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Abstract

This thesis contributes to the development of unbiased diagrammatic approaches to the quan-
tum many-body problem, which consist in computing expansions in Feynman diagrams to
arbitrary order with no small parameter. The standard form of fermionic sign problem - expo-
nential increase of statistical error with volume - does not affect these methods as they work
directly in the thermodynamic limit. Therefore they are a powerful tool for the simulation of
quantum matter.

Part | of the thesis is devoted to the unitary Fermi gas, a model of strongly-correlated
fermions accurately realized in cold-atom experiments. We show that physical quantities can
be retrieved from the divergent diagrammatic series by a specifically-designed conformal-Borel
transformation. Our results, which are in good agreement with experiments, demonstrate that
a diagrammatic series can be summed reliably for a fermionic theory with no small parameter.

In Part Il we present a new efficient algorithm to compute diagrammatic expansions to high
order. All connected Feynman diagrams are summed at given order in a computational time
much smaller than the number of diagrams. Using this technique one can simulate fermions on
an infinite lattice in polynomial time. As a proof-of-concept, we apply it to the weak-coupling
Hubbard model, obtaining results with record accuracy.

Finally, in Part Ill we address the problem of the misleading convergence of dressed dia-
grammatic schemes, which is related to a branching of the Luttinger-Ward functional. After
studying a toy model, we show that misleading convergence can be ruled out for a large class
of diagrammatic schemes, and even for the fully-dressed scheme under certain conditions.

Résumé

Cette thése contribue au développement d'approches diagrammatiques systématiques pour le
probléme quantique a N corps, qui consistent a calculer une expansion en diagrammes de
Feynman a un ordre arbitraire sans contrainte de paramétre petit. La forme standard du prob-
leme de signe fermionique - augmentation exponentielle de |'erreur statistique avec le volume -
n’'affecte pas ces méthodes car elles fonctionnent directement dans la limite thermodynamique.
Par conséquent, elles sont un outil puissant pour la simulation de la matiere quantique.

La partie | de la thése est consacrée au gaz de Fermi unitaire, un modeéle de fermions
fortement corrélés réalisé avec précision dans des expériences d'atomes froids. Nous montrons
que les quantités physiques peuvent étre extraites de la série diagrammatique divergente par
une transformation de Borel conforme spécifiquement concue. Nos résultats, qui sont en accord
avec les expériences, démontrent qu'une série diagrammatique peut étre resommée de maniére
fiable pour une théorie fermionique sans contrainte de parameétre petit.

Dans la partie Il, nous présentons un nouvel algorithme pour calculer les expansions dia-
grammatiques a ordre élevé. Tous les diagrammes Feynman connectés sont sommés a un ordre
donné avec un temps de calcul beaucoup plus petit que le nombre de diagrammes. En utilisant
cette technique, on peut simuler des fermions sur un réseau infini en temps polynomial. Pour
preuve, nous |'appliquons au modéle d'Hubbard a couplage faible, en obtenant des résultats
avec une précision record.

Enfin, dans la partie Ill, nous abordons le probléme de la convergence erronée des schémas
diagrammatiques habillés, qui est lié a une ramification de la fonctionnelle de Luttinger-Ward.
Aprés avoir étudié un modeéle-jouet, nous montrons que le caractére erroné de la convergence
peut étre exclu pour une grande classe de schémas diagrammatiques, et aussi pour le schéma

complétement habillé, sous certaines conditions.



Introduction

For interacting bosonic systems in thermal equilibrium, numerically exact Quan-
tum Monte Carlo methods have proven to be extremely effective in accurately
predicting the thermodynamic behavior [1], 2, 3, 4]. In most cases of physical in-
terest, fermionic degrees of freedom are present. Unfortunately, the same Monte
Carlo methods that were proven to be successful for bosons face severe difficul-
ties when dealing with fermions: the Monte Carlo variance of the observables
is much greater than their value, this is the infamous sign problem [5, 6] [7, 8].
More precisely, we can define the fermionic sign problem as the exponential in-
crease of computational time with system size and inverse temperature. For most
cases of physical interest (e.g. repulsive Hubbard model away from half-filling),
traditional Monte Carlo techniques are affected by the sign problem. This means
that at low temperature it is very difficult to simulate large lattice sizes, and the
extrapolation to the physical thermodynamic limit is in many cases beyond our
current (and at least near future) computational capabilities.

A possible solution that has been proposed is quantum simulation. For ex-
ample, one can use ultra-cold atoms experiments to simulate models of strongly
interacting fermions using nature instead of the computer. This route has
been very successful for the unitary Fermi gas [9, [10, 11, 12, 13, 14], that
can now be simulated in the lab with very high accuracy and controllability.
The simulation of the Hubbard model has recently achieved very promising suc-
cesses [15], [16) 17, (18, 19]. In particular, the low-temperature regime has been
reached and long-range anti-ferromagnetic order has been observed [20], and
experimental efforts are underway to reach even lower temperatures.

In this text we will focus on a class of theoretical methods that address the
problem of the simulation of strongly-correlated Fermi systems from a different
perspective than traditional Quantum Monte Carlo methods. The main idea is
very simple: Feynman diagrams can be formulated directly in the thermodynamic
limit (even at zero temperature if we want to), so that the traditional form of sign
problem (that is, the exponential increase of computational time with system size
and inverse temperature) is not present by construction. When a diagrammatic
scheme is convergent we are able to get arbitrarily close to the exact result with



controlled error bars given enough computer time, provided that we have a way to
compute arbitrarily high expansion orders. For this reason, we can refer to these
diagrammatic methods as “unbiased”. This distinguishes them from low-order
diagrammatic computations, where the error bar is difficult to estimate and does
not vanish in the limit of infinite computer time.

In order to compute the high-order expansion, it is useful to use Monte Carlo.
For this reason, this class of approaches is called Diagrammatic Monte Carlo [21].
Diagrammatic Monte Carlo was first applied to the polaron problem [22] 23]
24, 25, [26], 27]. It was later shown to be applicable to fermionic many-body
problems [28| 29] (30} [31} 132, [12], and to frustrated spin systems [33] [34] [35].
While the original technique explicitly sampled Feynman diagram topologies,
alternative computational approaches are also being developed [36] 37, [38] 39].
Recently, it was shown that Diagrammatic Monte Carlo can be applied to the
large-N' limit of matrix field theories [40] 41].

Remarkably, one can argue that dealing with fermions instead of bosons is
even advantageous for Diagrammatic Monte Carlo methods. This fact was re-
ferred to as “sign blessing” [33][42], to contrast it with the fermionic sign problem
encountered in traditional Quantum Monte Carlo methods. The main advantage
of using diagrammatic expansions is the enhanced convergence properties of the
series in the fermionic case. Another advantage is the possibility of grouping
fermionic Feynman diagrams into determinants, which is used in some Diagram-
matic Monte Carlo algorithms [37] 38].

Let us first discuss the convergence properties. For bosons, the diagrammatic
series always has a zero radius of convergence. Indeed, all diagrams contribute
with the same sign, and therefore one expects that the order n is proportional to
the number of Feynman diagrams at order n, which is always of order n!. This
can be shown using standard Lipatov techniques [43] 44} 45]. Fermionic Feynman
diagrams have different signs, and there are generally strong cancellations within
the same order of expansion. For fermions on a lattice at non-zero temperature,
the cancellation is nearly perfect, and one has a finite radius of convergence.
This has been seen numerically [28, 129, [32, 38], and it has also been proven
mathematically [46] [[] For fermions in continuous space, one has in general zero
radius of convergence in high-enough dimensions (higher than 2 in most cases),
but the divergence is much milder than for bosons. For example, as we will see
in Part | of this text, for the unitary Fermi gas the order n is proportional to
(n!)'/>. Having a zero radius of convergence is not an insurmountable problem:
if certain conditions are verified, one can obtain controlled results by using a
Borel resummation technique. However, from a computational point of view,

In the special case of the half-filled two-dimensional Hubbard model on the honeycomb
lattice, the radius of convergence is finite even at zero temperature [47].
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this is always expected to be worse. For wildly diverging diagrammatic series one
needs to compute the order-n with a very high relative precision, there is loosely
speaking a big sign problem between different orders that come with different
signs. f| This is the case of ¢ theory, in which the required relative precision
increases rapidly with order. In essence, Diagrammatic Monte Carlo is expected
to work well when one has either a non-zero radius of convergence (fermions on
a lattice at non-zero temperature), or a mildly divergent series (e.g. the unitary
Fermi gas).

The second advantage of having a fermionic sign in Feynman diagrams is
the possibility of grouping the sum of all diagrams (connected and disconnected)
using determinants, which can be computed in polynomial time, while for bosons
we can group the sum of all diagrams using permanents, which can be computed
in exponential time.

A very useful tool available in diagrammatic techniques is the possibility of
working with dressed objects. This turns out to be helpful in many situations, and
it is even mandatory in order to define the model in some case (e.g. the unitary
Fermi gas can be defined in the continuum limit only after we have summed up
ladder diagrams up to infinite order).

When considering unbiased diagrammatic schemes, one is generally con-
fronted with these fundamental problems:

e Choice of diagrammatic expansion: First of all, one has to choose an
unperturbed action in order to perform a diagrammatic expansion, and it is
important to understand which choices lead to a well-defined perturbation
theory. For example, for the unitary Fermi gas the expansion in the bare
coupling constant is not well-defined in the continuum limit, and one has
to dress the interaction in order to have a meaningful continuous-space
zero-range theory E]

An even more subtle problem is to understand when the use of diagram-
matic dressing is justified from a mathematical point of view, as it was
found that fully-dressed diagrammatic expansion for Hubbard-like lattice
models have fundamental problems [48] that can even lead to convergence
towards an unphysical result. This problem is studied for lattice models in
Part Il of this text.

e Computation of high-order terms: Once the diagrammatic expansion
has been chosen, one has to compute the coefficients of the expansion. For
low-order computations, performing a brute-force enumeration of Feynman
diagram topologies and computing the integrals over the internal variables

2This fact was pointed out to us by N. Prokofiev and B. Svistunov.
3See Section of Part | for more details



one-by-one is feasible. In order to go to high orders in a systematic way, it
is convenient to treat the topologies of the diagrams and internal variables
at the same level and to build a Markov chain in this space (this is the
most common version of Diagrammatic Monte Carlo), or even to perform
first the sum over (symmetrized) Feynman diagram topologies and then
perform stochastically the integral over internal variables (this is the ba-
sis of determinant techniques). We have contributed to the determinant
approach by introducing a new algorithm, which has a polynomial-time
computational complexity for a convergent series. This is presented in
Part II.

Convergence properties and resummation: After computing the coef-
ficients of the diagrammatic expansions, one has to reconstruct the phys-
ical answer from them, if at all possible. If we are inside the radius of
convergence, direct summation of the diagrammatic series yields an expo-
nentially convergent result. If we are outside the radius of convergence,
one has to use resummation techniques to compute the physical answer.
We have solved this problem for the unitary Fermi gas in Part |, where
we have computed the large-order behavior of various diagrammatic ex-
pansions and we have shown that a specifically designed conformal-Borel
transform is able to resum the diagrammatic series.

10



Overview

This thesis is devoted to the study of mathematical and computational aspects
of diagrammatic expansions. It is divided in three independent parts, which can
be read in any order. Let us give a brief overview of the different parts:

e Part I: Large-order behavior and resummation for the unitary Fermi
gas: In this part we deal with the problem of convergence of diagrammatic
series in the case of the unitary Fermi gas. We show here that various
diagrammatic series for this system have a zero radius of convergence
by computing the large-order asymptotic behavior. We show that it is
possible to recover the physical result from series coefficients by using a
specifically built conformal-Borel resummation technique, which uses the
information on the large-order behavior in an “optimal” way. We then
present the results of the application of this resummation technique to the
normal phase of the unitary Fermi gas, using Diagrammatic Monte Carlo for
computing the series of Feynman diagrams. As the work presented in this
part is still unpublished, we decided to present arguments and derivations
in a fairly detailed way.

e Part Il: Connected determinant diagrammatic Monte Carlo:
polynomial-time complexity despite fermionic sign: In this part we
present a new algorithm to compute diagrammatic expansions at high or-
der, and we show that this algorithm has a polynomial-time computational
complexity.

Article 1 [38] presents the new algorithm for computing diagrammatic ex-
pansions. It allows to consider directly the sum of all connected Feynman
diagrams at once at fixed space-time positions of interactions vertices.
In this way, the thermodynamic limit can be taken for free. Moreover,
considering the sum of all (symmetrized) topologies at once (this is done
using a recursive formula and a determinant representation) allows for mas-
sive cancellations between diagrams, greatly reducing the variance of the
Monte Carlo simulation. This allows to compute diagrammatic expansions

11



with a cost which increases only exponentially with order, which is to be
contrasted with the factorial cost of the standard diagrammatic technique.

Article 2 [49] underlines the power of diagrammatic techniques for fermionic
systems, showing in particular that the algorithm of Article 1 has a polynomial-
time computational scaling: the total error bar on thermodynamic-limit
quantities goes down polynomially with CPU time.

We then provide a minimalist technical supplement for Article 1. We dis-
cuss some proofs concerning the recursive formula, computational cost and
Monte Carlo implementation of the new connected determinant diagram-
matic Monte Carlo algorithm. We also provide a discussion of computa-
tional complexity, extending Article 2.

Part 11l: Multivaluedness of Luttinger-Ward functional and appli-
cability of dressed diagrammatic schemes: This part is dedicated to
the problem of misleading convergence of Bold Diagrammatic Monte Carlo.
This problem has been raised by the work of Kozik et al., showing that
the self-energy expressed in terms of the fully-dressed one-particle propaga-
tor has at least two branches. As a consequence, the Bold Diagrammatic
Monte Carlo scheme can converge in some parts of the parameter space
towards a wrong unphysical solution. The main result of this chapter is
to show that at least when certain conditions are satisfied, this “apocalyp-
tic” scenario is impossible, so that one can safely use Bold Diagrammatic
Monte Carlo. Moreover, we propose a new partially-dressed scheme for
which the misleading convergence is impossible.

12



Part |

Large-order behavior and
resummation for the unitary
Fermi gas
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In this part of the text we discuss the computation of the large-order be-
havior of various systematic diagrammatic expansions for the unitary Fermi gas.
We find that for all considered diagrammatic schemes, the order-n diagrammatic
expansion diverges like (n!)'/°. In particular, the radius of convergence of the
series is zero. By using the shifted-action formalism, we are able to prove that the
series can be resummed by a carefully designed conformal-Borel transform, which
uses the information on the large-order behavior and on the analytic structure
in an “optimal” way. We then show how it is possible to include the resumma-
tion algorithm in the Diagrammatic Monte Carlo procedure, obtaining controlled
numerical results for the normal phase of the unitary Fermi gas.

After a short introduction, we summarize the main results of this part of the
dissertation. We then proceed with the derivations, relying on appendices for the
most technical parts. Finally, we present numerical results.

1 Introduction

1.1 The unitary Fermi gas

We consider a gas of spin-1/2 fermions in three dimensions, interacting with a
short-range attractive interaction [9]. At low energy, the two-body scattering
is dominated by the scattering between different spin particles in the spin-zero
channel. The form of the s-wave scattering amplitude for particles of relative
momentum k is constrained by the optical theorem, which is a consequence of
unitarity

1
= k R 1
so that we have the bound )
e @

unitary)

The unitary gas ideally saturates this bound, f,g = —1/ik. In practice, for
a unitary gas to be realized we require that f; is of this form for typical values
of momentum in the gas. We expand (k) for small k

1 1
u(k) = = — —r.k* + O(k*) (3)
a 2
where a is the scattering length and r. is the effective range of the interaction. Let

kr be the Fermi momentum and k7 := /3T the thermal de Broglie momentu,

4Work done in collaboration with Takahiro Ohgoe, Kris Van Houcke and Félix Werner.
| was responsible for the resummation part of the code.
5We choose the mass of the particles equal to 1, and i = 1.
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where T'is the temperature. The typical value of the relative momentum between
two particles will be of the order of the maximum between kr and kr. Thus, we
must have

kpr. < 1, krr. < 1 (4)

to be in the universal regime where the details of the interaction apart from
the scattering length are not important. Moreover, every dimensionless intensive
quantity is a function of only kra and T/Ep, where Er := k% /2. The unitary
gas is obtained for 1/(krpa) = 0, exactly at the point where a two-body bound
state of zero energy is present. [

It is interesting to study the evolution of the properties of the gas as a
function of kra. When kra — 07, one has a weakly attractive Fermi gas,
which experiences a superfluid phase transition at an exponentially small critical
temperature, well described by BCS theory. kra — 07 corresponds to the strong
coupling regime. The attractive interaction between particles is very strong and
for temperatures lower than 1/a? the gas is composed of tightly bound molecules
of one spin up and one spin down particle, of size ~ kra smaller than the distance
between different molecules. We can describe this regime as a weakly interacting
gas of molecules of spin zero. These spin-less bosons experience Bose-Einstein
condensation at low enough temperature. Let us remark that the mechanism for
superfluidity is very different for kra — 0%, in the BCS regime the Cooper pairs
are highly delocalized in space, while in the BEC regime we have a condensate of
bosonic molecules of small size [50, 51]. In the middle of the BCS-BEC crossover
(see [52] and Refs. therein) stands the strongly interacting unitary Fermi gas,
which cannot be described using any of these two weakly interacting pictures
(see Figure [1).

In the following we consider the unpolarized case where the number of spin-up
particles is equal to the number of spin-down particles, but there is no funda-
mental limitation to extend our approach to the polarized gas.

The unitary Fermi gas is the subject of an intense experimental activity in
cold-atoms laboratories. The first conclusive condensation of a Fermi gas was
achieved in [54] by showing the presence of a vortex lattice in the rotating super-
fluid gas. For other pioneering experiments, see [55] O] and references therein.
Recent achievements include the study of the Josephson effect [56], the inves-
tigation of transport properties through a quantum point contact [57], and of
counterflow in a mixture of superfluid Fermi and Bose gases [58, 59, [60].

The experiments which are most directly relevant to the calculations pre-
sented in this manuscript are the measurements of the thermodynamic properties

6Therefore, the unitary gas has only one parameter, which can be chosen to be the tem-
perature over the Fermi-energy T'/Ep, or the chemical potential over the temperature pu/T
(which is more natural in the grand-canonical formalism we use).
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Figure 1: Expected phase diagram for the BCS-BEC crossover (image taken
from [53]). In the z-axis we have the inverse dimensionless scattering length,
and on the y axis we have the dimensionless temperature. The unitary Fermi gas
is obtained for 1/kra = 0.

17



of the homogeneous gas at thermal equilibrium. The equation of state of the
homogeneous gas was obtained in [61], 11}, 62, 63, 12, 64, 65]. The measure-
ment of the so-called contact parameter (which determines the large-momentum
behavior of the momentum distribution, as well as the short-distance behavior
of the pair distribution function) has been done so far for the inhomogeneous
trapped gas in [66], [67, 68, 69, [62] 14, 70, [7I]. The homogeneous-gas contact
was extracted using zero-temperature local-density approximation [62], [14] or by
probing the central region of the cloud [70, [71].

Photoemission spectroscopy experiments [72, [73] (first proposed in [74])
should greatly benefit from the recently introduced flat traps [75]. Another
interesting quantity is the shear viscosity, measured in [76), [77], and theoretically
investigated in [78].

1.2 The unitary Fermi gas as the continuum limit of lattice
models

In this section we will discuss how to construct the unitary Fermi gas as the
continuum limit of lattice models with zero-range interactions. This is only an
intermediate step needed for the derivations, we will always take the continuum
limit analytically before the numerical calculations, which are performed directly
in the continuum (and thermodynamic) limit. This is an important advantage
with respect to lattice Quantum Monte Carlo computations, for which even in
the non-polarised regime where there is no sign problem, the double extrapolation
to the continuum and thermodynamic limits is hard to achieve in a controlled
way [79, 180, 181, 82].

The unitary limit is universal in the sense that if the range of the interaction is
short enough the physical properties of the gas will depend only on the scattering
length. The first example we consider is the attractive Hubbard model for a cubic
lattice:

H=—t)Y é&rer)+U) (@lede)(r) (5)
r~r’,o r
where the first sum run over neighboring sites r and r’. One can find a bound
state of two particles with different spins with zero energy for

t 1 A’k
<_) _ __3/ ‘ — 0.1263655... (6)
U dimer 4(27‘-) [—m,7]3 3— Zj:l COS(kj)

Let b be the lattice spacing. Then, one can show (see, e.g., [83]) that in order to
obtain a gas with an s-wave scattering length a one has to take the limit b — 0
at fixed density n = v/b3, where b is the lattice spacing and v is the filling
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factor, with interaction given by

t t b
—=(= — 7
U (U) dimer ’ 8ra ( )

For convenience, we will consider in the following a lattice model with a
quadratic dispersion relation, which is equivalent to the Hubbard model in the
continuum limit:

d3k k2 e
=y / e b Y @lEli) ) (8)
rebz3

where A A ) )
{@/)J(I'), ¢0’(r/)} =0, {¢0<r)7 ¢2/<r/>} =0 50,0’ 51”,1" (9)

and gy is chosen according to [83]

1 1 Bk 1
. / o (10)
9o Ama sz (2m)° K
1.3 Diagrammatic dressing: bare, ladder, and bold expan-
sions
From the previous expression we see that go = 07. Moreover, if we write a

b—0+
bare expansion in powers of g, for the pressure for instance

Pbare 90 Z gU pbare n (11)

we see that in order to have a non-trivial system, we must have at least for some
n

|pbare,n| = o0 (12)
b—

0+

The reason for this is that the ladder diagrams are divergent in the continuum
limit. Therefore, one has to solve the two-body scattering problem before taking
the continuum limit. We introduce (see, e.g., [84]):

7(0)

e O O
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['y has a non-trivial continuum limit. For completeness, we give the expression

of Foi .
Lot (p, ) = o Mpubble (P, 2n) (13)
0

where p is the momentum, Q,, € 27Z/3 is the Matsubara bosonic frequency,
and Hbubble is the GoGo bubble

Mpybpie(P; ) = / &k 11— (p/2+X%) —n{"(p/2 — k)
bubble\P; 3in ) = (2m)3 i€ + 200 — €p/24k — €pj2—k

where 1 == (py + py)/2 is the mean chemical potential, €, is the (quadratic)

(14)

dispersion relation, and n((,o) is the non-interacting Fermi-Dirac momentum dis-
tribution. The I'y diagrams are obtained from the g, diagrams by replacing go
by I'g; moreover the diagrams containing (Go Gy) bubbles must be removed (to
avoid double counting). For the pressure, for instance, we obtain

Pladd [Fo] T;or Zpladd,n[ro] (15)
n=0

where for n > 2, padd,» is built from Feynman diagrams containing n I'y lines .
One has that every term of this expansion is well-defined in the continuum limit:

li addn T R 16
b_1>I(T)1+P| dd.nlLo] € (16)

The ladder approximation consists in summing up all ladder diagrams to infin-
ity, in our formalism the ladder approximation for the pressure corresponds to
order zero of the ladder expansion, p & ppdao (for applications of the ladder
approximation to the unitary Fermi gas, see [85, [86]).

In order to enhance convergence properties and (more importantly) to extend
the applicability region to lower temperatures, we need to use more general
diagrammatic dressing. Indeed, pi.qd,» is well-defined only if I'y has no poles. This
is true for temperatures higher than the pairing temperature 7™, see Figure [I]
In order to study the system in the lower temperature interval T, < T < T™,
one has to sum up more general classes of diagrams. A particularly elegant
dressing is the “bold” dressing (or fully-dressed scheme). It consists in using the
fully-dressed fermion propagators G and pair propagator I' to build perturbative
expansions. For a formal definition of the bold scheme, see Section [5.3] Let G
be the Green's function

G(r,7) = —(pp(r,7)1(0,0)) (17)

"We want to stress that the ladder expansion we consider here is formally exact: every
Feynman diagram is included in the expansion.
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where ¢ and @ are Grassmann fields. Let I" be the pair propagator:

D(r,7) = god(r,7) — g5 ((2181) (%, 7) (12141)(0,0)) (18)

Then, we simply re-express every physical quantity (e.g. the pressure) in a formal
series in G and I™:

Pbold[G T = pooian[G, T (19)
n=0

where puoid ., is built on Feynman diagrams having n I' lines (to avoid double
counting, one has to forbid diagrams that fall apart upon cutting two G-lines or
two I-lines).
The self-energy . and the pair self-energy II are defined by the Dyson equa-
tions:
Y=G' -G, H=TIj'-17! (20)

We can then define the “boldified” self-energies diagrammatic series Ypoiq G, T]
and Ilpo1d[G, T, Go] = Hpubble[G] — Hpubble[Go] + Hpold[G, I - The propagators
G and I' are computed from truncated self-consistent Dyson's equations

N
Z Shold.n |G, Tv] = Gyt — G (21)
n=1
N ~
Hpubble[GA] — Hbubble[Go] + Z Hpotdn[Gar, Tiv] = Fo_l - FXfl (22)
n=2

and one computes G and I" from
R G (#)

Without entering into details, let us just mention another interesting dia-
grammatic scheme to consider, the M-semi-bold scheme introduced in Article
4 [87], where M € N. One has that M = 0 corresponds to the ladder scheme,
while M — 0o corresponds to the bold scheme. [| It would be interesting to
implement the M = 1 semi-bold scheme as the order A/ = 1 approximation cor-
responds to the scheme introduced in [88],[89], which was found to be remarkably
accurate for the unitary Fermi gas. H

8The first order is special (it is the difference of the bubbles GG and GGy, it is not a
functional of G and I'), and needs to be treated separately. This is due to the fact that the
natural definition of pair self-energy would be 7 = 90_1 — I'~!, which can be written as a
functional Tpoa[G,T'] of G and T'. Unfortunately, Thoid,1[G,T'] = pubble[G] is infinite in the
continuum limit. Therefore, it is better to work with the “unnatural” definition.

9The advantage of the semi-bold scheme over the bold one is that by construction it does
not suffer from the problems to be described in Part Ill.

101n particular, the scheme of [88] [89] predicts a phase transition at a temperature T = T
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2 Summary of main results

Before presenting the original work with the detailed derivations, we summarize
the main results of this part of the dissertation.

For a given physical quantity fynysical (like the pressure, a correlation function,
or a self-energy) and for a given diagrammatic scheme denoted by “diag"H, we
introduce a function fgi,(2) of a complex parameter z such that its Taylor series
is equal order-by-order to the diagrammatic expansion:

fdiag(z) T;or Z 2" fdiag,n (24)
0

1 1 d" faiag(w) - : ; :
where fgiagn = limy, o+ ;—3.%— is the order-n diagrammatic expansion of

fonysical for the considered diagrammatic scheme “diag”. We construct this
fdiag(z) by introducing an action S(Siza)g depending on the complex parameter

z=1)
iag

fdiag(z = 1) = fphysical (25)

One of the most important problems that we consider in this part of the
dissertation is the determination of the large-order behavior of the Taylor coef-
ficients fgiagn. We first present a detailed derivation for the pressure computed
with the “ladder scheme” (the diagrammatic series without ladder diagrams).
We start from a finite-size model on a lattice (but the continuum limit will be
taken soon after) in order to have a well-defined partition function, from which
we deduce the large-order behavior for the pressure. After discussing the pressure
within the ladder expansion, we generalize our results to include more general
correlation functions, and more general diagrammatic schemes, even if the rigour
of the computation decreases with the “distance” from the pressure of the ladder
scheme. We expect that in general, for every quantity f and for every diagram-
matic scheme, one has E

fasgn = (n/5)! A3 Reexp {

z. We impose by construction that Sg = Sphysical, SO that

4min

—00

i Udiag,le47ri/5n4/5 4 O(n3/5)} (26)

which is very close to the critical temperature T,.. This means that the 1-semi-bold scheme
(which is a just a perturbation theory on top of the approximation of [88] 89]) is meaningful
down to temperature T° = T, therefore it can be applied essentially in the whole normal
phase.

H“diag” can be in practice “ladd” (for the ladder expansion),“bold” (for the fully-dressed
expansion) or “semi — bold” (for the semi-bold scheme introduced in [87]). See section

2|t would be extremely difficult to find or to fit numerically this type of behavior for several
reasons:

e The term cos [477/5 - Zizl O/ OUgiag 1k sin((5 — k)7/5) + do + O(n_1/5)} is an
highly oscillatory function of n. A small correction in the phase has potentially a big
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where Agi,g > 0 E and Ugiag1 € R depend only on the diagrammatic scheme
considered, they are the same for every correlation function. For example, for
the ladder scheme, one has

: — (T ' |n) !
Aladd = Ay lfnlf ([ Prdr n(x, )P Uladd,1 = 55 Aladd (27)

1
where Ay = # <m> *. The bosonic n field that minimizes the functional

defining Agiag is called an instanton in the Iiteraturﬁ.

Let us remark that the Taylor series in equation has a zero radius of
convergence as fqiagn ~ (n!)'/5. However, the divergence is much milder than
the divergence one would have for a bosonic theory, where the order-n typically
contributes as n!. This behavior is very easy to justify: each diagram contributes
with the same sign for bosonic systems, and there are n! of them at order n.
However, we cannot apply this argument to fermionic systems, as the diagrams
come with different signs. ['9]

We can interpret this result in terms of Dyson coIIapse:E We turn the phase
of our artificial coupling constant z and we look for instabilities for |z| — 0.

effect on the value of fgiagn. The mere knowledge of Agiag and Udgiag,1 is not enough,
one has to compute Ugiag 1 for k& € {1,2,3,4} and ¢o, which is very hard to do.

e The correction to this behavior is quite large even for large n (it decays as O(n~'/?)).

o cos(4m/5 — S p_, Uding.r sin((5 — k)7/5) 4 ¢o + O(n"1/%)) can be zero or very close
to zero for some n. For these values of n, other instanton configurations with action

A:iiag > Adiag can in principle have a dominant contribution to the value of fqiag n.

These problems are not present in ¢* theory, where the large-order behavior calculation was
tested numerically.

Given the difficulty to perform numerical checks, we believe that it is important to provide
an accurate derivation for this scaling, and this is one of the main objectives of this part of
the dissertation.

B3This is true obviously only when the particular diagrammatic scheme considered is mean-
ingful. See Section [I.3]for a discussion of the meaningfulness of various diagrammatic scheme
in the normal phase.

“Instanton means a field which lasts for an “instant” of imaginary time. In our case the
name is probably misleading as we will show that there is no imaginary-time dependence. Even
if we think that probably soliton would be a better name in our case, we will use instanton for
compatibility with literature on instantons.

15 At high orders, the number of diagrams contributing with positive sign is the same as the
number of diagrams contributing with negative sign.

16Even if the physical interpretation is appealing, we choose not to follow this route for the
derivations if alternatives are available. The reason is that one has to analytically continue
the functional integral in any direction of the complex plane, while the naive definition works
only for phases which are smaller than some angle (in our case |arg z| < 27/5). This analytic
continuation can be done in several ways. The simplest one is to add a phase to the modulus

23



A collapse means an infinite density, so it is natural to apply the Thomas-Fermi
approximation, which becomes exact in this limit. This semi-classical approxima-
tion for the large-order behavior of fermionic theories was discussed in pioneering
works for Yukawa theory [90] and for Quantum Electro-Dynamics [91], 92, 93].
The Thomas-Fermi approximation allows to explicitly perform the integration
over fermionic degrees of freedom, leaving us with an effective bosonic theory (in
our case for the pairing field). It was first shown for ¢* theories in [43] [44] that
one can make an asymptotically exact computation of the large-order behavior of
perturbation theory by performing a saddle point approximation of the bosonic
functional integral. The solution of the saddle point equations is called the in-
stanton, which must be localized in space in order to give a finite contribution in
the thermodynamic limit. As the collapse happens at the level of the functional
integral, it must be shared by every correlation function.

As the Taylor series diverges, we cannot obtain a result to arbitrary precision
by simply summing the Taylor seriesF_7]. Moreover, the knowledge of the asymp-
totic behavior of fgiagn (or even the exact knowledge of all the fyisgn) is not
sufficient to completely determine fgi.g(2). For example, one could add functions
with zero Taylor series for z — 0T

e oo 702 -0 (28)

with p > 0. Then, one has fyi.g(2) + €% " = >0 02" fdiagn- The shifted-
aylor

action construction is essential in order to provide the additional non-perturbative
information on the analytic properties of fyi,z(2) needed to uniquely recover

of the field (which naively should be always zero), but then one has to assume that the contour
can be deformed to pass through saddle points. A more natural analytic continuation uses the
so-called Lefschetz thimbles, which are contours of steepest descent where the action is real,
so that the integral over a thimble is always well-defined. The singularities of the functional
are caused by changes in the choosing of these thimbles. In particular, the discontinuities
(i.e. differences in countour choosing) are naturally expressed in terms of integrals over saddle
points, where thimbles merge. While being a very effective theory for integral of one or
several real or complex variables, its application to functional integrals is, to our knowledge,
uncontrolled in most cases, as it is difficult to see how thimbles are chosen. However, for the
fully-dressed (i.e. bold) scheme, we are obliged to use these empirical arguments, as we have
found the more solid techniques too cumbersome to apply.

