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Abstract

We prove that the effective potential of the two-dimensional interacting
continuous Fermi gas with infrared cutoff is an analytic function of the
coupling strength near the origin. This is the starting point to study the
infrared problem of the model without putting any ultraviolet cutoff, as
usually done in the literature.

1 Introduction

We consider a continuous system of two-dimensional fermions interacting with
a smooth integrable potential \o(Z — %), &, 7 € Ti, the two-dimensional torus
of side L. 9(Z) is supposed to be bounded, smooth and with finite range. Since
the spin will not play any role in this paper, we shall suppose that the fermions
are spinless.

In the mathematical physical literature the infrared problem for this system
(sometimes called the jellium) is in general studied with an ultraviolet (UV)
cutoff, whose introduction is motivated by the remark that the model can not
be valid at high energies, see for example [DR, BGM]. This implies that the
results could strongly depend on the cutoff scale, if the system were not stable
in the UV region. Indeed, in these papers the interaction is not supposed to
satisfy the usual stability condition, which would be sufficient at least to ensure
the existence of the thermodynamical limit for the pressure, for any G, and of
the correlation functions, for 3 large enough [R, Gi]. Moreover, even in the case
of a stable potential, the techniques that are used to study the infrared problem
do not allow to use this condition, but are based on the analytic dependence on
A of the effective potential.

The aim of this paper is to prove that the UV cutoff can be safely removed.
Note that the dimension plays an essential role; in fact, if d > 3, it is well
known that there are two-body interactions, which do not satisfy the stability
condition, for which the pressure can not be defined, even for fermion systems
[R]. In agreement with this difficulty, our proof can not be extended to d > 2,
see remark 3) below.

Let us now define more precisely the model. Given the inverse temperature
3, we define A = [0, 8] x Ti and, if xo € [0, 5] and ¥ € T; we put x = (xq, Z).
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Moreover, we define Dg 1, = Dg x Dy, with Dg = {ko = %’T(no +1) : ng e Z}
and D, = {k = 2ii : i€ Zz}; the elements of Dy will be denoted by

—.

k = (ko, k). Finally, given the particle mass m > 0 and the chemical potential
11, we shall define eo(k) = (k2/2m) — p.

We study the UV problem for the system of fermions, by analyzing the
effective potential

11 Vepply) zlog/P(dw)e_V(w""P) : (1.1)

where ¢ is the (Grassmannian) external field, P(dy) is the (Grassmannian)
Gaussian measure of covariance

e ey 1B 250(?)
w(x—y)= [ P(d + ik (x—y) X\ TEOW)T) -y
gunlx - ¥) = [ Pl w3 Garaly) o

x(t), defined for ¢t > 0, being a smooth cutoff function, with a fixed infrared
cutoff on scale 1. We can choose it, for example, by putting x(¢) equal to 1 for
t > 2 and equal to 0 for ¢ < 1. Finally the interaction term is given by

s V() = A /A dxdy u(x—y) UL Uy v v /A by, (13)

L u(x—y) = 80 — yo)o(@ — ) | (14)
v being a finite counterterm, which is in general introduced to fix the Fermi
surface at the free theory value, when the infrared cutoff is lowered [DR, BGM];
hence it is a constant of order A\, whose precise value is of no importance in this
paper. Verr(p) can be formally expanded in powers of ¢; we shall write

[eS) k k

Vers(p) = =BL*p(\,v) + Z/dz dy War(x, 3, \Mv) [[ ok [T ey, (15)
k=1 i=1 i=1

where we used the notation x = (x1,...,%xx). The pressure p(A,v) and the

kernels War(x,y, A, v) have well defined formal representations as powers of A
and v; we shall write:

1.6 p(A\v) = Z DrnmA V™ (1.6)
n+m>1
Wor (%, y, M) = > ANV Wk nm(X,Y) -
n+m>1

The kernels Wy (x,y,\,v) are finite sums of products of delta functions of
the difference between two space or time variables times suitable measurable
functions of a subset of the x and y variables, determined by the delta functions;
we shall call, with an abuse of notation, L' norm of Way(x,y, A, v), and we shall
denote by [ dxdy|Way(x,y, A, v)|, the sum of the L' norms of these measurable
functions. The L' norm is of course a uniform bound for the Fourier transform
of the kernels.

