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Abstract

We consider a quartic O(N)-vector model. Using the Loop Vertex Expansion, we prove the Borel
summability in 1/N along the real axis of the partition function and of the connected correlations
of the model. The Borel summability holds uniformly in the coupling constant, as long as the latter
belongs to a cardioid like domain of the complex plane, avoiding the negative real axis.

1 Introduction

The Loop Vertex Expansion (LVE) was introduced by Rivasseau in 2007 [Riv07] as a new tool in
constructive field theory in order to deal with matrix fields. It was then successfully applied to general
tensor fields [Gurl3; DR16; RVT18]. For a general exposition in zero dimensions, close to the topic of this
article, see [Riv09]. The outcome of the LVE is an expression of the free energy, as well as the generating
function of connected moments (or cumulants) as a sum over trees instead of connected graphs. As the
number of trees increases only exponentially with the number of vertices and the contribution of each tree
is exponentially bounded, the resulting series is convergent. The two ingredients of this expansion are
the Hubbard—-Stratonovich [Hub59; Str57] intermediate field representation and the Brydges-Kennedy—
Abdesselam-Rivasseau (BKAR) formula [BK87; AR95].



In this paper we study the Borel summability in 1/N of the free energy and the cumulants of the
quartic O(N)-vector model in zero dimensions using the LVE (see Section 2 for the definition of the
model). Note that here we are not interested in the pertubative expansion (the expansion at small
coupling constant), which is well-understood for the quartic O(N)-vector model and is Borel summable
in 0 dimensions [Riv07] and in 2 dimensions [EMS74]. On the contrary, Borel summability in 1/N is less
explored. The associated two-dimensional Euclidean quantum field theory was studied in [BR82], where
the authors prove the Borel summability of the partition function and of the moments of the %Hqﬁ”é
measure. But they discuss neither the free energy nor the cumulants. Passing between the two is rather
non trivial as one needs to take a logarithm. The raison d’étre of the LVE is to take this logarithm
rigorously and uniformly in N. A related model, the spherical O(/N) model (or non-linear o-model),
has been studied in [Kup80b; FMR&2] where the authors showed that the partition function and the
correlation functions at high enough temperature are Borel summable in 1/N. However, contrary to the
model we study here, the spherical O(N) model does not have any issues of convergence at large field
as the field is restricted to belong to the sphere SV—1.

Techniques similar to the ones we use in this paper have been introduced in [GK15] for N x N
matrices. However, only the Borel summability of the perturbative expansion in the coupling constant
has been established in [GK15]: the status of the 1/N series has not been analyzed. The generalization
of Borel summability results in 1/N to the case of matrices is not straightforward: contrary to the
vector case, we do not have a representation of the partition function (with sources) in which N is just
a parameter. Consequently it has been impossible so far to prove that such functions can be extended
to analytic functions in 1/N in some domain.

In this article the free energy and the generating function of cumulants of the quartic O(N) vector
model are considered as functions of the coupling constant g and of 1/N. We look for the largest domain
in the (g,1/N)-plane allowing their bivariate analytic continuation. After introducing the model in
Section 2, we present both the main tools and the two main results in Section 3, namely the analyticity
(Thm. 3.6) and the Borel summability (Thm. 3.8) domains of the free energy and the cumulants. We
obtain that if |argg + arg1/N| < 37 /2, the free energy and the cumulants are analytic in a cardioid
shaped domain in g and, for |argg| < m they are Borel summable in 1/N along the real axis uniformly
in g for g in a slightly smaller cardioid domain. The proofs of these theorems are presented in Sections 4
and 5, respectively. In order to keep this article self-contained, we recall BKAR formula in Lemma 3.5,
but other useful tools also appear in the appendix.

ACKNOWLEDGEMENTS. L.F.is supported by the EDPIF. R. G. and C.I.P-S. have been supported by the European Research
Council (ERC) under the European Union’s Horizon 2020 research and innovation program (grant agreement No818066)
and by the Deutsche Forschungsgemeinschaft (DFG, German Research Foundation) under Germany’s Excellence Strategy
EXC-2181/1 - 390900948 (the Heidelberg STRUCTURES Cluster of Excellence).

2 The model and the partition function

Before introducing the model, let us adopt the following notation:
¢ We denote by I, the identity matrix on R™ and by 1,, the n X n matrix with all entries equal to 1.

o Let C € M,(R) be symmetric positive and X, Y € R". We write (X,Y)¢ for 33, ; <, XiCy;Yj. If
C = I,,, we omit it. We denote (X, X) by || X||>. Whenever X € R™ is the argument of a function
F:R"™ — C, we write

2
.O0CF(X) = ¥ Cupi(X).

1<i,j<n

o Let C € M,(R) be symmetric positive semi-definite. We denote by pc the centered Gaussian



probability distribution of covariance C on R™. Note that it exists and is unique (see appendix B.1)
even if C' is degenerate.

o If F:R" — C, we denote Ec[F(X)] the expectation of F' with respect to uc:

ElF(X)] = [ duc(X)F(X) = (599 F(X)|x=o

e We write a < b if there is a constant K > 0 such that a < Kb. If we want to specify that K
depends on some parameter o, we write a <, b.

o Throughout this paper, we denote 1/N by € when promoted to a complex variable.

Let N be a positive integer and g € {z € C | Rz > 0}. The zero-dimensional quartic O(NN)-vector
model is a probability distribution v on RY defined as a perturbed Gaussian distribution in the following
way: denoting by E the expectation with respect to v, for all F': RN — C v-mesurable, the expectation
of I is

N Rl A0.9)

Ery e~ #IX T

E[F(X)]

The Fourier-Laplace transform of the measure, also known in the physics literature as the partition
function with sources J € RN, denoted Z(g,1/N;.J), is:

Z(g, %; J) = By, [e~SFIXI E[eVNUX)]) = By [e-sHIXI+VNGX]

4
I

In particular, the partition function of v, Z(g,1/N;0) =Ep, Ca
that measure.

], is the normalisation constant of

REMARK 2.1. Note that we have made a particular choice of scaling of the sources J with N. This
scaling ensures that all the cumulants (see below for details) are non-trivial in the large N limit. In
the absence of this scaling, in the large N limit the O(NN)-vector model is a Gaussian model with a
complicated covariance corresponding to the resummation of the dominant diagrams in the large N
limit, the so-called cactus diagrams.

From now on, we will switch to an integral notation, more adapted to the LVE, and more reminiscent
of the functional integration in quantum field theory. In particular, in accordance to the usual notation
of quantum field theory, we denote ¢ € RY the random vector so that the partition function with sources
rewrites:

1 o L et VR — Lol *+V/ N,
Z(gjﬁ;t}) :/RN(%)N/26 Hell*—s%lol <’>=/duzN(d>)e skl (J.0) (1)

Our aim is to study the expansion in 1/N of the partition function and the cumulants of the measure
v. At fixed N € Z, the integral in eq. (1) is absolutely convergent iff g > 0 and defines Z(g, %; J) as
a holomorphic function of g for all g € {z € C | Rz > 0}.