170One should also remark that if the value of A is very large nothing prevents in principle
to obtain very good numerical estimates by stopping the Taylor series at order A (this is the
case of Quantum Electro-Dynamics). However, for the unitary Fermi gas the value of A in the
strongly correlated regime is not large (for example, for the bold scheme, it goes to zero when
approaching the critical temperature). Moreover, in this thesis we discuss only numerically
exact diagrammatic methods, which are able to compute quantities with arbitrary numerical
precision given enough computer time.
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faiag(1) = fonysical from the diagrammatic coefficients (fgiagn)nen. The informa-
tion needed to compute fyiag(2) from the Taylor series is the region in which the
function is analytic, and an uniform bound of derivatives in this region. This result
follows from a version of the Phragmén-Lindelof principle: Suppose that fyiag(2)
is analytic in the region W5 = {z € C | 0 < |z| < R,|argz| < 7/10 + €},
for some € > 0 and R > 0. Suppose that the derivatives of fyi,g(2) satisfy the
bound for z € W

< CA™ (n/5)! (29)

L d"Jae(2) o \vell-defined.

for some C, A >0, and that Jdiagm = im0 .ew 27 —gn

Then, these properties uniquely define fyi,g(2), in the sense that if a function
has the same Taylor expansion and satisfies these properties, then it must coincide
with fgiag for z € WE We can prove these properties with the shifted-action
formalism.

At this point, we know that fgi,z(2) is uniquely determined by the sequence
(fdiag.n)nen, but how can we reconstruct it from the finite sequence ( faiag.n)o<n<n?
A powerful technique is the conformal-Borel method, which uses the information

we have gathered so far on fgiag(2) in an “optimal” way. We introduce
1
E(t) = - % exp{ —t°> — byt* — bt} (30)

where 6 > 0, b1,b, € R are for the moment arbitraryEg]. We introduce the
(generalized) Borel transform Biiag(2) of faiag(2) for |2| < Adgiag by

Ba(z) = 3 2" 208 (31)
n=0 n

where yi,, == [ dt E(t) t". One has i, = (n/5)! e~ (/B)EHOMT) Ay
n—oo

this point, a version of Ramis's theorem (which we re-derived independently, see
Appendix [NJ), allows us to recover fyi,g(2) by the inverse Borel transformation:

18]t is interesting to see how these assumptions fail for the function e=* ", For p > 5,
the function is unbounded in z € W and the derivative bounds cannot be satisfied already at
order 0. For 0 < p < 5, the function and the derivatives are bounded, but they do not satisfy
the (n/5)! bound. Indeed for z = 2 > 0, one has d"f(z)/dx" = e * "(p"/xPTD(1 +

T—r

o+
O(x”))). If we evaluate this expression for = ((1 + 1/p)n)~/?, one has d"f(z)/dz"™ ~
(n))1+1/7 an expression that cannot be bound by (n!)*+1/5.
Y practical computations, we fix § = 1 for definiteness, b, is constrained by a consistency
condition (see footnote , and by is a free parameter that we use to improve numerical
convergence.
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1. Byiag(2) can be analytically continued in a neighborhood of the positive
real axis.

2. The expression

£z = / dt E(t) Baag(21) (32)
0
is well-defined for 0 < z < R, R’ > 0, and in this region one has
FS)(2) = fuiag(2) (33)

The last point we need to discuss is how to achieve in practice point 1: the
analytic continuation of Bgi,g(2). A very powerful way to do this is by using a
conformal mapping, assuming that we know the position of the singularities of
Byiag(%) in the complex plane. From the large-order behavior we see that
Buiag(2) is analytic for |z| < Agiag, and it has singularities at 2z = Agipg e=47/5.
We know that Byiag(2) is analytic in a neighborhood of the positive real axis. At
this point we assume that Byj,g(2) can be analytically continued everywhere in
the complex plane, except in C = {z € C | |2| > Agiag, |argz| = 4w /5}. This
assumption is internally consistent only if a condition on b; is satisfied ”%]

Let D be the open unit disc, and let h : D — C\ C be an holomorphic
function (in other words, a conformal mapping) such that

e /, is one-to-one.
° h(O) =0
o h(w)* = h(w*)

Then, h is completely determined”Y] We introduce for all w € D such that
|h(w)| < Agiag, the Borel transform in the w variable:

Bdiag(w> = Bdiag(h(w>> (34)

But Bdiag(w) can be analytically extended in w € D as it has no singularities in
the open unit disc. Moreover, the explicit analytic continuation is given by its
Taylor series

Bdiag<w) = an Bdiag,na ’w| <1 (35)
n=0

20The condition is |#p(b1)| < 7/5, where 05 (b1) = arglexp(in/5)U; — b1 /5*/°], see Ap-
pendix [O] for the derivation.

.. . . 4vY (1—v) 7% Agia
21The explicit expression is h(w) = (1:11())2(5,)”(1_",;;;”

evaluated for v = 4/5.
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From this, we can obtain an explicit analytic continuation of Biag(z) for z € C\C
by

o0

Biiag(2) == Z(h_l(z))n Bdiag,n (36)

n=0

The first N coefficients of the Taylor expansion of Bdiag, (Bdiag,n)ﬁfzo, are linearly
related to (faiagn)\_o- If we then further assume that f(z) can be analytically
continued for 0 < z < R”, R” > 1, we can compute fohysical from

1
B
fphysical - fdiag(1> - fcg|a;(1) = /0 dw h/( ) U} A}l_rfloozw Bdlagn =
N
= Z_% faiogn BSY)
(37)

The error which results from the truncation of the procedure at order A is

(nearly) exponentially small O(exp[—(1.56...)A (11./:; N39)).

This concludes the summary of our mathematical construction. Numerical
results are discussed in Section [6l

3 Large-order behavior for the pressure in the
ladder scheme

3.1 Shifted action for the ladder scheme

We consider the diagrammatic expansion for the pressure for definiteness, whose
physical value is pphysical. We introduce a function piada[Io, 2| such that

1. The Taylor expansion in the complex parameter z gives us the diagrammatic
expansion

Pradd (Lo, 2] o Z 2" Pradd,n[Lo] (38)

n=0

where piaga n[I0] is the order-n diagrammatic contribution of the ladder
expansion.

2. The function evaluated at z = 1 gives us back the physical answer
Pladd [F[h z = 1} = Pphysical (39)
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It is clear that the function pjaqq[lo, 2] must be defined in a non-perturbative
way, we cannot rely on the Taylor series as it could have (and it has as we will
see) a zero radius of convergence. This non-perturbative definition is provided
by a shifted action Slgzd)d [87]. For the pressure, we write

(2)

. 1 .
Pladd[Lo, 2] = Jggoﬁ—VIOg / Dlp, @, n, 7] e Said (40)

where one imposes by construction
z=1
Sl(add ) = Sphysical (41)

For the ladder scheme, it can be shown that in our case one has (see Appendix|A):

(Shifted action for the ladder scheme):

Staa = — (1G5 19) = (T " 1) —2(n|Tewsie|)++/Z (M1 01) + (1011m))
(42)
where ¢, @ are spin-1/2 fields, 1, 77 is a complex field, and z € C.

We had defined 'y and ITpyppe in Equations and ((14)).
We can use this action to define z-dependent correlation functions. For
example, for the Green's function GG, one has

_ 4 _g® _
_JDle, . n,7] e s pp(x, 7)$1(0,0)

Gladd [F0> Z] (I‘, 7') = o
[ Dlgp, @,m,77] e~ S

(43)

A Taylor expansion of G|,4q in z is equivalent to the ladder diagrammatic expan-
sion:

Gladd [Fo, z Z 2" Gladdm[rﬂ] (44)
0

n—

] Tajor

where Glada n[I'0] is the order-n contribution of the ladder expansion built with
I'y. From Equation (41]), one has moreover that Gaqa[I'o, 2 = 1] = Gpnysical- Let
us finally remark that we can apply the same construction to every correlation
function.

3.2 Obtaining the large-order behavior for the pressure
from the partition function

We know that Sl(;)d is not well-defined in the continuum limit ((n|Ipubble|7)
diverges in this limit). Thus we cannot take the continuum limit where the
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lattice spacing b goes to zero at this stage. We also work for the moment at
large (but finite) volume V. We consider the normalized partition function

Z D ) _7 ) D e_Sl(aZL[%@m,ﬁ}
gV 2) = 4 L0700 -

I Dn,n, ¢, @]e*sﬂiﬁ o, @m7]

(the denominator is just a z-independent number). One has

N
Pladd (2) = D1ada(0) + ]}I_I)alo 5y In Zj,aa(V, 2) (46)

We expand the partition function in a formal power series in z, which is built
from Feynman diagrams built from bare propagators Gy and 'y with no (GyGy)
bubble diagrams

Zladd(va z) = 1+ Z Zladd,n(v) 2" (47)

Taylor
Y n=1

We would |i|§e to deducg the large-n behavior of pja4q, from the large-order
behavior of Zjadqn(V). Ziaddn(V) can be decomposed in contributions coming
from disconnected parts:

Ziadan(V) = Y Ziadane(V) (48)
=1

where Zj,dda.nc(V) is the contribution of all Feynman diagrams contributing to
the order n ladd partition function which can be divided in C connected parts.
One has

Ziaddme(V) . _ape
Pkt Mt bl S — 4
Ve V—o0 Fladd;nC + 0(6 ) ( 9)
for some positive A, o and Zjagdn.c- E
The linked-cluster theorem implies that

Pladd,n = Zladd,n,1 (50)

therefore, we only need to compute Zj,q4.,,1. The strategy then it is very simple:
we compute the term of Zj,4q.,(V) linear in V), this will be proportional to the
contribution for the pressure. More precisely:

22\We sketch here the proof of this simple fact. The factor VC is simply due to the integration
over the positions of the connected parts. The fermionic propagator Gy goes to zero always
exponentially at large distance, the same is true for the bosonic propagator I'y if the ladder
series is meaningful (that is, for temperatures higher than T, see Figure 1 and the discussion of
Section . Therefore, the contribution of a connected part at finite volume differs from the

contribution at infinite volume by an exponentially small contribution of the order of eV
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Suppose that there exists a p, (which is not a function of volume V and
lattice spacing b) such that

lim lim lim —Zladd’nfv)
V—00 n—00 b—0+ ﬂ Y Pn

~1 (51)

Then, one has lim,,_,, ﬁ =1

This is shown in Appendix [B]

Now, Equation tells us that we have to first take the continuum limit
where the lattice spacing b goes to zero. Then, we will compute the large-order
behavior of the perturbative expansion at finite (but very large) volume V. Only
at the end we will take the thermodynamic limit V — oco. The limit can exist
only if |Zjagd,n,1| goes to infinity with n faster than any exponential of n (we will
see that this is the case), otherwise the terms 2,44, ¢ Where C is of order n will
dominate because they increase exponentially fast with volume and C.

3.3 Integration over fermions

One of the main advantages of the functional integral method is the possibility to
perform generalized semi-classical (or saddle-point) calculations. Unfortunately,
this is not possible for Grassmann integrals. For this reason, we would like to
integrate them out to obtain a purely bosonic effective action. Accordingly, we
perform the functional integration over the fermions in Z in to obtain:

7 V,2) = fD[n,ﬁ] e m)+2 (M Mbusbie[Gol In) det(1+ \/ZT) o
- J Dn, 7] e(nlTg n)

where we have defined:

] 0 Gon
T := .
(e %) )

The determinant, at non-zero lattice spacing, is an entire function of order 1
(the terms in \/EQT“rl gives zero contribution, see Appendix . However, the
determinant is divergent in the continuum limit, as shown in Equation ((C.17)).
Luckily, the Ilpuppie term is here exactly to compensate this divergence and to
leave us with a finite answer:
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(Renormalized determinant): The expression

det4(1 + \/ET) — #(nMbubbie[Goln) det(l n \/ET) (54)

is well defined in the continuum limit & — 0.

The proof of this result is presented in Appendix [C|. Moreover, one can show that
the renormalized determinant det, is an entire function (see Appendix |C)):

(det, is entire): If [, d’r fOB dr |n(r,7)|* < oo, then dety(1 4 /zT) is
an entire function of z.

We study the large z behavior of det,, which can be computed with a Thomas-
Fermi (or quasi-local) approximation (see Appendix D)):

(Thomas-Fermi asymptotics): For |arg z| < 7, one has

z|—o0

dets(1+ vz 7T) o exp (—gTF 254 /dX In(X)|?/? + O(z)) (55)

where grp > 0.

We see therefore that det, is an entire function of order 5/4. From this we can
deduce a first important consequence. If we write

Fraag(V, ) = P71 £l ) ety (1 + /2T) .
ladd (V' [ D] AT T

we see that Z is the integral of an entire functional of 7. For a finite range
of integration, this function cannot have singularities. However, the range of
the integration over the 7 field is unbounded, so convergence problems can be
present. From the large 1 behavior of dety , we see that the integral is

absolutely convergent for

2
larg z| < % (57)

This means that Z is an analytic function of z in this region. When we take
the logarithm to compute the pressure pj.gq(2), we see that (apart from possible
phase transitions given by zeros of Z) Pradd (z) will be an analytic function in the
same domain. We are therefore led to the following conjecture
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(Analyticity domain): There exists R > 0 such that pj,q4(2) is analytic for
0 < |z| <R, |arg z| < 27/5,

3.4 Saddle point for the large-order behavior of the deter-
minant

We have seen that the continuum limit b — 0" can be taken safely. Let us now
turn to the next limit, that is, the large-n behavior of Z,q44,,(V), for a very large
but finite volume V.

For every z € C, we can write

dety(1+ 27T) = annn (58)

so that
Ziaaan(V) = (@[, M1y (59)

where we have introduced a shorthand notation for the Gaussian functional in-
tegral mean over the field 7:

f D[n7 ﬁ] €<77|F(;1‘77> .
J Dl s 1

(o = (60)

The next step is the computation of ¢,[n,7]. We can write the Cauchy
integral formula for dety:

(61)

~ dz dety(1 + /2T dz o .
Qn[nan] = P 4< \/_ ) — % e S1.n(2)
C

. g .
c, 271 z )

We know that, in general, the large-n behavior is determined by the singularities
of the function nearest to the origin. But det, is an entire function, and the only
singularities of an entire function are at |z| = co. Therefore, we expect that only
the behavior for |z| — oo can be relevant in the large-n limit.

Following this intuition, we deform the contour to values of z of order n*/®
(there are no constraints on the integration contour as the integrand is entire).
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Indeed, we find that our intuition is correct as there are two saddle points at:@

ei4m’/5
2=z = - 7 n*® 4 O(n*"?) (62)
(ngF f ‘77’5/2)
One has
4 4 5
Re Syn(22) = —log— — —log ( > gre /|77|5/2 +0(n?) (63)
5 e 5 4
4
Im Sy (%) = i% + o) (64)
so that

4n

] s (B ® 4rein
Guln. 7]~ (nl) 70 (Z grr /|n|5/2) Re exp (T + 0(n4/5))
(65)

3.5 Functional integration in the large-n limit

We now compute Zaddm by performing the functional integration over the bosonic
n field. At leading orderE[], we have to compute

e (( fax |77(X)|5/2)4n/5 (66)

This integral is somewhat similar to the integral fooo dz e~ 22" ~ nl, which can
be computed by Laplace's method for large n by expanding around x = \/HE]

23 In this text, we only discuss the computation at leading order for simplicity. The compu-
tation of the first correction is straightforward, while the sub-leading terms are increasingly hard
to obtain. However, we will see that all the information we need is contained in the leading term
(the A~" term in the asymptotic behavior). The first correction (the exp{U;e*™/5n*/>} term)
gives a (non-trivial) constraint on the parameter b; of the Borel transform (see Appendix @
All the sub-leading corrections (which would be exp{Ue®=*)"/5n5=F)/5Y for k > 2) are
irrelevant, their knowledge cannot be used in the numerical algorithm, and accordingly we did
not compute them.

24See footnote

2This is one of the main advantages of using this direct technique compared to the alterna-
tive methods, which use an analytic continuation of the functional integral and saddle points in
the fields  and 77 (and z in some case). In our case, we only need to apply Laplace’s method,
which clearly works even for functional integrals.
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Inspired by this, we write an effective action for the functional integration defining
I,

_ 4dn
Suraln. = ~ill o) = Flog [ aX WCOP? (67)

We re-scale the 7 field n(X) = /n A(X) to obtain

(Effective action for large-n):

Setin[1, 7] = 1 sef[A, A] — nlogn (68)

where A
serA, A = —(AT ) — 3 Tog / X [A(X)[7/2 (69)

We see therefore that we have the canonical form needed for the application of
the Laplace method. We do not need to turn the contour of integration for A
and \ in the complex plane (we look for Laplace points, if they exist we can
apply Laplace’s method). Therefore, we have (\.)* = \.. We need to minimize
the action Se:
6Seff[)\c, /\:] o 5Seff[)\c7 /\:]
5>\R(I',T) - 5/\[(1‘,7’)

where A = A\g + iA;. In Appendix [E] we show that

—0 (70)

(No imaginary-time dependence): For r € R® and 7 € [0, 3], one has
Ae(r, 7) = A1) (71)
if for every p € R3 and py € 27Z/3, ps # 0, one has

Im T5(p, p4) # 0 (72)

We assume from now on that the previous condition is verified. Therefore,
A(r) is a time-independent “instanton” (instanton means a classical solution of
the classical equations that lasts for “an instant” of time). It is important to
underline that the previous condition is only a sufficient condition to affirm that
A. Is a static-instanton and not a proper instanton.

It is useful at this point to introduce the operator Ro_l, that is the operator
_F(;,}% restricted to act on time-independent fields. In momentum space

Ry'(p) = —Tg (P, ps = 0) (73)
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We define for a spatial field A(r) € C, r € R3, an “action” functional As[\] € R
(AR ' |A)

AS [/\] = 175
(f & [A(x)[5/2)"

(74)

It is possible to prove that the action functional is strictly positive (see Ap-
pendix (F|)) and has an absolute minimum:

Ag = m}in As[\] >0 (75)

The action functional goes to infinity in the low-density limit, and it is zero
at the pair-forming temperature 7™:

lim As = oc. lim As =0 (76)

Bu——o0 TT*

as it is proved in Appendix [Hl This means that perturbation theory becomes
essentially “convergent” at high temperature, and that it is very difficult to sum
the ladder expansion (which is an expansion in powers of I'y) when we approach
the (pseudo) critical point 7 where 'y has a pole. We now present a variational
principle (proved in Appendix|G|) which is very useful for numerical computations
(see Appendix V] for a discussion of the numerical calculation):

(Variational principle): The Laplace point solution A, = \.(r) is a mini-
mum of the action functional

Ac € argmin Ag[A] (77)

(the minima of the functional are related by A\.(r) — wA.(Rr + rp),
w € C \ {0}, ro €R3 and R is a rotation matrix)

The following result is fundamental for the numerical computation of the
instanton (see Appendix [ for the proof)

(Properties of the solution): The action functional As is minimized by
a real radially symmetric field (A.(r) € R, A(r) = A(v/) if |r| = |/]) if
w(lr]) = Ry*(r) > 0 and /(r) < 0.
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We have seen therefore that we can find a Laplace point instanton 7. = v/n .
to compute the functional integral over 1 and 7 in the large-n limit. We can
expand the effective action Sef, around one of the instanton solutions 7 =
V1 Ae+v, and we divide the fluctuations in real and imaginary part v = vg+iv;:

Setin[n, 1] = —nlogn + ns. + (v vr) Sefr,2[Ne, Ne] < le ) +0(*) (78)

where

se = s[he A = 1+ log (85 4s) (79)

At this point, we would like to perform the Gaussian integral over v to get
the contribution at leading order. However, the matrix Seo has zero modes,

O

Seff 2 f%) = 0, hence the Gaussian approximation for these modes does
Yr
not work [45], 94]. This is related to the fact that the instanton A. breaks

symmetries of the action, namely translation invariance and multiplication of the
field A by a complex number of unit modulus. Explicitly, one has that for every
6 and ry, " Ae(r 4 1() minimizes the action functional, the action does not vary
along these directions. We need to integrate over # and r, exactly, and then
perform the Gaussian integral for the non-zero modes that we call collectively v.

One can show (see Appendix that
Dn, 7] o< df d*ro D[V, v'] (80)

where v are fluctuations orthogonal to the change of # and ry,. We are disre-
garding here n” multiplicative corrections, at this order of approximation they
are sub-leading as we are already disregarding terms of order O(e ”W’) with
k € {1,2,3,4}. The integration over 0 gives a constant, while the integration
over ry gives a volume factor V. It remains therefore the Gaussian integration

_ _ VR
fD[v,v] exp{—(vR vr) Sefr,2[Me, Tl ( o )} - det! 5;;42
[ Dln, 7] €05 T ~ det(—L)

(81)

where vgp(r,74) = Re v(r,r4), v7(r,74) = Im v(r,ry). det’ is defined as the
determinant computed in the space orthogonal to the zero modes (otherwise, it
is trivially zero). One might think that the ratio of the determinants increases
exponentially with the volume, as it is the ratio of two partition functions. How-
ever, loosely speaking, the operators Sef2 and ;! differ only in a finite region
of space because ). decays exponentially fast. In Appendix [K|]we prove that this
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ratio has a finite thermodynamic limit, and it is independent of n. In the end, at
leading order, we can write for n — oo

I, = <(/ dr, 7 |n(r, T)|5/2>4n/5> x Vnl (85 Ag)™" (82)

To

Using equations (59),(65]), one has for n — oo

~ 4/5 % - 4min 4/5
Ziaaan(V) = V()P <w) <Ree i +O(n/)JFO((AS/J‘V)N»

n—00 <5gTF)4/5
(83)
where A’ > Ag is a (possible) contribution from a local minima of the effective
action. Using Equation (51]), we arrive at

(Large-order asymptotic behavior):

—n 4min n /5
Pladdn = (n/5)!A|add Re ¢ 5 TO( /%) (84)

n—o0

4 Analytic reconstruction by conformal-Borel trans-
form

4.1 Unicity of Taylor coefficients

We can write a bound on the derivatives for |arg w| < 37/10 (see Appendix [L)

1 d"

mﬁpladd(z> < Cp A7 (n/5)! (85)

for every A > Apga. The fundamental result that will allow to reconstruct
Piadd(2) from its diagrammatic series is the following unicity theorem:
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(Unicity of Taylor coefficients): Let f(z) be an analytic function
in Wi ={2 € C|0<|z] < R,|arg 2| < 7/10 + €}, for some
R > 0 and € > 0. Suppose that f is infinitely derivable in the origin

fon=lim 1 (2) (86)

2—0,26Wg n!dz"
and for z € W

1 d

nl dzn

(2)‘ < Cp A™" (n/5)! (87)

Suppose that g(z) satisfies the same conditions as f(z).
Then, g(2) = f(z) for z € W,

This theorem is proved in Appendix [M]

4.2 Borel summability and conformal mapping

As we have seen ppq4(2) is analytic in W, and it satisfies the bound , so it
is completely determined by the asymptotic series according to the theorem of
the previous section. It turns out that the Borel transform is a way to reconstruct
this analytic function from the Taylor coefficients ]

(Borel summability): Under the conditions and on f(z),
we introduce the Borel transform of f for |2| < A as

an/5+1 (88)

Then, B(z) can be continued to a neighborhood of the positive real
axis, and we have for 0 <z < R

flz)=5 /0 %ﬁ > B(xt) (89)

This result is a generalization of Watson's theorem [95], due to Ramis [96].
We have derived it in a slightly different form, see Appendix [N] for a proof. We
see therefore that if R > 1, we can compute f(1) (which is the physical result)

26n the enunciation of the theorem, for simplicity, the parameters b; and by of the Borel
transform are set to zero and the parameter § is set to one.
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with the Borel technique by only knowing the coefficients of the diagrammatic
expansion.

We introduce the (slightly more general) Borel transform of pjaqq, for |z| <
Aladd we write

o0

Bladd<z) = M Z” (90)
o Hn
where -
0

and PTE(t) = t*texp{—t> — bit* — byt*}. From the large-order behavior of
Diaddn, We see that B(z) has essential singularities at z = et Ajgg. Sub-
leading Laplace points (configurations with action A’) will give singularities for
»=eE A, with A’ > Ajaga. We are therefore led to the following conjecture

(Maximal analytic extension): There exists an analytic continuation of
Biagd(z) in C\ Ca,,,, Wwhere C4 = {z € C | |argz| = 4n/5,|z| > A} if
|05 (b1)| < /5, where 05(by) = arglexp(in/5)Ujaga1 — b1/5%°].

The necessity of the condition on b; is proved in Appendix [0} but we want
to stress that it is not clear that this condition is also sufficient.

Let us remark that if U; # 0, one has to use a non-zero b;.

We now explicitly construct this analytic continuation. The strategy is very
simple. We will provide an invertible conformal map h = h(w) that maps the
the unitary disk D := {w € C | |w| < 1} onto the set C\ C4. We require also
that the origin is mapped into the origin (2(0) = 0). This has to be required to
ensure that the expansion for z — 0 is equivalent to the expansion for w — 0.
The last requirement is that this map must be real A(w*)* = h(w). It turns out
that there exists a unique conformal map with these properties (see Appendix@:

2"From the large-n behavior of u, = (n/5)! e~br(/5)*+O0(MY") \e see that by is
essentially a counterterm to the term in U, by is a counterterm to the term in Us; and so
on. ¢ eliminates power law scaling like n® , it should not be relevant at large-enough n
because is sub-dominant with respect to the corrections to scaling of order exp(O(n(>=*)/5))
with k& € {1,2,3,4}. Numerically, we have found a weak dependence of the result on this
parameter, and accordingly we have set § = 1. b; is constrained by a consistency condition (see
Appendix [O)). We have fixed by such that |6(b;)| = m/10. For this choice, the Borel transform
has an oscillatory discontinuity, which seems heuristically the best choice The mathematical
convergence of the technique does not depend on the value of the parameter by, but the rate of
the convergence numerically does. We have chosen b5 in order to have a somewhat “smooth”
convergence, even if we have not tried to optimize b2 in a systematic way.
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(Conformal map): Let h: D — C\ C4 be an analytic function such that:
e | is one-to-one.
e h(0) =0.
o h(w*)* = h(w).

Then, one has
49/5 A w

5(1+w)s(1—w)s

h(w) = (92)

We now use the conformal map h(w) for A = Ajqg. For all [A(w)] < Ajada,
we introduce the Borel transform Bj,qq in the w variable:

Biaga(w) = Biaga(h(w)) = Y (h(w))" Biaaan = »_(h(w))" ]% (93)

Then, it is easy to show that the function Bhdd(w) is analytic at least for |h(w)| <
Ajadga- We expand Bjagq(w) in a Taylor series

Bladd Z w" Biayg n (94)

This Taylor series converges for |w| < 1 because the function Blagg has no
singularity in the unitary disk, which is equivalent to saying that Bjaqq4(z) has no
singularity for z € C\ Cy,,,- As h(w) is invertible, we can analytically continue
Biadd(2) for z € C\ Cy,,, in an explicit way using Blagd

B|add(h_1(z)) = Z(h_l(z))n Bladd,n (95)

n=0

Biagd(2) =

One can easily prove that the function Bj.44(2) defined in this way is analytic.
The vector (Bhdd’n)ﬁfzo is linearly related to the vector (pjada, n)ﬁfzo

- Pladd,0
Blagdo = ;
Ho

28The explicit relation is for n

M

4% n—k
7=0

Bladd.n n s . 97
ladd, Zm k=77 1 o bl,bg,é) Dladd, k ( )

land 1 <k <n:

1y ( P ) ( ST ) (%)
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At this point, we write

Ponysical = Praca(1) = /0 " 0t B () Buag (1) — /0 dw I (w) E(h(w)) Bragg (w) =

= Biaddn hn = m ZBladdnhn
n=0
(98)
where A, (Ajaaa, b1, b2,0) = [;° dt E(t) (h~'(t))". We finally arrive at
(Conformal-Borel resummation):
N
Dphysical = A}I_I}loo Z@ By(LN) Pladd,n (99)
where B(()N) =1 and for n > 1:
Ay &
BN (Apaga, by, be, 6) = m kz:: hi(Atadd, b1, b2, ) my,  (100)

One also has that lima/_o B(N) =1.
We see therefore that the problem of reconstructing pjaqd(z) from the coef-
ficients (pmdd,n)ﬁfzo is explicitly solved.

5 Generalization to correlation functions and to
the fully-dressed diagrammatic scheme

In this section, we show how it is possible to generalize the large-order behavior
computation to the correlation functions, and how to consider more general
diagrammatic schemes.

5.1 Borel summability of the self-energies in the ladder
expansion

The computation for the pressure is not generalizable as it is to correlation
functions, as they are expressed as ratio of partition-like functions. The strategy
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is then very simple: we compute the large-order behavior for each partition-like
function, and we deduce the large-order behavior of the correlation function. In
this section we are interested in bounding the large-order behavior, in the next
section we will make explicit predictions for it. In order to manipulate such ratios
of partition functions, which are given by asymptotic series which respect certain
bounds, it is very useful to introduce the concept of Gevrey asymptotic series:

(Gevrey asymptotic series): Let A > 0. A formal power series >~ 2" f,
is Gevrey asymptotic of type (5, A) to the function f(z) if there exists R > 0
and ¢ > 0 such that f(z) is analytic for z € W5 = {2 € C |0 < |z] <
R, |argz| < 7/10 + €} and such that for every 0 < e4 < 1, there exists
C < oo such that for every N € N and z € W}, one has

|

<C (m) (N/5)! (101)

In this case, we will write

fl2) =8> fu2" (102)
n=0

One can show that the bounds of section |4.1] are sufficient to have a Gevrey
asymptotic series (see Appendix

(Derivative bounds imply Gevrey asymptotics): Let f(z) be an analytic
function in W5 = {2 € C| 0 < |2| < R,|arg z| < w/10 + €}, for some
R > 0 and € > 0. Suppose that f is infinitely derivable in the origin and

fon=lim L 4" (2) (103)

2—0,zeW§, n!dz"

and for every 0 < e4 < 1, there exists C' < oo such that for every z € W

and n € N w
m%f(z)‘ < O (A(L - €4)™" (n/5)! (104)

Then -
HOES Y (105)
n=0
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We can then use this result to write:
o0
~ Aa
Diadd () =5 Zzn Diadd,n (106)
n=0

We can restate Ramis’s theorem using Gevrey asymptotic series

(Borel summability): Suppose

f2) =8> 2" fa (107)
n=0

Then, for all x such that 0 < =z < R, R > 0, f(x) is given by the inverse
Borel transform introduced before.

Note that the unicity result of Section is then concisely stated as follows:
if f(z) =2 S0% faz" and g(2) =8 3220, fn 2", then there exists R > 0 and
e > 0 such that f(z) = g(z) for z € W§ (it is a slightly generalized version, see
Appendix [M] for the proof).

This notion is useful for the following properties: suppose that

FE =3 g =D g (108)
n=0 n=0
Then, one has
(f+9)(2) =8 Y 2" fat Y 2"n (109)
n=0 n=0

(f9)(z) =4 (Z 2" fn> : (Z 2" gn) (110)
L ~A f: P f - (111)
fz) > \&

where on r.h.s we have operations between formal power series. We refer to

Appendix @ for the proo@.
We would like to discuss now how to bound the large-order behavior for the

self-energies using this formalism. It is shown in Appendix[Sthat we can write an

2These properties are also proven in [97], even if the proof for the last property is more
elementary in the Appendix of this text.
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expression for the pair propagator I" (see Section for the definition) directly
in the continuum limit

thysical(X> 7—) = = <77(X7 7—) 77(07 0)> (112)
For general z, we define [',4q4 by

Diaga (%, 75 2) = — (7(x,7) 1(0,0)) o Zrladdn (x,7) (113)

Siadd Taylor

where I'j,q4,n, is the order-n of ladder expansion built from I'y. Let us remark
that I'aaq(2 = 0) = 'y and [aqd(z = 1) = Lphysicai- The formal power series in
2z is built from ladder-less diagrams.

