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Abstract. We illustrate the algorithmic advantages of the recently introduced single-boson exchange (SBE)
formulation for the one-loop functional renormalization group (fRG), by applying it to the two-dimensional
Hubbard model on a square lattice. We present a detailed analysis of the fermion-boson Yukawa couplings
and of the corresponding physical susceptibilities by studying their evolution with temperature and inter-
action strength, both at half filling and finite doping. The comparison with the conventional fermionic
fRG decomposition shows that the rest functions of the SBE algorithm, which describe correlation effects
beyond the SBE processes, play a negligible role in the weak-coupling regime above the pseudo-critical
temperature, in contrast to the rest functions of the conventional fRG. Remarkably, they remain finite
also at the pseudo-critical transition, whereas the corresponding rest functions of the conventional fRG
implementation diverge. As a result, the SBE formulation of the fRG flow allows for a substantial reduction
of the numerical effort in the treatment of the two-particle vertex function, paving a promising route for

future multiboson and multiloop extensions.

1 Introduction

In the theoretical treatment of the two-particle inter-
action in strongly correlated electron systems, the
recently introduced single-boson exchange (SBE) dec-
omposition [1] represents a promising route for a com-
putationally more efficient parametrization of the two-
particle vertex [2,3], whose numerical treatment often
represents one of the main bottlenecks for advanced
quantum many-body approaches. Differently to the
well-known parquet decomposition [4-12], the SBE
classification is not based on the reducibility of two-
particle vertex diagrams with respect to the cut of
two fermionic propagators, but of the bare interac-
tion U. As the electronic interaction is a two-particle
operator, formal similarities can be found between
the parquet and the SBE classifications of diagrams.
For instance, a direct correspondence between the
reducible classes (e.g., spin/charge particle-hole, and
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singlet/triplet particle-particle) diagrams of the two
schemes can be easily identified. Therefore, similarly
as in the parquet formalism, the diagrammatic struc-
ture of the SBE scheme includes the high-frequency
asymptotic properties [9,13,14] of the corresponding
irreducible diagrams. At the same time, the diagram-
matic content of the respective reducible classes is quite
different in the two descriptions. For this reason, the
SBE classification of diagrams circumvents the problem
of the multiple divergences of two-particle irreducible
vertices that ubiquitously affects [15-24] the theoretical
description of many-electron models at intermediate-to-
strong coupling, challenging, in particular, the applica-
bility of parquet-based approaches in the nonperturba-
tive regime.

For the functional renormalization group (fRG)?, sev-
eral bosonization procedures have been already pro-
posed [27-34]. The application of the SBE formalism
to the fRG put forward in Ref. [35] relies on the par-
tial bosonization of the vertex function [32,36,37], sim-
ilarly to its use in the channel decomposition [38-46]
(as well as for parquet solvers [2,47-51]). In addition to
the screened interaction, a fermion-boson Yukawa cou-

! See Refs. [25] and [26] for reviews.
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pling [52,53] (or Hedin vertex [54]) is determined from
the vertex asymptotics, in analogy to the construction
of the kernel functions describing the high-frequency
asymptotics [14]. Through their relation, the flow equa-
tions of the screened interaction and Yukawa coupling
in the SBE representation can be obtained in a straight-
forward way.

Here, we provide a systematic analysis of the two-
dimensional (2D) Hubbard model? at weak coupling. In
particular, we investigate the quality of the approxima-
tions that can arise from this decomposition in differ-
ent parameter regimes, notably by comparing with the
conventional fermionic formalism. An important result
is that the divergent behavior arising in proximity of
the pseudo-critical temperature, affects exclusively the
screened interaction while the Yukawa couplings and
the rest functions, which describe correlation effects
beyond the SBE processes, remain finite. Differently
than in the conventional fermionic fRG implementa-
tion, the SBE rest functions turn out to play a negligi-
ble role in the weak-coupling regime above the pseudo-
critical transition. Beyond this remarkable numerical
advantage, the SBE decomposition also provides a more
natural description of the underlying physical content,
allowing for a clear physical identification of the rele-
vant degrees of freedom.