As it is well known, it is difficult to check directly the convergence of the
power series in (1.6), because of the UV singularity of the propagator (1.2). Up
to now, the convergence has been proved (in a suitable norm) only in the one-
dimensional case [BGPS|. However, it is possible to show that, if one expand
in Feynmann graphs the series coeflicients, the L' norm of each graph satisfies
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a C™"™/(n 4+ m)! bound; since the number of graphs is of order (n + m)!?,

one gets a C" ™™ (n +m)! bound for the L' norm of the series coefficients [F'T].
This result is obtained by using the fact that the singular part of the covariance
(1.2) is different from zero only if g — yg or xg — yo + B are positive, see §2.
This argument works in all dimensions, but we shall prove that, in the two-
dimensional case, we can use it in a more efficient way, so proving that the
series coefficients indeed satisfy a C™™ bound.

In order to get this result, we introduce in §2 a suitable UV regularization
of the propagator, depending on a integer parameter N, which diverges as the
cutoff is removed, and we add a superscript (V) to all quantities in (1.6), to
remind the dependence on N. Then we prove that the series coefficients satisfy
bounds good enough to imply the power series convergence of pv )()\) and the
L' norm of Wéév)(g, v, A, v), for A and v small enough, uniformly in N. These
bounds are based on a multi-scale expansion, which allows us to prove also

the convergence, as N — oo, of p(V)()\), pﬂ%, as well as Wégi,m(g,z) and

Wég)(g, Y, A, v) in the L' norm, to quantities satisfying (1.6). We could also
prove the convergence at non coinciding points of the correlation functions and
the fast decaying properties on scale 1 of the effective potential kernels. For
simplicity, here we shall only prove the following theorem.

Theorem 1.1 There are constants Cy, independent of L, 8 and N, such that

17 Pl < cgtm (1.7)
o [axay WA eyl < G (18)

Moreover, there exist constants py, m and distributions Way n.m (X, X), with the

same structure of Wz(,i\j,)l,m(& y) as sum of products of delta functions times
measurable functions, which satisfy the same bounds and are such that

: n, m| (N) _
1.7a ]\}Enw Z AV pym = Pnml =0, (1.9)
n+m>1
.80 Jim (52%)7! / dedy Y X WAY) | (x,y) - (1.10)
> n+m>1

*WQk,n,m(Kv X)] =0.

Remarks

1) The expansion used to prove this theorem could be easily used to prove
that the results of [DR] and [BGM] about the normal behavior of the weakly
interacting Fermi system up to exponentially small temperatures (close to the
expected phase transition) can be obtained without any fixed ultraviolet cutoff.
2) The proof of the theorem is indeed valid even for a system with a fixed UV
cutoff on the k variables, for example a system of fermions on a fixed lattice.
In this case, however, the UV problem is much milder and a much simpler
procedure to get the same result through a different multi-scale expansion is
described in App. A of [BGM1]. Moreover, in [PS] it has been shown that, if
there is a UV cutoff on the k variables, no scale decomposition is needed, thanks
to an improved technique to control fermion determinants.

3) The expansion which allows us to prove the theorem could be applied also to
the case of spatial dimension grater than 2. However, if d > 2, the bounds (1.7)
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and (1.8) can not be proved, as we shall explain in §4. As we said above, this
result should be expected, since the existence of the thermodynamical limit is
strictly related with the stability of the potential for d > 3 [R], so that we can at
most make the hypothesis, in agreement with the C"*(n + m)! bound of the
series coefficients (see above), that the perturbative series are Borel summable,
if the two-body potential o(Z) is stable and A > 0. However, our technique is
not suitable for getting a result of this type.

The plan of the paper is the following. In §2 we discuss the multiscale

decomposition of the covariance, in §3 we describe the corresponding expansion
of the effective potential and, finally, in §4 we prove the theorem.

2 The decomposition of the covariance

Note that
2.1 guv(x) = g(x) - gir(x) s (2~1)
where . .
2.2 9(x) = — efik'x% , (2.2)
BLQ ke’%i —Zko —+ 50(k)
1 : 1— x(k? k)?
23 gir(X) = BL? Z e~ b) X.(ko - Eogf) ) : (2.3)
KEDy 1 —ikg + 60(/{;

)
As it is well known, the sum over kg in the r.h.s. of (2.2) can be performed
and one gets, if |zg| < 3,

(2.4)

9

1 - -
230 g(x) = T2 Z e~ th-T—woco (k)
keDy,

9(170) _ 1-— 9($0)
14 eBeo®) 1 4 etBeo(R)

where 6(t) is the step function, equal to 1 for t > 0 and equal to 0 for ¢ < 0 (this
choice ensures that g(0,Z) = lim,, o~ g(zo, Z), a required condition [NOJ).