Let us define

J Dln, 7, 0, @) 7i(x, 7) (0, 0) & Sis

VNadd(X, T35 2) = — 114
i) [ Dl 1,0, ) e ()
One has .
[add (X, T35 2) = Vadd (X, 75 2) = 115
I dd( ) "N dd( ) Z|add(Z) ( )

_ We can study the series for y1.44(X, 7; 2) in the same way as we have done for
Zladd(2), finding the same result at leading order (with an additional prefactor
given by the convolution of two instantons):

Viaddn (X, T) = (/ dPro Ae(x + rg))\c(ro)) An cos (4%” + o(n§)> (%)‘

n—oo
(116)
Following the same arguments, one can show that
Viada (X, 7 2) Z512¢ Z%addn X, T) (117)
and have already seen that (at finite volume V)
Ziaga (2) =5 ZZ Ziadd.n (118)

We see that I'j,qq is the product of a function with Gevrey-(5, Aj.qq) asymp-
totics with the inverse of a function with Gevrey-(5, Aj.qa) asymptotics, there-

fore according to properties (110]) and (111)), T'l.qq must have Gevrey-(5, Ajaqd)
asymptotics:

Diacd (X, 73 2) =29 > Tiagan(x, ) 2" (119)
n=0
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Hence, the series for I' can be resummed by a Borel transform according to
Ramis’s theorem.

Now, the pair self-energy Il qq is defined by Ilj.qq(2) = I'y* — ngd(z), so
that

(Borel summability of the pair self-energy):

Hladd Iadd ZZ 1_[Iadd \n (120)

so we find that also the series for 11,44 is resummable by a Borel transform.

We would like to discuss the large-order behavior of the self-energy. Unfortu-
nately, the analysis is not as straightforward as for the pair propagator because
the fermion propagator (G is not an entire function when expressed in terms of
the 7 fields. In Appendix [T}, we prove generalizations of Pauli's formula, and in
particular ((T.10]

(2 Hpubble + Hiadd(2)) : Tiadd(2) = Liadd(2) : Glagd(2) (121)

where f: g means 57" 37 [ d®P fpp,9pp. Where p is the momentum and p,
is the Matsubara frequency, that can be bosonic or fermionic depending on the
function. We thus have

2 Ipubble(Ps P4) + iadd (P, P4; 2)
Y Gia E 122
add(2)  Gada( / Lo(p,pa)™ — jadd(P, pa; 2) (122)
P4€227F/5

so we see that j,44(2) : Gladd(2) is the integral of rational functions that admits
Gevrey asymptotics, so that one is lead to conjecture

Eladd<z> : Gladd(z) l Z /d3 EIadd(paplla ) _

p4€(22+1 7/B o(P, P1) ™ — Biadd(P; Pa; 2)
[e.9]
ﬁ?ladd Z £ 2"
n=1

(123)

for some f,,. From that expression, one is lead to induce that
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(Borel summability of the self-energy):

Siodd () =5 Z Diadd,n 2" (124)
n=1

These properties allow us to prove that the ladder expansion is Borel summable,
but in principle we cannot say anything about the large-order behavior apart that
is bounded by (12/5)!(Ajaqa(1 — €4)) ™" for every 0 < €4 < 1. In order to make
more precise predictions, and to extend the analysis to more involved diagram-
matic schemes, we need the more intuitive analysis of the following section.

5.2 Alternative view: discontinuities near the origin

It is a well-known fact that for analytic functions with non-zero radius of con-
vergence of the Taylor expansion at the origin, the large-order behavior of the
coefficients is determined by the properties of the singularity nearest to the point
of expansion. Having a zero radius of convergence means that there are sin-
gularities exactly at zero distance from the point of expansion, otherwise it is
straightforward to show that the radius of convergence would be finite. We
have extended the Borel transform B(z) of pqda(z) to z € C\{z € C | |z| >
Ajadd, |arg z| = 4w /5}. As before, we write (in this section we drop the b; and
by parameters of the Borel transform for simplicity)

o dt
Pradd(2) = 5/ - t* =" Biaa(21) (125)
0

This gives in principle the possibility to analytically extend pj,qq to

{z € C||z]| < R}\Cy, where Cop = {z € C|z#0,largz| = 4n/5}, for some
R > 0. We will see that f has singularities for |arg z| = 47 /5. A very important
object in the following is the discontinuity

Disc (g, z0) = liﬁ)l 9(20€™") = g(20e7") (126)

If g is real, then Disc (g, ze?)* = —Disc (g, 7e™"). pj.aq has discontinuities for
larg z| = 47 /5 (for definiteness, we consider only arg z = 47 /5)

; 5 [ dt A
D|SC (pladd, 1,647'(’5/5) — _/ - t5§ e—t5/$5 DlSC <B|add,t€47m/5) —

x5 Aladd t
Ajadd \°
(i - 127
_ 5 - / g (t + Aga)® €5 Shet Csth Alad” (27)
250 o t+ Ajdd

x Disc (Bladda (t + Aladd) 64m/5)
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5
k
leading order for small = one has

where C5, = By changing variable u = 5tA} ,/x°, we find that at

47Ti/5) —

Disc (p|add, xTre

Ajagd \®
6_(T> i ~“ Di T
N W/O du ™" Disc (Bladd, (Aradd + 771/ (5A544)) €777)
(128)

so that we expect that Disc (f, z e=47/5) ~ ¢~ (4rs/2)* for small x, it is smaller
than any power of x as expected. In Appendix [R] we prove the following useful
formula, which is a generalization of the formula presented in [98]

(Dispersion relation): Suppose f(z) is analytic in {z € C | |z] <
R, |arg z| # 47 /5} and that the following limit exists

m lﬂf(m) = f, (129)

i
=10 n! dxn

Then for r < R one has

— ﬁf(z) - _azisn r ﬂ Disc (f,t€47ris/5)
fn - %ZT Z S e (130)

27g 271 i 0 2mi tn+l
s - L

One has .
< — sup |f(2)] (131)

T |o|=r

7{ dz f(z)
|z|=r 211 ZnJrl

from which we see that only the integral over the discontinuity can give a factorial
contribution. If we try

. Apaga \°
Disc (Plaga; z €*™/°) = &P (— ( ! dd) + O(x_4)) (132)
T T

we get the right large-order behavior for pjaqd r-
We are then led to study the algebra of exponentially small discontinuities.
Suppose that f(z) and g(z) are analytic functions for |arg z| # 47/5 and |z| < R,
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with f(0) # 0. Suppose further that

Disc(f, ze=4™/%) = exp <— (A;dd) + O(x_4)> (133)

zl0

5
Disc(g, ze*4™/?) = e <— (Aladd> + O(a;4)> (134)
T T
Then

Disc(fg, ze4m/?) = £(0) Disc(g, ze=*™/%) + ¢(0) Disc(f, ze**™/5) (135)

Disc(f, zet4m/5)

Disc(1/f, xe™™/%) = 136
(1/f2eti77) = =ERL (136)

Let us apply these properties to compute the discontinuity of I'34q:
DiSC(F|add, $€i4m/5) = Disc(’y|add, I€i4m/5) (137)

z|0

as |Disc(Ziagd, £e7/5)| = O(2°| Disc(Viadd, £eE7/5)|) < |Disc(Yiagd, £eE47/5)|
for x | 0% From this result we can derive directly

Dladd,n = Viaddn (138)

—00

and a similar behavior can be derived for Ilj 44,5,

(Large-order behavior for the pair self-energy):

Miagd,n(r, 7) ~ / Lo(r —r1, 7 — 71) Viaddn(r1 — T2, 71 — 72) Lo(r1, 71)
(139)

One can derive in this way a similar expression for ¥jaqq ;-

30This is due to the fact that 7,44 contains the fields n(r,7)7(0,0), which are of order
/|2
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5.3 Discussion of the bold scheme

There is no difficulty in repeating the analysis of the previous section for general
partially dressed schemes, like the semi-bold scheme introduced in [87]. However,
for the bold scheme introduced in Section [1.3] the analysis cannot be applied
without changes, as there are singularities coming from the fact that the shifted
action itself is singular at the origin, as it is built self-consistently with the self-
energy ¥ and pair self II which are singular at the origin®}] It is then clear that
in the fully-bold case we cannot expect the same level of rigour as for other
schemes, but we will try nevertheless to give rather convincing arguments.

First of all, we need to define the bold scheme in a more formal way than in
Section [1.3] We can define these series in a completely formal way starting from
the bare expansior’? We remind that

Yiadd|Go, 2L0] Tarior ; 2" Yadd,n[Go, T'o] (140)
Iiaaa|Go, 21o] Togior > 2" iaga.n[Go, To) (141)

n=

which can be generated from the action Slgzd)d (G, To] of Section :

Sl(azd)d[G(%gO] = —(p|Gy M) — (L5 M) — 2 (N Mpubble[Gol|m)

(142)
+Vz((nleyer) + (puerln)
We now formally define the bold series by
Zladd [Go(Z), F()(Z)] Tajor Zl Zn Ebold,n[Gu F] (143)
244 [GO<Z)7 FO(Z>] + Hbubble[Go(Z)} Tajor Hbubble[G] + Z 2t ﬁbmd,n[G, F]
n=2
(144)

311n principle, as we will discuss in Part Ill, there is another potential fundamental difficulty
with the bold scheme: it turns out that for certain lattice models, like the Hubbard model
near half-filling, there are branch-cut singularities in the shifted action. In the following, we
assume that we do not face this type of problems. An argument for this assumption is that
we are considering the continuum limit which corresponds to vanishing filling factor, while this
problem was encountered only near half filling.

32\We remark that the bare expansion in gy is defined only at finite lattice spacing b. The
continuum limit must be taken afterwards.
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where

Go(z) ' =G + Z 2" Yold,n[ G, T (145)

n=1
FU(Z>_1 = (zr)_l +Hbubble[G] 1_[bubble GO + Z Z" Hbold n G F] (146)

where Ilp,ppie[G] is the particle-particle bubble GG. These equations can be
solved in the field of formal power series for every GG and I', and one can obtain
the formal expression of X4, |G, ] and ﬁbo|d7n[G, I'] in terms of Yjaga.m[G, I
and Ia40.m |G, I'] for m < n.

At this point we would like to use as before a shifted action, that reproduces
the bold series order-by-order, and such that its evaluation at z = 1 gives the
physical action. This shifted action can be constructed self-consistently if we
assume to know the analytic continuation of the bold self-energy >4 and the
bold pair self-energy Ilpoq @ such that

Zbold[G, T, 2] Talor Z 2" Ypoldn [G, T] (147)
Mooig[ T, 2] = > 2" Moot |G T (148)

Note that we can impose that X[G, T, z] = X[G, 2I', 1],
Myod[G, T, 2] = z1lpod|G, 2I°, 1]. Then, reasoning in the same way as in Ap-
pendix [A], the bold shifted action is

Slgz?d[Ga [ = —(p|G™" + Zbou[G, T, 2]|0)+

. 149

— (77" + 2Tlpubbie|G] + Tooa[G T, 2 |m) + Vz((nloyor) + (yrln)) 149
We expect Y04 and f[bo|d to have singularities for infinitesimally small z at some
angle in the complex plane. In practice, ¥,04 and fIbo|d are just the resummed
bold series. But resummed in which way? We can answer this question by
considering the following consistency condition: The propagators G' and I" can
be computed with the shifted-action formalism, and are in principle functions of
z. But they must be trivial functions of z, the propagators expressed in terms of
themselves are given by a series with only one term

Ghoid(2) = G, Ppod(2) =T (150)

3\We start from order 2 in the equation for II because Tlpoi 1[G, Go] = IMpubble[G] —
Ipubble[Go] is not a functional of only G and T.
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In particular, the discontinuity of the propagators must be zero:
DiSC(G’bdd7 [I?Gi4m/5) = 0, DiSC(Fbo|d, {L‘ei4m/5) =0 (151)

Let us summarize what we have discussed: we can formally express G and T in
terms of functional integrals of the shifted action Séi?d. We have seen in the
previous sections that the functional integration is responsible for discontinuities
for infinitesimally small value of 2. Here, we have an additional source of dis-
continuities, as the action itself is discontinuous. We must therefore require that
in the case of the computation of G and I' these two sources of discontinuities
compensate exactly. This is enough to induce the large-order behavior and the
analytic structure of Ypoq and Ipeg. We show in Appendix W] that Ilpeq and
Ybold have the same analytical structure, and the same large-order behavior af-
ter the replacement of the expression defining Aj,qq of I'g with I', and with an
additional term in the expression for the first correction Upoig,1

— ! c ﬁ o c
Apold = Ay Inf —lnlt 1) |77>7 Usold,1 = 55 Apod — 5% Ay el o) (152)

n Il [17el 12

6 Numerical results

In this section we show some results obtained by integrating the resummation
technique described in the previous sections into the Diagrammatic Monte Carlo
algorithm [84]. We will present results in the high-temperature and the de-
generate regimes of the normal phase of the unitary Fermi gas. We have full
momentum - Matsubara frequency resolution for the Green's function and the
pair propagator, but here we only present results for thermodynamic quantities,
like the density

n=2Gr=0,7=0") (153)

the order-parameter susceptibility (which diverges at the s-wave superfluid phase
transition):
x=-I'(p=0,Q,=0) (154)

and the contact parameter (see, e.g., [83]):
C=-T(r=0,7=0") (155)
The contact parameter is defined from the k= tail of the momentum distribution

lim [k[*n(k) =C (156)

|k|—o0
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and is is proportional to the density of small-distance pairs:

. . C
(i (r)74(0)) = i)

(157)
The error bars in our plots contain all sources of error (which are the statistical
uncertainty of the Monte Carlo procedure and an estimate of the systematic error
coming from our grid and cutoffs).

We see in Figure[2]that Diagrammatic Monte Carlo is able to achieve a 4-digit
accuracy in the high-temperature regime for the density and the susceptibility
with the ladder scheme. This is due to the (almost) convergent property of the
series (we have seen in Appendixthat Agiag goes to infinity for Sy — —o0). In
general, we remark that bold and ladder schemes agree on every quantity, with
a slower convergence for the bold scheme. [

In the degenerate regime of Figure [3] we have the possibility to compare
with cold-atom experiments [12]. In the plot we also add the old (uncontrolled)
Lindeldf resummation technique used in [12, [99], which is justified only for series
with a non-zero radius of convergence [’5_5] Note the consistency between the
theoretical estimates. The experimental result for the density is compatible within
the error bar.

In Figure 4] we illustrate that is crucial to resum the diagrammatic series in
the degenerate regime, by comparing the results with and without resummation.
Indeed, when the value of Agiag is < 1 there is no small expansion parameter.
For S = 0 (the case of Figure , one has Aj,qq ~ 0.949 and Apq ~ 0.961.

In Figure [7| we show various estimations for the fourth virial coefficient of
the unitary Fermi gas, and we compare it with our equation of state at high
temperature. The Figure sheds light on a controversy. The experiments of
ENS [1I] and of MIT [12] are in disagreement by a factor of 2 with an conjecture
of Endo and Castin [I00]. The dedicated Path Integral Quantum Monte Carlo
simulation of Yan and Blume [101] is not able to discriminate between these two
values. Our results for the equation of state suggest a very natural explanation
for this disagreement: the experimental estimations are extrapolations obtained
from data points with { 2 1, where the apparent value of b, is nearly the double

34We have not tried to properly optimize the parameter by of the Borel transform for the
bold scheme, because for each by we need a different run of the code and the convergence was
already good enough.

35| indeldf resummation cannot converge if we go to high-enough orders. Nevertheless,
for the finite order we consider, it appears to give a quite accurate estimate. This can be
understood with the following (naive) argument. Suppose we would like to resum the series
>, an. The Lindelsf technique consists in dividing each term of the series by e 1°8™ ~ (nl)¢,
and then try to extrapolate thesum )" a,e™ " 197 to ¢ — 0 in order to obtain the resummed
value. As in our case a,, ~ (n!)}/®, we see that we cannot take an ¢ smaller than 1/5, which
is nevertheless a “small” number. Hence, one expects the systematic error to be small.
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of the conjectured value. This unexpected structure of the virial expansion means
that contributions from many-body physics are relevant already at fairly high-
temperature, hence the unitary Fermi gas is a “true” many-body system in a
wide region of the normal phase.

7 Conclusions and outlook

In this part of the dissertation we have seen how one can compute the large-
order behavior of various diagrammatic expansions for a strongly correlated Fermi
system in the continuous space. Using this information, combined with essential
non-perturbative analytic properties, we have shown that we can obtain controlled
diagrammatic results for the normal phase of the unitary Fermi gas. This is a non-
trivial problem because the diagrammatic series has a zero radius of convergence.
We have found that a specifically designed conformal-Borel transform allows us
to resum the series and compute the physical result.

After extending our bold computations to lower temperatures down to 7.,
we will compute the single-particle spectral function using numerical analytic
continuation (see [102] for recent progress on this delicate numerical procedure)
and compare with experimental spectra and existing lowest-order diagrammatic
studies [103] (104, [86].

The method can be applied as well to a non-infinite s-wave scattering length,
allowing us to study the BCS-BEC crossover. It is also possible to generalize the
formalism to the superfluid phase by introducing anomalous propagators.

It will be particularly interesting to study the polarized gas, where the fate
of the superfluid state is much debated [105]. The limit case of complete po-
larization (only one spin down particle, the polaron) has already been studied
extensively theoretically [22, 23] 106}, 24) [27], and experimentally [107, [108].

A model amenable with similar techniques would be the 2D Fermi gas with
zero-range interactions (see [109] [110, 111] for the large-order behavior of the 2D
Yukawa field theory), which is already the subject of theoretical [112] 113 [25] 26]
and experimental studies [114} [115, (116} 117, 118].

Another interesting and fundamental problem is the homogeneous electron
gas, also known as jellium model. For jellium one can apply a modified version of
the Dyson argument [119] to show that the radius of convergence is zero (the role
of positrons is played by the positive ions of the jellium). The analysis presented in
this text suggests the possibility of computing the large-order behavior for jellium
and to construct a corresponding conformal-Borel resummation technique.
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Figure 2: Dimensionless density n\3, contact parameter CA*, and inverse order-
parameter susceptibility 3/(xA?) as a function of maximal order of expansion N,
for S = —1.5, where A = /273 is the thermal de Broglie wavelength.
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Figure 3: Dimensionless density n\3, contact parameter CA\*, and inverse order-
parameter susceptibility 3/(xA?) as a function of maximal order of expansion NV,
for Bu = 0.
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estimations of ENS [1I] and MIT [12] labs. The violet square was obtained with

a Path-Integral Quantum Monte Carlo simulation by Yan and Blume [101].
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Appendices of Part |

A Shifted action for the ladder scheme
From the hamiltonian (@), we can build the action

B
S = — (|G ) + gob® / dr (31,0001 (x,7) (A1)

rebz3

where ¢ and @ are Grassmann fields and 7 is the imaginary time. We perform an
Hubbard-Stratonovich transformation in the particle-particle channel identical to
the one used in [120], to get

_ 1
Svysical = — (@G o) = —-{nln) + (nlewen) + (overln) - (A2)
where 1 is a bosonic field. We will consider a slightly more general action

Sharelgo] = —(@|Go @) — (nlgg In) + (nleyer) + (rerin) (A3)

where gq is an arbitrary operator. We introduce the (finite-volume) bare pressure

1 _
pbare[g()] = B_Vlog/p[gpa 3077]777] € Stare[g0] (A4)

We can formally write for z € C

Pbare [Z gO] Tayzlor Z 2" pbare,n[QO] (A5)
0

We would like to eliminate the ladder diagrams, which are built from the particle-
particle bubble TTpyppie[Gol:

Hbubb|e[G0]<r, T) = —Go(I‘, 7')2 (A6)

and we call I'y the sum of ladder diagrams. It is easy to see that for a given gy,
[y satisfies the following operator equation

To' = 95" — Houbbie[Go) (A.7)
Suppose that for a given 'y we choose gy = go(2) such that
90(2) = ((2T'0) ™" + Hpupble[Go]) (A.8)
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We then define for a given I’

Dladd (Z) = pbare[g(](z)] (Ag)
Then, one has
Pladd (%) Tajor Zo 2" Pladd,n[Lo] (A.10)

The previous equation follows simply from the fact that an order-n Feynman
diagram for the ladder scheme has n I'y lines, so it will have a contribution
proportional to z™. We are then in the position to introduce the shifted action
for the ladder scheme as

Siaaa = Sbarel0(2)] (A.11)
where T is chosen to be the physical I'y. The final result (Eq. (42))) is obtained
by re-scaling 1) and 7 by /2

B Interchanging thermodynamic and large-order
limit

Ziadd, (V)
%

We have by hypothesis that limy_,, lim,,_,, log —log p, = 0. One has

Za n s ~a n 672 (e
tog Z29620) _ 16 544,00 + log (1 4 Y2z Baan Ve
V Zladd,n,1
(B.1)
Let s,, := log P, — 10g Zjadd.n,1. Suppose that for C > k, 1 < k < n, one has
lim —2ddne _ (B.2)
n—=00 Zladd,n,1
and ~
lim —Rddnk g (B.3)

n—=00 Zladd,n,1

then one has limy_, ., lim,,_,, log (1 4+ Y3io Ziadd,n,c VE 2 N O(g_,\w)) _ s, =

Zladd,n,1

limy o (k — 1) log V = oo for every choice of s,,. Therefore, one has

lim —2ddnC _ g (B.4)

n—00 Zladd,n,1

for C > 1, which implies s,, = 0.

36This re-scaling does not produce any measurable effect as we will always compute quan-
tities which are ratios of functional integrals.
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C Renormalized Fredholm determinants

We consider the discretized Hilbert space H, = L*(L, x [0, ]), which consists
in functions anti-periodic in imaginary time, where £, = bZ3 is the lattice of
spacing b, with scalar product

(flg) = Z / dr f*(x,7) g(x,7) (C.1)
xebZ3
‘Hy, is separable, in the sense that there exists a countable orthonormal basis
given by localized deltas of Kronecker in space and Matsubara plane waves. We
define Ho as L*(R® x [0, 3]). For a (one-body) operator O : Hy — Hp we define
10| := (O10)Y/2. The trace of an operator O is defined

TrO = Z<¢n|é¢n> (C.2)

where (¢, )nen is an orthonormal basis of H,,.

(Trace-class operators): Let b > 0. We say that the operator O : H; —
‘Hy, is p-trace class for p € N if

101l := (Tr|O]")"? < o0 (C.3)

In his case, we write )= Cp.

We will not try to introduce the determinant of operators formally, we will
just suppose that we can extend the properties of the finite-dimensional version
without difficulty. It can be shown that this can be done for Fredholm determi-
nants:

(Fredholm determinant): Suppose O € C;. For z € C we define
f(z) =det(1+20) (C.4)

Then, f is entire. More generally, det(1+4 O(z)) is entire if O(z) is an entire
function with values in C;.

We will prove it for O diagonalizable. The general proof can be found in [121].
We compute the determinant in the basis where O is diagonal

f(z) = H1+ZA an (C5)
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where ), is a left eigenvalue of O such that |\,| > |\,.1|. One has
1

fo= > i Ay oAy = > Aiv Nig - i,
11 <i2<-++<bnj 11,02,..-, in€N+ ’ 11,825, inEN+,ij;£ik
(C.6)
One has .
1 O]l
| fol < o Z [Aiy Aig - iy | = " : (C.7)
’ 21,225+, in ENL ’
We have also proved that
Suppose O € C;. We have
|det(1 + O)| < el (C.8)

We now introduce the renormalized determinant

(Renormalized determinant): For O € C,,, we define

(1+0) exp (” k )] (C.9)

~ We justify now the definition of the renormalized determinant. Suppose
O ¢ C;. Then the "bare” determinant

det, (1 + O) = det

det(1+0) = H1+)\ —exp(Zlog 1—1—/\)) (C.10)
Jj=1 j=1

is not guaranteed to be well-defined, as the sum can be divergent in this case.
The idea is to consider

00 o] n—1
det,(14+-0) = H(1+)\j) eXi=1 (X /k = exp [Z (log (1+ X))+ )]

j=1 j=1 k:l
(C.11)
Using the fact that for some C'
n—1
[log(1 +a) + Y (=2)"/k| < Cla|” (C.12)
k=1
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one can write

00 n—1
D llog(1+A;) + > (=A\)F/k| < ClIO|I7 (C.13)
1

]:1 k=

from which we see that the renormalized determinant is well-defined for O € Chn.

Let O € C,,. We introduce

~

f(2) == det, (14 2 O) (C.14)

N

Then f is entire. More generally, det,,(1+O(z)) is entire if O(z) is an entire
function with values in C,,.

We consider the function

f(2) = det(1+ /2Y) (C.15)

; 0 Goj
T = N C.16
(—Géﬁ* 0 ) (C.16)

The operator T is not trace-class 2 in the continuum limit.

where we defined:

12 . iy
T =T 7T~ o (C.17)
Indeed
Te T = 2/dX |n(X)|2/dY Go(Y) Go(Y) =
(C.18)
= —2Mpupble[Go| (P = 0)/dX In(X)[?

As Ilpyppie(P = 0) ~ 1/b for small b, we would have to require that ||n||s = 0,
but this means that the field 7 must be zero almost everywhere. Let us compute

[T =Tr [(T11)2] = 2/dXdYDQ (X)) Pln(Y) 29X ) i
(C.19)
< [ DPIGP)P [Go(P + Q)P
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Let us introduce

AX) = [n(X)? (C.20)
We can then write
1T =2 / DQ Mol Ki(Q) (C.21)
where
KA(Q) = / DP |Go(P) [Go(P + Q)P (C.22)

K4(Q) is well defined in the continuum limit. We can derive a simple bound on
1Tl

T < o il (C.23)
where
Cy=2 3w | K4(Q) (C.24)
and
)l = / 4X () (C.25)

Let us show that Cy < co. By using the Cauchy-Schwartz inequality, one has

Cy = /DP |Go(P BZ/ +§2 (C.26)

We introduce pp = /2mpu for p > 0 and pr = 0 for p < 0. We divide the
integral in two parts:

Bz/ w2+§2 -

. 7 ) » (C.27)
“52 / R DD / @rap itk
We write
IhlélZ/ dgf (pF+16)3@3§: Lo (c28)
B2 Jopri1 Wn 3 “—~ (2n+1)
For I, we use the identity
! ! (C.29)

(a1 +az)® ~ 2aqa9
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We have

B 1 / &’p
LI<ZS - > D C.30
=2 ; (20 +1)2 Jpsppin & (€30)
There exists a constant C' such that 2 > Cp'p* for p > pp + 1. We can then
write d3
C
L] < Fﬁ 53 [ e (C.31)
277’ + 1) p>pr+1 D

Therefore, we arrive at

Suppose that € L*(R? x [0, 8]). Then T € C;.

We introduce R
f1(2) = dety(1 + /27) (C.32)

From theorem ([C.14)), f4 is an entire function of w := /Z, that can be expanded
in an always convergent power series (for z ¢ R™)

[e.9]

fu(2) =) fan 22 (C.33)

n=0

Let R > 0 such that for |z| < R, fi(z) # 0. One has R > 0 because an entire
function is continuous and f4(0) = 1. For |z| < R, we introduce

L) = log fi(z) = — S VA" 4 (C.34)

n

n=4

It is easy to show that for n € N

Tr T2 = (C.35)
so that for |z| < R
e o )

L(z)==Y —TrT*> C.36
&) == (C36)

Exponentiating the previous equation one has for |z| < R
= B n C.37
fa(z) eXP( ; oy ¥ ) wa (C.37)

which proves that fy2,+1 = 0. As this series converges for all z € C, we have
that f4(z) is an entire function of z. We have then shown the following:
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Suppose that n € L*(R? x [0, 3]). We define

fi(z) = dety(1+ vz T[n, 7)) (C.38)
with .
Ty, 7) = ( —C%ﬁ’f ng ) (C.39)

i= [aXa) XK Go= [DPGUP) PP (Ca0)

Then, f; is an entire function of 2.

Let us discuss the bold case. In the bold case, one would have that T is

dependent on z
S 0 éo(Z)ﬁ
Y = A C41
) ( —Go(2)n 0 ( )

A

T(z) is not an entire function of z, because
Go'(2) = G + Spod[G, T, 2] (C.42)

and Xpqq is a function which have singularities at zero distance from the origin.
Therefore, we cannot say that f4(z) in this case it is an entire function of z, and
a different path has to be followed.

D Large-field behavior of the determinant

It is well known that the large external potential limit in quantum mechanics is
given by a quasi-local approximation. Indeed, as the wavelength of the particle
is proportional the inverse of the square root of the potential depth, the particle
experience an essentially flat potential over one wavelength.

The integration over fermions gives the partition function of a (one-particle)
imaginary-time quantum-mechanical system with a (pairing) external potential,
with anti-periodic boundary conditions in the imaginary-time direction. It seems
clear physically that we can apply therefore the quasi-local (or Thomas-Fermi)
approximation. We just need now to justify this physical picture.

It is easier to compute the large-z behavior of the logarithmic derivative of
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dety:

di log dety (1 + /zT) =
2

f Dy, ¢l e@lGal‘¢>7ﬁ(<’7|%%>+(mwln>)

d
= (n|lI —1 N
(N Mpubbie[Gol|n) + dz 0g ID[% %) elelGy tle)

= (Npubbie[Gol[n) — 2\/— ((Ml(prot) m) + {erer) me )

(D.1)
where f MBI
__ | Dl¢,¢le
(Ve = T Dl6, 9] @19 (D.2)
Gor  Vzn )
M@ 0,1 E D.
o= (G 2
and ¢ is a Nambu field
cb—(%) o= (o1 ¢ ) (D.4)
@, > T 4
We then have
dilog det4(1 —+ \/ET) = < |Hbubble[G0”n>+
(D.5)
gz [ (00X + D (X, X)9()
We write ' v
@ — _p&( ~Gol —V#n
MY = —-D (_\/%i} Gaﬁ ) (D.6)
where
(GodGol + 2im) DO (X,7) = 5(X - ) (D.7)

Let us study this equation for D) in the limit 2z — co. Suppose we set up a
perturbation theory starting from the local term z|n|?, which could dominate in
the z — 0o. The solution at order zero would be

J(X —Y)
2|n(X)[?

but then the first perturbative correction G, 1G TDﬁfzt try Would be of order g

and we could not take the continuum limit b d O before the z — oo limit. We

D&

first try(X Y) (DS)
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need to look for a smeared delta solution which is smooth at the space scale b
(and similarly for imaginary time). D) will have a width of order |z|~'/* in space
and |z|7"/2 in imaginary time. The local solution ~ §(X —Y’) is reproduced only
in the limit z — co. We define the Thomas-Fermi length I7r and the Thomas-
Fermi time 7rf as

lrr(Y) = ! , (YY) 1

T (Y) “emy P9

Let b the lattice spacing and e, the discretization length of imaginary time (the
one that was introduced to construct the functional integral). One has to impose

ZTF(Y) > b, TTF(Y) > €, (D].O)

in order for the width to be well defined. Let [, and 7, the typical length
and time scale of the 7 field. In the Thomas-Fermi region |x —y| < Irp(Y),
|2y — ya| S Trr(Y), one has

OR — R (lee(V) 7ee(Y)
NP ‘O( ’ ) (D11)

Iy Tn
which is of order |z|~'/4. In this region, we can write the approximated equation:

(GoiGol DED(X,Y) + 2[n(Y)? DEL(X,Y) =8(X —Y)  (D.12)

whose solution defines D(TZ},:

(Thomas-Fermi ansatz):

P(X-Y)

2) B e’
DixY) = [ P PGP vy PP

which is just the propagator for a quasi-local configuration. We write
D@ =D +> " DF)., (D.14)
n=1

where

(D)~ D).

J(X,Y) = 2(In(YV)]* = [n(X)]*) DR, (X.Y)  (D.15)
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We introduce for each f(X,Y)
f(PY) = /dX e Y F(X +YY) (D.16)

One has
Dﬁf},nﬂ(PW) =
> 2 [(10,)7= (i) (0. )™ (10, ) (Y ) ]

- ol ol % (D.17)
(nz iy m2,1)#£(0,0,0,0) LyttE
x DY)(P|Y) Opz v =0, Dyp(PIY)
We introduce
(Z) Ng - Ny T l (Z) k
A s PIV) = pepprptit (DEN(PIY)) (D18)
One has for z =
A7y (YY) = O tran 2= ) (D.19)

We see therefore that we have to bound the maximal P power of D(Tzl)pn Suppose

that Dg}n has a certain P power. Then, D(Tz}mﬂ has at least two D%)% more

and three p more, that gives a factor O(2378/%) = O(275/*). Putting the pieces
together, one has

O(DS).,1 (YY) = O(2) O(="4) O(D§). (YY) =

@) (D.20)
— O(="1) O(D), (V. Y)

We see that the correction is of the order we expected: neglecting the space
variation of |n|? gives a factor z~'/4 more at most (an imaginary time variation

would have given a factor z7/2). We have then shown that D&f} is the dominant

term for z — 0o. Using the definition of M(*) (equation , we have

(2) _ e P p(Y)
(Mpp)i2(X,Y) = \/E/DP Ga%(P)G(Ii(—P) ()P (D.21)
We can write
D ogdet,(1-+VET) = {nlilohn)+
; [n(X)|*
+2 [ axor Col(P)G (P Go (PG (—P) 1 oy oW
(D.22)
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where .
Io(P) = Ububble(P) — Hpubble( = 0) (D.23)

f[o admits a continuous limit, unlike II,yppe. In the integral over P for large
z|n(X)|?, only the large P momentum behavior is important. In this limit, we
obtain

d N
logdet (1 + V2T) = —ZZI/4QTF / dX n(X)P?+0(1)  (D.24)

where

4 ck (1 1 4 T'(3/4)?
= = —— | = - = - =0.0485588 ... (D.25
ITF = g / (27)3 <k2 VEr 14 4) 5 \2rr? (D.29)

so that dety is an entire function of order 5/4:

dety(1+/2T) = exp (—gTF 25/ /dX In(X)|>/? —I-O(z)) (D.26)

Z—00

Let us briefly discuss the bold case. In this case, one has to take the limit
where z — 0 and z|n|? goes to infinity, as discussed in the dissertation. For
small z, we write Go(z) = G 4+ O(z). As G and G share the same asymptotic
behavior when P — 00, the Thomas-Fermi computation is the same.