The paper is organized as follows. In Sect. 2 we intro-
duce the Hubbard model and briefly review the SBE
decomposition together with its fRG implementation.
We then present the results, at half filling in Sect. 3
and at finite doping in Sect. 4, for (i) the most impor-
tant quantities inherent to the SBE formalism, (i.e. the
Yukawa couplings); (ii) the physical observables (i.e. the
susceptibilities); (iii) the rest functions, which encom-
pass the corrections beyond the SBE contributions.
Analysing their relevance in the different parameter
regimes we illustrate the advantages of the SBE-based
fRG as compared to the conventional fermionic imple-
mentation of the fRG based on the parquet decompo-
sition and high-frequency asymptotics. We finally con-
clude with a summary and an outlook in Sect. 5.

2 Model and method

2.1 Hubbard model
We consider the single-band Hubbard model in 2D,
T ST IRED ST S
i£j,0 i i
where ¢;, (C;ra) annihilates (creates) an electron with

spin o at the lattice site i (n;, = c;racig), t;j = —tis the
hopping between nearest-neighbor sites, ¢;; = —t' the

2 See Ref. [55] for a recent overview of computational results
for the 2D Hubbard model.
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hopping between next-nearest-neighbor sites, U the on-
site Coulomb interaction, and p the chemical potential.
In the following we use t = 1 as the energy unit.

2.2 Single-boson exchange decomposition

We here briefly review the SBE decomposition and its
application to the fRG [35], providing the (one-loop)
flow equations.

In a translationally invariant system with U(1)-
charge and SU(2)-spin symmetries, the two-particle ver-
tex can be expressed as [9]

VO’1(72<73(T4(k1a k?v k37 k4) = V(kl’ kQ’ k3)5‘7103602‘74
—V(k27 k'l, k3)60104502037
(2)

with k4 = k1 + ko — k3 due to energy and momentum
conservation. o; represents the spin quantum number
and k; = (k;,v;) includes both the momentum and
Matsubara frequency. According to the SBE decompo-
sition, Eq. (2) can be expressed through

V (ki ko, ks) = Zu,,, (k1, k2, ks) + V3L (ko — ka)

1
+5 [Vlzl/[lzm(ks — k1) + Vg, (ks — kl)]

+ Vi, (kb1 + k2) — 20, (3)

where Zp,,. accounts for the fully U-irreducible dia-
grams with respect to the removal of a bare inter-
action vertex that cuts the diagram into two discon-
nected parts. Among the U-reducible diagrams, we can
identify three different channels, depending on how the
fermionic legs are connected to the removed interac-
tion U: VM includes all U-reducible diagrams in the
particle-hole-crossed, (VM +VP)/2 in the particle-hole,
and V5€ in the particle-particle channel (the last con-
tribution of —2U in Eq. (3) compensates for the double
counting of the bare interaction already included in the
U-reducible channels). The functions VX, with X = M,
D and SC corresponding to the magnetic, density and
superconducting channels respectively, depend on two
fermionic variables (in the indices) and a bosonic one
(in the brackets). These effective interactions between
two fermions mediated by the exchange of a boson can
be expressed by

Vi (@) = XEH(Q) w™(Q) A (Q), (4)

where their dependence on the fermionic arguments has
been factorized. The bosonic arguments are indicated
by capital letters in the following, with @ = (Q, Q).
The screened interaction w, which plays the role of an
effective bosonic propagator, is related to the physical
susceptibility [1,56] by

wX(Q) =U — (san)UZXX(Q), (5)
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where sgn M = —1, and sgn D = sgnSC = 1 for the
magnetic, density, and superconducting susceptibilities
respectively. A (\) is the left(right)-sided Yukawa cou-
pling. Using the symmetries under the simultaneous
exchange of the ingoing and outgoing variables, as well
as under the simultaneous exchange of the two ingoing
variables with the two outcoming ones, one can show
that A = X for the convention introduced in Eq. (3).