The function g(x), which represents the covariance of the free fermion gas
without cutoffs, is antiperiodic in zg of period  and periodic of period 23; then
we shall consider it as defined on Téﬁ x T% . This function has a singularity at
the points zo = 0, £, which can be described in the following way. Let hq(t)
be a smooth function on R, equal to 1 for |¢| < 1 and equal to 0 for |¢| > 2, and
let us call 710(330) the function on Téﬁ, which is equal to hg(zg) around xg = 0
and equal to hg(zo + 3) around zo = —(3. Let us call also h(Z) the function on
Ti, which is equal to ho(#2) around Z = 0, and f(x) = ho(x0)h1(Z). One can
easily check that

240 f(x)g(x) = G(x) + Ri(x) (2.5)
where
24 G(x) = holao)h (B)(xo)er s ") (@)~ (2.6)
— ho(zo + ) (B)(xo + Ber @S (@),
1 efil_c'-ffxoso(l_c')
2.4b Rl(X) = 7h0(1‘0)h1(56)ﬁ Z m+ (27)

keDy
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)

+ hom+ @7y Y

+Beo(F)
feDy 14 ethPeo

and, if ¢ > 0, we are defining

), 1 - e~ (T+7L)?/(2t)
25 0F(@) = - Z e TR ERY/2 Z 5 (2.8)
keDy, ﬁeZ2
By using (2.1) and (2.5), we can write:
2.6 Guo = fGuv + (1 = fguo = fg— fgir + (1 = [lgue =G+ R, (2.9)

where R = Ry — fgir + (1 — f)guv. It is easy to check that R(x) is a smooth

function on T; 5 ¥ Ti and that, given any integer M > 0, there exists a constant
Cu, independent of L and 3, such that, if dg(xo,yo) and dp(Z, ) denote the

distances on T; (not T;B) and Ti, respectively, then

< Cor
= 1+dg(wo —yo)M +dp(Z — )M~

2.7 |IR(x —y) (2.10)

As it is well known, the decomposition (2.9) of the covariance implies that,
if we call Pg(dy) and Pg(dy) the Gaussian measures of covariance R(x —y)
and G(x — y), respectively, then we can rewrite (1.1) in the form

28 Vepr(p) = log / Pr(dyp)eVe¥+e) | (2.11)

20 Vg(p) =log / Po(dip)e™V¥He) (2.12)

The decaying property (2.10) of R(x) implies, by using standard techniques
based on the Gram-Hadamard inequality, that the integration in (2.11) gives no
problem. Hence, in order to prove Theorem 1.1, it is sufficient to prove it for the
functional V() of (2.12). We shall do that by a suitable scale decomposition
of the covariance, that we are going to describe.

If v > 1 is the scaling parameter, we define, for any integer h > 0,

210 On(xo) = O(zo)u(y"zo) , w(t) = ho(t) — ho(yt) . (2.13)

Since >-p7  On(z0) = 0(z0)ho(xo), we have

G = (214)
h=0
where, by (2.6),
212 Gu(x) = On(wo)ha(B)e" ™80 (7) - (2.15)
— Oulwo + Bl (D O6E) ().

It is easy to see that there are two constants A and «, independent of L, 5 and
h, such that

214 |Gh(x —y)| < Ayhe " P @N [0, (20 — yo) + On(z0 — yo + B)] . (2.16)
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This implies, in particular, that, given two points x,y € A,

213 Gp(x—y) #0 =yl <z —y<297" (2.17)
or B4y " <mo—yo<—B+2",

that is G (x — y) can be different from 0 only if the time coordinates zy and
yo are ordered on the interval [0, 3] thought as a torus, so that z( follows yg in
the positive direction.

Let us now put

215 Gan(x) =Y Gu(x) (2.18)
h=0

and let us call P<y(dy) the gaussian measure with covariance G<y(x—y). We
shall regularize the functional (2.12), by putting

216 VIV () = log / Py (dyp)e”V+e) | (2.19)
3 The tree expansion

An essential role in our analysis will be played by the tree expansion [G, BG],
in a form and with notations very similar to those used in [BGPS]; we assume
that the reader is enough familiar with this method to allow us to skip many
technical details. We start with some definitions and notations.