E No imaginary-time dependence of the instan-
ton

The stationary point equation that minimize the action can be written

O N (x, 7)
S Jdr [Ae(r, 7) ]2
L (NN
— (Al = S T dr (e, 1) (E.2)

Dividing T'y* in its real and imaginary parts

- Fal|)‘0> =

| (S | e
Tyh = % L= (E.3)

one has
Loglhe) =0 (E.4)
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N1/4.5/4
_ F—l |/\c> _ (>‘C /\C )(I‘, 7_) (E5)
0.k [ dr,7 |A(r, T)|5/?

A simple consequence is
— (AlTo plAc) =1 (E.6)

Translation invariance, rotation invariance, and hermicity imply

Tor(®,Elpal) = Top(lpl, lpal),  Tor(p, Elpal) = £Lo5(Ipl, Ipal) - (E.7)

where p is the momentum and p, € 27Z/f is the Matsubara frequency. From
(E.4), we have for every momentum P

Loi(ppa) =0 V. A(p,ps) =0 (E.8)

Let us note first that Ty ;(p,0) = 0. Using the explicit formula from [12], one
has

Bk 1-nO(p/2+k) —n®(p/2 —k)
LoH(p,ps) = E.9
T e e e (E9)
so one has the condition
&k 1-n9(p/2+k)—nO(p/2 -k
rs (2m)%  pi+ (2u—|p|?/4 — k?)?

F Sobolev bound

In this section, we will use the spatial norm ||A||, = ([ d®z|A(x)|*)/*. We call
Ré/Q the square root of the positive operator Ry. We write

—1/2y2 Y112

A5 [1RyZAI2

where \ = Rgl/ﬁ. As Ré/Z is translation-invariant, its action on \ can be written
as a convolution in the space-time representation (let 7o(x —y) == (x|RY?|y))

1R Mlsj2 = I Allsja < (17120 [1M]]> (F2)

where we used Young's inequality ||f * g||. < ||fl|»llg]l;, which is valid for
1/p+1/q=1/r+ 1. We therefore have proved that

AN > 7] (F.3)
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We now prove that ||7|[1¢/ is finite. For small p, rotation invariance and positivity
implies
2

+O(ph) (F.4)

Ry'(p) = —pp + S

with g < 0 and mp > 0. We see therefore that 7(x) goes to zero exponentially
for large |x|. For large p, one has [122]

Ri'p) = —y/BE o) (F5)
Ip|—oo 47 4

This implies that for small |r|, the function 7 will have a power-law singularity

7(r) o |r[73/2 (F.6)

|r|—0

which nevertheless gives a finite 10/9 norm.

G Variational principle
Suppose A € argmin As[\']. Then by functional derivation we obtain

N1/4)5/4

oA = —(A|Ry A G.1
RO | > < |R0 ‘ > fdgl' |)\(X)’5/2 ( )
We consider the equation for p > 0
Ry'IA) = p AN (62)
Then one has
A
A, = p—; (G.3)

Moreover, A, is a solution of equation ((G.1)) for every p. Then, as (E.5)) is the

equation for some p = p,, this means that ). satisfies the same equation as
Ap.. We note that the functional As[)] is invariant under dilation w € C\ {0},
translation of ry € R and rotation by R:

AsA] = AsV] (6.4)
where X (r) = w A\(Rr + 1p).
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H High and low temperature limits of the action

functional
For s € R, we define
As(r) == A(e’r) (H.1)
and we define (in momentum space)
R;'(p) = Ry'(e"p) (H.2)

By explicitating the dependence of As on Ry, one has
As[Ro, A] = €75 As[Ry, A (H.3)

For S — —oo or |p| — oo, one has [12]

Ry () = 14/ PE 2+ (e (H.4)

Let pu(z) = po e, with pg < 0. By choosing s = /2, one has for jig — —oo

AS[R0<M(Q:))>)‘S] = egASI:RO(/’LO)7>\] (H5)

Let f® the field that minimizes As(u(z)) for chemical potential equal to ju(z),
and let As(u(x)) = As[Ro(u(z)), @] be this minimal value. Then, using
equation (H.3), we write

As(p() = As[Ro(u()), F) = e As[Ro (o), £2,] = e7/* As(p1s)  (H.6)

that implies that As(u) goes to infinity as least as fast as (—p)/® when p —
—00. Let us consider the low-temperature limit, where 7" approach 7Y from
above. In this limit, one has

2

+O(p") (H.7)

_ D
Ry Y(p) = —pus + s

where up =0atT = TV, For simplicity, we will consider the case where p5 1 0
with mp fixed. We write ug(x) = €*up, we choose s = 2/2. One has

2

— X X p
Rol(e /2p) =e (—MB + mn

+ O(e’”)) (H.8)
so that for i — —o0 one has

As(pp(x)) < As[Ro(us()), \] = €10 As[Ro(pp), A (H.9)

so that in this limit one has that As () goes to zero at least like ||
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I Symmetric decreasing rearrangement

We use the theory of symmetric (or radial) decreasing rearrangements in order
to prove that the instanton solution can be chosen real and radial. For a non-
negative continuous function f(r) > 0, we define the symmetric decreasing
rearrangement f¥: R® — RT by

fi(r) =t (1.1)

where t is chosen to satisfy Vol{x € R® | f(x) >t} = 4n|r|?/3. f* has these
properties

e f%is a radial function (f*(x) = fi(y) if [x| = |y|)
° fﬁ(r) >0
° %fﬁ(xr) <0

Inversely, these properties characterize a symmetric decreasing arranged function,
f = |f|* if and only if the above properties are satisfied for f. The norm is not
changed by the rearrangement

1flle = 111£Fla (12)

We now prove a rearrangement inequality (the proof was provided on mathover-
flow.net by Christian Remling, but we reproduce it here)

1/ * gllp < TSI Lgl* 11, (13)

We will use this version of the Holder inequality

lull, = sup [|hull; (14)

lIAllg=1

with 1/p+1/q = 1. We write

1f* glly < [[1f1*lglllp = sup [Ih(1f] ]9l (15)

[1hllg=1

We now use Riesz rearrangement inequality

sup |2 ([f]*|g])llx = sup [[[A[([f] gDl <

[[h]lq=1 [|h]]g=1

< sup |[[AF(IFF*lgf)ll = sup ([P (1f[F gl = (1.6)
lIhllqg=1 I[Al# [lq=1

= [ 1fF * gl I,
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O
With the same notations as in section [F] using one has
B I - R 1a
175 A2, — (7= 12,

(1.7)

If we assume that
7(r) = [7[(r) (1.8)
we have proved
As[N] > As[|A[] (1.9)

that implies that we can choose A\, = |\ | > 0. In particular, we find that
Ao = Ry Ao (1.10)

is a radial real function.

J Gaussian zero modes

Suppose that the action is invariant by Seg[1, 7] = Seff[Tun, Taij], where a is a
real number and 7, is some operator acting on 1. Suppose that T,,n. # n.. We
write

Tone = Ne + 0N + azaaa770/2 + O(ad) (J.1)

Let Oyne = vg) + iv}o). Then

SefF[Tanc; To/r]c] - efF 7707 nc

a2 (J.2)
=5 (v}?) 08 Sett 2 1es 7] < )+O %) =
We see therefore that Ses2[7e, 7] Uf%) ) = 0. In our case the role of « is
Uy

played by an angle ag := 6 € (7, 7| and a translation vector @ := ry, € R3, as
Seft[Nes ] = Sere[nl, 7.], where n.(v) = (Tan:)(r) = €?“n.(r + ro). The rotation
invariance and the time translation invariance are unbroken. We can then write
the zero modes {vl(o)}oggg (we have chosen 7.(r) real):

(0) R [ —sinf n.(r +rg)
vy (r,7rg) = ien.(r +19) = ( ¢0s 0 1o(r + o) ) (J.3)

(0) _ ifa _ (o3 Oyme(r + o)
v; (I‘, 7’4) =e 8]770<I' + I‘()) - ( sin @ 8]-170(1' + I'o) (J4)
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for j € {1,2,3}. We introduce the scalar product that is natural for the Gaussian
integration:

veu = /dX (vpur + vrur)(X) (J.5)

The zero modes are orthogonal:

v((]o) ~v](-0) =0 (J.6)

B
UZ(O) -U(.O) = / dT4/d3r @nc(l“)aj%(r) -
(J.7)

8 :
=0 5 [ dr (fle))* = 0 1”3

/}w/dmcm ﬁ/fmc 2= W02 (J8)

where 7,7 € {1,2,3} and 7n.(r) = f.(|r|). To simplify the computation, we will
assume that 6 and rq are very small. In this limit, we can parametrize a general
n field in this way

77(1'7 T4 - nc + Z anvn (Jg)
n=0

where the first four terms in the sum are given by the zero-modes at zero 6 and
To

ap =0 ||U(()O)||2, a; = (To); ||Ug('0)||2 (J.10)

for j € {1,2,3}, and

o0

—L (J.11)
IS

u(r,ry) =
for [ € {0,1,2,3}, and {v,}n>4 is a basis (that we assume numerable for sim-

plicity) of the space orthogonal to {Ul(o)}oglgg. As {v,,}n>0 is an orthonormal
basis, the change of variables from 7(r,r,) to a, has unitary Jacobian

00 3 [e's)
.7] = [ dan = (H ||UI(O)||2> do d’ro ] dan (J.12)
n=0 =0 n=4

By translation (and #) invariance, this result must be true for every ry and 6.
Note that each of the norms is proportional to \/n.
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K Gaussian integration

We introduce

B 4n
Uln. ) =~ log [ dX [n(X)P" (.1
In this section we use the norm
2/5
11152 = ( [ ax If(X)!5/2) (K2)

One has (we remind that 1. = \/nn.)

52U[7]67ﬁ0} _ 1 —(u.(x))/? — u.(x)u 3/2
STC0Y) — ) [ eGNTE O = Y) + 5(ue(x)ue(y)) (i3)
52U[7]07776] _ 3 —(u.(x 1/2 _ u~(x)u 3/2 |
I~ @I [ X = V) + (uelxuc(y)) (}K 8
where we have chosen 7).(x) real and u.(x) = 1.(x)/||7¢||5/2- One has |
1 PUMend
Urr(X,Y) = 26nr(X)ona(Y)
o [30) 28X — )+ S{ualue(y) 2]
2N, (K5)
. 0%Uend |
Uni(X,Y) = onr(X)oni(Y)
L 1 52U[7707ﬁc] _ 1 1/2
Ui ) = S yom(¥] ~ T, | (et 20X = ¥)]
We have then o —F&}% U —Z'Fo_j .
G (6)

Let us verify that Sefr2 has iA.(r) and 0;\.(r) as zero modes. For the 6§ mode,

we have )
0 _ ZTO_J Ae
Seff,Q < )\C ) — ( (_Fa}g + UII>>\C ) (KY)

The saddle point equations imply
ToiAe=0 (K.8)

D €3 R Y ¢.9 ki
CJAZ @) [dZ h(2)]P

[(=To.r + Un)AJ (X) =0 (K9
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For the translation modes, one has for j € {1,2,3}

A \ [ (=Tor+ Urr)OiA
Seff,2 ( 0 ) = ( T 10M, (K.10)
L3000 =0y [ aY TE(X = V)huly) =0 (K1)

(T3 + Ur)dAJ(X) = — / 4Y Ty (X — V)9, A(y) +

B(A(x))? 9Ac(x) | 2(Ne(x))*? / 5/2
- + dY 9;(A(y))** =
2/ Al [l 2, ’ (K12)
. 3/2
=0, / dY Ty h(X = Y)A(y) — —aj(AC(Xg/L =0
[Acll5)5

We now note that Se2 is a non-negative operator when acting to the space
orthogonal to the zero modes. Otherwise, by moving the instanton 7. in the
direction of one of its negative eigenvalues v,z by a small amount ¢ we could

find a field 7{°*”) = 1, + € vneg With lower action. We now add the zero-modes
vl(o) (for § = 0 and ro = 0) to Sefr2 giving them eigenvalues equal to one:

0)

(zero) .__ Uz ®Uz _

Seff2 = eff2+§ =
= o

|2
vV v S (K.13)
~Top+Urr + 25 B (0>H2 —ilo
- (0) ¢,,(0)
Tl Lokt Ui+ Sy
We can then write
det Se(::;)) = det’ Sefﬁg (K.14)

where det’ is the determinant computed in the space orthogonal to the zero
modes, and det is computed in the usual unrestricted space. We now write

Sis) =— o' +B (K.15)
where )
. R
-1 0.1 0,
o ( iLo; —Tor ) (K-16)
Zjaj)\,;@aj/\c
B [ Uret ToE 0 (K.17)
0 Unr + 35208
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We can then write:

_ _ VR
[ Dlv, 7] exp{—(vR vr) Seft2[Me, Ne) ( v )} B det! Se_ffléz B
J Dy, a] elto - det(— o'%)
_ det [Séf:;o)]_m det(— o )Y/2

N N\ 1/2
= = = 1—(— ;'+DB)'B
det((— o)/?) det [~ 61+B]1/2 det( (— o +B) )

(K.18)

In order for the Fredholm determinant to be well defined, (— ;' + B)”B must
be trace-class one. We write

(= o' +B)'Blh <[I(= ¢ +B) 'l I1Bllx (K.19)

We have seen that Séff;o) is non-negative. We now assume that SSS;” =— '+
Bis positive and gapped, this implies

(= o+ B) e < 00 (K.20)

We now bound the norm of B:

Ae @ Ac Ae @ Ae s 1/2
Ur+——=51 <|U ||+‘— =1+ /d3x|uc(x)|/
DN EH Pt L (NTPWIER B RN
(K.21)
- 0jAe @ 0\
' URR + Z] J 5 J <
||81>\C||2 1 (K 22)
34 / 3 1/2 58 3 3 '
<34 —— | B ju(x)Y? + o | Bz |ue(x)|
20| A3 21| A3

so we find that if A. is square root and cubic integrable (and it is, as it decays
exponentially), we have:

Ae @ Ae

U+ 15
[IAc][3

52, 0iA ® i

Urr +
VAL

< 00 (K.23)

1

HBH1=‘

-

Using |det(1 4+ T)| < el Tl if [|T]|; < oo (see [121]), we can explicitly give an
upper bound for the ratio of the two partition functions

A\ o
det (1= (= 3"+ B)'B)  <ewn (= ¢+ B) e 1BI11/2) (K24)

To obtain a lower bound, we write

>1/2 1
 det(1— o B)1/2

A

det (1 — (- J'+DB)'B

(K.25)
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det(1— o B)"* <exp (|l oll 11B111/2) (K.26)

So we can write

N N\ 1/2
0 < 9 < det (1 (= B)‘lB> <O 0o (K27)

where C\%) .= eIl ollee [1BI1/2 and ¢ = ¢ll(= o"+B)Mlloe 11BI1/2 We see
therefore that the ratio of the determinants is finite in the thermodynamic limit
YV — o0.

L Bound on derivatives

One has that the functional integral is (formally) absolutely convergent for
larg z| < 27/5, so we can interchange differentiation and integration to ob-
tain

L Frvasw) = 1 (0,7, L)

where

[y 7] ::y{ dz dety(1+/27) :j[ dz dety(1+ \/ET)(I gy
¢ c

q . -
" 2 (z —w)"tl 271 Zntl
w w

(L.2)
where C,, is a contour that contains w. As before, for large n, we find two saddle
points for large values of z, |z.| = O(n*/?), |arg z.| = 47/5. One has

1—w/z| "' <1 (L.3)

for |[argw| < 37w/10. One has then

4n

w — —Re S4.n(z — 5 5
] £ s (Soe [P2) )
so that "
1 d® - 5 5
-7 < (p\—4/5 [ 2
n‘ dw” Z|add(w) ~ (TL) <4 gTF) In (L5)

By using equation for the large-order behavior of I,,, we get the sought

result: -
- 7 1/5¢ A1\—n
e Zbdd(w)‘ SV (n!) 7P (A (L.6)

from which we deduce the bound for the derivatives of pjaqq.
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M  Unicity of analytic continuation

We introduce some useful definitions and properties of formal Taylor series. The
notation is inspired from [97].

(Gevrey asymptotics): Let A > 0 and p > 1. A formal power series
Yoo 02" [ is Gevrey asymptotic of type (p, A) to a function f(z) if there
exists R > 0 and € > 0 such that f(z) is analytic for z € W§ = {z €
C|0<|z| < R,|argz| < m/(2p) + €} and such that for every 0 < €4 < 1,
there exists C' < oo such that for every n and z € W}, one has

Sc@m@aﬂ (Nt (M)

In this case, we will write

O (M.2)

We now show that every analytic function that satisfies some bounds on
derivatives admits a “strong” asymptotic series (see [123] for a similar discussion)
of Gevrey type:

(Equivalence between Taylor expansions and Gevrey asymptotics):
Let A > 0 and p > 1. Suppose there exists R > 0 and € > 0 such that the
function f(z) is analytic for z € W, := {2 € C| 0 < |z] < R,|argz| <
7/(2p) + €}, such that

fom gm0 (M.3)

2—0,26Wg n!  dz"

and such that for every €4 > 0 there exists C' < oo such that for every
N € N and z € W one has

S LA < oAt e (v (M.4)
Then -
FR =Y (M.5)
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The proof is straightforward. The Taylor formula with Lagrange's remainder
for the analytic function f for z,w € W5, :={z € C| |argz| < 7/(2p) + €0 <
|z| <R}is (0 <z <1):

N-1
(z —w)™ d" |z —w|N | dV
‘f(z) - 2 wf(w)| S dng(C)’CZw—O—m(z—w) < e
|z — w|V vy 1z —w]\ " .
< e s o <o (52) o

By taking the limit w — 0, we can then obtain that the Taylor expansion for
z — 0 is not only an asymptotic series, but it is a strong asymptotic series. The
unicity result is just a simple application of Phragmen-Lindelof principle. We
start by stating an intermediate result. For every p > 0, there exists C' > 0 and
B > 0 such that for |z| < R

i N(N/p)l < Ce BT M.7
min |27 (N/p)l < Ce (M.7)

This is proved by using Stirling bound on factorial. We now use the well-known
Phragmén-Lindelof principle:

(Phragmén-Lindel6f principle): Let f(z) be an analytic function in D5, :=
{z € C| Rez7?*¢ > R P*¢} for some p > ¢ > 0, and R > 0. Suppose
further that for z € D7 f satisfies the bound:

[f(2)] < Cen PR (M.8)

Then, f is identically zero on D;.

We can then prove the fundamental unicity result for functions with Gevrey
asymptotics:
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(Unicity of functions with Gevrey asymptotics): Let p > 1, and A > 0.

Suppose that

FE)E) D 2 (M.9)
n=0
Suppose that
9(2) =) Y 2" fa (M.10)
n=0
Then, for z € W, one has
9(2) = f(2) (M.11)
In order to prove this result, we write for z € W7,
N*—1 N*—1
1F(2) =g < |F(2) = D 2" ful +|9(z) = D 2" fa (M.12)
n=0 n=0

1f(z) — g(2)] < C" e B

N Ramis’s theorem
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where N* = argmin |%}N (N/p)!. Using Equation (M.7]), we can then write for
some C' > 0 and B > 0:

(M.13)

Now we use Phragmén-Lindeldf principle to show that f(z) — g(z) is identically
zero on Wi,

In this section we consider p > 1. We present a generalization of Watson's
theorem for p # 1 [95]. This generalization was presented by Ramis in [96]. We
present an alternative derivation of a slightly different version of the theorem.




(Ramis’s Theorem): Let A > 0, and p > 1. Let f(z) such that (we use
the notation introduced in Equation (M.2)))

2) ﬁf Zz” I (N.1)
n=0
We define the Borel transform of f as
2" A N.2
;jrwp+1 (121 < 4) (N2)

Then, the function B(z) can be continued analytically for |argz| < €. We
define for |argz| < e and |z| < R, R' >0

fﬂ@:pA e Be) (N3)

fB(2) can be continued analytically in the region W7, and in this region we
have

f8(2) = f(2),  zeWj (N.4)

Proof: We introduce the Mittag-Leffler function for p > 1

Ei( N.5
G Z I'( n/p +1) (N-5)
One has the asymptotic expansion for |z| — oo [124]:
» 1
Ei(z) = pe” +0 (—) (N.6)
p |z]—o00 z
for for |arg z| < 7. We have
1
Ei(z) = O (—) (N.7)
p |z]—o0 z
for 55 < larg z| < 7. In particular, we have the bound
| %( )| < C(Mlttag 6' 2l (N8)

for |z] > R/p'/? > 0, for some R. We define the (non-perturbative) Borel
transform Byp of f by

Byp(z) == fg% %@ B, (5) (N.9)
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We see that the integral is absolutely convergent for |arg z| < €, where it defines
an analytic function. It is bounded by

|Byp(2) — f(0)] <

< R (1 + i + e) sup f(w) = £(0) sup |FE1 (iﬂ < (N.10)
™ 2p wEIWS w weaws | P \NW
S CBor €|z/R|P
where Cgor < 00 as
— f(0
sup M‘ < 00 (N.11)
wedWp, w

A simple application of Lebesgue dominated convergence theorem, gives for n >

0
dw w" z 2"
AW <_> S N.12
jgwé 2mi w v \w L(n/p+1) ( )
(we need to modify the contour W, to a contour that contains the origin, this

can be done by adding an infinitesimally small contour to the left of the origin
whose contribution is zero). We introduce

N-1 N-1
Ry(2) = f(2) = > fa2",  RR(2) = Burl(z ZFn/p+1
n=0 " (N.13)
Let us write
B dw Ry (w) z
[RR(2)] = fgwﬁ i w (a)‘ = (N.14)

N
<G (%) eI D(N/p+1)

r

where 0 < r < R. We choose 7 = p'/? || N~'/# to optimize the bound (we
can do that for |z| < (R/p'/P)N'/?), getting

rE<ane (1

N
A) , 12| < (R/pYP)NY? A |argz| <€ (N.15)

for some Cy > 0 and o > 0 and |z| < (R/p"/?)N'/?. We see that RE(z) goes
to zero for |z] < A as N — 00, so we have

Byp(z nz T( n/p+ "= B(2), |z| <A A largz| <e (N.16)
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We see therefore that Byp(z) is the analytic continuation of B(z) for |arg z| < ¢,
and we will call this analytic extension B(z). For |z| > (R/p'/?)N'/?, we use
the bound for 7 = R (with the correction of (N.8]))

RE(2)] < s (ﬁ) IR (N p 4 1) (N.17)

which is valid for |z| > (R/p*/?)N'/? and |argz| < e. The inverse Borel trans-
form of B is defined by (we consider Im z > 0)

folz) = (zeie)ﬂ/o Cfft 0 e/ Bt ") (N.18)

Let us compute where this integral is absolutely convergent:

P e—t”/(Ze*"E)” B(teie) < Ogor € *t”(LS(ppG o ﬁ) (ng)
for z = re?. R'is defined by
cos(§ — €/2) 1
for small € we have .
2\ »
R <R (—) (N.21)
€

Therefore fz(z) is analytic for {z € C | Imz > 0} N Wj2/. For small argz, we
can turn the contour over ¢ and write

f5(2) ::—/0 I yp s B(t) (N.22)

2P t

that shows that fp can be extended to an analytic function for z € Wg. We
introduce

Ry(2) = fa(= Z fo?" (N.23)
Now we show that there exists C; > 0 and A[ > 0 such that
N
z
el <o (5 rwe (N.24)
1
We write
P dt —tP/(ze1€)P B (4 i€
RL(2) = A / — P e /T BB (1ei) =
N( ) (ze_“)/) t ( ) (N25)
= IR (z) + Iy (2)
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where

icp (RPN |
m pe'P dt 40 /(ze—i€)p ie
o= | W 7 B (1e)
0
peieﬂ &0 dt _tP —ie\p B ;
IM — : wr tp /(ze™"€) RB(t i€
VO = T (")
One has for z = re®
C! (R/p"/PINV? 1y p cos(pf—c
1IN (2)] < pi(])v/ - 0 ot =) N
r 0
02 pNa ° dt __4pcos(pf—¢)
< —r e N =
rP AN /0 t ¢
CypN N _N_
= =P (cos(p — ) F T T(N/p+1) <
C’ Na N
< 2PA—N7' (COS(?T/Q — 6/2))7%71 F(N/p + 1) <
o (RIZ1\"
<Cyp N (R’A) I'(N/p+1)
One has for z = r e (we introduce \ = Cos(ff_e) — %)
Csp (R\Y 0 ,
1M (2)] < %p (Z) ['(N/p+1) / dttP~te N <
" (R/p!/P)N/p
1 N
CsA™' [ Rer RPcos(m/2 —€/2) N
< " ( I ) I'(N/p+1) exp (— p =

where T, is the incomplete Gamma function. We write for z € W;{Q

_ RPcos(w/2—¢/2)

RP cos(m/2—€/2) 1 e pR/P
e o [zP < = C: |z
= Rz 5 ||
and 2
S|P
A<
~ cos(m/2 —€/2)
so that

1 N
Rer Cs |z
) < G (—AS‘ ’) T(N/p+ 1)
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(N.26)

(N.27)

(N.28)

(N.29)

(N.30)

(N.31)

(N.32)



We can then write

N
rya < et (B rovess) (N3)
for A, such that
Ar < Amin E/, ;1 (N.34)
R O5R6;

We see that f and fp have identical strong asymptotic series in the region Wg,
where they are analytical. By the Phragmén-Lindelof principle of the previous
section, we have

fe(2) = f(2), e Wy (N.35)
It is then possible to extend fp by analytic continuation to the whole W7, the
analytic extension being given by f. O

O Consistency condition for the maximal ana-
lytic extension

We have seen that the Borel transform B(z) has the Taylor expansion >~ 2" B,
for |z2] < A. One has

4 ) s
B, = A Reexp ( 7;”1 + (by /55 — Uye'8)nts + O(n3/5)) (0.1)

n—o0

If we assume that B is analytic for z € C\ C and decreases sufficiently fast at
infinity, we can write

dz B(z) _amin [ dt Disc(B,te?™/?)
B, = d % — _9Ree % a 2
f{m’ S| ec /A o (02)

where for z5 € C we have defined
Disc(f, ) = f(z0e ™) — f(20€™") (0.3)
We introduce for u > 0
Saisc(1) == —log Disc(B, A(1 4 u)e*™/?) (0.4)

so that we can write
oo du ei‘sdisc(u)

By = 2 AnRe o [T du =
€e /0 2 (1 + w)n
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It is clear that for large n only u < 1 will be important in the integral, so we
can hope to compute the integral by the saddle-point method. For small u, we
assume that ’

Sdisc(u) - = (06)

u—0+ u

with sgisc > 0 and —7m < ¢ < w. We now look for a saddle point. In order to get
a contribution of order n*/?, one has to choose & = 4. The saddle point nearest
to the integration contour is at

b\ 3
. = <45di) (0.7)

n
which gives a contribution to B,, of

47 5 w
B, ~ —2A"Reexp (—% — 44?(sdisc)3(3’¢/5n4/5 + O(n3/5)) (0.8)

n—oo

Comparing with ((O.1]), we have
4ami 5 Ly
U1€ 5 —b1/54/5 = m(Sdisc)5€¢/5 (09)

where —m < ¢ < 7 and Sgisc > 0.

P Construction of the conformal map

We first recall the Schwartz integral formula: for an analytic function f in the
closed unit disk, one has

. 1 ¢+ =z
F) = imf0) 455§ TR (1)

We define the open unit disk as
D={ze€C||z| <1} (P.2)

We start by proving a simple extension of the Schwartz formula that works in an
open unit disk.
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(Generalized Schwartz integral formula): We define

1 d¢ ¢+ =
f2) =iCo+ o Ty

where Cy € R and h: (—m,w| — [-M, M], M > 0, is a bounded integrable
function. Then, f is an analytic function in D. Let h,, be the n-th Fourier
coefficient of h:

h(—ilog () (P.3)

o " de —inf
hy, = /_7r 5 € h(8), nez (P.4)

Then, when the series of {hneme}nez converges, one has

lim Re f(z Zh e (P.5)

z—et?
neZ

Proof: Without loss of generality, we consider the case where Cy = 0. Let
z € D. Then, we can write

—ip(n 1) qu
sz [ doe e o)

N (P.6)
A e + z
= d —ip(n+1) h
271 pe e — 2 (9)
One has
2N ¢4 2 1+ |z|
© —z¢>(n+1) < N M P
27”// dge e — 2 h((b)' < |2 1— |z Nvso 0 (P7)
so that we have for z € D
2)=ho+2) hy2" (P.8)
n=1

where |h,| < M, so the series converges. Suppose now that the series h,e™?
converges, using Abel’s theorem we have

lim Re f(z) =ho+2Re Y h,e™ =Y h, e (P.9)

z—ett
n=1 neZ
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(Constuction of the conformal map): Let g be an invertible analytic
function, g : D — C\ {2z € C | |2|] > A,|argz| = vr}, with A > 0 and

0 < v < 1, such that g(0) = 0 and g(w)* = g(w*). Then

acyf A w
(1 + w)2(171/)(1 _ w)21/

g(w) =

where a.; = 4v7(1 — )™

(P.10)

Proof: One has that 0D has to be mappedon {z € C | |z]| > A, |argz| = v7}

if one wants the map to be invertible. In particular, we know that

larg g(w)| = v

for Jw| = 1. Continuity arguments, with the reality condition g(w)*

imply that .
arg g(e) = v signd

for 6 € (—m, 7). We remark that

d(w) = —ilog@

is an analytic function in D. We introduce for § € (—m,0) U (0, )

h(f) = lim Re®(w) =vmsignf — 0

w—ret?

and
h(0) = h(xm) =0

Then, by applying our improved Schwartz formula, we can write

O (w) = ilm &(0) + 2%”7{41% gtz h(—ilog ()

We have for w € D:
®(w) = ilm ®(0) + 2i(1 — v)log(1l + w) + 2ivlog(l — w)
so that
—Im ®(0) w
(1 + w)2(171/)(1 _ w)2u
By considering the preimage of te’™, t > 0, it is easy to see that

gw) =e

acp A w
1+ w)Q(l—V)(]_ _ w)?u

g(w) = (
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(P.14)

(P.15)

(P.16)

(P.17)

(P.18)

(P.19)



with a.; = 4v”(1 — v)'”. One also has

i ; ecu
g(eer) = Ae™,  tan 2t V1 i v (P.20)

]

Q Some properties of Gevrey asymptotic series

For two formal Taylor series > f,2" and > g¢,2", we define addition and
multiplication in the usual way

anz +Zgnz _Z fn"’gn)zn (Ql)
) S o

and for fy # 0 we can define the inverse multiplication as:

(Z fo ) =D (Q3)

where ¢y = 1/ fy and ¢, satisfies a recursive formula for n > 1:

Cn = ——F Z fn—mcm (Q4)

(Algebraic properties of Gevrey asymptotic series): Suppose that

f(z) é? >, fn2" and g(2) 3’;‘ >, Gn 2", then

(f +9)(2) =5 anz +Zgn (Q.5)

G E)E)

Suppose that fy # 0. Then
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Proof: Let us show (Q.6). Let us define

RY(2) = h(z2) — g hy, 2" (Q.8)
for h € {f,g}. We write
‘f(z)g(z) -3 ()| <
< UERYE+ Y 002" R, ()] <

= <A’Z_‘77)N<N!>””+C2 (A|i'n)NN§__jl<n!>i<<N—n>z>i <
<oy () oo

where C' = C(n). Let c(d) such that 1+ 2 < ¢(8) e’ for x > 0 and § > 0,
where ¢(d) = ¢°~1/5. We can then write for ' := A(1 — ™) +ne~°

D=

N-1

F(2)9() = S (fg)uz"

n=0

e (52) k@0

1’ can be made arbitrarily small by choosing § and 1 small.