In [Riv07] it was noted that performing a change of variables (known as the Hubbard-Stratonovich
transformation, or intermediate field representation) one can obtain a convergent expansion for the
logarithm of the partition function. We thus insert in eq. (1) the Hubbard-Stratonovich intermediate
field representation (2 = /—1):

2

w‘&

e

1 2
== [y e Er = [y e,
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for the quartic interaction term, x = %\/g/NHgZ)||2 and obtain:

1 1 2
2(0.557) = [ dury(0) [ (o) eI NS

zi/duﬂg)g%MR@WﬂW+%RwyMMUW
— & In R(0,9)+% R(o,9)]| ||
—/du%(0)62 2

where R : C?\ {(i, 2):2€C*} - C, R(0,2) = (1 —13/z0) " is called the resolvent.

REMARK 2.2. This transformation renders the O(/N) invariance explicit: the partition function depends
only on the norm of the sources.

We observe that, at fixed N € Z~q, Z can be analytically continued in g to all C\ R_. The interme-
diate field representation also makes 1/N an explicit parameter [Kup80a] in an integral representation
of Z(g,1/N;J), contrary to eq. (1) where N is also present implicitly in the dimension of the inte-
gral. One can then study the analyticity properties of Z(g,1/N;J) seen as a function of the variable
e = 1/N that, since we are interested in Borel summability along the positive real axis, we promote to
H = {z € C| Rz > 0}. We parameterize C* as {(|z],«) € R} x (—m, 7]} and for z = (|2], ) € C*, we
write arg z = «, and we use the same parametrization for H = {z € C* | |arg z| < 7/2}. Regarding g,
since it appears in a square root in the resolvent, it is wiser to take it to be an element of the Riemann
surface of the square root, whose basic properties are recall hereafter:

DEFINITION 2.3 (Riemann surface of the square root). Let us denote by y/ the principal branch of
the complex square root defined on C\ R_. Let ¥ be the associated Riemann surface. We write 3/
for the analytic continuation of \/ to 3. ¥ is a 2-sheeted covering of C* and can be parameterized as
{(|z], @) € R% x (=2m,27]} and for z = (|2], ) € X, we write argz = a. Let I: 2 = (]z|,a) € C\R_ —
(|z], @) € ¥ be the canonical injection of C \ R_ into ¥ and II be the projection of ¥ onto C* namely
II(|z], ) = |z]e". The two sheets of ¥ correspond to the two possible determinations of the square
root on C \ R_ : for z € ¥ such that argz € (—x,7), /z = VIIz and if atgz € (=27, —7) U (7, 27],
V/z = —VIIz (but note that ( 3/2)? is always equal to I1z). We will denote by X T (resp. £7) the sheet
of ¥ corresponding to v/~ (resp. to —y/), and we will also denote R(c, z) == (1 — 10 v/z)" .

Therefore, from now on, the coupling constant g is an element of 3, and we aim to find the maximal
domain of analyticity of the free energy and the cumulants as functions of (g,€) € ¥ x H. Since this will
bring us to constantly deal with with the arguments of g and ¢, in the rest of the article, we use the
following convention:

we will use indifferently arg g and ¢, as well as arge and 6.

At this point, partition function rewrites as
Z(g,6J) = /dﬂe(a) e3¢ M Rlo:0)t3: Rog)|7)”

which enables to analytically continue it from I(R*) x {1/N | N € Z~o} to I(C\ R_) x H. In order to
extend this continuation to some wider subdomain of ¥ x H, for all ¢ € (0 —7/2,0 + 7/2) we define

Zy(g,€ J) by

i - _
do 24 LinR(og)+L R0 ]2

Zy(g,6J) = e

k3

¥
2R

v
2

vfe

2 ~ ~
_ o 5ot M R(0e' 2 9)+ 3 R(oe' 2 )| ||

J
J

e%N
3
(e

R e™'24/27e

~ ~
_ /duee—w(a) o nR(oe' T )+ LR(oe' 2 g)||J|° @)



The integral is convergent and, furthermore, Zy(g,¢;J) = Z(g,€;J) is independent of 1. Indeed, let

o2 B B 2 ) ()
Sget 0 €C— ﬁ e 5 Toc mRe9)to. REe9)I° 5o that Zy(g,6J) = Jgp€e2sges(0€2)do. We then

have ﬁZw (9,6J) =[x %61%d0[5976’J(O’€Z%) + US/g’€7J(06z%)] = 0 by integration by part.

Before going to the analyticity domain of the free energy and the cumulants, for the sake of compar-
ison, we note the following result:

PROPOSITION 2.4. The partition function with sources of the zero-dimensional O(N)-vector model,
Z(g,€;J), can be analytically continued in (g,€) from I(R%) x {1/N | N € Z~o} to the following domain
of ¥ x H: 2 3
__ m 3
B = {(g,e) €Y x H‘ argg +arge € (— 2,2)}.

REMARK 2.5. In the sequel, to prove Borel summability of the free energy or the cumulants of v, we will
rely on the Nevanlinna-Sokal theorem [Sok79]. One important hypothesis of this theorem is analyticity
in a disk tangent to the imaginary axis and centered at a positive real number. We call such a domain
a Sokal disk, see remark A.2. Note that for g € I(C \ R_), the analyticity domain in the e-plane of the
partition function with sources contains indeed a Sokal disk as for all § € (—7/2,7/2) and ¢ € (—m,7),
po+0€(—3n/2,31/2).

In order to prove Proposition 2.4, we need the following bound on the resolvent:
LEMMA 2.6. For all (0,g9) € C* x X,

~ 1
R(o, < — .
(Bl 9)l |cos(arg o + § arg g)|

(3)

This bound is trivial for {/go € 1R, which reflects the fact that the resolvent has a pole at o = 1/2 3/g.
Proof. Directly stems from |1 —2z| > |cosarg z|. O

Proof of Proposition 2.4. We start with the intermediate field representation (2). Let £, be the following
manifold:

Ny = {(a,g,e) eECxXxH| oe's WGC\ZR}.
We let fy, from §), to C be the integrand in eq. (2):

¥
2
2’

[

1 -2 +iln§(o’e
f¢(079a6) = € 2ce W 2
™% \/2me
fy is holomorphic on $y and [ fy (0, g,€)do coincides with (1) for (g,€) € I(R%) x {1/N | N € Z~o}.