1) Let us consider the family of all unlabeled trees which can be constructed by
joining a point r, the root, with an ordered set of n > 1 points, the endpoints of
the tree (see Fig.1), so that only one line emerges from the root. The unlabeled
trees are partially ordered from the root to the endpoints in the natural way
(we shall use the symbol < to denote the order); n will be called the order of
the unlabeled tree.

We shall consider also the labeled trees with cutoff N (which in general will
be simply called trees in the following); they are defined by associating some
labels with the unlabeled trees, as explained in the following items. We shall
denote ’Tn(N) the set of labeled trees of order n and cutoff N.

U<//< |
I — "

R

. ™~

-1 0 hy N N+1
Figutg11l: An example of tree



2) Given 7 € ’Z;l(N), we associate to each endpoint one of the two terms in the
r.h.s. of (1.3) and we shall distinguish the two choices by saying that the endpoint
is of type X or v, respectively. We shall call space-time points the corresponding
integration variables; they will be ordered so that x9;_1,X9;, 1 = 1,...,n4, will
denote the 2n4 space-time points associated to the ny endpoints of type A and
Xons+j, J = 1,...,m —ny, those associated to the endpoints of type v. x will be
the set of all space-time points. We shall use also the notation x; = (z¢;,Z;)
to denote the time and space components of x;.

3) We associate to the endpoints 4n4 + 2ny = n, fields, ordered in a fixed
arbitrary way; we shall attach a label f =1,...,n, to each field to distinguish
them and we shall call I the set of this labels. If f € I, x; and oy will denote
the space-time and the o label, respectively, of the corresponding field wiﬁ .

4) We introduce a family of vertical lines, labeled by a frequency index h, which
takes all the integer values between —1 and N + 1; the vertical lines are ordered
from left to right as the frequency index increases. Furthermore the root must
belong to the line with index —1, the endpoints must belong to a line with
index > 0 and, finally, any branch point must belong to a vertical line with
index larger than —1 and smaller than N + 1.

5) We call non trivial vertices of T its branch points (this set is empty if n = 1
and, in this case, there is only one unlabeled tree); we call t¢rivial vertices the
points where the branches connecting two non trivial vertices intersect the family
of vertical lines; finally, we call vertices the trivial or non trivial vertices and
the endpoints (see the dots in Fig. 1).

6) Given a vertex v, we call h,, the frequency index of the vertical line containing
it. The first vertex of the tree (having frequency index 0) will be denoted
vg. Given a trivial or non trivial vertex v, s, will denote the number of lines
branching from v (then s, = 1, if v is a trivial vertex). If v is an endpoint
and v’ is the non trivial vertex immediately preceding it, there is the constraint
hy = hy + 1; this follows from the fact that G, (0,Z — §) = 0.

7) Given a vertex v, we shall call the cluster of v the family of space-time points
associated to all the endpoints following v, if v is not an endpoint, or v itself,
otherwise.

8) Finally, we denote &, and €hT the expectation and the truncated expectation,
respectively, with respect to the Gaussian measure with covariance Gj,.

We can expand the functional (2.19) as

3.1 V(N) Z Z V;,ivz , (3.1)

k=0n>1

where V( )( ) is the contribution of the terms of order 2k in the field and
order n in the couplings A, v, which will further expanded in the following way.
Given a tree 7 € Tn(N), we associate to it many different terms, each term being
characterized by selecting, for any vertex v € 7, a subset P, C I, so that the
family {P,,v € 7} satisfies the following conditions.

1) If v is an endpoint, P, coincides with the set of fields appearing in the
corresponding interaction term.

2) If v is not an endpoint (v not e.p. in the following) and v!,... v are the
vertices immediately following v, then P, C |Ji*, P,, and, if v > @, the first
non trivial vertex of 7, P, # (). Moreover, if we define Q,: = P, (| P,: (so that
P, =%, Qui), then Pvi\Qvi # () for any i, if s, > 1.
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Let us now define, for any set P € I,

st o(P) =TI e% . wP)= [ (32)

fepP fepP

One can show that (see [BGPS] for details)

3.2 sz(’i\/:r)L Z Z /dX ‘P Uo onv X) ) (33)

reT™) | Py |=2k

33 W(T, Pyy,Xx) = [ H Z} AP}, %), (3.4)

v>vg
v not e.p.