We now consider the reciprocal function (1/f)(z). If fo # 0, (1/f)(z) is
analytic for some |z| < R/, |argz| < 7/(2p) + €. Without loss of generality, we
assume that fo = 1, and we write f(z) = 1 — z¢g(2), and let G < 1/R’ such
that |g(2)| < G. One has

N—-1 N-1

; -1 P 1 - M
))N —
1—2z29 Z) —
(Q.11)
: 1_— zg( z) i(ZQ(Z))n - i(f_l)n 2" =
N-1 n:O " et (Q.12)
=) " Ry ,(2)] < Z 12" |R%_, (2)
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By applying Eq.(Q.10]) recursively, one can easily show that there exists C' =
C(n) < oo and ¢ = ¢(n) < oo such that

w0 T e g oo T e T
N E T T (AN ' (A+mV 0 Sk
(Q.13)
Let us consider N greater than N* > ¢”. Then, we can write
R ()l < A2 vyt e (@19)
—_— )P .
VS A
with A < 1. We then write for N > N*
N1
1 1 C ElR 1 GN N
L | < ND)»
1 —zg(2) n:O(f ) _1—)\(A+77)N( ) +1—R’G’Z‘ -
o E1Rd 1
< NNo
- 1—)\(A+77)N( )
(Q.15)

R Dispersion relation

We will show that for every 0 < & < R one has

n . r ; 4mis/5
id—f(:v) :7{ d_{ flz) T 864?8/ d_t.Dlsc‘(f,te )
n! dxm )= 270 (2 — )T Sy o 2mi (tetmis/d> — p)ntl

(R.1)
The sought result is obtained by taking the limit = | 0 in this formula. We start
by writing the integral representation for the derivative

Lda o de f() = f(2)
a%f(x) a ygwm 2mi (z —z)mt! a jgwe,ruawg,,, 2mi (z — x)™H (R2)

where0 <e<z,z<r <R, W, ={z€C||z—¢ <r |arg(z—¢)| < 4n/5},
Wi, ={z2€C||z+el <r 4r/5 <l|arg(z+¢)| < 7}. We take the limit € | 0,
and we obtain (R.I)).

[
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S Pair propagator in terms of the 7 fields

If we denote the partition function for z = 1 by Zj.qa(1) = [ Dln, 7, ¢, @] e—Stds.

We write
1 ) - ) ) o)
0= Znaal) / P2 S e
_ @ + () (X (@16)(0)) +

1 1

= o (X)(@121)(0)) = L) (X)n(0))

The three point vertex is related to the two-point bosonic function:

1 s sl
0= G | P1119:8) g0 52)

1 d _gm

0= ——— ’D7_7’_ n(0) e Pladd =
Ziaa(D) 7,7, ¢, @] 7(0)

We can then write

— (n(X)7(0)) = g0 0(X) — g5 {(w10)(X)(#16,)(0)) = T(X) (S4)

T Generalized Pauli formulas

We define Plagd(z) = Pradd(2) — Plaga(0), which can also be expressed in terms
of a functional integral with the shifted action:

1 Din 7. v 3| e=Se
ﬁladd(z) = lim — log f [77’ n, ¥, 90] e |(;: (Tl)
e BV f D[na 1, ¢, (,5] efsladd

Dradd(2) is a functional of G and T'g, and we write explicitly plaga[Go, Lo, 2]. We
evaluate this functional for Go(\) = AGo, A > 0. Tyupple is the product of
two G, so one has ITyuppie(A) = A Ipuppe. By performing a change of variable

p= \/Xgo/, P = \/X@’, we see that

Diadd P\ Go, T, Z] = Dladd [Go, Iy, N Z] (T-2)
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By differentiating with respect to A and setting A = 1, one obtains

OD1add|Go, Lo, 2 d _
/DP Go.p P dd(S[G;);P 0; 2] — 2Z£p|add[G0,Fo,Z] (T.3)
We compute
by 1 =
—lo D NIRRT eiSIadd —
5Gor BV 28 / 7,7, ¢, @] T4
= 22F [Go(X)Thaad(—X; 2)] (P) + 2G4 Glrada;p(2)
We introduce
f‘g::/DP fPQPZ/dX f(=X)g(X) (T.5)

so that we have

d
2 Pladd [Go, Lo, 2] = —2 pubble : T'iadd (2) + Liadd(2) : Gladd(2) (T.6)

where Yj,44(2) == Gy' — Giy(2). We evaluate the functional piaqa[Go, Lo, 2] at
To(A) = ALy, A > 0. By performing a change of variable n = VA7, 7 = VA7,
one has

Diadd [G()v AT, Z] = Dladd [Go, Lo, A Z] (T-7)
By differentiating with respect to A and setting A = 1, one obtains
dPladd[Go, Lo, 2] d .
DPT,. T .To, T.
/ 0;P o Zo D dd[Go, Lo, 2] (T.8)
so that p
2 Piadd (Go, 10, 2] = aqd(2) @ Tiada(2) (T.9)
that implies
(2 pubble + Hiadd(2)) : Tiadd (2) = Liadd(2) : Glagd(2) (T.10)

(Hpubble(X) = —[Go(X)]?).

U Numerical computation of the minimum of
the action

The strategy is very simple, we expand \A.(r) using the convenient Legendre-
Bateman basis {RR,, }nen (introduced in Appendix |V)):

Ne
A(r) = Ro(l,r) + > MRl 7) (U.1)
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where A, € R. Remark that the coefficient of Ry (which is formally X\¢) has
been set equal to one. We can do that because the solution is invariant by
multiplication of a scalar and it is positive, so that the scalar product between
Ro and )\, is non-zero. We write the 3d Fourier transform of A, as

Ne
Ae(p) = Bo(l,p) + > AuBu(l,p) (U.2)

n=1

At this point it is easy to write an explicit expression for the action functional
evaluated with this expansion:

o M [ PR (9)Bo(1,p)Bon(1. )
(f dr(no MRa(L,1)2)/5
and the parameter [ and {/\n}ﬁfgl are variationally chosen . Already the zeroth-

order (N, = 0) gives a variational action which is correct to a few percent ﬁ
and we use in practice high values of N, ~ 10 — 15 in order to control the error.

As[Ae] = = F(l,{\}3=) (U3)

V Legendre-Bateman expansion

We would like to introduce a very useful basis of radial functions. We have not
found references in the literature for this basis, but it should be very well-known
given the very convenient analytical and numerical properties. Let [ > 0. We
define for n > 0 and for » > 0:

(=" I52n+1(tanh(r/l))
V2rl  rcosh(r/l)

where P, is the normalized Legendre polynomial of order n. This set of functions
has the following properties

Ru(l,r) = (V.1)

e {R,} is an orthonormal set in R3.

e {R,} is a complete basis of square-integrable smooth radial even functions
in R3.

37We choose to variationally set [ in order to have a better solution, even if it can be
computed from the large-r behavior of A.(r) (by linearizing the non-linear integral equations
for Ac).

38The qualitative shape of \.(r) was determined analytically (it is a (node-less) decreasing
smooth function for every 7, exponentially decaying for large ), and the numerical computation
adds no qualitative features. We remind however that the error on A, is always higher than
the error on Ag, as we are using a variational method.
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e For large r, they decay exponentially

. [4n+3e
Rollr) = (-1 T2 (v-2)

e Their Fourier transform is related to the Bateman polynomials

B,.(l,p) = /dgr e PTRL(,r) = 2#\/22% (V.3)

e {R,} and {B,} admit a recursion relation.

W Discontinuities of the bold self-energies

First of all, let us show that the discontinuities of Ypoq and Ilyoq must be
related. Using Equation (T.10) for Go(2) == (G~ + Epaia(2)) ! and Ty(2) =
((ZF)fl + Hbold [G, F, Z]/Z + Hbubble[G} — Hbubble[GO(Z)Dily one has

(ZHbubble[G] + ﬁbokj [G, I, ZD I = Yo [G, I, Z] -G (VV].)

so that )
DiSC(Hbo|d, Z) = DiSC(Ebokj, Z) -G (W2)

hence the discontinuities of >4 and f[bo|d must be of the same order.

In order to gain insight into the problem, let us consider a zero-dimensional
toy model. Let us define f(z) by an integral over some integration path P, in
the complex plane:

(z) = / d e=S+() (W.3)

where the contour P, for z > 0 is just the positive real axis. We suppose that
the action S, (w) is positive for real w and real z, but it is complex for general z
and w. P, always starts from the origin and goes towards |w| = oo in such a way
that the action S.(w) is always positive along this path. The integration path
can be chosen to be a continuous function of z, apart from exceptional points
where the integration path encounters saddle points for the action S, (w), that
is when 0,,5.(w) = 0. If the action is continuous as a function of z, these are
the only points where the function f(z) can have discontinuities. It is possible to
show that the discontinuities are given exactly by the integral over saddle points

Disc(f, z) = / dw e=5=®) (W.4)
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where S, = 73206w+ — one*’io"" is the steepest descent integration path over the
saddle point. When |z| is small enough, in many cases one can compute the

integral by the saddle point approximation:

27
D' _ 75;0(11)0) _— W5
|SC(f, ZO) |ZO|‘>0+ € 81205,20 (wC> ( )

where w, is such that 9,,5,,(w.). This is the case that we have encountered so
far, with |arg zo| = 47 /5 and

B_Szo(wc) ~ 67<\Ti‘)|)5 (W6)

from which we see that the discontinuity is exponentially small.
We need now to generalize this formula to allow for discontinuous actions.
We write

Disc(f, zo) :/ dw Cont(e™5=(®) ) —|—/ dw Disc(e ™% z0)  (W.7)

2 Yz

where we have introduced
Cont(g, u) = g(ue®®") + g(ue™™") (W.8)

and Y, :="P, o+ + P, i+ is a Y-shaped integration path.

We assume that these formulas can be applied with no modifications to
functional integrals. Let us consider the computation of the pair propagator
within the fully-dressed (aka bold) scheme

R O
| Dlp, @, 0] e 5o 77

[ Dlg, @,n, 7] ¢S

Dho[G, T, 2] = (W.9)

(we dropped the space-time dependence on the fields for simplicity). The bold
action is given by

SELIG,T) = = (|G + Soaia[G, T, 2|) — (9T + oG, T, 2] |m) +

+ Vz2((nleer) + (prern)
(W.10)

We are interested in the behavior for small z. We suppose that the discontinuities
of Ypoig and Ilpeq are exponentially small in this limit, so that we can write

Disc(e’Séz')d,z) ‘ __I , e’Ségl)d ((go|Disc(Ebo|d,z)]go) + (n\Disc(I~Ibo|d,z)]n)>
z|—
(W.11)
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We introduce

- D ,©0,M, M e—SéZ)d
Zpold(2) = J Dlp. 2.7 o (W.12)
Dlip. ,1, 1] € boi

Using Equation (W.8)), we have

= 2
Disc(Zboid, 2) = 2 — 2Disc(Xpoid, 2) : G (W.13
P S Dl ] o Pzt ()

We introduce

,D _ _ _S(CZ)) _
“Ybold [Gv F7 Z] = f kp, il T]] . 077 1 (W14)
Dlo. .1 7l o5
I Dlp, @,1, 7] e Sboia
One has
(=)
_ Js. Dlp, @, n,7) e~ n(X)7(0)
Disc(Ybo, 2)(X) = —=== © +
|#l—0* I Dle, @,m,17)] € oot
-2 (DiSC(EbOH, Z) . G)F(X) + /Y v DiSC(ﬂbmd(Yi — Yé), Z)F(}/Q)F(X — Yi)
1,12
(W.15)
Finally, we have
Do, @, 1, 7] ¢ o 7(X)75(0
0= DiSC(Fbold,Z)(X) = —fs‘z [go sl i]] - Z((O) )77( )+
|z|]—0 ID[SO, 90’77’77} €~ bold (W16)

+/Y y Disc(ﬂbo|d(Y1 - }6)72)F(§6)P(X - Yl)

This implies that the discontinuity of II,q must be of equal to the discontinuity
computed from the saddle point with the Thomas-Fermi approximation. For
|z| — 0T, we have Iy = O(|2|Zbod) = O(]z|?), and we obtain at leading
order

—{(n|T1!
n ||77||5/2

similarly to the bare case.
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Determinant Diagrammatic Monte Carlo Algorithm in the Thermodynamic Limit
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We present a simple trick that allows us to consider the sum of all connected Feynman diagrams at fixed
position of interaction vertices for general fermionic models, such that the thermodynamic limit can be
taken analytically. With our approach one can achieve superior performance compared to conventional
diagrammatic Monte Carlo algorithm, while rendering the algorithmic part dramatically simpler. By
considering the sum of all connected diagrams at once, we allow for massive cancellations between
different diagrams, greatly reducing the sign problem. In the end, the computational effort increases only
exponentially with the order of the expansion, which should be contrasted with the factorial growth of the
standard diagrammatic technique. We illustrate the efficiency of the technique for the two-dimensional

Fermi-Hubbard model.

DOI: 10.1103/PhysRevLett.119.045701

Finding an efficient method to solve the quantum many-
body problem is of fundamental physical importance.
A promising strategy to gain insight is represented by
quantum simulators. For example, experimentalists work-
ing with cold atoms in optical lattices are able to realize one
of the most prominent models of strongly correlated
electrons, the Hubbard model. A study of its equation of
state at low temperature has been reported in Ref. [1].
Moreover, short-range antiferromagnetic correlations have
been observed [2—6], and, very recently, even a long-range
antiferromagnetic state was realized [7].

From the theoretical side, making predictions for
strongly correlated fermionic systems is a very challeng-
ing problem. Quantum Monte Carlo methods are affected
by the infamous sign problem when dealing with fer-
mionic models, which in general precludes reaching
low-temperature and large system sizes (see Refs. [8,9]
and references therein). The simulation time to obtain a
given precision scales exponentially with the system
size and the inverse of the temperature. In the strongly
correlated regime, it is then very difficult to extrapolate to
the thermodynamic limit (TL). However, the fermionic
sign gives an unexpected advantage when considering
fermionic perturbation theory. For bosonic theories,
typically, the perturbative expansion has a zero radius
of convergence. This is due to the factorial number of
Feynman diagrams all contributing with the same sign.
For fermions, strong cancellations between different
diagrams at fixed order lead in general to a finite
convergence radius on a lattice at finite temperature.
This happens because for sufficiently small interactions
of whatever sign (or phase) the system is stable on a
lattice at nonzero temperature. This was seen numerically
[10,11], and even proved mathematically for the Hubbard
model at high enough temperature [12]. Perturbation
theory is therefore a powerful tool to study fermionic

0031-9007/17/119(4)/045701(5)
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theories. By analytic continuation, any point of the phase
diagram which is in the same phase as the perturbative
starting point can be reached in principle, provided that
one has a method to compute the diagrammatic series to
high order. At the moment, there are two numerical
methods to evaluate diagrammatic expansions at high
order, determinant diagrammatic Monte Carlo (DDMC),
and diagrammatic Monte Carlo (DiagMC) simulations.
Major recent achievements of DiagMC simulations are the
study of the normal phase of the unitary Fermi gas [13],
the determination of the ground state phase diagram of the
Hubbard model up to filling factor 0.7 and interactions
U/t <4 [14], and the settlement of the Bose-metal issue
[15]. Given the power and the versatility of the technique,
systematic diagrammatic extensions of dynamical mean
field theory are now being studied [16,17].

In DiagMC simulations [10,11,18,19] one expresses the
perturbative expansion in terms of connected Feynman
diagrams, which can be written directly in the TL. One then
performs a random walk in the space of topologies and of
integration variables of Feynman diagrams. In DDMC
simulations [20-22] one computes finite-volume perturba-
tive contributions, considering at once the sum of all
Feynman diagrams (connected and disconnected) at fixed
position of interaction vertices. One lets the interaction
vertices perform a random walk in the space-time simu-
lation volume. In principle, in order to compute the sum of
all Feynman diagrams, one should consider all possible
connections between these vertices, of which there are a
factorial number. However, it has been pointed out that
all these fermionic permutations can be grouped in deter-
minants, which can be computed in polynomial time.
In addition, summing all diagrams together already
accounts for massive cancellations. For example, the
Hubbard model at half filling has no sign problem within
DDMC simulations, because the sum of all diagrams at a

© 2017 American Physical Society
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given order is positive definite for every vertex configu-
ration; in contrast the individual diagrams considered by
DiagMC simulations have positive and negative signs. The
major downside of DDMC simulations is that one has to
consider a finite-size system, and this is a serious problem
in the generic case where one has a sign problem. Intensive
quantities, like the density or the energy per site, are
computed in DDMC simulations as the ratio of two
quantites which increase exponentially with the volume.

In this Letter we present a way to compute directly these
intensive quantities, such that the thermodynamic limit can
be taken analytically. It is then clear that the traditional
form of sign problem is not present. As we consider the
sum of all connected Feynman diagrams at once, we
already account for cancellations between different dia-
grams at the same order, greatly reducing the variance in the
sampling. In the end, the total computational cost increases
only exponentially with the order, which is to be compared
with the factorial increase of the standard diagrammatic
technique. We provide numerical proof of the efficiency of
the technique by applying it to the two-dimensional Hubbard
model at low temperature and weak coupling, where the
series is fast converging. We compute the radius of con-
vergence of the series, which is determined by a phase
transition happening for negative values of the interaction.

Let us present an intuitive diagrammatic derivation of
the analytical result of this work. As pointed out in
Refs. [20-22], we can express the sum of all diagrams
with fixed space-time position of interaction vertices in
terms of determinants. This is due to the fact that a
determinant accounts for all the possible connections
between vertices, with the right sign for fermions. In this
way it is clear that one generates all diagrams, connected
and disconnected. We would like to remove disconnected
diagrams, as we know that only connected diagrams will
contribute to intensive quantities [23]. Let us consider a
disconnected diagram. It can be divided in a part which is
connected to the external points of the function we are
looking at, and another part which is not connected to it
(see Fig. 1). This correspondence is one to one. It is then
clear that we can write a recursive formula for the
connected part: we subtract from the set of all diagrams
(connected or not) those which can be divided in a
connected part and a disconnected part. Let cx(V) be
the sum of connected diagrams contributing to a correlation
function with a set of external points represented by E,
and with interaction vertices V = {v,...,v,} at fixed
space-time position. Similarly, let az(V) be the sum of
all diagrams, connected and disconnected. In particular,
ag(V) denotes all diagrams with interaction vertices V
and no external points (they are the diagrams contributing
to the grand-partition function). az (V') is easy to compute
for every E' and V' as it can be expressed in terms of
determinants, but we are interested in obtaining cz(V).
If we know cg(S) for all S proper subset of V, we can
compute c(V) from

FIG. 1. A twelve-order disconnected contribution for the four-
point correlation function. The big arrows represent the external
lines, while the points with small arrows represent two-particle
interaction vertices. The ellipses represent connected parts. The
green ellipse represents all the diagrams contributing to the
connected part with four interaction vertices at fixed space-time
position. The black ellipses can be considered collectively
as arising from connected + disconnected diagrams with no
external lines.

ce(V) = ag(V) =Y cp(S)ag(V\S). (1)

Scv

If one wants to compute the grand-canonical free energy
(the pressure for an homogeneous system), which has no
external points, one has to render one of the vertices
“special” and consider connectedness with respect to it.
If the vertices are indistinguishable, in order to obtain the
nth order diagrammatic contribution for the correlation
function one has to divide by n! after summation of ¢z (V)
over space-time position of vy,...,v,. The integral of
cg(V) over the space-time positions of the v;...,v, is
convergent, in other words, one can consider directly the
TL where the positions of the interaction vertices are
unconstrained. The integration over the space-time position
of the vertices is performed with a standard Markov chain
Monte Carlo algorithm. We sample a linear combination of
the order n and the order n — 1 for normalization purposes,
but alternatively one could use order-changing updates as
in the usual DDMC and DiagMC implementations.

Let us discuss how the computational cost varies with the
order n = |V|. The time to compute ax(S) and ay(S) for all
S C V scales like n2" (n® is the cost to compute the
determinant of a n x n matrix, and we have to compute 2"
determinants roughly of this size). It can be shown that the
number of arithmetic operations needed to get ¢z(V) from
the recursive formula (1) is proportional to 3", which is the
main contribution for n large enough. The observables we
sample are not sign definite, this is reminiscent of the
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fermionic sign problem. The crucial advantage of this
technique over DiagMC simulations is that we eliminate
topologies from configuration space. In the case where all
diagrams have the same sign, this is not a big advantage.
However, in fermionic models this is not at all the case,
there is an almost perfect cancellation between different
diagram topologies occurring with opposite signs. The
cancellations are so strong that the sum over the diagrams at
a certain order divided by the same sum taken with absolute
values goes to zero factorially like the number of diagrams;
this can be seen as a consequence of having a finite radius
of convergence. This means that if one samples topologies
one by one, like in DiagMC simulations, a factorial “sign
problem” is encountered (see Ref. [24] for a more detailed
discussion). We see, therefore, that the trick of summing
over all connected topologies allows us to greatly alleviate
this reminiscence of the sign problem, leaving us with a
sign problem from the integration over the space-time
positions of interaction vertices that increases at most
exponentially with the number of vertices. One might
wonder if paying an exponential cost to remove discon-
nected topologies is really worth it, as we could compute
the sum of all topologies in polynomial time, as it is done in
DDMC simulations. The advantage of considering only
connected diagrams is that we do not suffer from the
traditional form of sign problem, that is, the prohibitive
scaling of computational time with system size. An
analogous situation was found in the context of out-of-
equilibrium impurity models [25], where in order to
consider the long time evolution it was found advantageous
to pay an exponential cost for each Monte Carlo step to
explicitly eliminate disconnected diagrams [26]. For these
reasons, we are able to reach higher orders than DiagMC
simulations, even without resumming classes of diagrams
more complicated than tadpoles (for the Hubbard model
DiagMC simulations arrive at order ~6 for both the bare
and bold series). Unlike DDMC simulations, the sign
problem does not limit us to work at half filling or with
attractive interactions.

‘We now discuss the results obtained by implementing this
method for the two-dimensional Hubbard model. Without
loss of generality we can set the hopping parameter 7 to one.
We consider inverse temperature f = 8, repulsive on-site
interaction parameter U = 2, at density n = 0.87500(2)
near to halffilling. All our error bars correspond to 1 standard
deviation. We resum all bare tadpole diagrams, whose effect
is to shift the chemical potential u(U) = uy + Uny/2, where
1o 1s the chemical potential needed to get the density n in the
absence of interactions (this corresponds to the first-order
semibold scheme introduced in Ref. [27]). This is useful
because one has a smaller density shift as a function of U.
We compare thermodynamical quantities with DiagMC
benchmarks from Ref. [9]. We find compatible results, with
error bars 1 order of magnitude smaller (see Fig. 2). We
estimate the chemical potential at fixed density n = 0.875

0.1465

'Ilhis work'
DiagMC (extrapolated) ——=— -

0.146 |

0.1455 |

0.145

0.1445 |

0.144

Double occupancy

0.1435 |

0.143

0.1425 - - - - -
2 3 4 5 6 7 8
Truncation order

FIG. 2. Double occupancy as a function of truncation order, for
p=8, U=2 and n=0.87500(2). The DiagMC number is
taken from Ref. [9] and it refers to infinite-order extrapolation of
the bold series for n = 0.875.

to be y =0.55978(7), while DiagMC simulation gives
Upiag = 0.558(3). For the energy per site, we have E =
—1.25992(6), while Ep;,, = —1.2600(6). As the entropy is
relevant for experiments in optical lattices, we also give the
value of the entropy per site S = 0.1958(4). We have pushed
the computations up to eleven orders for the pressure (let us
note that for the pressure we have 1 order more for free) as the
error bars continued to stay bounded (see Fig. 3), spending
seven thousand CPU hours. Let us only remark here that the
exponential cost to go to higher orders is compensated by an
exponential convergence as a function of the order for a
convergent series, resulting in an error bar that decays as a
power law as a function of computer time [24]. We have
estimated the radius of convergence of the series in U by
looking at coefficients; see Fig. 4. This is compatible with a
phase transition happening at U = —5.1(1), when the system

1.774215

1.774210 |

1.774205

Pressure

1.774200 |

1.774195 |

1.774190

6 7 8 9 10 11
Truncation order

FIG. 3. Pressure as a function of truncation order, for f = 8,
U =2, and n =0.87500(2).

045701-3



REVIEW LETTERS

week ending
28 JULY 2017

PRL 119, 045701 (2017) PHYSICAL
10°F = |
°
B
)
10"t |
L]
i °
° ° ° ° i
S —
o 1 2 3 4 5 6 7 8 9 10
N
FIG. 4. |PyUY| as a function of the expansion order N, where

U, = —5.1 and Py, is the coefficient of the series for the pressure,
P(U) =% ,PyU". The blue circle points correspond to
positive values of PyUY, while the red square point corresponds
to a negative value. We see that starting from order ~5 we are in
the high-order asymptotic regime. This implies that the radius of
convergence of the series is R = 5.1(1).

iselectron doped n > 1. This is in qualitative agreement with
the established phase diagram for the attractive Hubbard
model [28]. The subleading alternating structure shown in
Fig. 4 is compatible with an additional singularity around
U = 6, but further work is needed to rule out other
possibilities. In principle, the series converges exponentially
for |U| < 5.1. In practice, in order to get accurate results for
moderate values of interactions it is necessary to perform
analytical continuation or resummation of the series in order
to accelerate (or extend) the convergence.

We stress that there is no fundamental difference in the
sampling between different physical quantities, as we
expect the external points to play a minor role at high-
enough orders. In the high-order limit, external points can
be thought as “boundary terms,” the bulk being the large
number of internal interaction vertices. This intuition is
supported by the universality of large-order behavior of
perturbation theory, which is independent of the configu-
ration of the external points [29]. Nevertheless, there exist
simple modifications of the procedure that can improve
numerical sampling in a decisive way. The simplest
modification is to consider the unlegged Green’s function,
which can be further divided in a fully dressed tadpole
diagram, and another part. In this way one can obtain
statistics for all values of the Green’s function at once, as
the diagrams depend on the external points only through
these legs in the space-time representation, gaining as well
two more orders. To go further, one has to sample the self-
energy. We want to get rid of one-particle reducible
diagrams. A general one-particle reducible diagram can
be divided in a part which is one-particle irreducible with
respect to one of the external points, and another part
consisting of a diagram for the Green’s function. We can

then derive a recursive formula for the self-energy of the
same form as Eq. (1).

Finally, we note that it is possible to generalize the
method to more general diagrammatic schemes by the use
of a shifted action [27], where one has to consider addi-
tional interaction vertices that act as counterterms.

In conclusion, we have presented an elementary yet
efficient method for the computation of high-order pertur-
bative expansions of general fermionic models directly in
thermodynamic limit. Formally, this method has superior
algorithmic properties than DiagMC simulations. We have
verified the formal arguments by providing numerical proof
for the low-temperature Hubbard model at small interac-
tion, obtaining results that are the state of the art in this
regime. We have computed the radius of convergence of the
series, which shows that the bare series is convergent up to
moderate value of interaction strength. Moreover, we have
shown that achieving such high orders can be used to detect
singularities of thermodynamical functions, which are
known to indicate phase transitions.

A natural continuation of this work would be the study of
the pseudogap regime of the two-dimensional Hubbard
model, where the new algorithm has the potential to extend
to lower temperature the DiagMC results of Ref. [30].
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PACS 02.70.Ss — Quantum Monte Carlo methods

PACS 71.10.Fd — Lattice fermion models (Hubbard model, etc.)

Abstract — It is commonly believed that in unbiased quantum Monte Carlo approaches to
fermionic many-body problems, the infamous sign problem generically implies prohibitively large
computational times for obtaining thermodynamic-limit quantities. We point out that for conver-
gent Feynman diagrammatic series evaluated with a recently introduced Monte Carlo algorithm
(see RossI R., arXiv:1612.05184), the computational time increases only polynomially with the

inverse error on thermodynamic-limit quantities.

Copyright © EPLA, 2017

The notion of fermion sign problem (FSP) was originally
formulated in the context of auxiliary-field, path-integral
and diffusion quantum Monte Carlo (QMC) meth-
ods [1-4]. There, it was observed that the computational
time required for calculating properties of the fermionic
system to a given accuracy scales exponentially with the
system volume. Later, the notion of FSP was implicitly
extended to an arbitrary QMC approach dealing with in-
teracting fermions, referring to the stochastic sampling
of a non-sign-definite quantity with a near cancellation
between positive and negative contributions. Sign-free
Monte Carlo (MC) algorithms were emerging only as
exceptions confirming the rule: In each such case, the
absence of FSP was due to some special property of the
simulated model (see, e.g., [5-11] and references therein).
Nowadays the FSP is generally perceived as one of the
most important unsolved problems in the field of numeri-
cal studies of interacting fermionic systems in dimensions
d > 1 (see footnote 1).

The main message of this letter follows from a simple
observation. Suppose some quantity @ is computed from a
limit @ = lim,,_, o @y, with an exponentially fast conver-
gence, |Q — Q| ~ e~#" (where # denotes some positive

!Frustrated spin and frustrated bosonic (with restricted on-site
Hilbert space) lattice models can be mapped to a system of inter-
acting fermions and thus are part of the present discussion.

constant). Then in order to compute @ up to an error
|Q — Q.| = € it is sufficient to take n ~ Ine~!. Hence,
even if the computational time increases exponentially as
a function of n,t ~ e#", the increase of t as a function of
€1 is only polynomial, Int ~ Ine™?.

This observation applies to the simulation of interacting
fermions by the algorithm introduced in ref. [12], denoted
hereafter by the acronym CDet, for connected determi-
nant diagrammatic MC. This algorithm works directly in
the thermodynamic limit since it evaluates the series of
connected Feynman diagrams. It exploits two advantages
of the fermionic sign: First, for fermions on a lattice at
finite temperature, the series has a finite radius of conver-
gence, so that the convergence as a function of diagram
order n is exponential; second, a factorial number of con-
nected Feynman diagrams can be evaluated in exponential
time using determinants (and a recursive formula).

In general, sign-alternation of observables simulated by
MC methods is neither sufficient nor necessary to state
that the problem is intractable. One should rather fo-
cus on what we will call the “computational complexity
problem” (CCP) instead of the FSP. The key question
is the one that is most relevant practically?: How easily

2We closely follow ideas expressed by D. Ceperley at the Meet-
ing of the Simons Collaboration on the Many-Electron Problem,
New York, November 19-20, 2015.
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can one indefinitely increase the accuracy of the computed
thermodynamic-limit answer? This leads to the following
definition of the CCP that can be applied to any numerical
scheme. Let @) be the intensive quantity of interest in the
thermodynamic limit. A numerical scheme is said to have
CCP if the computational time t required to obtain Q) with
an error € diverges faster than any polynomial function of
e~ ! — 00. The CCP is considered to be solved if
t(e) = O(e™). (1)
Note that we consider unbiased methods, i.e., ¢ — 0 is the
difference between computed value and ezact value.

In what follows, we show in some detail that CDet solves
the CCP, at least at finite temperature and small enough
interaction. In parallel, we also discuss the conventional
diagrammatic Monte Carlo approach (hereafter denoted
by DiagMC) in which the sum over diagram topologies is
done stochastically [13]. We then show that the conven-
tional FSP leads to a CCP for path-integral and auxiliary-
field QMC.

In quantum Monte Carlo, one typically generates con-
figurations C according to a conveniently chosen unnor-
malised probability distribution P(C) that is positive. Any
sign alternation is taken into account when collecting
statistics, and is absorbed into the quantity A(C) that is
being measured. The average with respect to P,

_ S POAER)

We =Tk

(2)

is estimated through

1 Nue
A(C), 3
N 2 A€ 3)

with Njy;e the number of MC measurements and C; the
configuration at the i-th measurement. By the central
limit theorem, the lo statistical error on (3) is given by

2 Tauto + 1
Nue

Estat — O A 5 (4)
with Tauto the integrated autocorrelation time and 0124 =
(A%)p — (A)% the variance on individual measurements.
We now specialize to CDet and DiagMC. We consider
the computation of an observable (e.g., density or dou-
ble occupancy). For convenience, we make two simplifi-
cations regarding the Monte Carlo algorithm. We expect
that this does not change the final CCP scaling. The first
simplification is that a separate simulation is performed
for each order, while the normalisation factors z, (see
below) are known. The second simplification is that in
DiagMC, rather than sampling the self-energy diagrams
and then obtaining observables from the Dyson equation,
we consider here sampling the diagrams for the observ-
able (including one-particle reducible diagrams), so that
external variables are simply fixed (to zero in space and

imaginary-time representation). A DiagMC configuration
is then defined by a Feynman diagram topology together
with values of the internal variables X. In CDet a con-
figuration is defined only by the internal variables X (the
space and imaginary-time coordinates of the interaction
vertices), while the weight of a configuration is given by
the sum over all possible connected diagram topologies
connecting the internal and external vertices.