For all 0 € R, (g,€) — fy(0o,g,€) is holomorphic on Ay, = {(g,€) € ¥ x H | ey /9 € C\ R}, that has
two connected components, namely

9)+3:R(oe'Z g)|1 2

A ={(g.0 €S xH|pe(—r—v,7—v)} (4)

and 2, = {(g9.¢) € ExH | ¢ € (=2m27] \ (-7 — ¢,m — )}, Moreover as ]lnlé(ae’%,g)\ <
In|R(0e'z, g)|| + 7, thanks to the bound (3), the integral of fy is absolutely convergent, uniformly
in g and €, on any compact of 91:2 Thus, it defines an analytic continuation of Z, = Z to 91;2 Therefore,
Z is analytic on Uye@—r/2,04x/2) Ql;; =B which concludes the proof of Proposition 2.4. O]

REMARK 2.7. This analytic continuation is the largest one that can be found thanks to the tilt of the
contour of integration, since for ) — ] > 7/2, the integral (2) becomes divergent.



REMARK 2.8. In order to clarify why the tilting of the contour was needed, consider the following.
Suppose we are interested in the function i : {Rz > 0} = C,z— [ e *tdt and ignore that h(z) = 1/z.
Clearly, h is analytic on its domain of definition. We aim to analytically continue h to some maximal
domain. To this end, we observe that hy : 2 = [z[e" = [Lup, e #tdt is analytic iff |a + | < m/2.
Moreover, if || < 7, the domains of analyticity of h and hy, overlap, and h = hy, where they are both
analytic. Thus hy is an analytic continuation of f to a Riemann sheet. One needs to check whether this
analytic continuation has a discontinuity at the real negative axis (in which case 0 is a branch point)
or a pole. In our case one gets a pole, but applying the same strategy to z — [p e~**dt one obtains a
branch point of order 2. We apply the same strategy to Z.

Our aim is to obtain similar results for the free energy and the cumulants. As such quantities de-
pend on the logarithm of the partition function Z and Z has zeroes, they will not simply inherit the
analyticity properties of Z: we expect that the domain of analyticity of In Z is smaller than the one of
Z. Since Z(0,¢; J) is non vanishing, for g close to 0, Z(g, €; J) is non vanishing too. However, for g real
negative Z is discontinuous and g = 0 does not belong to the domain of analyticity of Z or InZ. In
order to identify some domain of analyticity of In Z we will rewrite it as a uniformly convergent series
of analytic functions. This series is indexed by trees and converges for a small enough coupling constant
thereby defining In Z in some domain. This is in contrast with the perturbative expansion which writes
the partition function and the cumulants as divergent series.

The core of our arguments heavily relies on the Loop Vertex Expansion (LVE) [MRO7; Riv07], which
we now present.

3 The Loop Vertex Expansion of the cumulants

In this section, we perform the LVE of the cumulants defined hereafter:

DEFINITION 3.1 (The rescaled cumulants). For all k£ > 1, one defines the rescaled cumulant of order 2k,
£2k(g, €), by the following relation:

a2k
Yo I i, | 85 (9.€) = ex——InZy(g. € J) (5)
a;,a P \Y» w\g, € a0
mEPy(2k) (as,a5)€™ ’ a‘]‘11 "'8‘]‘1% ‘J,O

where P5(2k) is the set of pairings of 2k elements and let 82%(g, ¢) = ﬁ?fzo(g, €).

This scaling is chosen as to have a well-defined large-N limit and the advantage of using &2% over
the RHS of (5) is that the former is manifestly O(N) invariant. Since only £2¥ will appear below, we
refer to them as the cumulants.

Before going to the Loop Vertex Expansion, let us introduce a few notations. First of all, in the
following, we will denote by 7T, be the set of all labelled trees with n vertices. To a tree T € T,, we
associate the symmetric n x n matrix W7 (u) with diagonal entries equal to 1 and off diagonal ones
Wzijr(u) = W]r‘f(u) = w;‘g (u) as given by eq. (10) (with F replaced by T'). Then, the LVE is written in
terms of

Cpt = {(i, i) € {1,m}* [for all a,b € {1, kb a £ b= ia £} -

The notation comes from the fact that C}' is the configuration space of k particles on the discrete n-point
space. With this notation at hand, the LVE allows us to express to cumulants as a sum over ciliated
trees, for which we adopt the following convention:

couples (7, ¢) made of a tree T' (with n vertices) and cilia ¢ € C}; are denoted by T . (%)



For ¢ € {1,...,n}, we also denote d;(Tt) = (i) + d;(T") with c(i) = 1,c. the coordination (or degree)
of the vertex 7 in T, including the cilia. The Loop Vertex expansion of the cumulants is given by the
following proposition:

PROPOSITION 3.2 (Loop Vertex expansion of the cumulants). For all 1 < k <n and € (0 — /2,0 +
7/2), the cumulants are given by the series

e i

n>k

[ur [ o, >{ [Ttz - 1>!Rdi<Tc><a<i>eZ?,g>} ,

TCETnXC” =1

for all (g,€) € ¥ x H such that it converges (in particular for (g,e) € I(R% ) x R% ).

Proof. To perform the LVE, we first expand the partition function with sources as expressed in eq. (2).
From now on, we fix ¢ € (6 — /2,0 + 7/2) and for (g,€) € B we start from:

-~ ~
Zy(g,6J) = /dueew (0) e3e MR(0€' T 9)+ 3 Rloe 2 ) |1

We expand the exponential inside the integral and, using Fubbini’s theorem, we exchange the sum and
the integral to obtain:

> 1
Zy(g, 6 J) = %W/dueew(a){lnR(ae £ g)+ R(oe's, g)||J| 1" (6)
The use of Fubbini’s theorem is justified by the following lemma:

LEMMA 3.3. Leta € (0,1/2], (g,¢) e ExH and ¢ € (0 —7/2,0+m/2). Then, if (g,€) € Ql;; (see eq. 4),
there exist two non negative reals C1,Cy independent of |g| and |€| such that for n large enough:

L Cglg
= |e™n! (|e|”n!)(1_a)

A, =

m /duee w(o )[mR(aw 9) + R(oe's, )HJH ‘

In particular, at fized » € (0 — /2,0 + 7w/2), the sum of the A,’s has infinite radius of convergence in
both |g| and 1/|e| for all (g,€) € Ql;;

Proof. 1t is convenient to perform the change of variable o — o/|g| so that A, rewrites:

D L g /53 2 g n
[ e @ Rloe's, £+ Rioe's L1

(2lef)n!

~ 2
Then, thanks to the bound in eq. (3), if |¢ + ¢| < 7, ‘R(O’GZ%, ﬁ)] N2 < Coslli]ﬂw). Furthermore:
2

’lnlé(aelg, |‘;%|)‘ < K - %ln|]§72( oe's ‘;)])2 +7T2]1/2.

