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We propose an efficient dual boson scheme, which extends the DMFT paradigm to collective
excitations in correlated systems. The theory is fully self-consistent both on the one— and on the
two—particle level, thus describing the formation of collective modes as well as the renormalization of
electronic and bosonic spectra on equal footing. The method employs an effective impurity model

comprising both fermionic and bosonic hybridization functions.

Only single-— and two—electron

Green’s functions of the reference problem enter the theory, due to the optimal choice of the self-
consistency condition for the effective bosonic bath. We show that the theory is naturally described
by a dual Luttinger—Ward functional and obeys the relevant conservation laws.

I. INTRODUCTION

Strongly correlated electron systems remain one of the
most interesting subjects in modern condensed matter
physics. It is hard to treat such systems analytically
due to the large local and, more importantly, nonlocal
electron—electron correlations, and therefore the devel-
opment of appropriate computational methods is impor-
tant. Nonlocal correlation effects are very important for
studying charge-ordering™® and Wigner-Mott>" tran-
sitions, plasmon®? and magnon!®12 modes, antiferro-
magnetic fluctuationst*% and other interesting features
of such systems. These phenomena are realizable in
adatoms on semiconducting surfaces’, or in systems of
cold atomst818 and in graphenel?.

Dynamical mean—field theory (DMFT)2%2l has be-
come the standard approximation for strongly correlated
fermionic systems. In this theory, all local correlations
are treated via an auxiliary impurity problem, i.e., the
electrons on a site are influenced by an effective local
electronic bath formed by the other electrons. This ef-
fective description becomes exact in the limit of infinite
dimension?¥2!' and captures the formation of Hubbard
bands?#43 and the Mott transition®®. In finite dimen-
sion, DMFT is an approximation that neglects nonlocal
correlation effects. In particular, the impact of collective
modes on the impurity problem is neglected.

There have been many attempts to go beyond DMFT
and to incorporate these effects. The Dual Fermion (DF)
approach has been developed to take nonlocal fermion
correlations into account®®, This approach is exact in
the two important limits of large and small local interac-
tion. Similar efforts have been made in the DT'A2Y and
1PI2Y% approaches and in the recently proposed DMF2RG
method?™28 Nonlocal fermionic correlations are crucial
for a description of pseudogap formation??, critical expo-

nents for magnetic phase transitions!®2? and formation

of flat bands near van Hove singularity®?. However, these
methods cannot describe bosonic degrees of freedom and
their influence on the auxiliary local model.

Extended dynamical mean—field theory (EDMFT #1735
was introduced to include bosonic degrees of freedom into
DMFT, with the main focus on nonlocal density—density
interactions. In this approach all fermionic and bosonic
correlations are treated on the effective impurity level,
and therefore are local. However, it was realized that
nonlocal corrections beyond EDMFT are necessary for a
correct description of strongly nonlocal effects, such as
plasmons. Even though DMFT and EDMFT are similar
in spirit, the reduction of correlation effects to their local
part works much better for fermions than for bosons.

Thus, EDMFT served as a starting point for theories
that include further spatial correlations. The first exam-
ple of such a theory is EDMFT+GW=2, EDMFT+GW
and, more recently, TRILEX®Y diagrammatically treat
some nonlocal effects beyond EDMFT. However, conser-
vation laws are not automatically fulfilled in such ap-
proaches 37,

In general, studying the collective excitations in
strongly correlated systems is challenging. Historically,
two avenues have been explored. One can start from the
bare Green’s functions, as in the random phase approx-
imation (RPA)***L however the bare Green’s functions
do not contain any information about the spectral weight
transfer to the Hubbard bands and correlation effects. A
theory defined in terms of renormalized Green’s func-
tions, on the other hand, contains all the information
about the Hubbard bands. However, a consistent?243
description of the collective excitations requires not only
the renormalized Green’s functions but also the renor-
malized vertices and these are numerically very challeng-
ing to handle.

Recently, the Dual Boson (DB) approach®? was de-



veloped to address these issues. It applies a transfor-
mation to new degrees of freedom that contain the in-
formation about the Hubbard bands and correlation ef-
fects already in their bare Green’s functions. In this way,
the DB approach for strongly correlated systems fulfills
conservation laws?, necessary for a correct description of
plasmons®, while remaining computationally tractable.
The DB method is a diagrammatic extension of EDMFT
that can be applied to correlated lattice fermion models
with local and nonlocal interaction. It allows us to in-
clude spatial fermionic and bosonic correlations beyond
EDMFT by introducing new dual variables. These dual
variables are introduced via fermionic and bosonic hy-
bridization functions A, and A, that act as the effective
mean—fields acting on an auxiliary single—site impurity.
Then, the impurity model serves as a starting point for
a perturbative expansion. By choosing the hybridization
functions in an optimal way, this perturbative expansion
can be simplified. In this work, we will study how the
bosonic hybridization function A, should be determined
to optimally treat the feedback of collective modes onto
the impurity.

As in DF, the choice of the hybridization function
has implications for the dual perturbation theory. We
will show that the correct choice of A, removes all local
two—particle processes from the dual perturbation theory.
Furthermore, we show that the self-consistent determi-
nation of A, gives the correct results in some important
limits and that it satisfies the charge conservation law.
Finally, we study the physical impact of the choice of A,
showing that the nonlocal charge fluctuations make the
system more insulating.

The paper is organized as follows: We start by giv-
ing a short description of the Dual Boson formalism
in section [l Then, in section [[IT] we turn to the self-
consistency conditions in DB and related methods. In
section [[V] we discuss the dual Luttinger-Ward func-
tional and the generation of self-energy diagrams. The
impact of the self-consistency on the self-energy dia-
grams is given in section [V} In section [VI] we show that
the self-consistent DB method satisfies charge conser-
vation requirements. Analytical and numerical results
regarding the self-consistency condition are given in sec-

tion [VII

II. DUAL BOSON FORMALISM

The DB? approach to strongly correlated systems re-
lies on a separation of local and nonlocal correlation ef-
fects. In this section we give a general description of the
approach, and in the next section we will elaborate on the
role of the self—consistency condition in DB. More details
on the derivation and the technical implementation can
be found in Refs. [37] and [4l

We consider the extended Hubbard model in the Mat-
subara formalism. To be specific, we restrict ourselves in
this work to the half-filled extended Hubbard model on

Figure 1. (Color online) Sketch of the DB formalism. The
original action with parameters U, V4 and tx is replaced by
an auxiliary impurity problem with fields A,, A,,. The expec-
tation values of this impurity model (gv, Xw, Yvr/w and Avw)
enter a dual theory in terms of G and X.

a square lattice, with the action
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Here, ¢}, (¢juo) are Grassmann variables corresponding
to creation (annihilation) of an electron on site j with
spin o and fermionic Matsubara frequency v. n; counts
the number of electrons on site j, and w is a bosonic
Matsubara frequency. A normalization by 5 is implied
in the sum over frequencies. The chemical potential y is
chosen in such a way that the average number of electrons
per site is one (half-filling). U and V are the on-site and
nearest—neighbor interaction and ¢ is the hopping integral
between neighboring sites. We use ¢t = 1 as the unit of

energy.

The action is split into a set of single—site impurity

problems and the remaining part Syem,

Simplc™, ] = — Z Coliv+p— Avsle,,

vo

1
+5 zw: nwlU + Auln_, (2)
S = Z Si(r'i)p [¢*, c] + Srem- (3)
J

Here, the hybridization functions A,, and A, were in-
troduced. For the moment, these are arbitrary, and we
will study the choice of the hybridization functions in this
work.

The DB formalism proceeds by introducing new dual
degrees of freedom f*, f, ¢ via a Hubbard-Stratonovich
transformation of S, and integrating out the original
degrees of freedom ¢* and c. In this way, the original



Figure 2. Interaction vertices in the dual perturbation theory.

action is subdivided into two separate problems: the
impurity action and a dual action

[f f (b Z fkucf G;(OD){T 1fku0
kl/o’
- = Z Paw(Xg) " baw
[f 15 9. (4)
This dual action has bare propagators
Gl =o' + 00—l — g0, (5)
Xoo = D"+ A0 =V = X (6)

Here €, and V; are the Fourier transform of t;; and Vj,
g and x are the impurity Green’s function and charge
susceptibility respectively

9 == (v )imp - (7)
Xw = — <pwp7w>imp7 (8)

where p = ny, — (n)d, and (...);,,, denotes the impu-
rity average with respect to the action . The single—
frequency susceptibility x = —K1—1/2—2/ can be obtained
from the usual expression of the two—particle correlation
function Kjoo1r = {(c;¢o65 ¢ty (hereafter, we use com-
bined frequency—spin subscripts, e.g. 1 = v4,07).

The main philosophy of the DB method is that the
impurity action can be solved numerically exactly, so we
should try to put as much of the physics as possible into
the impurity model. The exact solution of the impurity
model can be found using a continuous—time quantum
Monte Carlo?*49 solver. Only weaker correlations re-
main in the dual perturbation theory, which yelds the
fully renormalized fermionic and bosonic dual propara-
tors G, = — (fiwfie) and qu = — ($qud—q,~w). The
scheme is illustrated graphically in Fig. [I]

The dual interaction V contains interaction terms of
arbitrary order in f*, f and ¢. All vertices up to three—
particle level with at least two fermion lines are shown
in Fig. 2l We use the notation v™™ for the vertex with
n fermion and m boson lines. Usually, the interactions
are restricted to the two—particle level, where there is
a fermion—fermion interaction v = 4*% and a fermion—

boson interaction A = 2!
711,’(2),3,4 = (91929394) ' [ (creacicl) —
(cre}) (cacs) + (erch) (cacd)],  (9)
’Yi’i;z = —(g194x2) "' [{cr€ina) — (c1c}) (n2)]

= (9194x2) " Y [{ereasaciel) — (erch) (earach))-

3
(10)
These interaction vertices are related by#37
2,1 - 4,0
V1,4;2 = X2 ! Z [’Y1,2+3,3,492+3g3 - 51,352+3,4]- (11)

3

In particular, the fermion—boson vertex is non—zero even
in the non—interacting system (y*? = 0). A further sum-
rule for 4% is given in Appendix [Al Exact relations for
the three—particle vertices are given in Appendix [B] We
will come back to the issue of restricting dual interactions
to the two—particle level later.