Let us denote the contribution of a diagram of topology
T for fixed internal variables X by D(7,X). Let a, be
the sum of all Feynman diagrams of order n:

w = [4X ¥ D7),

TESA

(5)

with S,, the set of all diagram topologies at order n. This
can be rewritten in the form of eq. (2):

an = (An)p,, (6)

with the unnormalised distribution to be sampled chosen

to be
Po(T,X) = |D(T, X)| (DiagMC),

(7)

Pu(X) =Y D(T,X>‘ (CDet)
TESH
and
zn, sign[D(T, X)] (DiagMC),
An = Zp, sign Z D(T,X)} (CDet) (8)
TESn

with the normalization factors

/ dx > |D(T.X)|  (DiagMC),
TESH

9)
/ x|y D(T,X)‘ (CDet).

TESH

So, in DiagMC the diagrams are sampled according to
the distribution |D(7,X)|, while in CDet diagrams are
grouped together via determinants and in the MC part of
the algorithm one samples X according to the distribution
| 7es, D(T,X)|. In what follows we neglect the statis-
tical error on the normalisation factors z, since they are
obtained by sampling a sign-positive quantity.

Here we consider fermions on a lattice at finite tempera-
ture, so that the radius of convergence of the diagrammatic
series is finite [12-14]. Assuming that we are inside the
radius of convergence, the convergence is exponential,

= O(R™)

lan|
n—oo

(10)

with R > 1 a constant. Here and in what follows we
omit multiplicative constants and power laws which do
not affect the dominant scaling behavior.
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The number of diagrams scales factorially with the
order n. For CDet, however, one takes into account cancel-
lations between different diagram topologies. More specif-
ically, we expect that for fermions on a lattice at finite
temperature,

2~ Rp'nl  (DiagMC), (11)
2 ~ RZ" (CDet) (12)

n—00

with Rp and R positive constants?.

Let us discuss the behavior of the average sign, (sign) :=
(sign A,)p, = an/zn, as a function of the order n. For
DiagMC, we see that (sign) tends to zero factorially, a
manifestation of the near-compensation between different
diagrams. For CDet, (sign) tends to zero exponentially in
the generic case where Ro < R.

As a result, the variance on individual measurements
behaves as
1 — (sign)?, Zns (13)

oA, = Z ~
" " " n—o00

which, together with eq. (4), gives for the statistical error
bar on the n-th order contribution a,,

2 Tauto(n) +1

Noro() (14)

€stat (1) N
Here Tuut0(n) is expected to increase at most polynomi-
ally with n, which we have checked numerically for CDet;
we will neglect this n-dependence of 7., since it will
not affect the final scalings. An appropriate dependence
Nare(n) of the number of MC steps on order will be spec-
ified below.

Note that the relative statistical error given by the ab-
solute value of egar(n)/ay, x 2, /a, = 1/{(sign) p, diverges
factorially for DiagMC and exponentially for CDet. This
can be viewed as a sign problem for diagrammatic Monte
Carlo methods, limiting the order that can be reached. On
the other hand, the exponential convergence (10), which
is only possible thanks to the fermionic sign, implies that
reaching very high orders is not necessary, as we now
quantify.

The assumption of exponential convergence implies
that the systematic error due to the finite diagram-order
cut-off N,

eys(N) = > an, (15)
n=N+1
decreases exponentially,
ce(N) = O(R™Y). (16)

To achieve a final error ~ ¢, it is then natural to work in a
regime where systematic and statistical errors are on the

3Equation (12) is a natural conjecture given eq. (10); its rigorous
proof may be obtained using techniques similar to those of ref. [15]
(see ref. [16]). Equation (11) is plausible since this is the generic
large-order behavior for bosonic theories [17].

same order. We thus choose N such that R~ ~ ¢, and we

take a computational time ¢ such that the total statistical

error is €y ~ €. Neglecting correlations between differ-
- 2 N 2 :

ent orders, we have €, ~ Y . €sat(n)?, which leads

us to choose Npse(n) such that et (n) is n-independent.

Equation (14) together with egs. (11), (12) then yield

1 (nh)?
e R%

ty ~ 1
LI (2N cpe
€2 R%‘« ’

where the factor 3 for CDet comes from the fact that the
computational time per MC step is ~ 3", because of the
recursive formula that needs to be evaluated in order to
eliminate disconnected diagrams [12]. As a result, for Di-
agMC most time is spent sampling the highest order, while
for CDet this is the case only for R¢ < v/3. Finally, we get

(DiagMC),

t(e) ~ e # M) (DiaghIC), (18)

t(e) ~e @ (CDet). (19)
Hence polynomial scaling is nearly reached with DiagMC,
and is achieved with CDet. The exponent for CDet is

given by

(20)

if Re < V3.

The case Rc > /3 is particularly instructive. Here,
most time is spent sampling low diagram orders, and one
has a = 2, which is the best scaling one can achieve in
any Monte Carlo computation. We thus conclude that
fermionic sign —all by itself— does not necessarily leads
to any qualitative effect on the scaling of computational
time with e.

The above scalings are not purely academic consider-
ations, as we illustrate with an example for CDet. We
analyse the computation, reported in ref. [12], of the pres-
sure of Fermi-Hubbard model in two dimensions. The di-
agrammatic scheme is a bare series with bare tadpoles
taken into account through a shift of the chemical poten-
tial. The Hubbard parameters are: interaction U = 2,
chemical potential g = 0.55978 and inverse temperature
B = 8 (with hopping = 1); this corresponds to a density
n = 0.87500(2). Figure 1(a) shows that |a,| approaches an
exponential behavior R~ with R = 2.5(1), while fig. 1(b)
shows that z, approaches R;" with Ro = 0.75(3) (see
footnote *). We can make three important observations.
First, the exponent o = 3.8(2) is not too large. Second, we
clearly reach the asymptotic regime where egs. (12), (16),
and therefore also eq. (19), are valid. Third, |a,| at low n
is ~100 times larger than the extrapolation to low orders
of the large-order behavior shown by the straight line in

4For the density and the kinetic energy, we find the same value
of R¢ within our error bars.
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Fig. 1: (Colour online) (a) Absolute value of the sum of all
order-n diagrams |a,|, and (b) weight z,, of the order-n config-
uration space of connected determinant diagrammatic Monte
Carlo, for the pressure of the Fermi-Hubbard model (at U = 2,
B =8, n ~ 0.875). The lines are linear fits to the data at
large n.

fig. 1(a). These three observations explain why it was pos-
sible to obtain a ~107° relative accuracy for the pressure
in ref. [12]. Interestingly, the second and third observa-
tions hold independently of U (with pu(U) = po + Ung/2
as in [12]). In contrast, o diverges when U tends to the
critical value U, = 2R(U = 2) ~ 5.1 such that R(U.) = 1.
Divergent-series summation methods may allow to ap-
proach this point and even to go beyond it; we leave this
for future study.

To avoid possible confusion, let us remark that we do
not claim any connection between our results and the com-
putational complexity theory of computer science. In this
theory, a “problem instance” is defined by A parameters,
and the P complexity class is defined by polynomial scal-
ing of computational time with respect to N for N' — oo
(in the worst case with respect to all possible instances).
In the spin-glass problem discussed in [18], an instance
is a disorder realisation, and N is the number of ran-
dom couplings (which happens to coincide with the system
volume). In contrast, here we consider problems defined
by a fized (usually small) number of model-parameters
(e.g., T, U and p for the Hubbard model in the thermo-
dynamic limit).

We turn to “traditional” QMC, by which we mean
here path-integral or auxiliary-field QMC. We consider the
computation of an intensive quantity at finite tempera-
ture. Generically the FSP leads to an exponential scaling
with spatial volume and inverse temperature of the av-
erage sign, and hence, due to eq. (4), of the statistical
error (see, e.g., [1,2,4,10]):

e#BL?
\/{ )
where L is the linear system size.
Beside the statistical error, we also need to take into
account the systematic error egys(L) coming from the finite
size L. The total error € entering the CCP is € ~ €sat (L) +

€sys(L). We assume that finite-size corrections decrease
exponentially,

Estat (L) (21)

~
L—o0

(D) 3, e

(22)
which is expected generically (away from second-order
phase transitions and at finite temperature). For a given
computational time ¢, the optimal strategy is to choose L
so that egys ~ €star, Which yields

t(€) ~ e#Blne)? (23)
So for d > 1 the scaling of ¢ with ¢~! is quasi-polynomial
and there is a CCP. In one dimension there is no CCP,
which is another illustration of the simple observation pre-
sented in the introduction.

Apart from these asymptotic scalings, there are also
practical advantages of diagrammatic methods over tra-
ditional QMC. For traditional QMC, the condition for
getting close to the thermodynamic limit is typically L
much larger than the correlation length. Equation (21)
then yields a computational time ¢ o e#28L" which is
often prohibitive, meaning that one cannot get close to
the thermodynamic limit, and that one cannot even reach
the asymptotic scaling regimes (22), (23). The situa-
tion is very different in diagrammatic expansions, where
as shown by the above example, the asymptotic regime
is accessible, and, moreover, the lowest orders typically
set the scale while higher-order contributions are merely
corrections.

In conclusion, unbiased numerical methods for solv-
ing quantum many-fermion problems should be evaluated
on the basis of their scaling of computational time with
respect to the final error bar on thermodynamic-limit
quantities. The presence of a fluctuating sign does not suf-
fice to say that a problem is intractable by Monte Carlo.
Nothing prevents in principle a polynomial scaling of the
CPU time vs. the inverse error bar. We demonstrated that
such polynomial complexity is indeed achieved by the re-
cently proposed CDet method when inside the radius of
convergence of the Feynman diagrammatic series. Since
this method offers the possibility to calculate properties
of many-fermion systems in polynomial time, it is fair to
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say that the sign problem has become irrelevant here and
a numerical solution to the many-fermion problem is avail-
able, at least in some region of parameter space.
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Complements

We present now a short complement on the technical parts of Article 1. We also
provide an extended discussion of computational complexity, which is the subject
of Article 2.

1 The recursive formula for many-variable formal
power series

We introduce an elegant and powerful framework to formalize diagrammatic
expansions.

In order to motivate this formalism, let us start with an example. We consider
the Green's function G of the Hubbard model. It can be computed for small
enough interaction strength U by a (bare) diagrammatic expansion:

G(U) = f: Un G, (1)

where G,, can be expressed as a space-time integral over the position of the
interaction vertices Xy, ..., X,,_1:

G, = ! / GH{Xo, ..., X 1}) (2)

Tl

We wish to consider directly the integrand G,,({ Xy, ..., X,,_1}) of this expan-
sion. For this reason, we introduce a space-time dependent coupling constant
U(X), and we consider the expansion of G as before{*’]

G[U] :Zi!/xo Gl X)) [T
N n=0 = Y0 n— n_ljzo (3)
:Z;Aogxlg.-sxn-l G((Xo..... X)) [TV

39We define an order relation on space-time coordinate: X = (x,24) < Y = (y,y4) if
T4 < Ya
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But this is just the Taylor expansion of the many-variable function G[U],
G({Xo,...,Xn_1}) is just a coefficient of this Taylor expansion. We would
therefore like to promote each U(X) to an independent variable.

Inspired by this idea, we are lead to study properties of general many-variable
formal power series. Let Z be a discrete set with an order relation: Vv, vy € Z,
v1 # vy, then either v < vy or vo < wy. The discreteness of the set is not
important, we only use it for notational simplicity. We introduce this notation
for many-variable formal power series:

(Many-variable formal power series):
oo n—1
FIE=Y" Y F({vo,....oea D [[& =D FOV)E" (4
n=0 v <+ <vp_1 =0 %

where F'({vg,...,v,—1}) € Cand V = {vg,...,v,-1} is a multiset built on
T

V' must be a multiset in the previous formula m but if the set 7 represent
continuous variables like imaginary time (and this is the typical case) we can just
consider V' to be a set without repeated elements. Here &, plays the role of a
bookkeeping parameter. Note the useful property

& ¢V v ()

where the union U is the union between multiset (for example, {v} U {v} =
{v,v}). F[£] can be thought as the generating functional of the functions F'(V').
We say that two functionals F'[¢] and H[£] are identical if

FiEl=HE] < F(V)=H(V) W (6)

for every V. We define algebraic operations of formal power series in the standard
way:

FlE|+HE =Y (F(V)+H(V)) ¢ (7)
FIEH[E =) (Z F(S)H(V \ S)) ¢v (8)

40We would like to stress that V is a multiset, it can have repeated elements. The limiting
case is obtained when Z consists only of one element, which is obtained for simple Taylor
expansion in the interaction strength. In this case, if we call the v the only element of Z, one
has that V € {0, {v}, {v,v},{v,v,v},...}, that corresponds to 1, U, U2, U? and so on.
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We would like to compute a “correlation function” c[¢], which is given by the
ratio of formal power series

_dg
dl=Gg A0 A0 ©)

We will be interested in computing the coefficients of ¢[¢] in terms of the coef-
ficients of a[¢] and z[£] in an efficient way. We write

alg =Y a(V)g =clg] 2lg) =Y (Z c(S)2(V'\ S)) & (10)

% vV \scv
where we used (8)). We use (] for comparing term by term:
a(V) =Y c(S)z(V\ ) (11)
SCv

We therefore arrive at the fundamental recursive formula:

(Recursive formula): Suppose that we have to compute the ratio of two
many-variable formal power series:

_ald

and z(0) # 0. Then we can use the following recursive formula:

vy =) 3 5 2N (13)

z(0) = z(0)
Let us consider the “free-energy”
pl§] = log z[¢] (14)

We first compute

(st %) & =V (15)

We write
v _ v 22,800 2] - Yy |V]2(V)EY

We can apply then the recursive formula to show
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(Recursive formula for the free-energy): Suppose that

pl¢] = log z[¢] (17)
and z(0) # 0. Then p(0) = log z() and for V' # () one has

p(V Z | 2V \ ) (18)

SCV

In Appendix|A]we calculate the cost of applying the recursive formula when V/
is a set (i.e. when all the elements of 1/ are different, this is the most expensive
case and the one which is usually encountered), which is found to be of order
O(3") for |V| =n:

(Cost of the recursive formula): There exists an algorithm that computes
c(V) in 3™ — 2™ arithmetic operations (n := |V|) knowing a(S) and z(.S) for
all S C V.

2 Example: two-body interactions with a linear
quadratic shift

We will limit ourselves for definiteness to discuss a lattice model with two-body
interactions. Schematically, the action is

/w (0 + / VOO0 (19)

where x and ( are collective spin-space-imaginary time variables, x = (X0, X, X4),
Yo € {1, 1}, X € Z¢, x4 € [0, 8] (B is the inverse temperature). We introduce a
shifted-action with a linear quadratic shift:

sl =~ [ it / £06.€) (9 — a) () (89 — a)(O)+

(20)
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Here the ¢ are just formal bookkeeping parameters. In this case the set 7 is
continuous Z = ({1,1} x Z¢ x [0, 3])?. Note that we have also added a mean-
field-like shift «(x) to the interaction.

We impose that the shifted-action is equal to the physical action when eval-
uated for £ = U:
S[U] - Sphysical (21)

2.1 Calculation of ag(V)
We define

R R O wwwww
waa,le) e

apl¢] = (=1)™ (22)

,,,,,

a = , ap(V) €Y (23
5[€] ;Awwwqun 77777 g;%g - [ame @)
where V= {(xV,¢Y)} c0.. n13. Wick’s theorem allows us to compute
ap(V) exactly in terms of determinants
(chks theorem): Let £ = {(p),69V)},ci0..m-13 and V =
{(X, (D)} jeqo...n-1}- One has
ap(V) = detG (24)
where for a,b € {0,...,m + 2n — 1} one has
éab = él (77(17 ’Yb) - )\aéab (25)
p(a) 0<a<m-—1
Ny =4 x ™ m<a<m+n-—1
C(“_”_m) m+n<a<m-+2n-—1
(@) 0<a<m-—1
Yo =4 xle™) m<a<m+n-—1 (26)
¢la—n—m) m+n<a<m-+2n-—1
0 0<a<m-—1
Ao =<4 a(xle™) m<a<m-+n-—1
a(C(“‘”‘m)) m+n<a<m-+2n-—1
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We estimate in Appendix [B| the cost of computing ag

If [V| = n, for large n one needs O(n®2") arithmetic operations to
compute ag(S) and ag(S) for all S C V.

2.2 Monte Carlo integration and computational cost of the
non-deterministic part

We consider now a general correlation function:

D e S (TS ) EED)) e
CE‘[&-] = (_1) fp[w,&] e—Sle] = a@[f] (27)

where £ = {(p),6@)} 1. We write

o] CE(V) n—1 / y
- () = v 28
=D [Teto0= fLeen)e” @9
where ¢g (V') can be computed from ag(S) and ay(S) for S C V by using (12)):
ce(V) =ap(V) =Y cp(S)ap(V \ 5) (29)
scv

2.3 Generalizations

The above computation is generalizable to k-body interactions without difficulty.

It is possible to compute the self-energy directly using recursion formulas, as
sketched in the discussion of Article 1. However, one can derive a more direct
recursive formula for the self-energy which is more effective [125]. This can be
done with a computational cost O(3"™) as for the Green's function.

One can generalize these techniques to include more general diagrammatic
schemes. For example, if one wants to eliminate ladder diagrams (which are
required in order to obtain the continuum limit of the unitary Fermi gas) or
particle-hole bubbles (which are required to obtain the thermodynamic limit for
the electron gas), one has to pay O((1 +/2)*") = O(5.83"). The fully-dressed
(bold) scheme for the Green's function would cost O(B,,) ~ O((n/logn)"),
where B,, are the Bell numbers.
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2.4 Computation of physical correlation functions

We have imposed in Equation that for & = U we get back the physical action:
S[U] = Sphysical- Accordingly, we introduce the physical correlation function as

GE:CE Z/VIW )UV:iCE’n (30)

where Cg,, is defined by

Cpn = % . (U U(X(j)ag(j))> ce(V) (31)

x(n=1) ¢(n—1)

.....

where V = {(xV, ¢V )}ieo,..n—1}. We can compute this integral by using a

77777

Markov-chain Monte Carlo algorithm, with probability measure

(T2 U9, ¢9) ) en(v)]

peall) = P (32)
where
1
el U, ¢7) 33
" n! x(©,¢0) . x(n=1) ¢(n—1) (H ¢ ) ( ) ( )

Zpn is easy to compute by Monte Carlo as it is the integral of a positive quan-
tity (see Appendix |C| for details). Assuming that we know zg,, the order-n
contribution Cfg , can then be computed from

> (34)

n—1
(H U(X(j)a C(j))> (V)
=0 PE.n

Cen=2gn <sign

where (-),. = denotes the mean computed with the pg,, distribution. We start
from an arbitrary configuration V' and we let the system evolve until we reach
the equilibrium distribution pg, from which we start to take data. The estimator
for Cg,,, after visiting the configurations V, = {(Xa , )}]E{O ,,,,, n—1}, With a €
{O NMC - 1} is

ConVa}) = 222 3 spalVe) (35)
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where sp (V) = sign [(H;Zg U(X(j),C(j))> cE(V)] We call the statistical
error on Cgp €gn Nyo- FOr Nayo — 00 one has

2r§jfj°) +1

n ~ Zpnr /1 — (SEn)? 36
€Bn,Nye ~ 2B, (SEn)ps.. Noro (36)
where TE:tO) is defined by this equation and depends on the details of the Monte
Carlo algorithm. In all interesting cases one has lim, oo (SEn)ps,, = 0, so that
for n — oo and Ny;c — oo one has
2riute) 4 q
€En,Nye = ZEn —-;VMC (37)
We will suppose that
mEn < CE" 0t (38)

where ap > 0. We have checked numerically that this condition is verified with
ap = 1. We present now a conjecture on the large-order behavior of 2z ,,, which
is supposed to be valid at least for the Hubbard model

For every I, it exists C, p < 0o and R, p > 0 such that

ZE,n S CZ,E R;% (39)

This conjecture should be proved for the Hubbard model with existing tech-
niques [7] In general, it should be correct at finite temperature for lattice models.
This conjecture implies in particular

For every F, it exists Cr < oo and Rg > 0 such that

|Cenl < Cg RG" (40)

3 Polynomial-time scaling

We would like to compute a correlation function G with a total accuracy of e.
For stochastic methods like Quantum Monte Carlo, it is meaningless to talk of

41). Magnen, private communication
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rigorous bound. Every time the code runs, we obtain a different results, and in
principle for any bound ¢ it typically exists a simulation such that the value of
the physical result is bigger than €. One has to think in terms of the livelihood
that the physical result is within €. We say that a correlation function G is
computed with a totally accuracy of € if the physical result is within ¢ from the
estimate at least 2/3 of the times the algorithm ran (in the physics literature it is
more common use sigma error). More precisely, our estimation G is different
from Gg by an amount § := |Gg — G| which is bigger than ¢ no more than
1/3 of the times.

G = cslU] =3 (@)

if the series is convergent. Assuming is verified with Rg > 1, we have

N-1
Gp—Y Cpn
n=0

We choose N large enough such that the truncation error is smaller than €/2. It
is sufficient to impose:

< Cr

N 42

log <12gf e_1>
N = 1 = 43
max | 1, log Ry (43)
We need to bound the error coming from Monte Carlo. Foreachn € {1,..., N—

1}, we choose a number of Monte Carlo steps Ny, (n) steps needed to achieve
a precision of €/(2v/N) on each term of the sum:

€
|EE,n7NMc(n)| < 2\/N

(44)

In this way, our Monte Carlo estimation GSSt) is within € from Gz more than
two thirds of the times. We have seen that for large n €g ., ny,o ~ 2En/V Ny
We have seen that the computational cost of CDet per unit Monte Carlo step
is of order 3" for large n, from which we get that the time to do /Ny;¢ steps at
order n is t,, ~ 3" Nyc. Therefore for large n, we can write

1 V3 ! €
\/t_<R> ~ N )

Suppose that R, g is greater than V3. Then, t, — 0 for large n, it is easier to
compute higher orders, and most of the time is spent to compute the low orders
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with high precision. We see that in this case the total computational time to
obtain a precision ¢ scales like 1/¢2:

t(e) ~ e ? (46)

It R.p < V/3, then most of the time is spent on higher orders, nevertheless the
computational time is still polynomial

t(e) ~e @ (47)

lOg(Rz,E/\/g) .

witha=2+2 s s
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Conclusions and outlook

In this part of the text we have presented a new diagrammatic algorithm which
allows us to compute the sum of all connected Feynman diagrams at fixed space-
time positions of the interaction vertices. The total computational effort in-
creases exponentially with the order of expansion, which is to be compared to
the factorial effort needed to compute the order n by sampling Feynman diagram
topologies, as in the original formulation of Diagrammatic Monte Carlo.

In order to compare the performances of all possible unbiased numerical meth-
ods, we introduced the notion of computational complexity problem (CCP): we
say that we have a CCP if the computational time needed to achieve a precision
of € (including all sort of error sources in €) on a thermodynamic-limit quantity
(e.g. a Green's function) scales more than polynomially with e~!. We find that
the algorithm introduced in this part of the text has a polynomial-time scaling
when the diagrammatic series is convergent.

We have seen in Article 1 that this method gives results that are already
state of the art for the weak-coupling Hubbard model. It would be interesting
to extend the results of [32] to lower temperature. In order to achieve this
goal, the direct computation of the self-energy [125] is needed. Nevertheless,
a fundamental problem is encountered when decreasing the temperature: the
radius of convergence of the series approaches zero (at least) logarithmically
with the inverse temperature, because of the s-wave phase transition happening
for negative values of the interaction, as we have seen in Article 1. As we are
interested in positive interaction strength, it is possible to resum the series outside
the radius of convergence by using conformal mapping after a careful study of
singularities is done. It remains an open question to understand if and with which
modifications one can the still apply the analysis of the Part | of this text.

Given the generality of the formalism, it is clear that this new algorithm can
be applied to any lattice models with arbitrary interactions. In order to consider
continuous-space models, one must remove some class of diagrams, and the
algorithm can be extended to treat this case. In particular, it would be nice to
compare the performances of this algorithm with the Diagrammatic Monte Carlo
code for the unitary Fermi gas used to produce the numerical results of Part I.

125



It would also be interesting to compare the new algorithm with a recently in-
troduced non-equilibrium diagrammatic Monte Carlo algorithm [37], which uses
a determinant representation in the Keldysh formalism. The use of the recursive
formula is not needed here as the sum over Keldish formalism automatically elim-
inates disconnected diagrams. It is possible in principle to simulate equilibrium
models by taking the long-time evolution starting from a non-interacting state.

Many technical developments of the algorithm are possible, from the point
of view of reducing the Monte Carlo variance or the use of non-Monte Carlo
techniques, and the extent of which they will speed-up the computation deserves
a detailed study.
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Appendices of Part Il

A Computational cost of the recursive formula

Let V' be a set, || = n. We want to stress that we consider here the case
where all the elements of V' are different. This is the most difficult case, as the
number of subset of a set of a given length is maximal when all elements are
different ﬁ Let Acomp and Mcomp be the computational costs of an addition and
a multiplication. We assume that we have stored in the memory the values of
c(S) and z(.S) for all S C V. We first state some preliminary results:

(L1) Let B be a set of k elements. The number of proper subsets of B
is 28 — 1.

(L2) The number of W such that W C V and |W| =k is ( Z )

(L3) Let W C V, |W| = k. We assume that we have stored ¢(.S) and
z(S) for all S C W. The cost of computing ¢(W) from (12)) is (Acomp +
Meomp)(2" = 1)

Indeed, by using (L1), we see that we have to do 2¥ — 1 multiplications and
2k — 2 additions to compute the sum in ((12)), and we have one addition more
between the first term and the sum.

We are now in the position to prove

There exists an algorithm to compute ¢(V') knowing a(S) and z(.S) for
all S C V with a cost of (3" — 2")(Acomp + Mcomp)-

Proof: We assume that we have stored ¢(S) for all S C V with |S| < k. We
then compute ¢(W) for all W C V, |W| = k. By assumption, we have stored
c(S) for all S C W, so that we can apply (L3), that gives a computational cost

42Moreover is the case which is useful for many applications of the recursive formula
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of (Acomp + Meomp)(2F — 1) for a given W. From (L2), the number of such W
n

e ) The total computational cost to compute ¢(V) is therefore

is

> (A + Maang) (2 = 1 () = (3" = 2)Acomy + Meamg) (A1)

O

B Computational cost of the determinants

We want to estimate the computation of ag(S) and ayg(S) for all S C V,
V| = n, with |E| = m, for large values of n. It is well known that the
computational cost of a determinant of a matrix N x N is O(N®). By using the
Proposition (L2) of Appendix[A] we have that the computational cost is of the

order of
n

> ( Z ) [(m + 2k)* + (2k)%] ~ n?2" (B.1)

k=0

C Hybrid sampling

We will express zg,, in terms of zg,_1. We will use an “hybrid” probability
distribution proportional to

n-1 n—1
+ )\Z f(X(j),C(j)) < H U(X(”,((’))> ce(V'\ {(X(j),f(j))})
J=0 1=0,lj

(C.1)

for 0 < A < 1 and f(x,() is an arbitrary function with a finite normalization,
[ fl = fx7< |/ (x,¢)|] < oo. One has

/ HE(V) :n‘[(l _)\)ZE,n_‘_)\HlezE,nfl] (C2)
x(0),¢0) . x(n=1) ¢(n—-1)

-----

that means that hg(V) = Hg(V)/(n![(1 — N)zgn + M| fll12E.0-1]) is a proba-
bility distribution. We compute with a Markov chain Monte Carlo algorithm the
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mean

(=2 (T2 UG, ¢9)) en(V)| (1= N
Hgp(V) . (1= Nzpn + A flhzEn
(C.3)
from which we deduce the ratio between zg,, and zg,_1. The parameter X is
chosen such that the previous mean is not too far from 1/2.

D Binary representation

Suppose we want to compute the order n contribution for a particular value of
the external paramenters E. At a particular MC step, we will have a vertex con-
we need to have ag(S) and ay(S) for every S C V, and it would be necessary
to store along the way cg(S) for S C V. The set of subsets of a set (the so-
called powerset, denoted by @(V)) is best represented with binary numbers, a 1
represents the presence of a particular element and 0 the absence. We first need
to distinguish elements of V', so we introduce an arbitrary ordering

Vi= (W, ¢Y),  jefo,...,n—1} (D.1)

It is then possible to build a one-to-one mapping between {0, ...,2" —1} (binary
numbers with n — 1 bits) and the set of subsets of V/, that we call My;,.

We define My, : {0,...,2" — 1} — (V) in this way: for every z =
Tp_1Zn_z...%o, with x; € {0, 1} (this is the binary representation), we build
Myin(x) € V such that for every j € {0,...,n — 1}, V; is an element of
Myin(z) if and only if x; is equal to one.

Let y € {0,...,2" — 1} such that Myi,(y) € Myin(x). Then, if y =
Yn_1-.-Yo and x = x,,_1...x, we have

for j € {0,...,n —1}.
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For x € {0,...,2" — 1}, we define ||z||, € {0,...,n— 1} as the number
of 1 bits in the binary representation of x

n—1
el = (D.3)
7=0

(Indexing functions): For every z € {0,...,2" — 1} we introduce an
indexing function i, : {0,...,2l"llb — 1} s {0,...,2" — 1} that span all the
y such that My, (y) € Myin(x). More precisely, let {u;}jcqo,...,||zl|,—1} be the
set of the positions of the 1 bits of z:

n—1 ]~ 1
r=Y ;Y=Y 2% (D.4)
=0 =0

with w; € {0,...,n — 1}, u; # wuy for j # k. We then define explic-
itly the indexing function i,(s) for s € {0,...,2/llb — 1} written in binary
representation s = §||z||,~1 - - - So

[e]]p—1

in(s) = ) ;29 (D.5)

J=0

We also introduce for convenience the complement of this function i, :
{0,...,2l1fb — 1} {0,..., 2" — 1}

[o]|p—1

io(s) =a—ig(s) = > (1—s;)2% (D.6)

J=0

Let x = x,—1...29. Forevery y = y,_1...yp such that y; < x;, with the
notations of the previous definition we can associate s = sj|;|,—1 - - - So such that

Y = iu(s) (D.7)
by writing

Sj = Yu, (D.8)
It is clear that the mapping between s and y is one-to-one. The indexing functions
can be easily stored in the memory as (two or one dimensional) integer arrays.
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For a fixed V, we introduce z € {0,...,2" — 1}

ag(x) = ap(Mpin(x)), ap(z) = ap(Mpin(x)), cg(x) = cp(Mpin(x))

(D.9)
It is clear that ag, ag and c¢g can be stored as arrays.
Let z,y € {0,...,2" — 1} such that Myin(y) C Mpyin(z). Then
Mbin(x) \ Mbin(y) = Mbin(x - y) (D]-O)

Proof. First of all, we see that if x,,_1...x9 and y,,_1 ...y are the binary rep-
resentations x and y, then

y; < zj, je{0,....,n—1} (D.11)

so that the subtraction z = x — y produces the binary number z,,_; ... zg, with
zj = x;—1y;. We concentrate now at index j. By enumerating all the possibilities
for z; and y;, one can easily prove that V; € My, (x) \ Myin(y) if and only if
Vi € Myin(z —y). O

(Binary version of the recursion formula):
One has for z € {0,...,2" — 1}

ollzlly —9

cp(e) = ap(z) = Y cnliz(s) aglin(s)) (D.12)

s=0

Proof. Let W C V. We can write the recursive formula for cg(W):

cp(W) = ap(W) = > cu(S) ag(W\ S) (D.13)

SCwW
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We introduce x = M} (W). We write

cE(m) = CE<W> = aE(x)—i—

- Z cu(y) ap(Mpin(z) \ Myin(y)) =
{y€{0,...,.2" =1} Myin () & Mpin () }
= ap(r) — > ca(y) ap(z —y) = (D.14)
{y=yn—1...yoly; <z;,x7#y}
ollzlly —9
=ap(x)— Y cplis(s) ap(z —in(s))
s=0

]

Suppose y is such that Myin(y) & Mpin(z). Then y < z (in the sense of
integers). This implies that if we know c¢g(y) for all y < z, we have all the
information to compute c¢g(z) from the binary recursive formula. This means
that, in practice, we only need to implement a loop over the value of x from 0 to
2™ —1. We put here the pseudo-code that summarizes the algorithm to compute
c.