Then, using \}N‘E_Q(ae’%, ﬁ)| = 1+2sin 7/)+<p|0|+02 < (1+|0])?, we get In |R~2(c€’ 12p, I |)| <In(1+|o])? <

2(1 + |o])2* for 0 < a < 1/2 implying |In R(ce 2,@ N<VA+]o)e+a2 < (1+ o)) +mas 7> 150

7



that:

1, U+ pan
6 1+ o) + 7+ || cos™ (5
2||"n'\/m/ s (@) [(1+ [ + 7 4[] cos™ (=)
- n _ 77[)—|—<p n—k

: d - L+ 2ak e || |1 cos ™ (——F
= (2le)) nty/cos(v — 0) / Mcos‘ﬁu‘o 7 %(}.@)( o)) {77 1] (— )}

[7T+HJH cos™ -
= /u wt (0)(1+ o))

‘dnn' COS cos(¢p—0)

where we used the fact that 7+ J||* cos™ (wﬂ’) and 1+ |o| are greater than one. At this stage, rewriting:

Jdn s @+l = [ di @O+ o) 4 [ (@)1 o)
cos( lo|<1 cos(—0) |o|>1  cos(v—8)
<[ @24 [ (@)@l
lo|]<1 = cos(v—8) lo|>1  cos(v—0)

SQQQ"(/CZM lgel +/du lge] \0!2a">
R cos(p—0) cos(¢p—0)

S qan (1 4 1 |:COS (w_e):|1/2/ e—cos(’l,[)—@)Q;Etanl/Zdt>
Ry

2yl 2|gel
an 1 2 an 1
<4 <1+ Qﬁ{cos(ijel 0)} r(an + 2)) ,

Czlgl™

RO -

and using the asymptotic of the gamma function we get A,

i +

|€

We now use the copies trick as stated in Lemma B.5 (see Appendix B.3 for the proof). With our
integral notations, Lemma B.5 rewrites:

LEMMA 3.4 (The copies trick). Let n be a positive integer, z € C with Rz > 0 and F' € L™(R, p,2/5.)
a C-valued function. Then F®" :R" — C, X = (X;)1<i<n — [[1=, F(X;) is in LI(R”,M‘ZPM/%Z) and
furthermore we have:

[adn@ @) = [ dpes, ()P ) = | duzﬂ,L(X)f[lmn. )

This lemma produces for an integration variable o, n variables of integration that we call the copies
of o and that we denote by (0());<;<,, where we use parenthesis to avoid the confusion with the O(N)
indices. With this notation, using eq. (7) in eq. (6) we obtain that:

n

Z¢<g,e;J>=§>jo(2€)1w / duee-zwﬂTL(a)H{lné(a‘” 9) + R(eWe's, gl } (8)

=1

ce” W n -
=20 nnn [ (2 <8,8>X<x>)H{lnR<a“> .9) + R(eVe'% g)|J]” }] ,
n>0 (

i=1 o i):U,J}ij:1

where [X (z)];; = 1 and [X (z)];; = x;; for i # j.

We now rewrite the above expansion as a sum indexed by forests over labelled vertices of analytic
functions and consequently its logarithm as a sum indexed by trees over labelled vertices of analytic
functions. The crucial point is that at order n the number of such trees is of order O(1)"n!, much less
than the number of Feynman diagrams which is of order O(1)"(2n)!, and the expansion is convergent.

This rewriting is obtained thanks to the BKAR formula [BK87; AR95], which will be applied to the
x = (z;;) parameters.



LEmMMA 3.5 (BKAR formula). : — C be a smooth function. If x € R@, we denote its
components by x;; fori,j =1,2,...,n,i < j. Let F' be a forest with vertex set V(F) = {1,2,...,n}. If
there is an edge between vertices i and j (z < j), we write (i,j) € E(F). If both i and j belong to the
same connected component of F, we let P, H_)] stand for the unique path in F between i and j. Then we

have:
( H / ) AEWDN £ ()
=1 ) Twmyerr) 9im|,

FeFn " (i,j)€eE(F

: (9)

=wF

where 1 is the n(”2_1) -vector with all the components equal to 1, F,, is the set of all forests with n labelled

n(n—1)
vertices, |E(F)| is the number of edges of F, and w" € R™ 2 is given by:

WF inf(k,l)ePf;j ug;  if i and j belong to the same component of F, (10)
“ 0 otherwise.
Notice that [] 4 pepr) Orpy = el BB o= | E(F |H b)eE(F) 0,0, when acting on the quantity in

square brackets in (8) Thus, by the BKAR formula (9) the partition function with sources rewrites as

Zulg: &)= X nn, 3 / dur / R L ]
n>0 FeF,

< I ao<a>ag<b)H{lné<a<i> 9)+ R(o®We >||Ju}

(a,b)eE(F) =1

where we recall that for I € F,,, W¥ (u) is the symmetric n X n matrix with diagonal entries equal to
1 and off diagonal ones Wg( ) = Wﬁ( ) = ( ) as given by eq. (10), dur = []jjer fol du;j. The
matrix W (u) is positive.

The logarithm of the partition function with sources is the generating function of the cumulants. Now
that the partition function with sources is expressed as a sum over forests with the amplitude of a forest

factorizing over the trees of this forest, its logarithm writes as a sum over trees. As |E(T)| = |V(T)| -1,
we get:
e Ll
€ln Z’l/)(g7 € J) = Z onpl /duT/d:uee—“r”WT(u ( ) H U(a)ao'(b) Z
n>1 TeTn (a,b)eE(T)
k
x 3 J[Re%™er,g) [[ WmREWer,g),

1§i1,...,ik§n c=1 j;éil,...,ik
aF#b=1q#1p

were we recall that 7, stands for the set of all trees with n labelled vertices. At this stage, we can rewrite
the sum above in terms of C}} and of ciliated trees (recall the convention (x)). Indeed, repeatedly using the

k1 B oot d Il k | Dk WL ko 1L WL k | pk+1 WL
fact that 07 In R(oe'2,g) = (1e'2 3/g) (k= 1)! R¥(0e'2,g), O4R(0e'2,g) = (1e'2 /g) k! R" ' (0e'2,g),
( §/§)2 = IIg and the combinatorial identity >, d; = 2(n — 1), the logarithm of the partition function
with sources becomes:

L 1 —Tg\" &
eanw(g,e;J):§Z— — Z 2 Z /duT/d/uLEe W (u ( )

k=0 T T eTaxCp

< TT{(@ (T - ) RO ).
=1



Using WHJHWC 2kk!z7rep2(2k) Il(a;,a;)en 9ai,a;, We obtain the following expression, that

holds true as long as both the individual integrals converge and the overall series is convergent (recall
that with the convention (%), T"is the tree T, without cilia):

n—1
ﬁZk: (g,€ _2k: 12 ( >
n>k
/duT/duee WWT (4 {H ! RET) (o (Z)€Z2,g)} , (11)

TCE%XC" i=1

which concludes the proof. O

Our first main theorem concerns the domain in (g, €) in which the rescaled cumulants are analytic in
both variables.