To calculate the susceptibility Xq., = — (nn),,, of the
original degrees of freedom, one starts by calculating the
dual polarization (self energy of the dual bosonic prop-
agator) Iy, = (X°)~' — X~'. This is done diagram-
matically using the expansion of the dual action. Then,
the lattice susceptibility can be obtained from the dual
polarization as

X 1 Xw T Xw qu Xw:| + Aw - VCI' (12)

Similar equations hold for the relations between dual
and lattice fermions. In particular, the Green’s function
is given by

~ -1
Gt =0+ 0 Swa] +A —a  (13)

where ¥ is the dual fermionic self energy.

III. SELF-CONSISTENCY CONDITIONS AND
BOSONIC SUPERLINE

The dual interaction functional V can be represented
by an infinite expansion over the vertex functions of the
impurity problem. Although the series is formally de-
fined for arbitrary hybridization functions A, and A,
the specific choice affects the convergence of particular
diagrammatic approximations. Physically, A, and A,
describe the “effective field” generated by electrons on
the other sites, felt by electrons in the impurity prob-
lem. The freedom to choose them allows us include most
of the correlation effects into the impurity, simplifying
the dual action. To do this, the hybridization functions
are determined self-consistently according to some self-
consistency condition. There are several options for the
self—consistency condition, and here we will discuss them.



DMFEFT is restricted to systems with V4 = 0 and it does
not use a retarded interaction, A, = 0. It assumes that
the self-energy is local, ¥y, = 0. The self-consistency
condition on A, is

ZGkD = v, (14)
k

or, equivalently?® in the DMFT approximation,
> G =0. (15)
k

In both expressions, ), denotes a momentum average.

The DF extension of DMFT shines light on the mean-
ing of the self-consistency condition®®, The self-energy
in DMFT is the zeroth—order of the dual perturbation
theory, and the condition ensures that the first—order
(Hartree) contribution to the self-energy is zero.4" In this
way, DMFT and DF only differ in higher orders of the
dual perturbation theory. In DF, the condition is
not equivalent to due to nonlocal parts of the self-
energy,

ikvo
1+ Ekuagua ’

and Eq. does not make the first—order self-energy di-
agram vanish. This is a strong motivation to use Eq.
in DF.

EDMEFT, on the other hand, adds a retarded interac-
tion A, to account for impurity screening by the nonlocal
interaction Vg. This retarded interaction is determined
by a self-consistency condition similar to that for A,
namely

Ekl/o’ - Eggp + (16)

Zqu = Xw- (17>

Similar to the fermionic hybridization, within EDMFT

there is an equivalent self-consistency condition (see* or

Appendix |C))

> Xqu=0. (18)

Finally, the DB approach also takes into account the non-
local Iy, and a choice between and needs to
be made.

To study the meaning of the self-consistency condition
, we use an exact expression for the lattice suscepti-
bility in terms of dual variables (see Appendix @

X=1+xI)[X1+1y) +x] =x+5, (19)

where we define the bosonic “superline” and propose the
new self—consistency condition as

quw = 07
q

S = X + xIIy + xIIX + XTIy + xIIXTy.  (20)

4

According to Eq. , the bosonic “superline” is ex-
actly the difference between the lattice and impurity
susceptibilities. It contains both types of two—particle
processes, the fermionic ladder and the bosonic fluctua-
tions, and combinations of these two. Using Eq. ,
the “lattice” self-consistency condition is exactly
the requirement that the local part of the “superline”
is zero (see Eq. (20)). On the other hand, the “dual”
self-consistency condition can be understood as the
requirement that the local part of only dual bosonic fluc-
tuations is equal to zero. The former self-consistency
condition treats collective fermionic and bosonic fluctua-
tions on equal footing.

Until now, most*” numerical results obtained with
DB#89 started with EDMFT (Ilg, = 0) self-consistency
and then did only a single—shot of DB, so the question of
self-consistency was not relevant. These results showed
that the susceptibility in DB satisfies charge conserva-
tion. This is a useful property, crucial for studying long—
wavelength collective excitations, and we make sure that
our self-consistent calculations will also satisfy this re-
quirement. This issue will be studied in Sec. [VI}

IV. DUAL LUTTINGER-WARD FUNCTIONAL

Let us now discuss a functional description of DB,
containing both collective fermionic and bosonic fluctu-
ations. Before presenting a Baym-Kadanoff functional
derivation of the theory?443 we need to analyze how the
conserving properties of the original and dual theory are
related. We will show that the original and dual theo-
ries are simultaneously ®-derivable?d, so that the self-
energy function fulfill variational equations §® = X0G
and 0® = X0G with certain functionals ®,®. This is
equivalent to the statement that 6® — §® is a full differ-
ential. _

Using the notation R = 1+ g3, the exact relations
and can be expressed in a compact form,

G = Rg + R*G, (21)
which is the equivalent of Eq. for fermions, and
Y =iv—A—(Rg) " (22)

An important property of this representation is that the
dispersion law € does not explicitly enter in the formu-
las. Therefore only renormalized quantities appear in the
variational procedure, in the spirit of the Baym philoso-
phy. We obtain

60 —6® = (iv—A)dG —(Rg) 160G —g H(R—1)6G. (23)

We consider the variational procedure at fixed hybridiza-
tion, so that variances of A and g do not appear. Con-
cequently, using the relation , the calculation gives

60— = (iv—A)dG—(R ' +297'G)sR—g~ ' (2R—1)4G,
(24)



and we can get

d—0=(iv—A)G+g 'G-InR—-297'RG. (25)
This result is very important, because it shows the gen-
eral possibility to construct a conserving theory from the
dual theory. The obtained expression also establish an
explicit relation between the original and dual function-
als.

Now we can introduce the dual functional for our the-
ory to show how to generate self-energy and polarization
diagrams. The dual functional formulation does not lead
to a straightforward proof of the Baym—Kadanoff conser-
vation laws*243 for the original lattice problem. Charge

conservation will be discussed in Sec. V1l
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Figure 3. (Color online) Diagrammatic representation of
Eq. . The dual superline S describes two—particle fluc-
tuations that have both pure bosonic and collective fermionic

character. Filled lines denote the dual propagators, dashed
lines the impurity ones.

Figure [3]is a diagrammatic representation of the “su-
perline” in Eq. , where the two—particle ladder was
inserted for II since we only want to consider two—particle
processes. The ladder is necessary for charge conser-
vation” (see Sec. . These diagrams contain only a
dual bosonic line and two—fermionic ladders, so they de-
scribe all two—particle processes and no processes involv-
ing more than two particles.

ORE

Figure 4. (Color online) Dual Luttinger—Ward functional for
the Dual Boson approach. The generation of diagrams for the
dual self-energy and polarization function occurs by cutting
one fermionic or bosonic line respectively.

As usual, the diagrams for the fermionic self energy and
polarization operator can be found diagrammatically by
cutting the respective line of the associated dual func-
tional (see Fig. [4]),

L' S 1)

0G 06X
There is however an important peculiarity. Since the lo-
cal part of the fermionic propagator is zero due to the

H-7+7E 4-4+

A
D—D+£2;4=4+§2

Figure 5. (Color online) The renormalized three— and four—
point vertex functions in the Dual Boson approach. The five—
and six—point vertices are introduced here with the local dual
fermion line. Such diagrams are identicaly equal to zero be-
cause of the self-consistency condition and inserted only to
generate the self-energy diagrams from the Luttinger—Ward

functional.
0G
- 0P
i-%-4»> =+
3z <HED>
Figure 6. (Color online) Diagrams for the dual self-energy

and polarization function. The renormalized three— and four—
point vertices have the ladder structure (see Fig.|5) and don’t
contain any diagrams with the local fermionic line due to the
self—consistency condition.

self—consistency condition , there is no need to ac-
count for closed fermionic loops in diagrams for the self-
energy and polarization operator. However, this is not
the case for the dual functional diagrams. Indeed, cut-
ting a closed loop in the dual functional yields a non—zero
contribution into the local part of the self-energy. To ac-
count for this, we introduce the renormalized vertices of
the dual functional. Each renormalized vertex is the sum
of a bare part and a higher—order vertex with a closed
fermionic loop (see Fig. [5). These renormalized vertices
are used as building blocks for the ladders in the func-
tional of Fig. 4} This is the minimal possible functional
that describes the full physics of two—particle fluctua-
tions.

The diagrams for the self-energy and polarization can
be determined from the functional. These are shown in
Fig. [6] with renormalized three— and four-point ladder
vertex functions as in Fig.

V. SELF-CONSISTENCY CONDITION AND
HIGHER-ORDER VERTICES

The dual action contains vertex functions of higher or-
der than the two-particle correlators v%! and 440 (see
Fig. [2). There is no small parameter in the dual per-
turbation theory, so in principle the contribution of all
diagrams containing these additional vertices should be



taken into account. However, this is usually not feasible
in practice. Neglecting higher—order vertices can lead to
small but noticeable deviations*®#?. Although they are
usually small, it would be good to reduce these deviations
further.