Algorithm 1 Recursive Linked Cluster
1: procedure RECLINCLU(ag, ag, n)

2: for (1< 0; z<2" x+x+1)do

3: cp(x) < ap(x)

4: Tp < H:L’Hb

5 for (s« 0; s<2® —1; s<s+1)do
6: cp(z) < cp(z) — cp(iz(s)) ap(iz(s))

return cp
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Part Il

Multivaluedness of the
Luttinger-Ward functional and
applicability of dressed
diagrammatic schemes
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In this part of the text we study mathematically diagrammatic dressing, that
is, diagrammatic series built with dressed propagators or dressed vertices. In
particular, we will focus on determining under which conditions this operation is
allowed. This study was motivated by numerical evidence by Kozik, Ferrero, and
Georges [48] that showed that the fully-dressed diagrammatic expansion is unable
to give the correct physical result for strong-enough interactions in some lattice
models, as the physical result belong to another non-perturbative branch (that
we will call KFG branch). This is related to the fact that the map from the bare
Green's function to the full Green's function Gy — G is not one-to-one. These
findings casted doubts on the numerical results obtained using the fully-dressed
formalism, that seemed an uncontrolled method that could even converge to an
unphysical result.

We start to study this problem by presenting a simple toy model that displays
the following phenomenology:

e The Luttinger-Ward of the toy-model presents a (perturbative) bold branch
and a KFG branch: the physical result shifts from the bold branch to the
KFG branch when increasing interaction.

e The fully-dressed (bold) scheme converges towards an unphysical result
when the KFG branch is the physical one.

We then go beyond phenomenology by studying diagrammatic dressing in
a more constructive and systematic way. In practice, we are mainly interested
in understanding when we can use dressed diagrammatic schemes. The natural
framework to study diagrammatic dressing is by using a shifted action, that is,
an action S*) dependent on a complex parameter z such that the Taylor series
in z reproduces term by term the diagrammatic expansion. Essentially, KFG
branching is due to singularities of the shifted action which are created by the
process of dressing. The applicability condition for dressed diagrammatic schemes
is just a condition guaranteeing the analyticity of the shifted action. The main
results of this chapter can be summarized as:

e The proposal of a partially-dressed diagrammatic scheme (called semi-bold)
that does not suffer from the problem of misleading convergence towards
an unphysical result.

e An applicability condition for fully-dressed diagrammatic schemes for lattice
models. If this condition is verified, then the bold scheme cannot converge
towards an unphysical result.

In this chapter, we will use the word “bold” and “fully-dressed” interchange-
ably:
“bold” = “fully-dressed” (1)
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1 Introduction and overview

Diagrammatic dressing is a powerful tool that allows to use partially (or fully)
dressed objects as basic building blocks for perturbative expansions. It allows
one to obtain non-perturbative results by selecting the class of diagrams which
corresponds to the most important physical effect. Moreover, in some situations,
diagrammatic dressing is not only useful, but mandatory, in order to have a well-
defined model. For example, in order to define the Unitary Fermi gas, one must
first sum up ladder diagrams to infinite order. Another example of mandatory
diagrammatic dressing is the screening of long-range interactions: In order to
take the thermodynamic limit one has to sum up particle-hole bubble diagrams
to infinite order.

It is often useful to express the diagrammatic expansion in terms of the fully-
dressed propagators. This is the natural thing to do in certain regimes. For
example, Landau's Fermi liquid theory predicts the low-energy low-temperature
properties from the interaction between a dilute liquid of quasi-particles, which are
defined in terms of the fully-dressed one-particle Green's function. It is expected
in this regime that using fully-dressed propagators enhances the convergence
properties of the diagrammatic series. Indeed, the interaction between quasi-
particles is expected to be weak as the density of quasi-particles is small, even
if the bare interaction of the model is not small (this “emergent smallness” is
explicitly used within Bold Diagrammatic Monte Carlo in [31]).

We start this chapter by giving a definition of bold series in Section [2.1]
We would like to underline the power of some of the techniques introduced in
this Section: Instead of using Feynman diagrams, we prefer to use functional
techniques and formal power series. The naturalness of this formalism allows us
to give rigorous proofs without effort.

One may ask if diagrammatic dressing is an allowed operation from a mathe-
matical point of view. Certainly, the justification of the operation is not obvious
a priori. We are moving an infinite set of diagrams from a non-absolutely con-
vergent series, so that the Riemann rearrangement theorem implies that one can
get an arbitrary result by reshuffling diagrams. It was found in [48] that the bold
series, built on fully-dressed propagators, does not always converges to the phys-
ical result. As it is used to give a constructive definition of the Luttinger-Ward
functional, this implies that this functional has (at least) two branches. This
finding is summarized in section [2.2|

These results casted serious doubts on numerical diagrammatic schemes that
used dressed series, and in particular on Bold Diagrammatic Monte Carlo, which
uses explicitly the bold series. In particular, there are numerical evidences [126]
that the following (catastrophic) scenario is possible: The bold scheme converges
misleadingly towards an incorrect result. This is discussed in Section 2.3
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In order to gain insight into the problem, we decided to study the simplest
toy-model for fermionic Feynman diagrams, in which all diagrams contribute
with the same absolute value. This is the subject of Section [3] The KFG
branching phenomenology of Section is found in a completely explicit way,
see Section [3.3] We also explicitly prove in Section that in this toy-model
the misleading convergence scenario described in Section is present for high-
enough interaction strength.

We then decided to undertake the task of the justification of diagrammatic
dressing. Bare diagrammatic series are simple Taylor series in the bare coupling
constant, and their properties are directly connected to the analytical properties
of thermodynamical quantities as a function of the coupling constant. We would
like to do the same for dressed diagrammatic series. We introduced an artificial
coupling constant such that the dressed series is a simple Taylor expansion built
with a modified action, a “shifted” action. This is presented in section |4.1]

The KFG branching is due to the additional non-physical singularities that are
created by the process of diagrammatic dressing. In our formalism, it is natural
to identify them as singularities of the shifted action. Therefore, if the action
is analytical, dressed diagrammatic series are subject to the same applicability
condition of the bare diagrammatic series: if they converge, they converge to the
right result.

We first propose a particularly convenient partially-dressed diagrammatic
scheme for which the shifted action is a polynomial (and therefore an entire
function). Hence, it does not suffer from the misleading convergence problem:
if it converges, it must converge towards the physical result. In this scheme one
uses the propagators obtained by stopping the self-consistent bold procedure at
order M, and using them as basic building blocks. For this reason, we call it
semi-bold. We introduce it in Section [4.2]

Finally, in Section [5] we derive a sufficient applicability condition that, if satis-
fied, guarantees that the catastrophic misleading convergence of the bold scheme
is not possible. This condition is sharp for the toy-model of Section[3| This result
justifies the application of the Bold Diagrammatic Monte Carlo scheme, which is
based on a stochastic sampling of the bold series, in some regimes of the phase
diagram of lattice models.

2 The dangers of dressing

Diagrammatic dressing, as we have seen, is a powerful tool. A particularly elegant
dressing is obtained by using fully-dressed propagators. This gives rise to bold
diagrammatic series, that we will denote as “bold” (the bold coming from the
historical graphical representation of Feynman diagrams). We introduce the bold
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series in subsection 2.1} One is led to believe that the convergence properties
are always better when we increase the number of resummed diagrams used
in the dressing procedure. Unfortunately, it is found that fully-bold dressing
can drastically change the analytical structure. The analytic continuation of
the bold series defines only one of the branches, there are additional branches
of the self-energy (the KFG branches, from Kozik, Ferrero and Georges, see
subsection , and, most importantly, the physical result can be on the non-
perturbative KFG branch for strong enough interaction. Moreover, the bold
scheme can still converge to something (unphysical) when the physical result is
on the KFG branch (subsection [2.3). This is the real danger of diagrammatic
dressing: misleading convergence towards an unphysical result.

The phenomenology described in Section[2.2|was found by Kozik, Ferrero and
Georges [48], and reproduced with a simple toy model in Article 3 [127], while
the phenomenology of Section was first seen numerically for the Hubbard
model [126]. We can explicitly prove that the misleading convergence is also
present for the toy model of Article 3 (see Section [3)).

2.1 The formal definition of the bold series

We use the functional integral representation in terms of Grassmann integrals.
For definiteness, we consider the Hubbard model, the generalization is without
difficulty. We consider the action

8 8
SO@, o] == —Z/O dr @U(P,T)(Gol%)(rﬁ)ﬂLUZ/o (Brer@up)(x, 7)
) r @)

where (r,7) € Z% x [0, 3] denotes a space-(imaginary)time coordinate. Gy
stands for the inverse, in the sense of operators, of the free propagator. We
introduce the Green's function

-1 —sW) r. 73
G(r,7) = — (s (r,7)p,(0)) == _ID[%}p]pe[@ @}ii(s&n )@ (0) 3)

In order to manipulate diagrammatic series, it is very convenient to use a
functional approach. Then, the diagrammatic expansion is a simple Taylor series
of some complex parameter z. Diagrammatic dressing in this formalism is simply
obtained by using z-dependent functionals. This allows to prove diagrammatic
identities in a completely formal (and rigorous) way, without discussing Feynman
diagrams.

GG can be expanded in a formal U series, the terms of which are computable
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in terms of connected Feynman diagrams involving G
=Go+ Z UG = G[Go, U] (4)

from which we can define the formal functional G = G[Gy,U]. The relation
between GGy and G can be inverted in the ring of formal power series and we can
write

Go = Go|G, U] : G+ZU” GG (5)
The self-energy is defined by the operator equation
Yo=Gyl -Gt (6)

We introduce the formal functional Xy, as
Share [ Go, U] = G = (G[Go, U Z U" Share[Go (7)

From a diagrammatic point of view, Yp..[Go, U] has only diagrams that after
cutting one G line, remain connected. We express the self-energy in terms of
the bold propagator (G, this can be done at least in the ring of formal power
series

Ybold |G, U] = Ypare[Go |G, U], ZUn bl G (8)

or, more explicitly:

(Bold formal power series functional):

Ybold[G5 U] = Zpare[(G™1 4 Zpoid[G, U] 1, U] (9)

We give explicit expressions for the first two terms:

SboalG] = Siare ] (10)
2l (G
£2u06) = 22,16 - el 50 1y (1)

The bold self-energy functional ¥y04[G, U] has a simple description in terms of
Feynman diagrams: only diagrams that remain connected after cutting two G
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lines have to be considered. The self-energy is not the only quantity that one
can “boldify”. The bolidification of the grand-canonical partition function leads
to the Luttinger-Ward functional. The formal U series for the Luttinger-Ward
functional ®[G, U], that we call ®poq[G, U], can be related to that of ¥,4 by

the relation

1 6®poa[G, U] .
T% — Ebdd[G, U] (12)

2.2 The Kozik-Ferrero-Georges branch of the Luttinger-
Ward functional

Formally, the perturbative (bold) definition of the Luttinger-Ward functional is
universal, in the sense that it does not depend explicitly on the bare propagator
Go. The numerical value associated to the formal power series definition of
Ybold[G, U] (or Ppeiq) defines a function in a (hopefully) non-zero neighborhood
of the U origin, at least for lattice models. This function should not be expected
to be analytic everywhere in the U complex plane, one might expect singularities
due to phase transitions in the real U axis or other instabilities for complex U.
It was found by Kozik, Ferrero and Georges [48] that in the Hubbard model
near half filling (and many other models given the universality of the Luttinger-
Ward functional) the process of “boldification” adds other singularities, which are
found on the real U axis but are not associated to physical phase transitions. @
Remarkably, they found that the bold self-energy converges to an unphysical
answer when evaluated with the true Green's function G (calculated by other
means) when the interaction strength U is strong enough. This implies the
existence of another branch of the self-energy functional different from X4, the
“Kozik-Ferrero-Georges” branch, denoted by Ykrg. Schematically, one has: [¥]

(KFG branch of the self-energy functional):

2bold [G(U), U] 0 < U < Ukre

SerclGU).U] U > U (13)

> = S[GU), U] = {

where G(U) is the physical Green's function.

43In the shifted-action formalization of diagrammatic dressing, these singularities correspond
to singularities of the shifted action itself.

4\We admit here, for simplicity, the existence of only one KFG branch. This does not
seem the general case, in fact in [128] an infinite number of KFG branches were found in
many models. This is related to divergences of a vertex function, which is the functional
derivative of X with respect to G, which just means that the function Gy — G is not injective,
see[129, 130].
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One has also that the point U = Ukgg must be an non-analytic point for
Y = X[G, U], the self-energy expressed as functional of G and U. U = Ukgg
is not a singular point for Xyae[Go, U] (the self-energy expressed in terms of G
and U), or for other correlation functions to our knowledge.

All the discussion translates directly to the Luttinger-Ward functional point
of view as we have by definition

150G, U]

TG (14)

Therefore, one has{z_gl:

(KFG branch of the Luttinger-Ward functional):

Ppold [G(U)7 U] 0 < U < Ukrg

(I)LW[G(U)? U] = { (I)KFG[G(U), U] U > Ukrc (15)

where G(U) is the physical Green's function.

This finding is of fundamental importance for self-consistent quantum many-
body methods, and in particular for Bold Diagrammatic Monte Carlo, which uses
explicitly the bold self-energy functional.

2.3 Misleading convergence of the bold scheme

It turns out that the situation is potentially even more problematic for Bold Dia-
grammatic Monte Carlo. The natural question one could ask is: What happens
to the bold iterative scheme when the bold branch becomes unphysical? One
is led to hope that the bold diagrammatic scheme simply does not converge,
so that it would be easy to know the applicability region of the bold procedure.
However, it was found that in the Hubbard model [126] the bold scheme can
converge towards an unphysical result. We have explicitly proved that this also
happen in a simple toy model (see Section [3.4)).

In Bold Diagrammatic Monte Carlo calculations in essence one aims at com-
puting the Green's function G by a sequence of approximate Green's functions
Gy, N €{0,1,2...}. We define the self-energy sequence (we do not consider
here resummation):

N
N ~ n n ~
S G, U] = > U™ 500, [G] (16)

n=1

45See footnote
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The Green's function sequence G is obtained by imposing the Dyson equation:
Gy' =Gy — S5 G U] (17)

G is defined by the infinite A/ extrapolation of Gy

Gy — G (18)

N =00

if the limit exists. At this point, we would like to identify G with G, but this is
not always true:

(Misleading convergence): Suppose that G N G. One has
— 00

é not a:lways G (19)

This is the phenomenon of misleading convergence: one has a converging
bold procedure Gy — G, but G # G.

3 An insightful model

We have seen in Section [2] that Kozik, Ferrero and Georges numerically discov-
ered mathematical difficulties with the bold formalism. They studied not only the
Hubbard model in two space dimensions, but also simpler models -the Hubbard
atom and the Anderson impurity model- for which there is no spatial coordinate.
Here we consider an even simpler toy model for which there is no imaginary-time
coordinate either (Article 3). It can be interpreted as the simplest Feynman dia-
grammatic toy model for fermions. As the Luttinger-Ward functional is universal,
one could hope that this model captures the qualitative phenomenology. It is
found that the mathematical phenomena of KFG branching appear from elemen-
tary algebra. A similar idea was also followed in [131] starting from spin-less
fermions, where an extra parameter was introduced to obtain a non-Gaussian
theory [

This section is based on Article 3 and unpublished extensions. The outline
is the following. We start by introducing the Feynman diagram definition of the
toy model and its functional integral representation (3.2). We show then
that

46\With 1) and v as Grassmann variables one only can form quadratic actions.
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e The self-energy functional has two branches (bold and KFG). The “bold”
branch gives the physical result for interaction strength smaller than |Ukgg|
(3.3), while we get an unphysical result when we evaluate the bold series
with the true Green's function for |U| > |Ukgg|. This is the phenomenology

of Section 2.2

e We prove that a Bold Diagrammatic Monte Carlo scheme applied to this
model would converge to an unphysical result for |U| > |Ukgg| (3.4). This
is the phenomenology of Section [2.3]

3.1 Feynman diagrams definition

We wish to study what one obtains when considering Feynman diagrams with a
weight —1/p for each propagator line, and a weight U for each two-body interac-
tion vertex between different spin particles. There is no space-time dependence
in this model, the space-time fields are numbers. We keep only the fermionic
formula for the sign of the diagram, which states that the sign of the diagram
is determined by the parity of the number of loops for a given spin component
o € {1,]}. For example, for the Green's function G

G-t X 1 (<) cor @)

o DeFy (n) :

where D € Fg)(n) means that D is a n-th order diagram for the (connected)
Green's function, and L(D) is the number of spin up and spin down loops.

3.2 Grassmann integral representation

We introduce an action S depending on four Grassmann variables ¢, ¢,, 0 €

{4}
S[@o, ol = —11 > Got0s + U Gror@yoy (21)

it and U are dimensionless parameters that play the roles of chemical potential
and interaction strength. We can compute a “partition function” Z with this

action
Z = / (H d%d@g> es (22)

and a corresponding propagator

G = <95US00> = %/ <H d(padg00> e ® PoPo (23)
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A simple application of the Feynman rules shows that

The action S reproduces the diagrammatic series described in 3.1

In what follows we will use the Grassmann representation as it is easier in this
framework to perform computations.

3.3 The KFG branch of the toy model
Restricting to U < 0, we find that:

e The mapping Gy — G(Gy, U) is two-to-one and hence the function G —
¥(G,U) has two branches.

e The bold series Ypo1a(G, U), evaluated at the exact G(u,U), converges
to the correct branch for |U| < |Ukgg|, where Ukrg := —p?, and to the
wrong branch for |U| > |Ukgg|.

This can be derived very directly from the above definitions. Expanding the

exponentials in Eqgs. (2223)) yields

Z(n,U) = > =U (24)
1
= 2
The propagator for U = 0 is
1
G = —. 26
o(1) 7 (26)

The self-energy ¥, defined as usual by the Dyson equation G~' = G;' — %,
reads
U
We note that for U > 0, an obvious pathology appears in this model around
U = p? namely, Z changes sign, and G diverges. Therefore we restrict to
U <0.

Eliminating p between Egs. , gives
Go

GG U) =g
0

(28)

The map Gy — G(Gy, U) is two-to-one, because the GGy's that correspond to a
given (G are the solutions of the second order equation

UGGi+ Gy —G =0, (29)
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which has the two solutions

—1£V1+4UG?

(%) _

GG, U) e (30)
These solutions are real provided (G, U) belongs to the physical manifold
{(G(,U),U)}; indeed,

AU|G(p, U)* < L. (31)
The corresponding self-energies (given by the Dyson equation) are
—1+v1+4UG?
(G, U) = Uy (32)

2G

The correct self-energy ¥(u, U) is recovered from X()(G(u, U), U) provided one
takes the determination

s = sign(u® — |U]). (33)

We turn to a discussion of the bold diagrammatic series ¥y,01q(G, U) for the
self-energy ¥ in terms of fully dressed propagator G and bare vertex U. We
find that Y,04(G, U) is the U—0 Taylor series of X(*)(G, U). Before deriving
this, we note that, obviously, Y¥,,4(G,U) can never be the Taylor series of
Y()(G,U), since the former vanishes at U = 0 while the latter does not. For the
derivation, it is convenient to introduce g := \/WG and gp := \/WGO, so that
Eqs. (28[30) simplify to g(go) = g0/(1+63) and g5 (9) = (1F /1 — 4g%)/(29).
The key point is that gé+)(g(go)) = go, where the symbol = means equality
in the sense of formal power series. This is because the inverse mapping of
9(go) is g(()+)(g) for small gy and g. Let us then denote by Y..(Go,U) the
diagrammatic series for the self-energy in terms of bare propagators and vertices.

Setting Ebold(G7 U) = |U|Ubold(g> and Ebare<G07U) = |U’O’bare(go), a
defining property of oy01q is that obe1a(9(g0)) = Obare(go). In the present toy
model, we simply have Yy...(Go,U) = U Gy, i.e., opae(go) = —go. Hence,

Ubold(g) = — g(()+)(g), i.e., Zbold(Ga U) = UGE)-H(G, U) = E(+)(G, U)

It is natural to evaluate the bold series at the exact G(u,U). The obtained
series always converges, as follows from the inequality . The convergence
is always to () (G(u, U),U), which as we have seen is the correct result for
|U| < p?, and the wrong one for |U| > 2. The convergence speed is slow for |U]
close to 2, and gets faster not only in the small |U]| limit, but also in the large
|U| limit. This is qualitatively identical to the numerical observations of Kozik
et al. in non-zero space-time dimensions. We note that the series converges
even at the critical value |U| = p?, albeit very slowly (the summand behaving as
1/n3/? for large n); at this point, the boundary of the series’ convergence disc is
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Ui

Figure 6: The two branches of the self-energy ¥, multiplied for convenience by
G, as a function of the interaction strength |U|, for fixed p. Dotted line: exact
self-energy Yexact = X(u, U), dashed line: bold series Yp0q(G, U). The upper
branch corresponds to X(*)(G,U), the lower branch to X(7)(G,U). Here, G
stands for the exact G(u,U).

reached. Explicitly, expanding the square root in Eq. yields
— (=)' (2n - 2)

Shota (G, U) =) e (34)
We can therefore write:
(KFG branch of the toy model): For U < 0 one has
Zb°|d<G U) ’U| S |UKFG‘
(G U) = ’ 35
( ) { Ykre(G,U) U] > Uk (35)
with Ukrg = —u2, Tpod is the Taylor series in U of the function
YH)(G,U), and we defined Ykrg := %), where
—1E£V1+4UG?
S4(G,U) = ; G* . (36)

In Figure we plot the quantity X G, which, for the exact ¥, is equal to
U times the double occupancy (pro+@ ), versus |U]| for fixed p. The picture
is qualitatively identical to Fig. 2(a) of Kozik et al.

Geometrically, the mapping U +— (G, U) can be viewed as single-valued on
a two-sheeted Riemann-surface with a branch point at —1/(4G?). Let us vary
U from 0 to —oo for fixed p. For small |U|, the point U is far away from the
branch point and the bold series converges quickly. The result corresponds to the
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correct Riemann-sheet. Upon increasing |U|, the point U and the branch point
—1/(4G?(u, U)) both move leftwards. The point U catches up the branch point
when |U| = |Uxgg| = p?. For larger |U|, U is again to the right of the branch
point, and the bold series converges again, but the result corresponds to the
wrong sheet. In principle, the correct result can be recovered from ,,4(G, U)
by analytic continuation along a path where U rotates once around the branch
point. We point out that in the present zero space-time dimensional model, both
branches G(()i)(G, U) are physical in the sense that they are the non-interacting
propagator for certain parameters of the model. This is not the case for the
Hubbard atom and the Hubbard model [48].

3.4 Misleading convergence of the bold scheme within the
toy model

In this section, we show that the possibility described in Section 2.3} that is,
the convergence of the bold scheme towards an incorrect result, it is realized
in the toy model. E] This possibility was first found numerically within a Bold
Diagrammatic Monte Carlo simulation of the Hubbard model [126].

The truncated Dyson equation is

N 1 1
Tosa (G U) = G = & (37)

Using the re-scaled variables g, gy and o defined in the previous section, this can

be rewritten: ) )
<N/~
oo (GN) = — — — (38)

One has for 0 < z < 1/2:

“— nl
and N
Ut()flév)(x) = - Z % 2l (40)
n=1
We introduce
ha(x) = o5y (x) + i h(z) = Oboa() + % (41)

#7This interesting fact was discovered numerically and then proved by F. Werner [I32]. In
this section we present an alternative derivation.
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so that the Dyson equation (38) can be written

har(Gn) = — (42)

We consider gg > 0 and gy from now on.

ha(z) is a continuous function that for x € (0,00) that takes values in
(—o0,00), therefore the equation hy(ga) = 1/go > 0 has always a solution.
Moreover, hx(x) is a monotonically decreasing function of x, therefore the so-
lution is unique. We have therefore shown that

For every go and V|, there exists a unique gar(go) solution of .

One has that h(x) is a monotonically decreasing function of A/. This implies
that the positive sequence gnr is monotonically decreasing with N, therefore it
converges to a non-negative number. Hence, one has

One has gy | g > 0 as N — oo, for every gy > 0.

We have seen that the bold scheme g\ always converges monotonically to
some value §. Suppose g > 1/2. Using the monotonicity of hyr, we have

ha(gw) < ha(9) (43)

but the right hand side tends to —oo as A goes to infinity.
Suppose § < 1/2. There exists N* such that for all ' > N*, one has
gnv < (1/2+ g)/2. We have therefore for N > N*

1 1

o0 o0
~on—1 ~on—1
—=——+ z:g/\’/I Tbold,2n—1 — Z IN~ Obold,2n—1 (44)
9o 9N~ n=1 n=N+1

In the second term of the equation we can apply the Lebesgue dominated con-
vergence theorem for the A/ — oo, while the third term can be bounded by

o0 o0
Z G Oboldan—1| < Z 2_2n+1\0bold,2n—1\Njoo0 (45)
n=N+1 n=N+1

so by taking the N' — oo we have for g < 1/2

1 1
— = Obold(9) + = 46
- oul) + 1 (46)

which gives the correct result for 0 < gg < 1. For g9 > 1, the only possibility is
therefore g = 1/2:
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(Misleading convergence of the bold scheme): The bold scheme always
converges monotonically gar N g € RT. One has
—00

-]y for go <1
g %%g for go > 1

The bold scheme always converges to § = 1/2 for gy > 1, which is the wrong
result for go > 1.

(47)

4 Semi-bold scheme: partial dressing with no
misleading convergence

Diagrammatic dressing is the process of expressing the diagrammatic series in
terms of dressed objects, which are built by re-summing some class of diagrams.
The use of renormalized objects can be very useful in some physical situations,
and even mandatory when the bare expansion is ill-defined. Here we present a
discussion of dressing by the use of a shifted-action expansion (Article 4 [87]),
that allows to formalize diagrammatic dressing in a convenient framework, and
to justify diagrammatic dressing.

The idea behind shifted-action expansions is very simple: we want to intro-
duce an action such that the Taylor expansion in some parameter reproduces
order by order the dressed expansion. After having given a formal definition of
the shifted action (Section , we present the semi-bold scheme in Section .

4.1 Shifted-action expansion

We consider a generic fermionic many-body problem described by an action

Sl, ] = =Gy W) + Sinc[t), V] (48)

where 1, 1) are Grassmann fields [133], and we use bra-ket notations to suppress
space, imaginary time, possible internal quantum numbers, and integrals/sums
over them, e, (¥|Gy'[Y) denotes the integral/sum over r, 7 and o of
Vo(r,7) (Gootho)(r, 7). Gy’ stands for the inverse, in the sense of operators,
of the free propagator. The full propagator G and the self-energy X are related
through the Dyson equation G~! = G;* — X. The bare Feynman diagrammatic
expansion corresponds to perturbation theory in Sy. In order to generate a dia-
grammatic expansion built on a partially dressed single-particle propagator G,
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we introduce an auxiliary (shifted) action of the form

SV [, 6] = —(WIC A (E)1) + ESualth, V), (49)

where .
Gon(&) = G+ €A + ...+ VA, (50)
& is an auxiliary complex parameter, and A, ..., Ay are appropriate operators.

G is the single particle propagator for S/(\?ZO). At £ # 0, one can still view Gr
as the free propagator, provided one includes in the interaction terms not only
& Sint, but also the quadratic terms (1)|£"A,|1¢). Accordingly, £ is interpreted as
a coupling constant, and the £"A,, acquire the meaning of counter-terms. These
counter-terms can be tuned to cancel out reducible diagrams, thereby enforcing
the dressed character of the diagrammatic expansion. A natural requirement is
that Sj(é:l) coincides with the physical action .S, i.e., that

N
Gy + ) A =Gyl (51)

n=1

For given Gy, this should be viewed as an equation to be solved for Gy (it is
non-linear if the A,,’s depend on G,r). The unperturbed action for the dressed

expansion, <w\éj(/1]w>, is shifted by the A,,'s with respect to the unperturbed
action for the bare expansion, (¢|Gy'|v).
We can then use any action of the generic class for producing physical

answers in the form of Taylor expansion in powers of £, provided the propagator
G and the shifts A,, satisfy Eq. . More precisely, consider the full single-

particle propagator Gxr(&) of the action S\ and the corresponding self-energy
En(€) = Gon(€) — G (9): (52)

Note that since Sj(ézn = S5, we have Gyr({=1) = G and hence also X/(£=1) =
Y. We assume for simplicity that ¥,r(€) is analytic at £ = 0, and that its Taylor
series > 7, E(N”) [CJN] £", converges at & = 1. We expect these assumptions
to hold for fermionic lattice models at finite temperature in a broad parameter
regime, given that the action S/(f/) is analytic in & [46] [134] 28, 29, [33] [135] 31].
Then, since Sj(é) is an entire function of &, we can conclude that

x = i NEllel] (53)

n=1

i.e., the physical self-energy is equal to the dressed diagrammatic series.
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This last step of the reasoning can be justified using the following presump-
tion: Let D be a connected open region of the complex plane containing 0.
Assume that S©) is analytic in D, that the corresponding self-energy (&) is
analytic at € = 0, and that ¥(¢) admits an analytic continuation (&) in D.
Then, ¥ and 3 coincide on D. This presumption is based on the following ar-
gument: Since S© is analytical, if no phase transition occurs when varying &
in D, then X(§) is analytical on D, and by the identity theorem for analytic
functions, X and ) coincide on D. If a phase transition would be crossed as
a function of £ in D, analytic continuation through the phase transition would
not be possible [136], contradicting the above assumption on the existence of .
Applying this presumption to (&) := >°° 25\7}) (G €7, which has a radius of
convergence R > 1 (from the Cauchy-Hadamard theorem), and taking for D
the open disc of radius R, we directly obtain Eq. provided R > 1. If R=1,
we can still derive Eq. , using Abel's theorem and assuming that X, * (§)
is continuous at =1, which, given that the action is entire in &, is generically
expected (except for physical parameters fined-tuned precisely to a first-order
phase transition, where ¥ is not uniquely defined).

4.2 Semi-bold scheme

We first focus on the choice

An = (Gl (54)
where zg’g)ld[g] is the sum of all bold diagrams of order n, built with the prop-
agator G and the bare interaction vertex corresponding to Sy, that remain
connected when cutting two G lines. This means that G, is the solution of the
bold scheme for maximal order A, cf. Eq. (51)). For a given N, higher-order
dressed graphs can then be built on G . The numerical protocol correspond-
ing to this ‘semi-bold’ scheme consists of two independent parts: Part 1 is the
Bold Diagrammatic Monte Carlo simulation of the truncated order-N bold sum
employed to solve iteratively for G satisfying Egs. ( . D Part 2 is the dia-
grammatic Monte Carlo simulation of higher-order terms, ZN GN n > N, that
uses G as the bare propagator. Note that here A is fixed (contrarily to the
conventional bold scheme discussed below), and the infinite-order extrapolation
is done only in Part 2.

The Feynman rules for the semi-bold scheme are as follows:

SWIGN] = S0 [Ga] for n <N (55)

while for n > N + 1, E(Nn) [Gly] is the sum of all bare diagrams, built with G
as free propagator and the bare interaction vertex corresponding to Si,;, which
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do not contain any insertion of a sub-diagram contributing to E](ng[éj\[] with
n < N. Indeed, each such insertion is exactly compensated by the corresponding
counterterm. To derive Eq. , we will use the relation
Sa(€) = D BialGar(©))€" (56)
n=1
where = stands for equality in the sense of formal power series in &, and we will
show the proposition
k

Z Eloold Gn] € +0(H) (Pre)

n=1
for any k € {0,..., N + 1}, by recursion over k. (Pri—o) clearly holds. If (Pry)
holds for some k < N, then we have G (§) = G + O(£F1), as follows from

Eqgs. (52), and (54)). Substitution into Eq. then yields (Pry1).