THEOREM 3.6 (Main Theorem 1: Analyticity). For all k > 1, the cumulant of order 2k of the quartic
O(N)-vector model, £2%(g,¢€), as expressed by the series (11), is analytic in g and € on the domain €
consisting in all the couples (g,€) € ¥ x H such that there exists 1 € (—m,m) for which the following
inequalities hold:

lg| < 4(1+cos (arg g + ¢))4/cos (¢ — arge) , (12a)
larg g + | <7, (12b)
| —arge| < g . (12¢)

The proof of this theorem is given is Section 4.

COROLLARY 3.7 (Domain as a Riemann sheet). At fixred g € 3, the domain of analyticity in € is in-
dependent of its modulus, and contains all € € H such that —37/2 — argg < arge < 37/2 —argg. In
particular, for all le| >0, 0 € (—7/2,7/2), and ¢ € (=7, 7), ((lg], ), |e|e’?) belongs to € if |g| is small
enough (see discussion in Remark 3.10 for how small “small enough” is) and for such g, € includes a
Sokal disk in the e-plane (see Remark A.2) of an arbitrary, positive radius.

Proof. The two conditions on ¢ and 6 read:

< - < < 3 3 3 3T
ot vl <m & TSetv s :>——7r<go+6<—7r ——ﬂ-—cp<9<——<p,
-0l <% —IT<0-p<Z 2 2 2 2
and observing that N,e(_r 7 (—37/2 — ¢,37/2 — ¢) = (—7/2,7/2) we conclude. O

THEOREM 3.8 (Main Theorem 2: Borel summability). For small « > 0 we define the subdomain €, of €

made of all couples (g,€) € ¥ x H such that there exists 1) € (—m, ) for which the following inequalities
hold:

gl < (1 + cos (aTgg + 1)) y/cos (4 — arge) (1 - ). (13a)
larg g + | < 7 (1 — «), (13b)
| — arge| < g(l — ). (13c)

For all k > 1, the rescaled cumulant of order 2k of the O(N)-vector model 82%(g, €) is Borel summable
in € along the positive real azis for g inside a non trivial domain (see Remark 3.10) and for g inside this
domain they can be computed as the Borel sum of their large N expansion.

10



Proof. The proof of this theorem follows from Corollary 3.7 and from the following lemma, proven in
Section 5:

LEMMA 3.9. For small a > 0, for all k > 1 and for all (g,€) € €, there exists two constants Cy, > 0
and Ko > 0 independent of g and € but depending on « such that the Taylor rest term of order q in the
€ expansion of the cumulant, denoted by ng(g, €) (see eq. (17) for a closed expression of this rest term),
obeys the following bound for q large enough:

IR (g, )| < Cakcdle|’q! .

This bound together with Corollary 3.7 prove that the cumulants verify the hypotheses of the Nevan-
linna Sokal theorem [Sok79] uniformly in g (for completeness we recall the relevant version of this theorem
in Thm. A.1). O

REMARK 3.10. We now wish to visualize the domain € C ¥ x H (or &€, for @« — 0). Let us go to the
C-plane of IIg and look for the curve p(y) defined by:

@ — p(p) := sup{ |g| : there is a ¢ = () such that |g|e’® € pr,e¥? for all 0 € (—7/2,7/2) }.

Here, €Y consists of the points (g, €) verifying egs. (12) for a given v, and pr; is the projection to the
first C-factor (or the g-plane), so that, in particular, the conditions:

o+ 9@ <m [6(6)—01< 5, and gl < (1+ coslo+p(O)])eos (0 — 0(0))

must hold. The visualization of this curve is easier for a linear choice 1¢() = £ -6, where 0 < £ < 1is a
new parameter. Denoting by p¢(¢) the curve for this particular choice of ¥ = 1)¢, namely:

pe(p) :==sup{|g|: |gle'? € pr, €% for all 0 € (—7/2,7/2)} , (14)

this curve can be visualized (see Fig. 1).

4 The bounds and the domain of analyticity

This section is dedicated to:

Proof of Theorem 3.6. From now on we fix ¢ € (§ —7/2,0 + 7/2) and bound R?f(g, €) (as expressed in
eq. (11)) thanks to eq. (3) and the following lemma, proven in Appendix B.2:

LEMMA 4.1. Let n be a positive integer, z € C with Rz > 0, C € M,(R) symmetric positive matriz and
F e Ll(Rn,Mz\?cmz) a C-valued function. Then:

sup |F(X)]. (15)

’/dﬂzC(X)F(X)’ = = cos™?(arg z) xern

|2 @0 p(x)]

X=0

We apply this lemma with z = ee™ and C = WT(u) Then, we bound the integration over the ur

parameters by one. Finally, we also have to notice that L T3y appears at the power > 1 d;(T¢) =
k+2(n —1). Thus,

cos (

2

1 1

cos (1 — 0) cosk (W;—w)

[R5 (g, ) S

n—1
. Zn!(20082(‘0+2¢g COS(1/J—9)> >, @) -,

n>k ) T.€TnxCp i=1

We conclude using combinatorial arguments, that are gathered in the following lemma:

11
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Figure 1: In the first three panels, we show the (discretized) curves p¢(¢) given by eq. (14) for the values
of £ =1/2,1/4,1/8. The last panel shows the superposed domains.

LEMMA 4.2. For alln > k, the sum over k-ciliated (i.e. ¢ € C}') trees with n-vertices verifies

i' > H —11-(?:k1)<2”22f13>x(k—2)!.

n: T€Tn xC i=1

Proof.
1 L L + licc—1)!
n! 2 .H(di(T‘) n' 2 H H (T) —1)!
T€Tp xC i=1 TET, i=1 i=1
3 [T Z [[d(T).
TeT, i=1 ceCp i€
Here, to count the number of trees, we use Cayley’s theorem that states that:
n
ZH T)-l=mn-2)! > 1, (16)
TeT, i=1 di,eendn=1
> di=2(n—1)
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which yields
1

LY Mam-n=""2 sy la

" TeT,xCp i=1 ' d1,.dn=1 c€CP i€c

>, di=2(n—1)

The sum over the d;’s can be computed by the following trick. Let us consider the function f of n
variables:

n

fenne) = S [[o% = ﬁ

di,....dp=11=1

_xz

Applying the following differential operator to f, and evaluating it at (z,...,z) gives the expression of
the sum as a Taylor coefficient:

i Hdi 2(n 1) (HCE ﬁxl)f(x -

di,...,dp=1 1i€Ec IS

> di=2(n-1)
(1 —x)ntk n—2 )

With this result at hand, and using Zcecg 1 =n!/(n — k)!, we finally obtain that

i, 2 Ml = 8 g () () () <

T Te€TuxCp i=1

O]

Combining this with the trigonometric identity 2cos? (x/2) = (1 + cosx), we obtain the following
bound on the cumulants:

(k —2)! 1

Veos (¢ = 0) cosk (£52)
n—1\/2n+k—3 lg] i
2;( )( on — 1 )((1+c0s(w+w)) COS(¢—9)> '

By Stirling’s formula, (2:_761) <p 4" and (2’;2513) (k—2)! = % < n*2 so that we can finally
bound the cumulants by:

[R5 (g, )| S

1 4g| " k—2
cos (¢ — 0) cos’C z; < 1+ cos (¢ + ))/cos (¢ —0)) o

[R5 (g, €) S

We conclude on the analyticity of the cumulants thanks to two classical theorems: the first one states
that the integral of a function that depends analytically on a paramater defines an analytic function as
long as it converges; the second one states that a uniformly convergent series of analytic functions is
analytic.

