\Q% F,, (QS]}(”) and we still have to establish whether

this factor admits a dimensional gain with respect to the corresponding factor
in (2.115). We shall discuss this below, after item (3).

(3) If the lines with field labels fi, fa, f3 are all incident to different vertices
in 9, call them vy, vy, v,, we again identify the path Iy y on 7%, connecting vy
and vy and we define Ty and gf as in item (2). With no loss of generality we
can assume that v, € 0§ it is in fact easy to realize that, if v, ¢ of, we can
always permute the symbols vk, vy, v, in such a way that, after the permutation,
vy € U5 Repeating the discussion in item (2) we can again bound the expres-
sion under analysis by the r.h.s. of (D.8), in which now the first factor has the
same structure as the term studied in item (2) (it corresponds to a sector sum
in which two of the lines corresponding to external fixed sectors are incident to
vx, while the third one is incident to a different vertex, v,). So, by the proof in
item (2), we find that, if vy is an endpoint, we soon find the desired dimensional

Qho\ o F,, (Qgﬁo)) and we still
Ux ext

have to establish whether this factor admits a dimensional gain with respect to
the corresponding factor in (2.115).

gain, otherwise we are still left with SUp(,(3) >
ext

In all cases discussed above, either vy is an endpoint, in which case the de-
sired dimensional bound is found, or it is not, and we are left with an expression
completely analogous to the initial one, with the external scale h replaced by hyg.
Then it is clear that we can iteratively enter the structure of vy following the
same procedure described in items (1)—(3) above and, proceeding by induction,
we find the desired gain.

D.2 The case F = 5.

Let us now consider F' = 5. Using the same notations as in Section D.1 and
following the same procedure, we bound the product of x—functions in (2.117)
as in (2.107) and, using the latter estimate, we bound (2.117) by the r.h.s. of

(2.109), where the * on the sums must be interpreted as meaning that all the
(5)

et Must not be summed over. With this interpretation of the

sectors index in €
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* on the sum, we perform the bound analogue to (2.109) and (D.4):

*

S (@) < ey to—IPeg =611 [>10)] (D.9)

Vo
o qtho)
0 0

and we see that, with respect to (2.109), we gain at least a factor A (h=ho) ~ We
now rewrite the left over expression in the a form similar to (D.5):

Z H F hO) H 5wl+,wf' (D.lO)

Q(ﬁ’lO)\QEjv)t ’UGE lETfJO
2o
We now distinguish three possible cases.

(1) If the lines with field labels f1, fo, f3, f4, f5 are all incident to the same
vertex vx € ¥y, we choose vx as the root of Tj and, proceeding as in item (1)
of Section D.1, we are left with the analogue of (D. 6)

sup Z FUX(QgiO)) H sup Z Qho)) (D.11)

5
Szf:a:)t Qg}i[))\ﬂii)t vED\vx @ Q(ho)\ «

As discussed in item (1) of Section D.1, each factor in the product over v € 0,\vx
is not associated to any gain or loss (it can be bounded as in Section 2.8). Note
that now vx cannot be an endpoint (it has at least 6 external lines), so we

are still left with supc) EQ(;LM\Q@) F,, (Q(xo)) and we still have to establish

whether this factor admits a dimensional gain with respect to the corresponding
factor in (2.115). We shall discuss this below, after item (3).

(2) Calling vyx,,...,vx, the vertices to which the lines l;,...,I5 labelled by
fi,... fs are incident to, if vx,,...,vx, are not all coinciding, we can assume
without loss of generality that vy, # vx, and we can consider the path Ix, x, on
T3, connecting vy, and vx,. Given [* € Ix, x,, we call 71 and 75 the two disjoint
subtrees of T, obtained by disconnecting from T, the line I*: we assume that
T1 is anchored to vy, and 73 is anchored to vx,. We call Qé, Qg the two disjoint
subsets of ¥, connected by the lines of 17,75 respectively.
We now further distinguish two more subcases.

(2.a) If there is a way of choosing I* € Ix, x, so that three among the lines in
{l1,...,1l5} are incident to T} and two of them are incident to T5 (or viceversa),
we can assume without loss of generality that fi, fo, f3 are incident to 77 and
fa, f5 are incident to T. In this case, in analogy with the definition (D.7), we
define

ho)ydef
Fa @)= [T Fo@) T 0 -

veDy et
def
]‘—Qg(ﬂ(ggo)) :f H FU(QS)ho)) H 6wl+7w; 7 (D12)
vEDE €T,
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and, calling w, the sector index of I*, we rewrite (D.10) as:

h h
S Y mE) Y mels o)
+

Wy Wy ngl)\{wlxw2xw3xw*} Q;};O)\{w*7w47w5}
35
ho) (ho)
< sup [ Fy (o } - sup Fa2 (O
w1,w2,w3, Z 20( ok ) Wi, W4, W5 Z 20( g )

Qﬂ(l)\{whwmu&} SZ;’;O)\{w*,w4,w5}
—0

Now both factors can be bounded as in Section D.1 and we get a gain ~/0/2

from both, and in this case the desired dimensional gain is found.

(2.b) If any choice of I* € Ix, x; is such that four among the lines in {l1,...,l5}
are incident to 77 and only one of them is incident to 7% (or viceversa), we can
assume without loss of generality that fi, fo, f3, f4 are incident to 77 and f5 is
incident to T». In this case, with the same definitions (D.12) and calling w, the
sector index of [*, we can rewrite (D.10) as:

h, h,
Y b 2 F@y”) 3 Fyeg))< (D4
;

wlwy Qﬂfl)\{o-)1,wz,ws,w4,w*} Q(f;o)\{w*,ws}
v
20

< s | ) Fop@U)]ssup [ > Fa@l)].

w1 ,Wa,wWs,wq,w
1,W2,ws,Ws,Wx Qﬁé\{wl,wg,wg,w%w*} Q(ZO)\{WS}
Z T
—0

ws

Now the second factor can be bounded exactly as in Section 2.8 and then it is
not associated to any gain or loss. The first factor has again the same structure
as (D.10) and we can again bound it following the same procedure described in
items (1), (2.a) and (2.b) above. Following iteratively the procedure, either we
get the desired dimensional gain (if we recover the case of (2.a) above) or we
are left with an expression analogue to (D.11).

But the first factor in (D.11) has exactly the same structure as (D.10), with
th external scale & replaced by hg. Then it is clear that we can iteratively enter
the structure of vy following the same procedure described in items (1)—(2.b)
above and, proceeding by induction, we find the desired gain. This concludes
the proof of Lemma 2.6. ®
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