N4

3.4 W(r,{Py},x) = (—v)™ H[—)\v(xzi,l — X2;i)] - (3.5)

i=1

1

~ l [I S @@ 0P \Que >>] .
v not e.p. vr

Note that there is no explicit dependence on N in W (7, { P, },x), so that V( )( )

depends on N only because the sum over the trees is restricted to ’];L

4 Proof of Theorem 1.1

By the remark following (2.12), in order to prove the first past of Theorem
1.1, that is the bounds (1.7) and (1.8), it is sufficient to prove that, if we put
)\0 = maX{P‘lv |V|}7

a1 (BL*)™ / YD W Py x)| < (Crdo)” (4.1)

reTM) [Py =2k

To begin with, we note that, by proceeding as in App. 2 of [BGPS] (where an
essential role is played by the Gram-Hadamard inequality, used as in [Le]) and
by using (2.16), we get

2 [ET WP, p(P)| < 02 P B LIPS o) - (49)
T

where T is an anchored tree graph between the clusters of space-time points
from which the fields labeled by Py, ..., Ps emerge; this means that T is a set
of lines connecting two points in different clusters, which becomes a tree graph
if one identifies all the points in the same cluster. Moreover, if x’ and y',
i=1,...,s are the space-time coordinates of the two points connected by the
lines belonging to T, we define:

s—1
s AP (P P =Y (Vds(al, yh) + AP (E 7)) | (4.3)
i=1



Note that, if s = 1, the sum over T is void and must be understood as a trivial
factor 1.
We can use the inequality (4.2) to bound the r.h.s. of (3.5). We get

44 W (7, {P,},x)| < (CXo)" le (X2i— 1—x21)|]- (4.4)

II e Y Py 1P, ”Z R (PP,
S '7 b

v not e.p.

where we used the fact that Y° o oo 2252 [[Po,| = [Qu;l] < 2.

Let us now observe that, if we select one tree graph T, for each vertex
v, except the endpoints, and we add, for each endpoint of type A, the line
connecting the two corresponding space-time points, we get a spanning tree
for the all set of points x associate to 7. We can use this spanning tree (and

()
the corresponding e rdp,” (PoysesPosy) o v(Xg;—1 — Xg;) factors) to perform the

integrations over the space-time points in the usual way, by ordering them in a
way suggested by the spanning tree so that each integration involves only one
difference of coordinates, except the last one, which gives a volume factor. As
shown in App. 3 of [BGPS], the sum over the possible choices of the spanning
tree is controlled, up to a C™ constant, by the 1/s,! factors, hence we get:

4.5 (ﬂLQ)A/XmW(T, {Po}, %) < (Cho)" o1 - (4.5)
[ % Zilrul-iPll 2hto)

v not e.p.

where ||0]|; = [ dZ v(Z). Note that v(x) is not a bounded function, see (1.4);
hence, in the previous bound an essential role is played by the fact that all the
spanning trees contain all the lines associated to the endpoints of type .

Let us now call n4, and ns, the number of endpoints of type A and v,
respectively, following the vertex v, if it is not an endpoint, and n, their sum.
Then, it is easy to check that, if v is not an endpoint, > ;<. Y77 [|Ps,| — | P5]] =
4ng, + 2n9, — |P,| and that > .o (s — 1) = na, +n2, — 1. Then we can
rewrite (4.5) as -

a6 (BL*)7! / dx|W(r,{P,},x)| < (CA)" [ A #awomzePD 0 (46)

v not e.p.

where the vertex dimension d(ng,na,p) is defined as
1
47 d(ng,n2,p) =2(ng +n2 — 1) — 5(4n4+2n2—p) =Ny —2—1—2 . (4.7

If, given the tree 7 € ’Z;L(N), it turns out that d(n4 ., naw, |Py|) > 0 for any
v > vo which is not an endpoint, then, by proceeding as in §3 of [BGPS], one
can perform the sum over the sets {P,,v > vo} and all the labels of 7 of the
Lh.s. of (4.1), obtaining a (C\p)™ bound. Hence, if this property were true for
all trees of order n, one could get the bound (4.1), after exchanging the absolute
value with the sums in the Lh.s., since the number of unlabeled trees of order
n is bounded by 4™. The dependence on k of the constant Cj, is related to the
sum over P, .