The cumulants are expressed as a uniformly convergent series of analytic functions both in Ilg and
€. Since the theorems above apply in the bivariate analytic case ﬁ?pk (g,€) is analytic on the domain of
¥ x H where the conditions (12) hold and analytically continues £2¥(g,¢). Taking the union of these
domains for ¢ € (§ — /2,0 + w/2) yields an analytic continuation of £2%(g, €) to the subdomain € of
> x H which concludes the proof. O
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REMARK 4.3. For g such that ITg € R_, Borel summability in € is lost since for ¢ = £, the cardioid (12a)
shrinks to zero when 6 — +7m/2. However, the domain of analyticity we found passes beyond the
negative real axis and continues on the Riemann sheet. At the negative real axis the cumulants converge
for |IIg| < ﬁ which is of order 1. Of course, the cumulants are discontinuous here: the analytic
continuations coming from above and from below the negative real axis do not coincide.

The discontinuity of the partition function and its logarithm are well understood as non perturbative
instanton contributions: in zero dimensions and for N = 1 this is detailed for instance in [ABS19]. On

the contrary, the discontinuities of the cumulants have so far been less well studied.

Proof. 1t is possible to make use of ¢ in order to reach the negative real axis for g. Indeed, assuming €
real positive, so that 6 = 0, we let zy(p) = %cos2 (%) V/cos1) e be a point on the boundary of the
cardioid { lg| < 3 cos (“"J”p)\/cos ¢} The maximal value of |z, (£m)| is attained for 1)y = 2arcsin (i)

V3
and is O

6\f

5 Borel summability of the cumulants in 1/N
This last section is devoted to:

Proof of Lemma 3.9. The Borel summability of the cumulants stems from the analyticity in a Sokal
disk as stated in Theorem 3.6 and an estimation of the Taylor remainder. As we aim to obtain Borel
summability in € uniformly in g, we need to show that at large ¢ the remainder of order ¢ is bounded
from above by C' K1 |e|? ¢! with C' and K independent of g.

In order to compute the Taylor reminder of order ¢ we start from the expansion of ﬁ%f (g,€) in
eq. (11). We fix some ¢ € (0§ — /2,0 + 7/2). Then, for all £ > 1 and (g,€) € € such that |¢ + | <,
the cumulants read (recall the (x) convention):

R 2k12m< )n_l > /duT

T€Tn xCy

zw
el osof]
o) =0,t=1

and the Taylor remainder of order g of ﬁi’“ (g,€), denoted by Rq 7jb(g, €) writes:

n—1
(1—s)1
R (g.c /ds . ’“Z ( ) S [aur [ r@)

T €T xC}

" (ee;ll/’) <<(9, 5>WT(u))q

We would like to reexpress the remainder as a sum over some graphs. Since 2¢q derivatives are going
to act on each term of the sum over the ciliated trees, and since they can act on each of the n vertices,
to the amplitude of a ciliated tree T, are now going to correspond n?¢ amplitudes indexed by marks
min Dy = {1,.., n}2¢ corresponding to the ordered sequence of vertices on which the derivatives are
acting (that is to say that for all j € {1,...,2q}, the vertex m; is the vertex on which acted the j-th
derivative in eq. (17)). This allows us to index the sum (17) by decorated trees, for which we adopt the
next convention:

M

=1

triples (7', ¢,m) made of a tree T' € Ty, cilia ¢ € C}; and marks m € Dy, are denoted by Tem. (% *)

14



For all i € {1, ...,n}, we also denote by d;(T.m) = m(i)+d;(Tc) = m(i) +c(i) +d;(T") the coordination
degree of the vertex ¢ in the decorated tree T¢, with m(i) = |{j € {1,...,2q¢} | m; = i}| the number of
marks of ¢ and ¢(i) = 1;e. the number of cilia of ¢, which is 0 or 1. With this notation, the rest term
rewrites (recall that with the convention (x«), T is the tree T, without cilia and marks):

1 _5 q ! 1 n—1+
R (g, = 2o [ asU R S gy
nZk Tc,nIEﬁlXC]?XDSq
- Dd; i) 1%
< [ dur [ dpsgee-ronrn(@) H Wity (0 TT{(@(Tem) = D RETom) (00 )
i=1

The remainder can now be bounded using the same arguments as in Section 4, but taking into account
the combinatorics of the new 2¢ derivatives that can act on a ciliated tree T,. We have the following
lemma:

LEMMA 5.1. For alln >k, ¢ > 0, the sum over k-ciliated (i.e. ¢ € C}’) and 2q-marked (i.e. m € D)
trees with n-vertices verifies

1 3 H )= (i‘:;) (2” Jﬁjjf - 3) X (2q+k—2)!.  (18)

|
" T m€TuxCpx Dy, i=1

In particular, for ¢ = 0 we recover Lemma 4.2.

Proof of Lemma 3.9. Injecting Cayley’s formula (16) in eq. (18) yields

1 “ (n—2)! d+cz )+ m(i) —1)!
m Z H(di(Tc,m) - 1)! = nl Z Z Z H 1)1
Tem€Ta X O x Dy i=1 di,ndn=1 c€Cy meDy, i=1 di
> di=2n—2
(n—2)! - +m(i) —1)!
=L SR 9 () o | LA RE e
’ di,....dn=1 c€C} i€ meDy i=1 :
> di=2n—2
Then, using
ZHd—i—c ) +m(i) - 1)1 Z Hd+c ) +m(i) —1)!
meDy i=1 d —|—C ) 1) m(1),....m(n) Hz: ' d +C() 1)'
Zim(i):2q

B m(di + c(i) + m(i) — 1)

= (2q)! .