The fermionic self-consistency condition already re-
moves all diagrams with higher order vertices that con-
tain local dual Green’s functions. In the dual fermion
approach, the hybridization function A, is the only free
parameter, so there is only one self-consistency condi-
tion, and there is no more freedom to simplify the dia-
grammatic expansion. However, the DB approach has an
additional free parameter, the retarded interaction A,
and it can be chosen self—consistently in such way as to
minimize the impact of higher—order vertices.

We recall that DMFT captures the single—electron hy-
bridization physics and is formulated in terms of the
single-particle Green’s function. The DMFT choice of
A, removes the lowest—order Hartree diagram® contain-
ing the two—particle quantity v*°. Here we would like to
include the bosonic (or, equally, two—fermionic) effects.
In analogy to the foregoing, we construct a theory in
terms of single— and two—particle quantities, and require
that the lowest—order diagrams with the three—particle
quantities %0, 441 and 422 drop out of the self-energy.
These lowest—order diagrams are shown in Fig. [7} where
™™ denotes the contribution to the dual self energy
from the ™™ vertex function.

These contributions to the dual self-energy from
higher—order vertices can be divided into reducible and
irreducible parts®). Here we consider the irreducible con-
tribution from the higher—order vertices; Appendix[E] de-
scribes the reducible contributions.

The three—particle vertex v%? in these diagrams is
connected to four internal fermion lines. Counting the
number of adjustable parameters, it is easy to realize
that a four—time (three frequency) bosonic hybridization,
Alggllch{c£C2/cl/ is needed to completely remove the dia-
grams of Fig.

Such a quantity is very hard to implement in any prac-
tical calculation. Therefore, we stay with the two—time
(one frequency) hybridization A,. In this way, we can-
not make the contribution from the diagrams with three—
particle correlators exactly zero. However, we will show
that the self-consistency condition corresponds to
removing the contribution from the physically important
part of 49, In the case of small U, all three—particle cor-
relation effects vanish because of the perturbative form of
the diagrammatic expansion of the dual functional (see
Appendix .

The three—particle vertices in the dual perturbation
theory are impurity correlation functions. Since the im-
purity only contains two—particle interaction [see Eq. .
76 0 can be written as a set of diagrams containing
the irreducible two—particle vertex function of the impu-
rity problem connected via local fermionic and bosonic
Greens functions. Such a diagrammatic expansion of the
dual-fermion six—leg vertex was discussed in Ref. 50

5 ' c)%
@ 5

% ' d) > 1O
Figure 7. (Color online) The structure of the irreducible parts
of higher— order vertices with respect to the bosonic argu-
ments. The diagrams a) and b) give the contribution %°
to the self-energy from the six—point vertex, diagrams c¢) and
d) are the contributions £*? and £*! from the vertices >
and v*! respectively. The purple parts of the diagrams are

equal to the dual polarization function II (see Fig. @, the
dashed wave lines are the impurity susceptibility x.

Here we analyze three—particle dual self-energy dia-
grams where the incoming particle is connected to a two—
particle ladder, which depends on a single bosonic fre-
quency. Fig. [7| shows these processes. Physically, these
diagrams describe the interaction of a fermion with a col-
lective excitation. The collective excitation can take the
shape of a dual boson propagator or of a ladder of dual
fermion propagators.

Let us start with diagrams a) and b). These diagrams
give the following contribution to the self-energy, where
we denote the purple parts of the diagrams in Fig. [ as
the dual polarization function II:

N4 b= 242 2x[ﬁ+ﬁf(ﬁ]x. (27)
Here % appears as a symmetry factor due to indistin-
guishable vertices.

The contributions of diagrams c) and d) can be written
in the same way,

- 1 -
Y= 422X
57X,

3¢ = > XTIy, (28)

where % in ¢ is also a symmetry coefficient.
Then, the total contribution to the dual self-energy
from these diagrams is

S0 =50+ 504 5o 4 54
1 ~ - -~ ~ o~ o~
- 5722 (X +2XTIx + x [+ IXI]x).  (29)

Here, we recognize the superline of Eq. . This allows
to rewrite as

1

572’2§10c; (30)

¥ =

where the local part appears since both ends of the su-
perline are attached to the same vertex. This expression



is equal to zero if we use the self-consistency condition
. Therefore, the local part of the “superline” .S being
zero means that the dual self-energy contribution asso-
ciated with 42?2 drops out of the perturbation theory.

For comparison, the self-consistency condition
corresponds to ¥¢ = 0. In that case, diagrams a), b)
and d) still contribute.

Having removed the lowest—order three—particle pro-
cesses with three—particle vertices, we can now restrict
ourselves to the the simple ladder expansion for the dual
self-energy and polarization function

i:er ﬁ (31)
ﬁ:@. (32)

The reducible contributions to the three—particle vertexes
can be accounted by the re—definition on the lines in these
diagrams, as it is described in Appendix [E] These expres-
sions allow to close the set of equations for dual Green’s
functions formed by the self-consistency conditions
and definitions @

Thus, we obtained a diagrammatic argument for the
bosonic self-consistency similar to that in the DF ap-
proach. This condition removes the physically important
dual self-energy contribution from higher—order vertices
and simplifies the diagrammatic expansion of the inter-
action functional V. The main difference is that for the
bosonic sector, both single-boson and two—fermion con-
tributions are crucial.

It is important to note that a nonlocal self-energy can
break the charge conservation law, since the vertex ob-
tained as a second derivative of the dual Luttinger—Ward
functional then depends on three momenta, whereas the
ladder approximation only takes one transferred momen-
tum into account. For this reason, in this work we
restrict ourselves to a local self-energy and focus on
nonlocal bosonic effects of Eq. (32). As a result, the
two self-consistency conditions (14)) and for the
fermionic hybridization are equivalent. The fermionic
and bosonic self-consistency conditions remove the main
physical contributions to ¥ and the fermion physics is
accounted for on the level of the impurity.

Our computational scheme is summarized in Figure
We start with an initial guess for the hybridization func-
tions A, and A,,. In this work we take the result of a con-
verged EDMFT simulation as the inital guess, however
it is also possible to start from non—interacting Green’s
functions or from a previously obtained converged DB re-
sult at other parameters. The impurity problem is solved
using quantum Monte Carlo®®455152 and the resulting
impurity quantities are used to calculate the dual polar-
ization. Then, the lattice Green’s function and suscepti-
bilty are determined and new hybridization functions are
determined using the self—consistency conditions. This
procedure is iterated until convergence is achieved.

impurity solver ,
AV7 Aw 2?,DO Xéj,l
7Y
= Q’
S e
O \Qﬁﬁ, - w
[9p] \ « L. e \B
Q’b’ -
1

Figure 8. A summary of the computational scheme used. The
impurity solver determines local impurity quantites based on
hybridization functions A, , A,. The fermionic lattice Green’s
function is determined directly from the impurity quantities.
For the lattice susceptibility, we take additional nonlocal cor-
rections into account via the dual polarization II in the ladder
approximation.

VI. CHARGE CONSERVATION

Here, we prove that the susceptibility obtained from
DB satisfies the charge conservation requirement as long
as the bare (local) self-energy and the local vertices are
used. The conditions for the proof are:

e The impurity problem is solved exactly, so that
the impurity vertex and self-energies satisfy the
Ward identity.

e The self-energy of the fermions is local and equal
to the impurity self-energy, Xy, = 3P,

e The hybridization A, is chosen in such a way that
the local part of the dual fermion Green’s function
is zero, i.e., the self-consistency condition is
satisfied.

It is important to note that for this proof there is no
condition on the retarded interaction A,. In particular,
the proof works for the self—consistent choice of A, in the
previous section.

We start with the dual polarization in the ladder ap-
proach?, Eq. , and write it as

Mgw =Y 7ot Bave T2 (33)

qrw?
v

where we have defined the bubble of dual Green’s func-
tions

Bquw = - Z GkuékJrunrwa (34)
k

and renormalized fermion-boson and fermion—fermion
vertices

21 _ 21 40 5 2,1
Fquw =Yw — § :Fquu’quV’UJ’Yy’w (35)
V’
4,0 _ 40 4,0 D 4,0
Fql/u’w — lww T ’Yw/”quVWFqV”V’w' (36)

!



The results of the ladder summation can be expressed as
a geometric series,

—1
2 : D, 4,0 2,1
Fle’VlW = [I + qu,/w,‘yuu”w} ﬂ}/u”w’
V//
—1
4,0 ” 4,0 4,0
Fqlll/'w = E : [I + Bql’”wfyyu”w} Yvrvw: (37)

vt

where the inverse should be understood as a matrix in-
version in frequency space and [ is the identity matrix in
this space (vv").

Now, we proceed by going from the impurity vertex to
the particle-hole irreducible impurity vertex (see Refs.[25
and H3)).

B;}Ep =~ 9v9vtw,
1
4,0 4,01 i 4,0i
Yov'w = Z |:[ + FVV”‘ZJBII/Y(?JP} FV”VIfw’ (38)
I/,/
—1
_ 4,0ir i
Gty |[THriiEin] . 89)
V//

The impurity susceptibility x., is related to this irre-
ducible vertex as

. . -1
o= [I+TLLBIE| B (40)

vu!!