5 Applicability of the bold scheme

We turn to the conventional scheme in which diagrams are built on the fully
dressed single-particle propagator. The corresponding numerical protocol is iden-
tical to Part 1 of the above one, with the additional step of extrapolating N to
infinity, as done in [42, 12} 33] [135, [31]. Accordingly, we assume that the ‘bold
sequence’ Gy converges to a limit G when N — co. The crucial question is
under what conditions one can be confident that G is the genuine propagator G
of the original model. The answer comes from the properties of the sequence of
functions L (€):

(Applicability of the bold scheme): Let us define

N
LY = uilGal e (57)
n=1

Let us show that G = G holds under the following sufficient condi-
tion:

(i) for any £ in a disc D = {|{] < R} of radius R > 1, and for all
(p,7), Lf\éf) (p,T) converges for N'—o00; moreover this sequence is
uniformly bounded, i.e., there exists a function Ci(p, ) such that
V¢ € D YN, p.7), LY (p.7)] < Ci(p, 7); and

(i) Gar(p,7) is uniformly bounded, i.e., there exists a constant C,
such that for all (N, p,7), |Gy (p, 7)| < Cs.
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Our derivation is based on the action

5§ = lim S, (58)
Clearly,
S = (|G + LO [9) + ESim (59)
with
LO(p,7) = lim LY(p.7). (60)

Since 5 = S, we have SV = 5, and thus G (€=1) = G where G (¢)
is the full propagator of the action 5.
We first observe that L(€)(p, 7) is an analytic function of £ € D for all (p, 7),
and that Lo
ol pe )| = BlCle. ). (61)
This follows from conditions (i,ii), given that momenta are bounded for lat-
tice models. Indeed, for any triangle 7 included in D, def Lﬁff)(pﬂ') = 0.
Thanks to condition (i), the dominated convergence theorem is applicable, yield-
ing ¢ d¢ L®(p,7) = 0. The analyticity of & — L (p, ) follows by Morera's
theorem. To derive Eq. we start from

19" (9 v A
nl 8_£"LN (p,T) o = Zbold[GN](paT)- (62)

By Cauchy’s integral formula, the I.h.s. of Eq. equals

1/(2im) §, d€ LY (p,7)/¢"" where C is the unit circle. Using again condi-
tion (i) and the dominated convergence theorem, when N —o0, this tends to
1/(2im) §,d§ L© (p,7)/€" ™, which equals the Lh.s. of Eq. . To show that
E](D?ld [Gx](p, 7) tends to Zggd [G)(p, T), we consider each Feynman diagram sep-
arately; the dominated convergence theorem is applicable thanks to condition (ii),
the boundedness of the integration domain for internal momenta and imaginary
times, and assuming that interactions decay sufficiently quickly at large distances

for the bare interaction vertex to be bounded in momentum representation.
Hence

L9 =% Sl €. (63)
n=1

As a consequence, the action S© generates the fully dressed bold series built on
G, ie., its self-energy Y (&) has the Taylor expansion > zﬁ’;}d[a} £", and
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the Taylor series of G, (§) reduces to the {-independent term G. This can be
derived in the same way as Eq. , by showing by recursion over k that for
any k>0, $..(€) = S2F_ 5 [G] €* + O(£41). Furthermore, having shown
above the analiticity of L) e, of S we again expect that G, () is analytic
at £ = 0 (for fermions on a lattice at finite temperature), and we can use again
the above presumption to conclude that G (6 =1) =G =G.

6 Conclusions and outlook

In this part of the dissertation we have studied the problem of diagrammatic
dressing. Kozik et al. have found that the Luttinger-Ward functional has multiple
branches, and the perturbative “bold” branch cannot always give the physical
result. Inspired by this, we have studied a toy model for fermionic Feynman
diagrams which has this phenomenology. Moreover, we have proven that the
misleading convergence of the bold scheme towards an unphysical result (for
which there was numerical evidence [126]), does happen for the toy model.

After having gained insight with the toy model, we went beyond phenomenol-
ogy. We have first shown that for a large class of partially dressed schemes (con-
taining the semi-bold scheme), misleading convergence cannot happen. For the
bold scheme, we have provided an applicability theorem that guarantees that the
misleading convergence is impossible if a condition is satisfied.

The semi-bold scheme seems a very good candidate for the substitution of
the bold scheme when the latter cannot be applied. For example, the 1-semi-
bold scheme was successfully applied for the Hubbard model in Article 1, and it
converges much faster than the bare scheme.

The applicability theorem only works when we are inside the radius of con-
vergence, therefore it would be interesting to generalize the arguments leading
to the result when we are outside the radius of convergence. In particular, it
would be useful to generalize the applicability theorem to continuous-space mod-
els (e.g. the unitary Fermi gas), where the radius of convergence is zero. This
would add to the mathematical justification of the Bold Diagrammatic Monte
Carlo approach for the unitary Fermi gas presented in Part |.
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CrossMark
Abstract
Recently, Kozik, Ferrero and Georges discovered numerically that for a family
of fundamental models of interacting fermions, the self-energy »[G] is a
multi-valued functional of the fully dressed single-particle propagator G, and
that the skeleton diagrammatic series Y14 [G] converges to the wrong branch
above a critical interaction strength. We consider the zero space-time
dimensional case, where the same mathematical phenomena appear from
elementary algebra. We also find a similar phenomenology for the fully bold
formalism built on the fully dressed single-particle propagator and pair
propagator.

Keywords: Luttinger-Ward functional, Feynman diagrams, self-consistent
quantum field theory

(Some figures may appear in colour only in the online journal)

In quantum many-body physics, an important role is played by the self-consistent field-
theoretical formalism, where the self-energy X is expressed in terms of the exact propagator G
(see, e.g., [1] and Refs. therein). In a recent article, Kozik, Ferrero and Georges numerically
discovered mathematical difficulties with this formalism [2]. They studied not only the
Hubbard model in two space dimensions, but also simpler models—the Hubbard atom and
the Anderson impurity model— for which there is no spatial coordinate. Here we consider an
even simpler toy-model for which there is no imaginary-time coordinate either. This idea was
also followed in the very recent article [3]. For fermionic many-body problems, the partition
function can be written as a functional integral over Grassmann fields in (d + 1) space-time

1751-8113/15/485202+06$33.00 © 2015 IOP Publishing Ltd Printed in the UK 1
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dimensions (d spatial coordinates and one imaginary-time coordinate) [4]. Accordingly, we
consider the zero space-time dimensional model defined by a ‘partition function’ given by a
simple Grassmann integral,

Z:fifld%d%)e”*%] o)

with the action

S[&y @1 = —n2 8% + Vg8 @
and a corresponding propagator
1 501 =
G = <@U@0> = 7 f(n d(pgdg_%) eSenl g o 3)

Here 0 € { T, | } is the spin index, while x and U are dimensionless parameters that
play the roles of chemical potential and interaction strength. Diagrammatically, the Feynman
rules for the present toy-model are analogous to the ones of the physical (d 4+ 1) dimensional
models, with the simplification that space-time variables are absent and that the propagators
are constants

In this exactly solvable toy-model, we observe a similar phenomenology than the one
found by Kozik et al in non-zero space-time dimensions. More precisely, restricting toU < 0,
we find that:

* The mapping Gy — G (Gy, U) is two-to-one and hence the function G — X (G, U) has
two branches.

* The skeleton series X014 (G, U), evaluated at the exact G (1, U), converges to the correct
branch for |U| < 2, and to the wrong branch for |U| > p2.

This can be derived very directly from the above definitions. Expanding the exponentials
in equations (1) and (3) yields

Z(p, Uy=p2 - U C))

Iz
W —=u
The propagator for U = 0 is

G(p. Uy =

(&)

1
Go(p) = —. ©)
I

The self-energy ¥, defined as usual by the Dyson equation G~! = G; ! — X, reads

mmw:%. ™)

We note that for U > 0, an obvious pathology appears in this model around U = 1i?;
namely, Z changes sign, and G diverges. Therefore we restrict to U < 0.
Eliminating ;. between equations (5, 6) gives

Gy

(G0 V) =4z

®

The map Gy — G (G, U) is two-to-one, because the Gy’s that correspond to a given G are
the solutions of the second order equation
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UGG+ Gy— G=0, )

which has the two solutions

1+ 1 +4UG?

GG, U) = — 10

0 ( ) UG (10)
These solutions are real provided (G, U) belongs to the physical manifold { (G (i, U), U) };
indeed,

4|U|G(u, UY* < 1. (11)

The corresponding self-energies (given by the Dyson equation) are

-1+ 1 +4UG?

S&E(G, U) = e

12)
The correct self-energy ¥(p, U) is recovered from X (G (i, U), U) provided one takes the
determination

s = sign(,u2 - |U|) (13)

We turn to a discussion of the skeleton diagrammatic series Xy04(G, U) for the self-
energy ¥ in terms of fully dressed propagator G and bare vertex U. We find that ¥,,4(G, U)
is the U — 0 Taylor series of X (G, U). Before deriving this, we note that obviously,
Yhoid (G, U) can never be the Taylor series of () (G, U), since the former vanishes at U = 0
while the latter does not. For the derivation, it is convenient to introduce g := m G and
& = \/m Gy, so that equations (8, 10) simplify to g(g)) = go/(l + goz) and
2P @) =0 F 1 -4 )/(2g). The key point is that g\ (g (g,)) = gy, Where the symbol
= means equality in the sense of formal power series. This is because the inverse mapping
of g(gy) is gé“(g) for small gy and g. Let us then denote by ¥y, (Go, U) the diagrammatic
series for the self-energy in terms of bare propagators and vertices. Setting
Zboia(G, U) = U 0boia (8) and Eiure (Go, U) =+ U] 0bure (g).  defining property of
Obold 18 that 0p01q(g(gy)) = Obare(gy)- In the present toy-model, we simply have
Share(Go, U) = U Gy, i€, Opare(gy) = —&. Hence, opaa(®) = —g{P(g), e,
hoa(G, U) = U G§P(G, U) = SH(G, U).

Explicitly, expanding the square root in equation (12) yields

i(—m*l @2n —2)!

Yod (G, U) =
bold ( ) o D

G2n—1Un_ (14)
n=1
It is natural to evaluate the bold series at the exact G (i, U). The obtained series always
converges, as follows from the inequality (11). The convergence is always to
YH(G (u, U), U), which, as we have seen, is the correct result for |U| < /12, and the wrong
one for |U| > p?. The convergence speed is slow for |U | close to 12, and gets faster not only
in the small |U| limit, but also in the large |U | limit. This is qualitatively identical to the
numerical observations of Kozik ef al in non-zero space-time dimensions. We note that the
series converges even at the critical value |U| = p?, albeit very slowly (the summand
behaving as 1/n3/2 for large n); at this point, the boundary of the series” convergence disc is
reached.
In the figure 1 we plot the quantity ¥ G, which, for the exact ¥, is equal to U times the
double occupancy <@T e Lpl>, versus | U | for fixed p. The picture is qualitatively identical to
figure 2(a) of Kozik et al.
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Figure 1. The two branches of the self-energy >, multiplied for convenience by G, as a
function of the interaction strength |U|, for fixed p. Dotted line: exact self-energy
Yexact = 2 (p, U), dashed line: skeleton series Ypoq(G, U). The upper branch
corresponds to XY (G, U), the lower branch to ¥ (G, U). Here, G stands for the
exact G (u, U).

Geometrically, the mapping U — (G, U) can be viewed as single-valued on a two-
sheeted Riemann-surface with a branch point at —1/(4G?). Let us vary U from 0 to —oo for
fixed p. For small |U], the point U is far away from the branch point and the bold series
converges quickly. The result corresponds to the correct Riemann-sheet. Upon increasing |U |,
the point U and the branch point —1/(4G?(u, U)) both move leftwards. The point U catches
up the branch point when |U| = . For larger |U |, U is again to the right of the branch point,
and the bold series converges again, but the result corresponds to the wrong sheet. In prin-
ciple, the correct result can be recovered from >y,,4(G, U) by analytic continuation along a
path where U rotates once around the branch point.

As emphasized by Kozik et al, since the self-energy is the functional derivative of the
Luttinger-Ward functional ®[G, U] with respect to G, and since X[G, U] is multivalued,
must also be multivalued. This can also be seen explicitly in the present model. The Luttiger-
Ward functional (which is actually a function in the present model) can be constructed
following the wusual procedure (see, e.g., [l]). Starting from the free energy
F(p, U) = —InZ(u, U), and noting that

Z—Z(u, U)=-20G, (15)
the Baym-Kadanoff functional is defined by Legendre transformation:

QG, U)=Fu,U)+2uG (16)
with ¢t (G, U) such that equation (15) holds. The Luttinger-Ward functional is then defined by

(G, U) = Q(G, U) — QG, 0). a7
This leads to the expression

®4(G, U) = —In |SF(G, U)| —In |G| = 2G £F(G, U) - 2. 18)

There are two branches because equation (15) has two solutions. Accordingly, the mapping
w— F(u, U) is neither convex nor concave. Finally one can check that®
0D,

50 G =2 T (G, U). (19)

3 The unconventional factors 2 in equations (15), (16), and (19) could be removed by working with spin-dependent
v and G.



J. Phys. A: Math. Theor. 48 (2015) 485202 R Rossi and F Werner

We point out that in the present zero space-time dimensional model, both branches
G{®(G, U) are physical in the sense that they are the non-interacting propagator for certain
parameters of the model. This is not the case for the Hubbard atom and the Hubbard model
[2]. More generally, the absence of imaginary-time coordinate consitutes a drastic simplifi-
cation, and while we have observed similar phenomena than in [2], it remains an open
question to which extent the underlying mechanisms are similar.

Finally we briefly treat the fully bold formalism built not only on the fully dressed G but
also on the fully dressed pair propagator I'. This formalism was used, e.g., in [5, 6]. One
defines

T=0U- U2<%¢T¢T@l> (20

or diagrammatically

_'__.+.©.. @1)

The pair self-energy IT is defined by the Dyson equation I'"! = U~! — II.
The dressed G and I' are given in terms of the bare G, and U by equation (8) and

I'=vu % (22)
1 —-UG,
Eliminating U yields a cubic equation for G, which reads
V8, +28; — 38 +1=0 (23)
in terms of the rescaled quantities
8 = Go/G (24)
y=T G2 25)

In the relevant range 0 < |v| < 23 /9 the three solutions are

gél):%[«/97+4cos(w)—l], le{-1,0,1} (26)
where 0 (y) = arg(—277? — 54y — 16 — 3i3 |v] 4 — 279?) € (—, 7). The fully bold
diagrammatic series Xpoa(G, I') and Il,q(G, I'), evaluated at the exact G (u, U) and
I'(, U), always converge to the [ = 1 branch?, which coincides with the exact result for
U/ < (1 + J3 )/2. Above this critical interaction strength, the exact result is the / = —1
branch, so that the bold series converges to a wrong result. At this critical interaction, the
boundary of the series’ convergence disc is reached. In summary, a similar phenomenology
occurs again.

The consequences for the Bold Diagrammatic Monte Carlo approach [5-9] of the
findings of [2] and of the present work is left for future study.
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While bare diagrammatic series are merely Taylor expansions in powers of interaction strength, dressed
diagrammatic series, built on fully or partially dressed lines and vertices, are usually constructed by reordering
the bare diagrams, which is an a priori unjustified manipulation, and can even lead to convergence to an unphysical
result [E. Kozik, M. Ferrero, and A. Georges, Phys. Rev. Lett. 114, 156402 (2015)]. Here we show that for a
broad class of partially dressed diagrammatic schemes, there exists an action S®) depending analytically on
an auxiliary complex parameter &, such that the Taylor expansion in & of correlation functions reproduces the
original diagrammatic series. The resulting applicability conditions are similar to the bare case. For fully dressed
skeleton diagrammatics, analyticity of S® is not granted, and we formulate a sufficient condition for converging

to the correct result.

DOI: 10.1103/PhysRevB.93.161102

Much of theoretical physics is formulated in the language of
Feynman diagrams, in various fields such as condensed matter,
nuclear physics, and quantum chromodynamics (QCD). A
powerful feature of the diagrammatic technique, used in each
of the above fields, is the possibility to build diagrams on
partially or fully dressed propagators or vertices (see, e.g.,
Refs. [1-5]). In quantum many-body physics, notable exam-
ples include dilute gases, whose description is radically im-
proved if ladder diagrams are summed up so that the expansion
is done in terms of the scattering amplitude instead of the bare
interaction potential, and Coulomb interactions, which one has
to screen to have a meaningful diagrammatic technique.

With the development of diagrammatic Monte Carlo, it
becomes possible to compute Feynman diagrammatic expan-
sions to high order for fermionic strongly correlated quan-
tum many-body problems [6—11]. The number of diagrams
grows factorially with the order, even for a fully irreducible
skeleton scheme [12]. Nevertheless, for fermionic systems on
a lattice at finite temperature, diagrammatic series (of the
form ), a, with a, the sum of all order-n diagrams) are
typically convergent in a broad range of parameters, due to a
nearly perfect cancellation of contributions of different sign
within each order, as proven mathematically [13] and seen
numerically [6,7,9-11].

One might think that partial or full renormalization of
diagrammatic elements (propagators, interactions, vertices,
etc.) always leads to more compact and better behaving dia-
grammatic expansions. However, such a dressed diagrammatic
series cannot be used blindly: Even when it converges, the
result is not guaranteed to be correct, since it is a priori not
allowed to reorder the terms of a series that is not absolutely
convergent (the sum of the absolute values of individual
diagrams is typically infinite, due to factorial scaling of
the number of diagrams with the order). And indeed, for
a skeleton series, i.e., a series built on the fully dressed
propagator, convergence to a wrong result does occur in the
case of the Hubbard model in the strongly correlated regime

2469-9950/2016/93(16)/161102(5)
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near half filling [14], and preliminary results suggest that
the corresponding self-consistent skeleton scheme converges
to a wrong result as a function of the maximal self-energy
diagram order N\ [15]. Both of these phenomena are clearly
seen in the exactly solvable zero space-time dimensional
case [16,17].

In this Rapid Communication, we establish a condition that
is necessarily violated in the event of convergence to a wrong
result of the self-consistent skeleton scheme. Furthermore,
we show that this convergence issue is absent for a broad
class of partially dressed schemes. In particular, we propose
a simple scheme based on the truncated skeleton series. The
underlying idea is to construct an action S that depends on an
auxiliary complex parameter & such that the Taylor series in &
of correlation functions reproduces the dressed diagrammatic
series built on a given partially or fully dressed propagator.
This makes the dressed scheme as mathematically justified
as a bare scheme, provided S® is analytic with respect to &
and S¢=D coincides with the physical action; these conditions
hold automatically in the partially dressed case, while in
the fully dressed case they hold under a simple sufficient
condition which we provide. Our construction applies to
a general class of diagrammatic schemes built on dressed
lines and vertices, including two-particle ladders and screened
long-ranged potentials.

Partially dressed single-particle propagator. We consider a
generic fermionic many-body problem described by an action

Sl 91 = (WIGy' W) + Sy 91, (1

where 1,7 are Grassmann fields [18], and we use bra-
ket notations to suppress space, imaginary time, possible
internal quantum numbers, and integrals/sums over them,
ie., (1//|G81|1/f) denotes the integral/sum over r,t and o of
Vo (r, r)(Ga('7 Yo )T, 7). Ga' stands for the inverse, in the sense
of operators, of the free propagator. The full propagator G
and the self-energy X are related through the Dyson equation

©2016 American Physical Society
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G'=G, ! — 5. The bare Feynman diagrammatic expansion
corresponds to perturbation theory in Siy. In order to generate
a diagrammatic expansion built on a partially dressed single-
particle propagator G, we introduce an auxiliary action of
the form

SO = (WIGMNEIY) + &Sl ¥, V1, )
where
Goh(®) = Gl +EA +-- +EV Ay, 3)

& is an auxiliary complex parameter, and Aj,...,A are
appropriate operators. Gy is the single-particle propagator for
S/(ffo) . At& # 0, one can still view G y as the free propagator,
provided one includes in the interaction terms not only & Siy,
but also the quadratic terms (y|§"A,|Y¥). Accordingly, &
is interpreted as a coupling constant, and the " A, acquire
the meaning of counterterms. These counterterms can be
tuned to cancel out reducible diagrams, thereby enforcing the
dressed character of the diagrammatic expansion. A natural
requirement is that Sj(f/:” coincides with the physical action
S, i.e., that

N
Gy +> A=Gyl )
n=1

For given Gy, this should be viewed as an equation to be
solved for G y (it is nonlinear if the A,’s depend on G »). The
unperturbed action for the dressed expansion (wléxfl |¥) is
shifted by the A,’s with respect to the unperturbed action for
the bare expansion (1[/|G51 [¥).

We can then use any action of the generic class (2) for
producing physical answers in the form of a Taylor expansion
in powers of &, provided the propagator G - and the shifts A,
satisty Eq. (4). More precisely, consider the full single-particle
propagator G r(§) of the action S and the corresponding
self-energy

En(§) = Gy (&) — G (®). 5)

Note that since S}é:l) =S, we have Gy(§ =1)=G and
hence also Xp(§ = 1) = X. We assume for simplicity that
Y (§) is analytic at £ =0, and that its Taylor series,
P E/(\'})[GN]&”, converges at £ = 1. We expect these
assumptions to hold for fermionic lattice models at finite
temperature in a broad parameter regime, given that the action
S\ is analytic in & [6,7,9-11,13,19]. Then, since Sy is an
entire function of &, we can conclude that

oo
T =) "3{IGn] ©6)
n=1
i.e., the physical self-energy is equal to the dressed diagram-
matic series.

This last step of the reasoning can be justified using the
following presumption: Let D be a connected open region of
the complex plane containing 0. Assume that S® is analytic
in D, that the corresponding self-energy (&) is analytic at
& =0, and that $(&) admits an analytic continuation (&) in
D. Then, % and % coincide on D. This presumption is based
on the following argument: Since S® is analytical, if no phase

RAPID COMMUNICATIONS
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transition occurs when varying & in D, then X (&) is analytical
on D, and by the identity theorem for analytic functions, X
and ¥ coincide on D. If a phase transition would be crossed
as a function of & in D, analytic continuation through the
phase transition would not be possible [20], contradicting
the above assumption on the existence of %. Applying
this presumption to £(&) := > 02| 2}'})[@/15", which has
a radius of convergence R > 1 (from the Cauchy-Hadamard
theorem), and taking for D the open disk of radius R, we
directly obtain Eq. (6) provided R > 1. If R = 1, we can still
derive Eq. (6), using Abel’s theorem and assuming that X (&)
is continuous at £ = 1, which, given that the action is entire
in &, is generically expected (except for physical parameters
fined-tuned precisely to a first-order phase transition, where X
is not uniquely defined).
Semibold scheme. We first focus on the choice

Ap=E00GNT A <n <N, )

where Et(,:'jd[g] is the sum of all skeleton diagrams of order 7,

built with the propagator G and the bare interaction vertex
corresponding to Sjy, that remain connected when cutting
two G lines. This means that GN is the solution of the
bold scheme for maximal order A [cf. Eq. (4)]. For a given
N, higher-order dressed graphs can then be built on G
The numerical protocol corresponding to this “semibold”
scheme consists of two independent parts: Part I is the
bold diagrammatic Monte Carlo simulation of the truncated
order-\ skeleton sum employed to solve iteratively for G -
satisfying Eqs. (4) and (7); part II is the diagrammatic Monte
Carlo simulation of higher-order terms, EJ((;)[GN], n>N,
that uses G, as the bare propagator. Note that here A is
fixed (contrarily to the conventional skeleton scheme discussed
below), and the infinite-order extrapolation is done only in
part II.
The Feynman rules for this scheme are as follows:

TGN = S Gyl for n <N, ®)

while for n > N +1, EX,’—) [Ga] is the sum of all bare
diagrams, built with G, as free propagator and the bare
interaction vertex corresponding to Si,;, which do not contain
any insertion of a subdiagram contributing to 2:,:’){d[GN] with
n < N Indeed, each such insertion is exactly compensated by
the corresponding counterterm. To derive Eq. (8), we will use
the relation

(o]
INE) =Y TG @NE", ©)
n=1
where = stands for equality in the sense of formal power series
in &, and we will show the proposition

k
I E) =Y SlGalE" + 0E) (P

n=1
for any k €{0,...,N + 1}, by recursion over k. (Pi—o)
clearly holds. If (P;) holds for some k <A, then we
have Gr(§) = Gy + O(E%t), as follows from Egs. (5), (3),

and (7). Substitution into Eq. (9) then yields (Py41).

Alternatively to the semibold scheme Eq. (7), other choices
are possible for the shifts Aj,...,Ax and the dressed

161102-2
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propagator G . For example, the shifts can be based on
diagrams containing the original bare propagator G instead of
G . In the absence of exact cancellation, all diagrams should
be simulated in part II of the numerical protocol, and A, will
enter the theory explicitly. This flexibility of choosing the form
of A,’s, along with the obvious option of exploring different
Ns, provides a tool for controlling systematic errors coming
from truncation of the & series.!

Skeleton scheme. We turn to the conventional scheme in
which diagrams are built on the fully dressed single-particle
propagator. The corresponding numerical protocol is identical
to part I of the above one, with the additional step of
extrapolating N to infinity, as done in Refs. [8-11,21].
Accordingly, we assume that the “skeleton sequence” G-
converges to a limit G when A/ — oo. The crucial question
is under what conditions one can be confident that G is the
genuine propagator G of the original model. The answer comes
from the properties of the sequence of functions

N
LY =Y s G ylE". (10)
n=1

Let us show that G = G holds under the following sufficient
conditions: (i) Forany & inadisk D = {|&| < R} ofradius R >
1, and for all (p,7), Lﬁ') (p, ) converges for A'— 0o; moreover,
this sequence is uniformly bounded, i.e., there exists a function
Ci(p,7) such that Y& € DYW,p.7), [L(@.0)] < Ci(p.1);
and (ii) Ga(p,7) is uniformly bounded, i.e., there exists a
constant C, such that for all (V,p,7), |Gx(p,7)| < Co.
Our derivation is based on the action

5© .= Jim 5. 1n
Clearly,
SE = (|G + LONY) + £ S (12)
with
LO@p,7) = Jim L (p,0). 13)

Since S\~ = §, we have S%~ = S, and thus G (6 = 1) =
G, where G (&) is the full propagator of the action S(oi).
We first observe that L&) (p,7) is an analytic function of
& € D for all (p,7), and that
an
n! 9gn

= =" [G1(p,7). (14)

L(E)(p,f)
£=0

This follows from conditions (i) and (ii), given that momenta
are bounded for lattice models. Indeed, for any triangle 7
included in D, 557, d& L;fr)(p,r) = 0. Owing to condition (i),
the dominated convergence theorem is applicable, yielding
§-dg L (p,7) = 0. The analyticity of § — L®(p, ) follows

I'The case where ' = 1 and A, is a number is known as Screened
Perturbation Theory in thermal ¢* theory; its extension to gauge
theories is known as Hard-Thermal-Loop Perturbation Theory [4].
‘We thank E. Braaten for pointing this out.
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by Morera’s theorem. To derive Eq. (14) we start from

n! 3%‘11 N p.T £=0
By Cauchy’s integral formula, the left-hand side of Eq. (15)
equals 1/(2im) 56(: d& Lﬁ)(p, 7)/E"!, where C is the unit circle.
Using again condition (i) and the dominated convergence theo-
rem, when N/ — 00, this tends to 1/(2i) f, d§ L (p,7)/&" !,
which equals the left-hand side of Eq. (14). To show that
Egﬁ{d[é,wf](p,r) tends to Eégid[é](p,r), we consider each
Feynman diagram separately; the dominated convergence
theorem is applicable owing to condition (ii), the boundedness
of the integration domain for internal momenta and imagi-
nary times, and assuming that interactions decay sufficiently
quickly at large distances for the bare interaction vertex to be
bounded in momentum representation.
Hence

= DG A1, 1) (15)

o]
L® = Z =M [GIE™. (16)
n=1
As a consequence, the action Séi) generates the fully dressed
skeleton series built on G, i.e., its self-energy X (&) has the
Taylor expansion Y, £"),[G1&", and the Taylor series of
G (&) reduces to the &-independent term G. This can be
derived in the same way as Eq. (8), by showing by recursion
over k that for any k >0, To(§) = Zzzl Eéﬁd[é]é” +
O(&X+1). Furthermore, having shown above the analyticity
of L®, i.e., of S&, we again expect that Goo(£) is analytic at
& =0 (for fermions on a lattice at finite temperature), and
we can use again the above presumption to conclude that
G =1)=G=0G.

Dressed pair propagator. So far we have discussed dressing
of the single-particle propagator while keeping the bare
interaction vertices. We turn to diagrammatic schemes built
on dressed pair propagators. We restrict to spin-1/2 fermions
with on-site interaction,

B
Sl 9] = UZ/O dr(Yy i, ¥ )X, 1), an

where U is the bare interaction strength. For simplicity we
discuss dressing of the pair propagator while keeping the
bare Gy. It is necessary to perform a Hubbard-Stratonovich
transformation in order to construct the appropriate auxiliary
action. Introducing a complex scalar Hubbard-Stratonovich
field n leads to the action

S ¥r.n.iil = WGy W) = (nlTg m) = (nITo|m)

+ Y vr) + (U g n), (18)
where Iy(r,7) = —(Go,1 Gy, )(r,7) and I’y is the sum of the
ladder diagrams, I‘O_1 (P,R,) = U™ — y(p,RQ,), with ,, the
bosonic Matsubara frequencies.

We first consider the diagrammatic scheme built on Gy
and Ty. We denote by Zl(:l}[Go,l"o] the sum of all self-

energy diagrams of order n, i.e., containing n I'y lines. This
diagrammatic series is generated by the shifted action

Sl Fon.al = (W1Gy' [¥) — Il In) — & ([ Tloln)
+HEIY ) + (W), (19)
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in the sense that self-energy X,q(§) corresponding to this
action has the Taylor series > oo, El(ﬁ [Go,To] £2*. Indeed,
the counterterm £2IT, cancels out the reducible diagrams
containing GG bubbles. Therefore, if this diagrammatic
series converges, then it yields the physical self-energy. This
follows from the same reasoning as below Eq. (5). The same
applies to the series for the pair self-energy IT in terms of
[Go.To]. Here IT is defined by I'! = l"O_1 —I1, where T
denotes the fully dressed pair propagator, used in Refs. [8,11].

More complex schemes, built on dressed pair propagators
other than I'y, can be generated by the shifted action

SY W T = (WIGy 1) — (T \(E)ln) — E2(n|To|m)
FEMIWY ) + (W v ), (20)

where
Ton@E =T +£2Q + - + &My @1

and one imposes [y x(§ = 1) = ['y. In particular, the semibold
scheme is defined by

Q, = I [Tal, (22)

where Hg:))]d[y] is the sum of all skeleton diagrams of order n
built with the pair-propagator y that remain connected when
cutting two y lines. As usual, Hélo)ld = -GG + GyGy. This
scheme was introduced previously for A" = 1 [22].

Finally, we consider the skeleton scheme built on Gy
and T'. Assuming that the skeleton sequence [y converges
to some I, one can show analogously to the above rea-
soning that T' is equal to the exact T' under the following
sufficient conditions: (i) For any & in a disk D = {|§| <
R} of radius R > 1, and for all (p,2,), M7 (p,2,) =
Zf:l T [F 1P, 2,)E" converges for A'—o0; moreover,
this sequence is uniformly bounded, i.e., there exists C(p,<2,)
such that V& € DY ,p. Q). IM{7 (p.2,)| < C(p.2,); and
(i) T'ar(p,2,) is uniformly bounded.

Screened interaction potential. Finally, we briefly address
the procedure of dressing the interaction line, which is
particularly important for long-range interaction potentials.
Restricting for simplicity to a spin-independent interaction
potential V (r), the interaction part of the action writes

1 L _
S22 fo AT Yo ) DV (= )P Yo )X, T). (23)

o0 rr

We again keep the bare G, for simplicity and consider dressing
of V only. Introducing a real scalar Hubbard-Stratonovich field
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x leads to the action

— 1 -
Sl x] = WG W) + S IV ) +i (X vo)-

o

(24)

Here we assume that the Fourier transform V(q) of the
interaction potential is positive, so that the quadratic form
xIV'1x) = @my [ dr [ dqlx(@. 0/ V(q) is positive
definite. The auxiliary action takes the form

SVWPx] = (W16 19)
Lo g1 g2 W
+ XV 8+ + eV Rvx)

+HIE Y (X TV (25)

The semibold scheme corresponds to €2, = Héf,ﬁd[‘zv], where
IT now stands for the polarization. In particular, V; is the
random phase approximation (RPA) screened interaction.

Summarizing, we have revealed an analytic structure
behind dressed-line diagrammatics. More precisely, we have
exhibited the function which analytically continues a dressed
diagrammatic series. This function originates from an action
that depends on an auxiliary parameter £&. When the action
is a polynomial in &, the situation reduces to the one of a
bare expansion. Within this category, a particular case well
suited for numerical implementation is the semibold scheme
for which the bare propagator is taken from the truncated
bold self-consistent equation. For the fully bold scheme, we
construct an appropriate auxiliary action, but only under a
certain condition. If this condition is verified numerically, it is
safe to use the fully bold scheme. If not, the semibold scheme
remains applicable.

Furthermore, we have demonstrated the generality of the
shifted-action construction by treating the case of a dressed
pair propagator and of a screened long-range interaction.
Further extensions left for future work are dressing of
three-point vertices, as well as justifying resummation of
divergent diagrammatic series by considering non-disk-shaped
analyticity domains D.
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