2 m(1)§m(n)i:H1< m(i)
Zi m(i)=2q

= 0[] ey = O

1=

_ (29! 2n —2+k+2¢—-1\  (2n+2q¢+k—3)
- 2 T @ntk—3)1

2n+k—3
ECGCQ 1= n'/(n - k)' and Enzdl,...,dnzl Hiec dl = (:jk,1 )7 we get:
d;=2n—2

1 L n—2)! n! 2n+k—3\(2n+2q¢+ k — 3)!
3 H(di(Tc,m)_l)!_( nl ! X(nk)!<n+k1>( (2n+qk:3)!)

_(2n—1)\[2n+2q+ k-3 |
) ) s n o
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O

Thanks to this lemma, we can now find an upper bound on the rest term. All the entries of the
W7 (u) matrices are bounded by one, and eq. (13a) implies that |g|? is smaller than 1/29. We also use
Lemma B.4 to bound the integration over o, and we trivially bound all the integrals over s and the ur’s
by one leading to:

lel\? (2¢ + k — 2)! o —1\ (2n+2¢+k =3\ (1g]\" "
ol () M2<n_k>( i) ()

1 n 9 n+q+§fl
X( cos(¢—0)> <1+cos(cp+¢)> ’

Now, let us choose some small & > 0, and take (g, €) € €, that is to say such that the inequalities (13)
are satisfied. Note that in this domain, g and e satisfy tighter bounds, which are gathered in the following
lemma:

LEMMA 5.2. For small a > 0, and for all (g,€) € € such that (13) hold, we have:

o2 < 1+ cos (¢ + 1)

< 5 <1 (19a)
Va < y/eos (i —0) <1 (19b)
o . 4lg|
—<1- <1 with v = . 19¢
2 = VIS 7 (14 cos (¢ +v))y/cos (¢ — 0) (19¢)
Proof. Since 0 < |p + 9| < 7(1 — ), COSQM < cos? W;Fw‘ < 1, and 0052@ = siHQ% > a?

1
for small @ > 0. Similarly, since 0 < [¢p — 0] < Z(1 — a), cos(5(1 —a)) < cos|p — 0] < 1 so that

\Jeos (5(1 —a)) < y/cos|yp — 0 <1 and \/cos(%(l —a)) = \/sm( %) > /o for small o > 0. Finally,

since0§7§1— ,0< /A7 <VlI—aand y1—a<1—$forsmalla>0sothat § <1—,/4<1. O

Combining this with the bounds in egs. (3) and (15), and using (2¢ + k — 2)!/(¢ — 1)! Sk 49¢! and
(27? 1) < 4" by Stirling’s formula, we obtain the following upper bound on the rest term:

M+ 2+ k—3 4lg| "
|R3%(g,€)| Skle mwz( on — 1 )((1+cos<<p+¢)) Cos(¢—9)>

n>k
( : )
cos (¢ — 0)

92 q+
% <1+cos(go+¢)>

k(@) 717 (Va) el 12g! Y <2n W 3) (e

Sk 2n —1

[S]E

Recall that v € [0,1 — o] in €,. Let us denote f(7) = X,s ("2 F %471 50 that:

IR (g, )| Sp a™V/27k=2a)¢| 12241 ().

In order to conclude, it suffices to prove that f(y) is exponentially bounded in ¢ for all v € [0,1 — a].
This is stated in the following lemma:

LEMMA 5.3. At large q, for all v € [0,1 — «], we have that
4q

f() < W
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Proof. We note that (2"227?316 ) = 2%%511(2712?1“2]“ ~%) and that for any k and n, for ¢ large enough

Q%Lk_l < 4q so that (Q"J;iqff_?’) < 4q (2”227:1:“2]‘3_3). This implies that for all & > 1:

n—1
2n+2q+k-3\ ., n+2q+k-3\ .,
= nl<y "
f() Z( o 1 )7 qz< o 9 v

n>k n>k
2n+2¢q+k—-3 — n+2q+k—1 n
§4q2< on o )(WF P<dg ) ( )(ﬁ)
n>k n n>2k—2 n
n+2q+k—1 n
§4q2< . )(ﬁ) :
n>0

In the second line we bound the even part of the series by the total series, using the positivity of the
. 2q+k—1
odd part. Observing that 3,50 ("724F* 1) A" = (1_\/%)%% we are done. O

Combining this lemma with eq. (19¢), we can bound f uniformly as f(vy) <g % forally € [0,1—q]

~

and denoting C,, = o 2=1/2 and K, = 6o~ * at ¢ large enough, for all k& > 1:
R (9, )| Sk CaKlel%!
with C,, and K, independent of g for g € €, which concludes the proof of lemma (3.9). O

REMARK 5.4. Note that, as Ko ~ O(1)a~* and C,, ~ o~ 2¢~1/2 our bounds deteriorate for o — 0 that
is when we take a subdomain closer and closer to the full €.

Conclusion

The Loop Vertex Expansion made possible to extract the logarithm of the partition function, obtain the
maximal analyticity domain (Thm. 3.6), and the domain of 1/N-Borel summability (Thm. 3.8) of the
cumulants of the quartic O(V)-vector model.

The next step would be to adapt our analysis to the more involved case of a (Euclidean) quantum field
theory. The fist case of interest is the two dimensional quartic O(N)-vector model, whose renormalisation
is limited to the Wick ordering. Two dimensional quantum field theory was studied with a modification of
the LVE known as the Multiscale LVE (MLVE) in [RW15], where the Borel summability of free energy
in the coupling constant is established. This study should be generalized to an O(N)-vector model.
However, the adaptation of the (M)LVE beyond dimension two seems out of reach.
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Appendices

A The Nevanlinna-Sokal theorem

A formal power series A(z) = Y252, axz”* such that B(t) = 332, ax/k!t* is absolutely convergent in some
disk centered at zero an admits an analytic continuation along the real axis such that |B(t)| < Ke /%
for some K, R € R, is called a Borel summable series. The function Y32, ax/k!t* is called the Borel
transform of A(z) and the Borel sum of A(z) is the Laplace transform of its Borel transform:

() = i/ooo dt e VB (1) .

The Borel sum of a series, if it exists, is unique.

A function f : C — C which is analytic in a disk tangent to the imaginary axis in 0 and has an
asymptotic series in 0 (which can have zero radius of convergence) such that the Taylor rest term of
order ¢ in 0 of f grows no faster than ¢! is called a Borel summable function [Sok79].

These two notions are intimately related: the Borel sums of Borel summable series are Borel
summable functions (this is straightforward to prove). The asymptotic series of Borel summable func-
tions are Borel summable series [Sok79]. We present here a slightly modified version [Riv07] of the
(optimal) Nevanlinna-Sokal theorem on Borel summability which introduces the notion of uniform Borel
summability with respect to some parameter.

THEOREM A.1 (Nevanlinna-Sokal). Let f be a function f : C* — C, (z,w) = f(z,w) and let (fi(w))r>0
be the coefficients of the asymptotic series of f in z = 0, at fired w € C. If f is analytic in its first
variable z in a domain Diskgp = {z € C | R(1/z) > 1/R} with R > 0 independent of w and there is a
domain D C C such that for all (z,w) € Diskr x D, there exist some constants C, K > 0 independent of
w for which the following bound on the rest term of f holds for q large enough:

q
‘f(z,w) — > frulw)zF| < CK9|z|%!,
k=0

then f is called a Borel summable function in z uniformly in w in Diskr x D.
Under these conditions, for all w € D, the Borel transform in z of the asymptotic series of f,

B:(t,w) — f%tk,
k=0

is analytic in a disk of radius K~ int and can be analytically continued to the strip {t € C | |3t| < K1}
and in this strip obeys the exponential bound |B(t)| < e/f. Moreover, for all (z,w) € Diskr x D we can
reconstruct the function f(z,w) by:

flz,w) = E dt e V2 B(t, w).