Now, all relevant two—particle correlators of the im-
purity have been expressed in terms of two quantities,
the irreducible vertex I'*% and the particle-hole bub-
ble B™P. This allows us to write the combination
P = —xu—XwllqwXw that enters the lattice susceptibility
in Eq. entirely in terms of these two quantities.

qu =~ Xw — Xquwa
im ir 171 5
=—Xo— », [T+BEETL%] Bave

ViV2V3lq

-1
4,0 5, 4,0 ir imp -1
X |:I+’VI/1V30JBqV3W:| [I+ FV3U4wBV4w]
(33 imppd,0ir 171 7
= " Xw— E : [I+BV2wFV2V1w] Bquw
ViVaV4

. . ~ —1
[ + )]

virvaw vaw

@ Z 1+ Bimppaoir ]—1

VoW ™ ValV1W
Vivalg

< (B 61000+ B [T+ T4 D] ]

V1w Virvaw

@ Z [I+Bimpr4,0ir ]—1

VoW ™ ValV1Ww
V1VaV3V4

X | B [T+ THSE, Bavse] + Bavswduovs]

o [T+ T4, Bay] ™

v3vaw

im ir 771
=— > [I+BIITL

V1VaV3V4g

x [T+ BJPTL0, ] X Baysw

Vivsw

[T+ T4, Baya] ™

V3w

=~ Baw [+ 50, Baru] (41)

viva

In the Hubbard model (V' = 0), this is the expression for
the DMFT susceptibility. Here we have introduced the
lattice bubble

quw :B%p + Bquw
= Z le/Gk+q,V+w~ (42)
k

This relation holds, since Gy, = g, + G’k,, and the local
part of the dual Green’s function is zero so cross-terms
¢gG vanish in the momentum sum.

For the charge vertex

. —1
D LER W (43)

vv

!

we have the Ward identity"

4,0 ch
qu:OVw

=Ghr = Giry = —(w—

et Sorw + 5. (44)

Therefore, for w # 0,
Py=o0w = — Z Bq,uwréﬁgl;w
== GruGrutelGiy — Gyl

v k
= Z Z[Gku - Gk,u+w]
v k

=0. (45)
The physical polarization is given by
H(;Li = Pq_wl - va (46)
which yields the required condition IIq—g >0 = 0. For
arbitrary q the physical susceptibility is given by
1 1
X (47)

W M —V, U Pal AU+ Vq— Ay
which gives
Xq=0,wz0 = 0. (48)

So the charge conservation requirement is satisfied.

VII. APPLICATION OF THE
SELF-CONSISTENCY CONDITION

Having introduced a new self-consistency condition
, we will study its behavior in some important lim-
its. In the limit of infinite dimensions, DB with the new



self—consistency condition reduces to the (exact in d =
o0) DMFT. In the non-interacting limit, the new self-
consistency condition is automatically satisfied by the
exact solution. At weak interaction, the self-consistency
condition changes the effective impurity interaction. Fi-
nally, we determine the high—frequency limit of the re-
tarded interaction and find that it is in general nonzero.

A. Limit of infinite dimensions

As is well known, DMFT becomes exact in the limit
of infinite dimensions??2L, Our DB scheme inherits this
property. To prove this, it is only necessary to show
that DB and DMFT are equivalent, i.e., that the self-
consistency condition is satisfied for vanishing re-
tarded interaction in the limit of infinite dimensions.
Since nonlocal interactions only contribute at the Hartree
level in infinite dimensions?!, it is sufficient to prove this

for V4 =0.

A,=0 =
qu = Xw +Xquwa

Zqu —Xw = Xw Zﬁquw
q q
Xeo D TENw + X0 > TG X
q q

= 0, (49)

since the local part of the second-order diagram van-
ishes due to the fermionic self-consistency (as before),
and the local part of higher—order vertex corrections
vanishes in infinite dimensions®®. The vanishing of the
higher—order diagram can also be understood in a 1/d ex-
pansion?%2l: the four dual Green’s functions contribute
O(1/+/d) eachF3, and there is a single internal summation
contributing O(d), so 1:[,(;2) x O(1/d).

Eq. shows that the self-consistency condition
is automatically satisfied for A, = 0 in infinite dimen-
sions, so DB and DMFT are equivalent (and both exact)
in this limit.

B. Noninteracting system

The noninteracting system (U = 0, V = 0) is ex-
actly solvable, the bare Green’s function is the exact lat-
tice Green’s function. This result is recovered in self-
consistent DB if A, = 0. Here, we will show that the
new self—consistency condition is indeed fulfilled when
U = 0 and A, = 0. Starting with a noninteracting
impurity problem gives yﬁﬁ),w = 0, and consequently>”
Avw = —1/Xw. Only the second-order diagram

Xwﬁgl%Z;Xw = [éé]q,w (50)

contributes to the dual polarization, with G the Green’s
function of the dual fermions. Its local part vanishes due

to the self-consistency condition on the fermions, and as
a result the local part of the bubble [GGlq,. is also zero.
So the local part of the lattice susceptibility is

Z Xqw = Z Xw T Z[Gé]q,w (51)
= Xws (52)

and the self-consistency condition is satisfied.

C. Strong and weak interaction

In the special case of the Hubbard model (that is,
V = 0), the interaction is purely local, but the collective
modes are still present. Magnons are known to determine
the low—energy physics of the half—filled Hubbard model.

The dual fermion ladder summation allows us to de-
scribe the effect of magnon fluctuations, leading to the
formation of an “antiferromagnetic” pseudogap slightly
above the Neel temperature®®. In the same vein, one
should expect the presence of collective density modes.
Indeed, it is widely accepted that the sligtly doped Hub-
bard model shows instabilities related to the formation
of static density waves. This indicates the importance of
dynamical density fluctuations in a wider region, possibly
including the case of half-filling.

In the dual-boson theory, the presence of collective
modes should be reflected in a corresponding bosonic hy-
bridization A. Indeed, our self-consistency conditions
impose that A is non—zero even for V' = 0. In this case
the bare bosonic line is purely local, and the nonlocality is
provided by the fermionic ladder. The latter exactly cor-
responds to a collective mode, as it was discussed above.

Two important limits of the Hubbard model (V' = 0)
are those of small and large U. Both of these limits are
described by yxoAo, < 1: for U = 0 the A, = 0 as it
was shown in Sec. [VITB] for U — 0 the A, — 0 while x,,
stays finite. Conversely, for large U, the susceptibility x.,
becomes very small. This allows us to expand the charge

susceptibility in x,Au

qu ~MXw T Xquwa — XoAoXw + .. (53)

The polarization also simplifies in the limits of both
strong and weak interaction. With the same argument
as in DF?% the vertex v is small at small U, whereas
the dual Green’s function G is small at large U. This
means that both at large and at small U, higher orders
in the ladder decay quickly, and when combining the self-
consistency condition and Eq. , only the third—
order contribution II®®) needs to be considered (the local
part of the second—order diagram drops out due to the
self—consistency condition on the fermions, as before).

XewDwXw & Z Xwﬁz(qizxw (54)
a



D. Symmetries in the Hubbard model

At small U, the third—order polarization diagram is
proportional to U, since it contains a single vertex . In
this work, we focus on the charge sector, however, there
are also collective excitations in the magnetic sector and
the DB formalism can be also applied to 5.5, interac-
tions. An important difference between the charge and
magnetic channel is the sign of the effective interaction.
This implies, to lowest order in U, opposing signs in the
third—order dual polarization f[&iﬂ’d““ge = fﬁﬁﬂ’mag“e“c
and effective impurity interaction Acharge 4 Amagnetic —

By using particle-hole symmetry, one can show (see,
e.g., chapter 11 of Ref. [56] for a pedagogical discussion)
that the transformation U — —U in the half-filled square
lattice Hubbard model interchanges charge and spin fluc-
tuations. Single-particle properties like the self-energy
are invariant under the the transformation U — —U. In-
troducing a self-consistency only on the charge sector,
as we do here, will break this symmetry. To retain the
U — —U symmetry, the charge and magnetic channel
need to be treated on the same footing. To also retain
spin rotation symmetry, and in fact the full SO(4) sym-
metry®?, all three magnetic channels are needed, as well
as the charge channel and two superconducting channels.

E. Screening by nonlocal interaction

Nonlocal charge fluctuations play an especially impor-
tant role in systems with nonlocal interactions. The
nonlocal interaction can cause quantitative differences by
screening the effective local interaction. However, it can
also lead to qualitatively different physics. The checker-
board order that arises from repulsive nearest-neighbor
interaction is a good example of this, that has been stud-
ied both in EDMFT=5? and in dual boson?. Attractive
nearest-neighbor interaction, on the other hand, can lead
to phase separation into high and low density phases®S.
Clearly, the sign of the nearest-neighbor interaction V
is physically relevant. Using the Bogoliubov inequality,
screening effects have been estimated to be proportional
to VoI,

A peculiarity occurs for EDMFT on the square lattice.
As shown in Appendix [G] due to the structure of the
momentum sums, only the absolute value of V' matters
to EDMFT. In dual boson, on the other hand, the sign
of V' does matter.

F. Numerical results at weak interaction

To start our discussion of the numerical results, we look
at a system where correlation effects are expected to be
moderate. We take a weak local interaction U = 0.5 and
relatively high temperature 7' = 1, and vary the nearest—
neighbor interaction between V' = —0.03 and V' = 0.03.

0.14 : ~ 0.2 -
012 | V=-0.03 . L I %
*® 40, R A 01 - 3
o1 ¢ ¢ * 0.1 - <
008 | * g 0.01 .
" - =
<3 0.06 | mE EguEn .”.'”I”.'i"'-" 7 01 . g
V=0 -
0.04 | ® ] -0.01 A . <
0.02 | | .
b, +++ 1+ 4y “"f'+-+-'-"---+ ----- + 01 A E
or + =0.0¢ + 1 -0001 4. . 2O
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w

Figure 9. (Color online) Left: Effective impurity interaction
as a function of Matsubara frequency for various nonlocal
interaction strengths V', at U = 0.5. The dashed line indicates
the high—frequency asymptotic value of A,,, and this value is
shown in the top right as a function of V' (the line is a linear
fit for |V| < 0.01.). Center-right is the zero—frequency A,
and bottom right the zero—frequency A, in EDMFT.