However, one can see immediately that there are trees which contain vertices
with zero or negative dimension. Luckily, this can happen only in a few cases:



(a) |Pv| = 47 ng v = 0
(b) |Py| =2, n2, =0,1

(¢) |Py| =0, na, = 0,1,2 (this can happen only in the vertices between vy and
the first non trivial vertex of 7)

Note that this result is strictly related with the space dimension. In fact
our procedure works even for d > 2, the only difference being that, instead of
(4.7), we get d(ng,no,p) = —ng(d/2—1)+nys—d/2—1+ pd/4, so that, for any
value of |P,|, we have vertices with negative dimension, if n4 , is large enough.
This makes completely useless the tree expansion. We want now to show that,
if d = 2, we can improve our bounds, by summing the contributions of some
trees in the Lh.s. of (4.1), before exchanging the absolute value with the sums.

Note that, if we expand, given any vertex v, all the truncated expectations in
the vertices ¥ > v, we get a sum of connected Feynmann graphs. These graphs
can be drawn in the usual way by representing the two interaction terms of (1.3)
as in Fig. 2, where the solid lines correspond to fermions and the wiggling lines
correspond to the two-body potential; moreover, the arrow on a fermion line
coming in (out) the space-time point x means that the corresponding field has
positive (negative) o-label. It turns out that the graphs must have |P,| external

X

y
Figutgs2: The interaction terms

fermion lines, associated to the field variables in P,, one internal wiggling line for
each endpoint of type A following v and {>_>7,[| Ps,| — |P5|]}/2 internal fermion
lines, associated to propagators of scales hg, for each v > v. Moreover, the set
of all fermion lines can be partitioned uniquely in a family of paths, which are
simple loops (fermionic loops in the following) or open paths connecting two
external lines; in all paths the arrows define a precise orientation. However,
thanks to the time ordering condition (2.17) (see the remark following it), the
value of the graph is 0 if there is a fermionic loop containing a number of space-
time points less than 57" /2, as it is easy to check. It follows that, if

48 my <np, = [By"/2] (4.8)

the value of the graph is exactly zero, if there is some fermionic loop. Moreover,
because of the delta function in the time variables of the two-body potential
and the fact that the connectivity of the graph can be ensured only through the
wiggling lines, the orientation of all open fermion lines must be the same.

The previous considerations imply in particular that, if v satisfies condition
(a) above and (4.8), the only graphs giving a non vanishing contribution are
those having the structure of a ladder graph, that is a graph with two open
paths with the same orientation, connected by n4, non intersecting wiggling
lines, see Fig. 3. Let us now suppose that v satisfies condition (b) or (c¢) and
(4.8); in this case, it is possible to build graphs without loops only if n4, = 0

10
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and |P,| = 2, so that n, = ny, = 1, which is impossible if v > vy. Hence a
tree 7 may give a non vanishing contribution only if there is no trivial or non
trivial vertex satisfying (b) or (¢), together with (4.8), except the trivial tree
with n, =no, = 1.

};1 }"2 Ym—-1 y-m

Figurg23: A ladder graph

We are now ready to modify our expansion. Given a tree 7 € ’Tn(N) and the
sets {P,,v € 7}, let us consider the family F, of all vertices different from vy,
which satisfy condition (a), (4.8) and the further condition that, if v € F, there
is no vertex ¥ < v, except possibly vg, which also satisfies (a) and (4.8). We
want to rebuild our expansion (3.3), by summing all terms associated to trees
which are obtained from 7 by substituting, for each v € F., the subtree starting
from v with another arbitrary subtree with the same number n, of endpoints
of type A; we shall call ﬂ(N) the family of all such subtrees starting from wv.
Moreover, we sum also over all the choices of the sets Py, ¥ > v, and we leave
unchanged the set P,, again for each v € F;.. In order to describe the result of
such operation, we note that, if v € F; and m = n,,

O[O X] O ot @@ (P \Qore)) =(49)

(N) P>v P D>
T*€T, snotep. & note.p.