Z JRy

REMARK A.2. For R > 0, the domain {z € C | ®(1/z) > 1/R} is a disk of diameter R tangent to the
imaginary axis at the origin. We call Sokal disk of diameter R such a disk, see Figure 2.
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Figure 2: A Sokal disk Diskgr = {g € C | R(1/g9) > 1/R}

B Finite dimensional Gaussian measures

B.1 Gaussian expectations

Let n a strictly positive integer. We are interested in the centered Gaussian distributions on R", that
is to say the centered probability distributions on R™ such that their cumulants of order higher than or
equal to three are zero.

Case n = 1. Let us first consider the one dimensional case. In this case, for ¢ > 0, the Normal
distribution of variance o, N'(0,02) is Gaussian and its density with respect to the Lebesgue measure

2
on R is ( 271'0')_16_;7. But this is not the only Gaussian distribution on R: the Dirac distribution ¢
whose expectation Eg is defined by Eo[F(z)] = F(0) for all functions F' : R — C is also Gaussian with
variance 0. There is no other Gaussian distributions on R, so that the Gaussian distributions on R are
determined by their variances and share the following property.

DEFINITION B.1 (Gaussian distributions in dimension one). For all € € R, there exists a unique centered
Gaussian distribution of variance . Let us denote it p., and E. the expectation with respect to p.. For
F:R— Ce LY (R, pu.), E. is defined by the following identity:

Ee[F(x)] = (5% F(2)]e=0 -
Furthermore, if € # 0, . = N(0,¢) and p. = ¢ otherwise.
The previous definition immediately implies that for all F': R — C, E.[F(z)] — Eo[F'(z)], which

e—0
in law
d.

means that N (0, )
E—
Case n > 2. The Gaussian distribution on R” is a straightforward generalization of that on R, as stated

in the following definition:

DEFINITION B.2 (Gaussian distributions in dimension n). Let C' in M, (R) a symmetric positive matrix
not necessarily invertible. There exists a unique centered Gaussian distribution of covariance C. Let us
denote it pc, and E¢ the expectation with respect to pc. For F: R® — C € L*(R"™, uc), Ec is defined
by the following identity:

Ec[F(X)] = [ F(X)]x=0

Furthermore, if C' is in GL,(R), pc = N(0,C) where N (0, C) is the Normal distribution of covariance
C that has density 1 5 X)em with respect to the Lebesgue measure on R™. If C is not
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invertible, then C. = C + ¢P, with P the projector on the kernel' of C is invertible and:
N(07 C&‘) M /’LC 9
e—0
which implies that:

_1
Ec[F(X)] = lim Exro,c.) [F(X)] = lim 2Nt poxyanx

1
—F— €
e—0 e—=0 Jrn 4 /(27‘()" det C;

Once again, there are two ways of thinking of u¢ if C is not invertible: either we see it as a differential
operator or as the limit in law of a sequence of Normal distributions. Both are useful: the former makes
the interpolation between different covariances more transparent, while the latter makes bounding the
expectations easier.

B.2 Complex Gaussian integration

DEFINITION B.3 (Complex Gaussian expectation). Let n be a positive integer, z = |z|e'* € {Rz > 0},
C € M,(R) symmetric positive semi-definite, and F € L'(R", Hz12c/%z) @ C-valued function. We call
complex Gaussian integration of covariance zC' the quantity denoted E.- and defined by:

1 %<X7X> —1
[F——=e"" % F(X)]

L. (cos v er)n

E.c[F(X)] = [e399°F(X)]x=0 = im E|

with C. a sequence such that N (0,C:) — uc (if C is invertible, take C. = C' constant).

LEMMA B.4 (Complex Gaussian bound). With the same notations, if z = |z|e'* with o € (=75, 7), we
have that:

1
sup |F(X)].

’EzC[F(X)” < /2
cos™“a xeRrn

Proof. Since for a convergent sequence the modulus and the limit commute,

. 1 182 (X,X) 1
IE.c[F(X)]| = ‘l%E';—fcg[Wewz % F(X)]|
. 1 PR¥ <X,X> 1
— e TP CcZ
il—r%‘E‘;sz[\/me F(X)”
1 PR <X,X> .
< 2 CR(X)| = —— F(X)| .
20 | s aei (0| = e s, IF(X)

B.3 The copies trick

LEMMA B.5 (The copies trick). Let n be a positive integer, z € {Rz > 0} and F € L™(R, p,2/%.) a C-
valued function. Then F®" : R™ — C, (X;)1<i<n — 11—, F(X;) is in L' (R™, H)z2[21,,/%=) and furthermore
we have:

E.[F"(z)] = Ea, [F®"(X)]

'Suppose C has rank & < n. Then there exists Ai,...,\r non-negative and O € O,(R) such that C =
OTdiag(M1,..., Ak, 0,...,0)0. Then, P = OTdiag(0,...,0,1,...,1)0, C. = C 4+ eP € GL(R") for all ¢ > 0, and
~—— —— N —

n—k times k times n—k times

C. = C when € — 0.
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Proof. For simplicity we take z = 1. We denote by u the vector of R™ with all entries 1/4/n, such
that 1, = nu ® u. Let va,...,v, € R™ such that (u,vs,...,v,) is an orthonormal basis of R™. We
aim to understand the action of py, on a test function G : R — C. For ¢ > 0, let us define C. by
C.=1,+¢ed " 5v; ®v; so that C. — 1,, as € — 0. Then,

%<X’X>c*1 n
EL GOl =l | o detC - GE)dX
1 —-1,2 —1 n n
= lim ——— U T 2 2y1 nu+ Ui ) d dy;
lim | %nmn - Y1 ;y ) ylg y
= lim it y?)G(yl\/ﬁU + Zyzvz) di H dy;

e—=0 Jrn ‘/ n&«n 1

= lm Eyg.om-1 [Glyrvnu+ ) _yivi)]

= Eigoen-n[Glnvnu+ > yivy)]

=E1[G(y1, ..y y1)]

To go from the first to the second line, we perform a change of variable from X to Y = yju+ Y"1 5 yiv;
whose Jacobian determinant is 1, and to go from the second line to the third line, we perform the change
of variable y; becomes \/ny;. Line four is a simple rewriting of line three with y; ~ uy and y; ~ p. for
all 2 <1 < n, and going from line four to line five uses the convergence in law of the Normal distribution
to the Dirac distribution, while line six is simply the expectation of the Dirac measure.

Applying the previous equality to G = F®" and substituting 1,, with z1,, concludes the proof. [
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