All parameters are given in units of ¢ = 1. The effec-
tive impurity interaction after the dual self-consistency
is given in Fig. [0

One thing that is immediately noticeable from Fig. [9]
is that the high—frequency asymptotic value of the ef-
fective impurity interaction depends on the nonlocal in-
teraction strength. This is unlike EDMFT, where the
asymptotic is given by the local interaction strength only
(see e.g. Fig. 9 of 35 or Fig. 6¢ of 57). Fig. Eb shows
that the asymptotic value depends linearly on V. This is
reminiscent of the effective local interaction U* = U — V'
obtained using the Peierls—Feynman—Bogoliubov varia-
tional principle®”, where V is proportional to V. The
linear fit in Fig. E]b gives V &~ 1.9V in this case.

Alternatively, the zero—frequency part of the retarded
interaction can be used to estimate the effective inter-
action. As mentioned before, in EDMFT this leads to
a quadratic dependence? of the effective interaction on
V. We have observed the same quadratic behavior in
EDMFT, see Fig. [0d. The zero-frequency part of the
retarded interaction in self-consistent DB is shown in
Fig. Oc. We find that the zero—frequency part of the
retarded interaction also depends linearly on V, with
V =~ 0.3V. This constant of proportionality is almost
an order of magnitude lower than that of the high—
frequency retarded interaction. On the other hand, the
zero—frequency retarded interaction in DB (Fig.[9¢) is an
order of magnitude larger than in EDMFT (Fig. |9d).

Fig. [0]shows that even at V = 0 (Hubbard model), the
self—consistency condition introduces a retarded interac-
tion to the impurity problem. In the absence of a non-
local interaction, the susceptibility still has a nontrivial
momentum—dependence and the impurity feels the effect
of these nonlocal charge fluctuations. An important re-
mark here is that, according to Sec. [VILC| the retarded
interactions in the charge and magnetic channel cancel
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Figure 10. (Color online) Left: Effective impurity interaction
as a function of Matsubara frequency for various nonlocal
interaction strengths V', at U = 10. The dashed line indicates
the high—frequency asymptotic value of A,,, and this value is
shown in the top right as a function of V' (the line is a linear
fit for |V] < 0.1.). Center-right is the zero—frequency A, and
bottom right the zero—frequency A, in EDMFT.

to first order in U in the Hubbard model. So the finite
retarded charge interaction is mostly compensated by the
magnetic interaction.

As an aside, the charge conservation requirement
Xq=0,w>0 = 0 is satisfied numerically in these self-
consistent DB calculations (not shown).

G. Numerical results at strong interaction

Now, we turn to a strongly interacting system, with
U = 10, and local interaction varying between V' = —0.3
and V = 0.3. The retarded interaction is shown in
Fig. [I0] As before, there is a constant retarded interac-
tion in the high—frequency limit, the linear fit of this co-
efficient in Fig. gives V = 1.9V. The zero—frequency
retarded interaction also depends linearly on V' with co-
efficient V ~ 0.2V.

Note that the retarded interaction is quite large and
positive (repulsive), so the effect of the nonlocal charge
fluctuations is to make the system more insulating.

The retarded interaction has a peculiar shape, with a
strong repulsion at finite frequency and a much smaller
value at zero frequency. The retarded interaction is based
on the lattice susceptibility, which has a discontinuity at
q = 0 and w = 0. In that sense, it is not completely sur-
prising that the retarded interaction also changes sharply
around zero frequency. However, one should keep in mind
that the results shown here only consider fluctuations in
the density channel. As explained in Sec. [VIID] a full
computation also needs to take the magnetic and super-
conducting fluctuations into account and we expect these
fluctuations to be very important for strong interaction
strengths.

The change in the impurity interaction affects the lo-
cal observables obtained from the impurity. As an exam-
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Figure 11. (Color online) Quasiparticle renormalization fac-
tor Z as a function of the nonlocal interaction strength V, at
U = 10. Nearest-neighbour repulsion (V' > 0) screens the lo-
cal interaction and increases the quasiparticle renormalization
factor.

ple, in Fig. we show the quasiparticle renormalization
factor Z = (1 —ImY,, /v1)~! determined from the local
self-energy at the first Matsubara frequency. The lattice
self-consistency condition takes into account feedback of
the nonlocal charge correlation effects onto the impurity.
These correlations drive the system in the direction of the
insulating phase and this is reflected in the reduced Z-
factor. Secondly, a repulsive nonlocal interaction V' > 0
screens the local impurity problem, makes the system less
correlated and increases the quasiparticle weight. Within
the EDMFT approximation, the dependence on V' is a lot
weaker.

The charge conservation is also visible numerically.
The susceptibility in single-shot DB at the end of
EDMFT self-consistency is known to satisfy the charge
conservation requirement? Xq=0,0>0 = 0. This is shown
in Fig. as iteration 0. Now, when the additional DB
self—consistency is started, and A, is updated, this charge
conservation is initially broken, as can be seen in itera-
tion 1 and 2 of Fig. Charge conservation is restored
as self—consistency is achieved.

H. High frequency asymptotic of A,

In the previous section, it was shown that the retarded
interaction A, goes to a constant at high frequency. This
high frequency asymptotic behavior can be understood
in the following way. We start by examining the ingredi-
ents of the self-consistency formula. The impurity sus-
ceptibility x,, decays as w™2. At high frequency, the
fermion—boson vertex increases as A\, o< ;! x w?. A

bubble of dual Green’s functions By, decays as w2, so

the second-order diagram IZL(fZJ o Ay Bqww o< w?. This

results in a constant xwﬁga,, which is necessary for the
charge conservation condition Xwﬁff:)o,w oo = — L.
So the magnitude of the second—order diagram is in-
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Figure 12. (Color online) Charge conservation requirement
Xq=0,w>0 = 0 during the self-consistency scheme. Iteration
0 is single—shot DB. These results are at U = 10, V = 0.3.

creases as a function of frequency. However, here we only
consider its local part, which vanishes since the local part
of the bubble of dual Green’s functions is exactly zero due
to the fermion self-consistency condition, i.e.,

> 1§, =o. (55)

qa

The higher order ladder diagrams have additional rungs
YwB.. Since v goes to a constant (U™PWi) at large
frequency, every additional order in the ladder decays by
an extra factor w™2 coming from the bubble. That means
that the first non—vanishing contribution to the local part
of IT comes from the third order diagram, which will give
a constant.

Now we go from the polarization to the lattice suscepti-
bility and expand it with respect to x,, (A, —V;) < 1.
This is valid at high frequencies, since y,, decays as w2
and we assume A, does not increase as a function of w,
which will be justified a posteriori:

Xq,w = Xw t Xwﬁq,wa - (Xw + Xwﬁq,wa)2(Aw - ‘/q)

(56)
Applying the self—consistency condition gives
0= Z Xqw
0= Z [ (1+ xeTlgqw)* (A — Vq)}
0= Z ), + Z g2
- Z (1 + xoTlqw)*(Aw — Vo). (57)

According to the previous discussion, the first term van-
ishes, the second term goes to a constant at large fre-
quency, and 1+ x,1lq.. also goes to a constant, so A,
has to go to a constant as well.
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The nonzero retarded interaction at high frequencies is
notably different from EDMFT and DB with the “dual”
self-consistency condition. This frequency independent
retarded interaction can be considered as a change in the
instantaneous effective impurity interaction. Physically,
this is the screening of the impurity by the collective
modes.

VIII. CONCLUSION

In this paper, we formulated the inherently self-
consistent dual boson scheme, capable of treating elec-
tron structure and collective excitations in correlated sys-
tems. The scheme employs the effective impurity prob-
lem with fermionic and bosonic hybridization func-
tions. We have shown that a proper choice of the retarded
interaction leads to a significant simplification of the DB
perturbation theory: all diagrams with local two—particle
lines can be removed. In this way, the effective impurity
problem contains more information about the nonlocal
bosonic (e.g. charge, spin) fluctuations. Physically, the
nonlocal bosonic fluctuations are determined both by the
direct boson—boson interaction in the Hamiltonian and
by the collective behavior of the fermions. These two
phenomena need to be taken into account on the same
footing.

We have found that the nonlocal charge fluctuations
make the system more insulating. However, to make a
truly meaningful statement on this issue, the nonlocal
spin fluctuations should be taken into account on the
same footing, since they are expected to have a compen-
sating effect.

Perhaps somewhat surprisingly, an impurity model
with a static U is not the optimal reference for the Hub-
bard model with local interaction only. In finite dimen-
sions, nonlocal charge and spin fluctuations can have
large effects'® and ideally the impurity problem should
know about this. DMFT overestimates the Néel temper-
ature oBH6061 gince the feedback of the strong antiferro-
magnetic fluctuations on the impurity model is not taken
into account. In 2d, these long-range antiferromagnetic
fluctuations should bring down the Néel temperature all
the way to zero according to the Mermin-Wagner theo-
rem.

In the presence of nearest—neighbor interaction V', we
have found that the effective impurity interaction de-
pends approximately linearly on V', as expected from the
Peierls-Feynman-Bogoliubov variational principle®”

We have also presented a proof of the charge conserva-
tion law in DB, and have shown that charge conservation
can be achieved independently of the choice of retarded
interaction. Numerically the DB charge susceptibility in-
deed satisfies this law. Charge conservation is important
for a proper description of long—wavelength modes.