1 T
+ o F b ot o= o= - Yt b= ab=  cah— ah—
ﬁg[hu,N] (wzlwyl’ Z2 Y2¢)’2 Z2) ") wszlwymfl ymflwszl7wymwzm) ’

where 5[:,: N] denotes the truncated expectation with respect to the Gaussian

measure with covariance Gy, n] = Zg:h G}y and the fields involved in the
truncated expectation are those associated to the endpoints following v, except
the fields associate to P,, that is ¢, , ¥y, ¥, and t . This claim easily
follows by comparing the multiscale expansion of log [ Py, nj(di)exp V(1) +
@) with the ordinary cumulant expansion, Py, nj(dv) being the measure with
covariance G, Ny-

Let us now call j}L(N) the set of trees, whose definition differs from that of
(N) .
Tn""’ for the following reasons.

1) The number of endpoints is not fixed, but is at most n.
2) Besides the endpoints of type v and A (whose number is still denoted by ns
and ng4, respectively), there are also n} endpoints, to be called of type A* and
order n;, < m; if F; is the set of endpoints of type \*, the following constraint
has to be satisfied:
3.2b Mg+ ng+ Z ny=mn. (4.10)
veF,
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4.10

3.4a

3) To each v € F. we associate a frequency label h, € [1, N], satisfying the
constraint that h, = h, + 1, if v is the higher vertex preceding v in the tree.
4) To each v € F. we associate n}; interaction terms of type A; we shall call

x, the set of corresponding 2n; space-time points. Moreover, if the set x7 is

written as in the second line of (4.9) and Fig. 3, with m = n, and we put

X,, = X, h = h,, we shall define the function
~(N)
Ty (Km) = — Hv (4.11)

T _ _ _
'g[ ( wyﬁdj 1/1 z/}yz Z27...7wzm. 1wym 17 Ym— 1wzm 17wym1/}zm)

It follows that we can substitute (3.3) with a similar expansion:

520 V(o)=Y > / dx o(Py,) WM (7, P, %) | (4.12)

reF (N | Py =2k

330 WWN(r, Py, x) = [ 11 Z]W(N) AP}, %), (4.13)

v>vg
v not e.p.

where ), * means that the sum is constrained by the condition |P,| > 6, if
ny, <nj , and

W (r, (P}, x) = (=0)™ [[l=Molxaia = x20)] T [(=055 0, x0)] -
i=1 veEF,
H Siv'gg; (w(Pvl\Qvl)a IERE ¢(Pv5v \QUS” ))‘| : (414)

Note that, if v € F’, the set P, is not fixed, but has to be chosen in all possible
ways among the sets of four fields, a couple with o(f) = 4+ and a couple with
o(f) = —, that one can select so that the two couples of fields belong to two
different interaction terms of type ), among those associated to v, see item 4)
above. For the other vertices, P, is defined as before.

It is easy to see that W) (7, { P, }, x) satisfies a bound similar to (4.5). The
only difference is that now we do not have a spanning tree and a corresponding
decaying factor to perform the integration inside the sets x associated to the
endpoints of type A\*. However, if we shrink every set x to a point, we get a
spanning tree by choosing, as before, a tree graph T, or the interaction line for
the other vertices; if we use this spanning tree to perform in the usual way the
integrations over the differences of coordinates associated to its lines, we are left
with the integrations over the sets x, v € F, with the condition that one of
the space-time points from which the four external lines P, emerge is fixed, in
each set. It follows, by observing that, if v € F, the set P, can be chosen in

*

ny(nk — 1) different ways, and by using the constraint (4.10), that we have to
multiply the r.h.s. of (4.5) by [[,cp H@Sy’)hv ||, having defined

i (a0 = maxsup [ dlo [0 (0] (4.15)

x*
i

where x7 is one of the four points from which the four external lines of P,
emerge.

12



N

On the other hand, the graph expansion of (4.9) gives rise to a sum of
2m=2(m — 2)! ladder graphs with propagator Gn,n); hence, by using (4.11) and
(1.4), we get

m

12 Hﬁan})LH <2m sup/ [ H dZi,OdZi] [Hd@} [H [o(g; — 73;)@ '
J i=1,i#j i=1 i=1
m—1
[ H |G[h,N] (Zi+1 - Zi)”G[h,N] (Zi+1,0 - Zi,07??i+1 - 371)@ . (4~16)
i=1

By using (2.15) and (2.13), we can easily see that, uniformly in N,

i3 /daﬂa[h,m (20,3)| < Clho(v"|wo]) + ho(¥"]wo + B)] . (4.17)