Finally, it is worth to draw an analogy to the DMFT
paradigm. DMFT is known to be the best single—
impurity method describing one—particle physics of cor-



related systems in a fully self-consistent way. It is im-
portant that it uses only the single—particle Green’s func-
tion of the impurity model. This is because of the proper
choice of the fermionic hybridization function, which al-
lows low—order dual fermion corrections to vanish (as
these would otherwise include vertex parts of the im-
purity). The theory presented above follows the same
ideology for the collective excitations: the calculation re-
quires knowledge of one— and two—particle properties of
the self-consistent impurity model, whereas the proper
choice of the fermionic and bosonic hybridization func-
tions eliminates the diagrams with higher—order vertexes.
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Appendix A: Sum rule for the fermion—boson vertex

The fermion—boson vertex A and the fermion—fermion
vertex v are related®0, since they are both two-particle
impurity correlators

o - 1 oo’
Auw = le (ﬁ Z’qu’wgl/’o’gl/'-%wa' - 1) . (Al)

The impurity susceptibility is also a two—particle corre-
lator, and it is related to the fermion—fermion vertex by
a ladder equation?

Xw = ngagu+w,a - Z o Gv+w,cVvv’'w9v'c 9’ +w,o -
vo vv'oo’
(A2)
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Combining these equations gives a useful sum rule for the
fermion—boson vertex

§ guagu-‘rwan)\Zw: § JroGv+w,c Vvv'wIv' o Guv’ +w,o
vo vv'oo’!
- § guagl/-i-w,o’
vo
=~ Xw

Zguagwwa)‘gw =-1L (A?’)

This identity can also be obtained straightforwardly
from the definition of A

Z guo’.gVercTXw vw — Z <CVO'CV+wg'nw> gl/o’ w

= <nwnw> —(n) (n) &,
= — Xw- (A4)

Appendix B: Impurity vertex functions

The three—particle vertex functions are given by

7?:;3,4,5,6 = (919293949596) " %

{ereh) 74’°gzgsgsge+

c1 *> 74’092939496 — (e1¢5) 792939495+
791939596 — (cack) v 91939496+
6) 7091939195 — (cach) v 91929596+
091929496 — (c3cg) v 091929495~
1) (e2c6) (esck) (cacs) (eacg) —
5) (cacy) (c3c) (cacg) (escy) —
6) (cack) (cacy) (cacs) (escs) ]

and 722 can be expressed via 75°

[(clcgc;»,chgc’g;) —

02 Ca2C

C3C

(=)

5)
1)
€3Cg)

+ (c1c3)
C1C5 + (c1¢5)
+ {c1c5)

c1 cicg

(
(cac
(cac
(escs
(cic
(c1c
(cic

(B1)

whereas y*1 as follows:

41 o 6,0
V1.2,5,6:3 = X3 (V1231445693 +494F
1

6 4,0 5 4,0 5 4,0
1,472/344,5,693+4 — 034+4,571)2.4,694 T+ 3+4,67172,4,594}
(B2)

1

712,’§;2,3 = (X2x3)” " X

6,0
[71,4+2,4,5+3,5,6949594+295+3+
4,5
61,50442,6 (C54+3¢1) +
01,40543,6 (Catacs) +
5 4,0
1,475,442,5+3,69594+295+3 —
5 4,0
1,574,6,44-2,5+3949694+295+3—
5 4,0
1,475.6,44-2,5+3959694+295+3 —
S 4,0
6,5+371,4,5,44 29194959442+

4,
56,4+2’YL25,5+391g4g5g5+3] . (B3)



This shows that 7?2 contains one-particle and two—
particle reducible contributions, whereas v*! only con-
tains the two—particle reducible part.

Appendix C: Equivalence of the two self-consistency
conditions within the EDMFT

In EDMFT, where the dual polarization is equal to
zero, Ilg ., = 0, the lattice susceptibility is given by

Xow =o' +hw = Vo) h. (CL)
Then, the “lattice” self-consistency condition is
Xw = Z(X;l + Aw - V:;)_l- (CQ)

q

At the same time, since ﬁqyw = 0, the dual susceptibility
X is equal to the bare dual susceptibility @ The old
self-consistency condition is

0= Z(X;l +Aw - V:;)_l — Xw>
q

and (C2) and (C3|) are clearly equivalent. This proves
the equivalence of the self-consistency conditions

and in EDMFT.

(C3)

Appendix D: Relation between lattice and dual
susceptibilities

The self-consistency condition is formulated in
terms of lattice quantities. We wish to have an interpre-
tation of this self-consistency condition in the dual per-
turbation theory, which requires us to rewrite the self-
consistency condition in terms of dual quantities. To
achieve this, we start by rewriting the bare dual bosonic
propagator of Eq. @

X0= [ -(v-N] -y

_ x(V=A)x
1—(V—-A)x

The momentum and frequency labels in these expres-
sion have been suppressed to simplify the notation. The
Dyson equation gives the renormalized dual susceptibil-

1ty

(D1)

XO
1— XOII
_ X(V-Mx
1L — (V= A)(x + xIIx)

The lattice susceptibility [Eq. (12)] can be written in a
similar way as

X =

(D2)

_ XXy
1= (V= A)(x + xIIx)

(D3)
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This expression can be illustrated by the diagrammatic
series

(D4)

where the dashed line is the impurity susceptibility Yy,
the filled ellipse denotes the interaction V' — A and the
triangles with fermion lines are the dual polarization II.

Using the Eq. (D2) and Eq. (D3)), one can get the re-
lation between lattice and dual susceptibilities

- X+ xIIx
- xXTXX
x(V —A)x

Finally, we wish to get rid of V' — A. To do this we solve
Eq. (D2) for V — A and substitute the result

X (D5)

X
V—-A=—= _ - (D6)
X (x + xIx) + x
in Eq. (D5)). This results in Eq.
= ¢ O DO [X (¢ XTD) + X°]
XXX
= (1+ xII) [X(l +1IIx) + X]- (D7)

Appendix E: One— and two—particle reducible parts

Here, we study the reducible parts of the higher—order
vertices with respect to the purely fermionic vertex func-
tions v*9 and 759, We start with the simplest one-
particle correction to the self energy, from the reducible
part of Fig. )7 where the one—particle reducible con-
tribution comes from (B3). Just like v*! = X, %2 is
nonzero even in noninteracting systems. Diagrammati-
cally, the associated dual self-energy is

g
:“—->...'1
~ 210, A2l =>
— o l"/\/\{\: 0 correction ‘ z i (El)

c
1PR

where the dashed triangular vertex is the bare fermion—
boson vertex 'yg’l = —1/x. This one—particle reducible
part of 3¢ acts as a correction to the dual self-energy in
Eq. 31}

The dual polarization for this case also has a simple
form,

I1° = e 3, (E2)

This contribution to the polarization function corre-
sponds to the limit U = A = 0. In that case, the in-
teraction V is small and we can expand the relation for



the dual susceptibility to first order in V'

X = X(V_A)X _
1= (V= A)(x +xIlx)

=xVx. (E3)

Since the local part of interaction V; is equal to zero,
the local part of the dual susceptibility is equal to zero
as well. This means that the self-energy »{pp in
is equal to zero and therefore only bare fermionic lines
remain in polarization function .

In this case the lattice susceptibility is®

GG

X= 1-VGG’ (B4)
This result is exactly the RPA relation for the susceptibil-
ity. It means that for the simplest case the self-consistent
DB approach reproduces the result of the Random Phase
Approximation (RPA) method. In this limit of weak in-
teraction, RPA indeed correctly describes the bosonic de-
grees of freedom*” and self-consistent dual boson reduces
to RPA in the same limit.

Now, we can go further and study the two—particle
contribution from the reducible parts of the vertices v*!
and v%>2, see Eqgs. and (B3). Including the four-
point vertex v*°, the additional reducible parts of the
diagrams for the self-energy are

21 21 -‘"_>--"4 21
: BT )
Wl Yo l'g"\/\{;”f’o
o & %
correction
2

.-
4
.21
m’\/\c,:vo m
COrreCthn

h 21
oo -,’/\/\ﬁ- % (5)
When the impurity Green’s function g, is small, e.g.,
at high temperature and large U, these terms become
small corrections. In the limit of small U, they also be-
come small corrections since the three—particle correla-
tors are small themselves. Thus, the main contribution
of the three—particle correlation interaction functions to
the self-energy comes from irreducible parts of y*! and

~%2 and the vertex function v%° itself.