Therefore, if we integrate in (4.16) first the space coordinates, by using a span-
ning tree containing all fermion lines and one interaction line, then the time
coordinates, by using the fact that ho(y"|zo|) has support in an interval of size
’y_h, we get

214 ||| < Oy g mY g (4.18)

m,h

where ||9||oc = supz |0(Z)

The bound (4.18) implies that W) (7, { P, },x) satisfies a bound similar to
(4.6). We could indeed even improve the bound, by using the A~ Mm=1) factor in
the r.h.s. of (4.18), but we do not need this improvement. It will be sufficient to
use the fact that now the set {P,} has the important property that, if a vertex
v has non positive dimension (that is it satisfies either condition (a), (b) or (c)
above), then n, > ny, , that is n, has to be very large, if h, is large. To exploit
this property in an efficient way, let us select, given 7, the family R, of vertices
such that n, > nj and there is no vertex v > v with the same property. We
note that, for any ¢ > 0,

* * eB hay
415 1= H e ho ey < e H e 27, (4.19)
vER, vER,

so that, if we choose ¢ = 2371, we get

416 1< 62671n(4€_2)‘RT| H y2he < O H y=2he (4.20)
vER, vER,

By using this bound, we get finally
4.6a (ﬁLQ)_l/dg\W(N)(T, {P,},x)| < (4.21)

< (C)\o)n{ H ,Y—Zhv} H ,y—d(n4ﬁv,n211,,|PU\) .

veER, v not e.p.

Let us call 7* the minimal subtree of 7 which contains vy and the set R, of
vertices. Our definitions imply that all the vertices of 7 which have non positive
dimension belong to 7* and that the elements of R, are the endpoints of 7*.
Hence, we can distribute the y~2"v factors in the r.h.s. of (4.21) along the paths
connecting the vertices in R, to vg, so to increase the dimension of all vertices
of 7 of at least two units. Since d(ng4, no,p) is > —1 and grows linearly with p,
this is sufficient to control the sum over the set {P,}, see remark after (4.7).
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In order to complete the proof of Theorem 1.1, we define the constants py, »,

and the distributions Wag ,,m (X, y) in a way analogous to p&N,,l and WZ(,iV) (x,y),

,n,m
that is by using, instead of the expansion (4.12), the similar expansion

3.200  Vagn(p Z Z /dxgo o) (T P,,,x), (4.22)

TET |Pu0‘ 2k

where 7,, = Unso 7,M) and

33 W(T, Py, X) = { H Z]W AP}, X), (4.23)

v>vq

‘U
v not e.p.

W (r,{P,}, x) being the expression obtained from (4.14) by substituting @sz)hv (x¥)
with @, 1, (x5) = 947, (x3).

In order to prove the bounds (1.9) and (1.10), it is sufficient to prove that
there exists a constant dn, which goes to 0 as N — oo, such that

4.1a (,BL2 / Z Z T, Py, X)—

TET,EN) | Py | =2k

a Z Z PUO’X) < (Ck)\O)n(SN . (4.24)

TETn ‘P'Uo |:2k

This is indeed an almost immediate consequence of the previous bounds. In
fact, we can write the expression inside the modulus in the r.h.s. of (4.24) as
the difference between

2 Anx= Y Y [W Py, x) — W (r on,x)} (4.25)

TN [Py |=2k

and
121 Mon(x) = Y > W(r,Py.x) . (4.26)
reT \T,NV) | Pog|=2k
On the other hand, by proceeding as in the proof of (4.18), it is easy to prove
that "
atda |[550) = B || < O™y Ny TR 5 g (4.27)

which implies in a simple way that
(1) [ axl )] < (G (4.28)

Let us now consider Ay n(x). The sum over the trees in the r.h.s. of (4.26) is re-
stricted to trees which have at least one non trivial vertex with frequency index
greater than N, say v. Hence we can extract from the bound of (8L*)~! [dx
|W (7, P,y,x)|, which is of the form of the r.h.s. in (4.6), a factor v~™/2, without
affectmg the bound of the sum over the trees; in fact this factor can be compen-
sated by lowering of 1/2 the vertex dimension (which is > 1) in all the vertices
of the path joining ¥ with the root. It follows that

(3227 [ sl ()] < (Cod)s 2. (4.29)
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Therefore, the bound (4.24) is proved with 6y = v~ V/2.
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