Appendix F: Contribution of higher—order vertices
to the self-energy

A main advantage of the DB approach is the fact that it
can be successfully applied to both the large and small U
limits. For the small U case the diagrammatic expansion
has a perturbative form and the higher—order vertices
in U can be neglected. Here we analyze the physical
irreducible contribution from the higher—order vertices,
which are similar to those removed by the bosonic self-
consistency condition. Other reducible contributions are
also small for this case, as was shown in Appendix [E]
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The irreducible part of v2?2 vertex function can be pre-
sented in terms of the six—point vertex function as

-1 6,0
E V1,4,44-2,5,5+3,6949594+295+3-
45

2,2
Y1,6:2,3 = (x2x3)
(F1)

One can rewrite this equation in following way

2,2 4,0
V623 ) 9agatragsgsss(1+ Z’Y474+2,4/74/+Qg4/g4/+2) X
4.5 4’
6,0
(1+ Z 7095095 43) = Z M.4,442,5,5+3,69494+29595+3,
5/ 45
(F2)
or equally
2,2
Z Y16;2,3X2X39494429595+3 X
4,5
- Z V4! 4+2 4 4'+294'94'+2)
(- i - 27’4’0 95 g5i43) =
Xs X35 5,5+43,5",5'+3
6,0
Z V14,4+42,5,5+3,69494429595+3- (F3)
4,5
Using the relation we get
2,2
Z V1,6;2,3X2X394944+29595+3 ¥
4,5
2 2,1 2 9
(_X —Var22) (— =~ Vhess) =
Z S a12.5543,6910142950543- (F4)
4,5

If we look again on the relation we can realize that
the bare vertex function 7% can be expressed through

the local three— and four—point vertex functions and local
Green’s function:

__1 _ 21 __1 4.0

Y 7+ ngv

A &f"
<=4+ <0 (F5)

The contribution of the six-—point vertex to the self-
energy X’ now looks as follows:

correction

main term

When the two—particle vertex or impurity Green func-
tion g are small, then all terms with the dashed lines are



accounted for the small correction. Therefore we con-
sider only the main term in the bare three—point ver-
tex 7)%2 — 7§:i+2;2 with the proper summation over the
fermionic frequency. This is the case for example when
the three—point vertex weakly depends on the fermionic

frequency. Then one can obtain the following relation

6,0 .
2 :71,4,4+2,5,5+3,69494+2g5g5+3 =
4.5

2,2 2,1 2,1 F7
71,6;2,3X2X374,4+2,275,5+3;39494+29595+3- ( )
4,5

Similarly to the six—point case we can obtain the relation
for the five—point vertex as follows

4,1 _ 2,2 2,1
E V1,4,4+2,6;394944+2 = E 71,6;2,3X274,4+2;39494+2,
4 4
(F8)

The expressions and are similar to those shown
in Fig.[7]and differ from them only by the replacement of
the local Green’s functions by their dual counterparts.
One can expect, however, that these diagrams, being
physically important, indeed give the dominant contribu-
tion to the self-energy, which therefore can be cancelled
by the self—consistency condition, as it was shown in .

Appendix G: Quadratic dependence on V in
EDMFT

Our EDMFT results show a quadratic dependence on
V. This can be understood from a symmetry of the
square lattice, and of hypercubic lattices in general. The
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Fourier transform of the nearest—neighbor interaction is

d
Vg =2V cos(ka). (G1)

All the momenta occur in pairs q,q’, with ¢ = q+ (7, 7)
and Vg = —Vg . In the EDMFT formalism, V4 is the only
quantity carrying momentum dependence, and it only
occurs in formulas with a momentum—averaging, such as
the self-consistency condition. Changing the sign of the
interaction, i.e., V(; = —Vq4 does not change the self-
consistency condition:

q Xw Xw
1 1
B q’ X;1+A 7[7‘/01’] 7;)(&_114’/\@7‘/(;/
(G2)

This shows that the EDMFT result in a hypercubic lat-
tice does not depend on the sign of the nearest—neighbor
interaction. This is not what is expected physically, at-
tractive and repulsive nearest—neighbor interactions are
notably different.

In self-consistent DB the results do depend on the sign
of the interaction. Since there is an additional quantity
with momentum dependence, 11, the sign flipping ar-
gument of the previous paragraph no longer applies.

Diagrammatically, this can be seen from Eq. ,
where the momentum dependence comes in through the
filled ellipse (via the interaction V4) and through the
fermionic bubbles (the dual polarization). EDMFT does
not contain the latter, so all of the momentum depen-
dence comes from V. Due to the symmetry of the square
lattice, changing the nearest-neighbour interaction from
repulsive to attractive only rearranges the interaction
terms and leaves their momentum averages the same. In
dual boson, Eq. contains contributions where the
both the dual polarization and the interaction appear.
Exactly these diagrams give the contributions linear in
V.

L E. Tosatti and P. W. Anderson, Japanese Journal of Ap-

plied Physics 13, 381 (1974).

P. Hansmann, T. Ayral, L. Vaugier, P. Werner, and

S. Biermann, Phys. Rev. Lett. 110, 166401 (2013).

L. Huang, T. Ayral, S. Biermann, and P. Werner, Phys.

Rev. B 90, 195114 (2014).

4 E. G. C. P. van Loon, A. L. Lichtenstein, M. I. Katsnelson,
O. Parcollet, and H. Hafermann, Phys. Rev. B 90, 235135
(2014).

° N. Mott, Metal-Insulator Transitions (Taylor & Francis,
1974).

6 M. Imada, A. Fujimori, and Y. Tokura, Rev. Mod. Phys.
70, 1039 (1998).

" F. Walz, Journal of Physics: Condensed Matter 14, R285
(2002).

8 E. G. C. P. van Loon, H. Hafermann, A. I. Lichtenstein,
A. N. Rubtsov, and M. I. Katsnelson, [Phys. Rev. Lett.
113, 246407 (2014).

Y H. Hafermann, E. G. C. P. van Loon, M. 1. Katsnelson,

A. 1. Lichtenstein, and O. Parcollet, Phys. Rev. B 90,

235105 (2014).

T. Moriya, Spin fluctuations in itinerant electron mag-

netism (Springer-Verlag Berlin, 1985).

11 V. Y. Irkhin and M. I. Katsnelson, Journal of Physics C:
Solid State Physics 18, 4173 (1985).

12 A. Secchi, S. Brener, A. Lichtenstein, and M. Katsnelson,


http://stacks.iop.org/1347-4065/13/i=S2/a=381
http://stacks.iop.org/1347-4065/13/i=S2/a=381
http://dx.doi.org/ 10.1103/PhysRevLett.110.166401
http://dx.doi.org/10.1103/PhysRevB.90.195114
http://dx.doi.org/10.1103/PhysRevB.90.195114
http://dx.doi.org/10.1103/PhysRevB.90.235135
http://dx.doi.org/10.1103/PhysRevB.90.235135
http://dx.doi.org/10.1103/RevModPhys.70.1039
http://dx.doi.org/10.1103/RevModPhys.70.1039
http://stacks.iop.org/0953-8984/14/i=12/a=203
http://stacks.iop.org/0953-8984/14/i=12/a=203
http://dx.doi.org/10.1103/PhysRevLett.113.246407
http://dx.doi.org/10.1103/PhysRevLett.113.246407
http://dx.doi.org/10.1103/PhysRevB.90.235105
http://dx.doi.org/10.1103/PhysRevB.90.235105
http://stacks.iop.org/0022-3719/18/i=21/a=013
http://stacks.iop.org/0022-3719/18/i=21/a=013

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31
32
33
34
35
36
37

38

Annals of Physics 333, 221 (2013).

A. N. Rubtsov, M. I. Katsnelson, A. I. Lichtenstein, and
A. Georges, Phys. Rev. B 79, 045133 (2009).

G. Rohringer, A. Toschi, A. Katanin, and K. Held, [Phys.
Rev. Lett. 107, 256402 (2011).

T. Schéfer, F. Geles, D. Rost, G. Rohringer, E. Arrigoni,
K. Held, N. Bliimer, M. Aichhorn, and A. Toschi, Phys.
Rev. B 91, 125109 (2015)!

I. Bloch, J. Dalibard, and S. Nascimbene, Nature Physics
8, 267 (2012).

M. Lewenstein, A. Sanpera, and V. Ahufinger, Ultracold
Atoms in Optical Lattices: Simulating quantum many-body
systems (Oxford University Press, 2012).

E. G. C. P. van Loon, M. I. Katsnelson, and M. Lemeshko,
Phys. Rev. B 92, 081106 (2015).

T. O. Wehling, E. Sasioglu, C. Friedrich, A. I. Lichtenstein,
M. I. Katsnelson, and S. Bliigel, Phys. Rev. Lett. 106,
236805 (2011).

W. Metzner and D. Vollhardt, Phys. Rev. Lett. 62, 324
(1989)!

A. Georges, G. Kotliar, W. Krauth, and M. J. Rozenberg,
Rev. Mod. Phys. 68, 13 (1996).

J. Hubbard, Proceedings of the Royal Society of London.
Series A. Mathematical and Physical Sciences 276, 238
(1963).

J. Hubbard, Proceedings of the Royal Society of London.
Series A. Mathematical and Physical Sciences 281, 401
(1964).

A. N. Rubtsov, M. I. Katsnelson, and A. I. Lichtenstein,
Phys. Rev. B 77, 033101 (2008).

A. Toschi, A. A. Katanin, and K. Held, Physical Review
B (Condensed Matter and Materials Physics) 75, 045118
(2007).

G. Rohringer, A. Toschi, H. Hafermann, K. Held, V. I.
Anisimov, and A. A. Katanin, Phys. Rev. B 88, 115112
(2013).

C. Taranto, S. Andergassen, J. Bauer, K. Held, A. Katanin,
W. Metzner, G. Rohringer, and A. Toschi, Phys. Rev.
Lett. 112, 196402 (2014).

N. Wentzell, C. Taranto, A. Katanin, A. Toschi,
S. Andergassen, Phys. Rev. B 91, 045120 (2015).
A. E. Antipov, E. Gull, and S. Kirchner, Phys. Rev. Lett.
112, 226401 (2014).

D. Yudin, D. Hirschmeier, H. Hafermann, O. Eriksson,
A. L. Lichtenstein, and M. I. Katsnelson, Phys. Rev. Lett.
112, 070403 (2014).

Q. Si and J. L. Smith, Phys. Rev. Lett. 77, 3391 (1996).
J. L. Smith and Q. Si, Phys. Rev. B 61, 5184 (2000).

R. Chitra and G. Kotliar, Phys. Rev. Lett. 84, 3678 (2000).
R. Chitra and G. Kotliar, Phys. Rev. B 63, 115110 (2001).
P. Sun and G. Kotliar, Phys. Rev. B 66, 085120 (2002).
T. Ayral and O. Parcollet, Phys. Rev. B 92, 115109 (2015).
A. N. Rubtsov, M. I. Katsnelson, and A. I. Lichtenstein,
Annals of Physics 327, 1320 (2012).

J. Lindhard, Kgl. Danske Videnskab. Selskab Mat.-Fys.
Medd. 28 (1954).

and

39

41

42

43

44

45

46

47

48

49

50

51

52
53

54
55

56

58

59

61

17

H. Ehrenreich and M. H. Cohen, Phys. Rev. 115, 786
(1959).

D. Pines and P. Nozieres, The Theory of Quantum Lig-
wids: Normal Fermi liquids (W.A. Benjamin, Philadelphia,
1966).

P. M. Platzman and P. A. Wolff, Waves and Interactions in
Solid State Plasmas, Vol. 13 (Academic Press, New York,
1973).

G. Baym and L. P. Kadanoff, Phys. Rev. 124, 287 (1961).
G. Baym, [Phys. Rev. 127, 1391 (1962).

A. N. Rubtsov, V. V. Savkin, and A. I. Lichtenstein, Phys.
Rev. B 72, 035122 (2005).

P. Werner, A. Comanac, L. de’ Medici, M. Troyer,
A. J. Millis, Phys. Rev. Lett. 97, 076405 (2006).
Higher order diagrams with a local dual Green’s function
connecting local vertices are also zero.

The self—consistency condition ([18]) has been used, see the
black crosses in Fig. 21 of Ref. [4l The effect compared to
single—shot calculations was small.

H. Hafermann, G. Li, A. N. Rubtsov, M. I. Katsnelson,
A. 1. Lichtenstein, and H. Monien, Phys. Rev. Lett. 102,
206401 (2009).

E. G. C. P. van Loon, H. Hafermann, A. I. Lichtenstein,
and M. I. Katsnelson, Phys. Rev. B 92, 085106 (2015).
A. A. Katanin, Journal of Physics A: Mathematical and
Theoretical 46, 045002 (2013).

H. Hafermann, P. Werner, and E. Gull,|Computer Physics
Communications 184, 1280 (2013).

H. Hafermann, Phys. Rev. B 89, 235128 (2014).

A. A. Katanin, A. Toschi, and K. Held, Phys. Rev. B 80,
075104 (2009).

A. Khurana, [Phys. Rev. Lett. 64, 1990 (1990).

J. Otsuki, H. Hafermann, and A. I. Lichtenstein, [Phys.
Rev. B 90, 235132 (2014).

A. Mielke, in Many-Body Physics: From Kondo to
Hubbard, Modeling and Simulation, Vol. 5, edited by
E. Pavarini, E. Koch, and P. Coleman (Forschungszentrum
Jiilich GmbH Zentralbibliothek, Verlag, Jiilich, 2015).

T. Ayral, S. Biermann, and P. Werner, |Phys. Rev. B 87,
125149 (2013).

J. E. Gubernatis, D. J. Scalapino, R. L. Sugar, and W. D.
Toussaint, Phys. Rev. B 32, 103 (1985).

M. Schiiler, M. Résner, T. O. Wehling, A. I. Lichtenstein,
and M. I. Katsnelson, Phys. Rev. Lett. 111, 036601 (2013).
S. Brener, H. Hafermann, A. N. Rubtsov, M. I. Katsnelson,
and A. L. Lichtenstein, Phys. Rev. B 77, 195105 (2008).
D. Hirschmeier, H. Hafermann, E. Gull, A. I. Lichtenstein,
and A. E. Antipov, [Phys. Rev. B 92, 144409 (2015).

B. Bauer, L. D. Carr, H. G. Evertz, A. Feiguin, J. Freire,
S. Fuchs, L. Gamper, J. Gukelberger, E. Gull, S. Guertler,
A. Hehn, R. Igarashi, S. V. Isakov, D. Koop, P. N. Ma,
P. Mates, H. Matsuo, O. Parcollet, G. Pawlowski, J. D.
Picon, L. Pollet, E. Santos, V. W. Scarola, U. Schollwock,
C. Silva, B. Surer, S. Todo, S. Trebst, M. Troyer, M. L.
Wall, P. Werner, and S. Wessel, Journal of Statistical Me-
chanics: Theory and Experiment 2011, P05001 (2011).

and


http://dx.doi.org/http://dx.doi.org/10.1016/j.aop.2013.03.006
http://dx.doi.org/10.1103/PhysRevB.79.045133
http://dx.doi.org/ 10.1103/PhysRevLett.107.256402
http://dx.doi.org/ 10.1103/PhysRevLett.107.256402
http://dx.doi.org/10.1103/PhysRevB.91.125109
http://dx.doi.org/10.1103/PhysRevB.91.125109
http://dx.doi.org/10.1103/PhysRevB.92.081106
http://dx.doi.org/ 10.1103/PhysRevLett.106.236805
http://dx.doi.org/ 10.1103/PhysRevLett.106.236805
http://dx.doi.org/10.1103/PhysRevLett.62.324
http://dx.doi.org/10.1103/PhysRevLett.62.324
http://dx.doi.org/ 10.1103/RevModPhys.68.13
http://dx.doi.org/10.1098/rspa.1963.0204
http://dx.doi.org/10.1098/rspa.1963.0204
http://dx.doi.org/10.1098/rspa.1963.0204
http://dx.doi.org/10.1098/rspa.1964.0190
http://dx.doi.org/10.1098/rspa.1964.0190
http://dx.doi.org/10.1098/rspa.1964.0190
http://dx.doi.org/10.1103/PhysRevB.77.033101
http://dx.doi.org/10.1103/PhysRevB.75.045118
http://dx.doi.org/10.1103/PhysRevB.75.045118
http://dx.doi.org/10.1103/PhysRevB.75.045118
http://dx.doi.org/ 10.1103/PhysRevB.88.115112
http://dx.doi.org/ 10.1103/PhysRevB.88.115112
http://dx.doi.org/ 10.1103/PhysRevLett.112.196402
http://dx.doi.org/ 10.1103/PhysRevLett.112.196402
http://dx.doi.org/ 10.1103/PhysRevB.91.045120
http://dx.doi.org/10.1103/PhysRevLett.112.226401
http://dx.doi.org/10.1103/PhysRevLett.112.226401
http://dx.doi.org/10.1103/PhysRevLett.112.070403
http://dx.doi.org/10.1103/PhysRevLett.112.070403
http://dx.doi.org/10.1103/PhysRevLett.77.3391
http://dx.doi.org/10.1103/PhysRevB.61.5184
http://dx.doi.org/10.1103/PhysRevLett.84.3678
http://dx.doi.org/10.1103/PhysRevB.63.115110
http://dx.doi.org/10.1103/PhysRevB.66.085120
http://dx.doi.org/10.1103/PhysRevB.92.115109
http://dx.doi.org/10.1016/j.aop.2012.01.002
http://dx.doi.org/10.1103/PhysRev.115.786
http://dx.doi.org/10.1103/PhysRev.115.786
http://dx.doi.org/10.1103/PhysRev.124.287
http://dx.doi.org/10.1103/PhysRev.127.1391
http://dx.doi.org/10.1103/PhysRevB.72.035122
http://dx.doi.org/10.1103/PhysRevB.72.035122
http://dx.doi.org/ 10.1103/PhysRevLett.97.076405
http://dx.doi.org/10.1103/PhysRevLett.102.206401
http://dx.doi.org/10.1103/PhysRevLett.102.206401
http://dx.doi.org/10.1103/PhysRevB.92.085106
http://stacks.iop.org/1751-8121/46/i=4/a=045002
http://stacks.iop.org/1751-8121/46/i=4/a=045002
http://dx.doi.org/http://dx.doi.org/10.1016/j.cpc.2012.12.013
http://dx.doi.org/http://dx.doi.org/10.1016/j.cpc.2012.12.013
http://dx.doi.org/10.1103/PhysRevB.89.235128
http://dx.doi.org/10.1103/PhysRevB.80.075104
http://dx.doi.org/10.1103/PhysRevB.80.075104
http://dx.doi.org/10.1103/PhysRevLett.64.1990
http://dx.doi.org/10.1103/PhysRevB.90.235132
http://dx.doi.org/10.1103/PhysRevB.90.235132
https://juser.fz-juelich.de/record/205123
https://juser.fz-juelich.de/record/205123
http://dx.doi.org/10.1103/PhysRevB.87.125149
http://dx.doi.org/10.1103/PhysRevB.87.125149
http://dx.doi.org/10.1103/PhysRevB.32.103
http://dx.doi.org/10.1103/PhysRevLett.111.036601
http://dx.doi.org/10.1103/PhysRevB.77.195105
http://dx.doi.org/10.1103/PhysRevB.92.144409

	Self–consistent Dual Boson approach to single-particle and collective excitations in correlated systems
	Abstract
	I Introduction
	II Dual Boson formalism
	III Self–consistency conditions and bosonic superline
	IV Dual Luttinger–Ward functional
	V self–consistency condition and higher–order vertices
	VI Charge conservation
	VII Application of the self–consistency condition
	A Limit of infinite dimensions
	B Noninteracting system
	C Strong and weak interaction
	D Symmetries in the Hubbard model
	E Screening by nonlocal interaction
	F Numerical results at weak interaction
	G Numerical results at strong interaction
	H High frequency asymptotic of 

	VIII Conclusion
	 Acknowledgments
	A Sum rule for the fermion–boson vertex
	B Impurity vertex functions
	C Equivalence of the two self–consistency conditions within the EDMFT
	D Relation between lattice and dual susceptibilities
	E One– and two–particle reducible parts
	F Contribution of higher–order vertices to the self–energy
	G Quadratic dependence on V in EDMFT
	 References