Finally, the corresponding rest functions M* con-
taining the multiboson exchange contributions (which
can not be represented in terms of A and w alone) are
identified by the U-irreducible contribution to the two-
particle reducible channel

(k1, ko, k3) =TZ(ki,kz,ks)
1
+§[M%M@m—m)+mﬁmag—mﬂ

+M’§S€3(k1 +k2)7 (6)

- U+ M;?fka(kz — ](33)

Uiry

where 7 is the fully two-particle irreducible vertex.
Note that for transfer momentum Q = 0, all two-
particle reducible diagrams in the particle-particle
channel that exhibit a d-wave symmetry in the sec-
ondary momentum dependence on k and k' are in
fact U-irreducible (see also Sect. 2.4). As a con-
sequence, at Q = 0 the d-wave superconducting
channel consists only of the rest function M54,

The asymptotic high-frequency behavior is charac-
terized by

Synlu%(Q,Q)zlz (7a)

ggggkﬁ(Q7Q)::L (7b)
lim MJ.(Q,Q) =0, (7c)
Q—o0

for the bosonic frequency, whereas for large fermionic
frequencies holds

Jim Mo (@) =1, (8a)
Jim MG ) 0 (Q) = lim Mygo 0 (Q) = 0. (8b)

2.3 Single-boson exchange fRG

The fRG implementation [25] relies on the truncation of
the infinite hierarchy of flow equations for the n-particle
irreducible vertex functions at the two-particle level.
Neglecting the renormalization of three- and higher-
order particle vertices yields approximate one-loop flow
equations for the self-energy and two-particle vertex>.
The underlying approximations are devised for the
weak to moderate coupling regimes.

In the SBE decomposition, the one-loop flow equa-
tions [35] for the screened interactions, Yukawa cou-
plings, and rest functions, which we report here for

3 More strongly correlated parameter regimes become
accessible by exploiting the dynamical mean-field theory as
starting point for the fRG flow [43,57].
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completeness, read

ox*(Q) = [W¥(@)° [ N(Q [BI @) M@,
(90)

T B ¥ @, o

aAMkk/ /Ikp
p

I (Q
@] (@), (90)

where the explicit dependence on the RG scale A of the
various functions i 1s omitted for simplicity. The symbol

f =75, fB Z.
Matsubara frequenc1es and a momentum integration
over the Brillouin zone. The bubbles are defined by

2 denotes the sum over fermionic

I Q) = -G(k)G(k + Q), (10a)
I(Q) = G(k)G(k + Q). (10b)
I9(Q) = —G(k)G(Q — k), (10c)

where the inverse propagator including the self-energy
Y is determined by the Dyson equation

o* (k)
W —ex+

G (k) = 71—§Xk) (11)
(7o)

The symbol dx denotes the derivative with respect to
the explicit RG scale dependence of the propagator
introduced by the cutoff function ©* (k). The functions

5 (Q) = I (Q) = M@ w™(Q) A5 (Q),  (12)
with
Illcvllc'(Q) = V(k/7kak+Q)v (133)
I (Q) =2V (kK k+ Q) — V(K k,k+Q),
(13b)
L (Q) = V(k,Q =k, k), (13c¢)

on the right-hand side of Egs. (9) determine the flow of
the Yukawa couplings as well as of the rest functions.
The initial conditions at A = A;,; read

wlni(Q) = U’ (14&)
)‘ml k( ) =1 (14b)
M i (@) =0 (14c)

which, by comparing with Eq. (3), is equivalent to
imposing Vin; = U.

Neglecting the rest function, as explored in the results
section, amounts to neglecting its flow in Eqgs. (9). This
is not to be confused with the approximation put for-
ward in Ref. [58], where the rest functions are set to
zero prior to derivation of the flow equations. The latter

@ Springer
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Table 1 Specific parameters used for the technical imple-
mentation of our fRG calculations

T n ka: Pz
0.1 8 18 90
0.15 8 16 80
0.2-0.4 6 16 80

The integer n is the number of positive fermionic frequen-
cies for which the two-particle vertex is evaluated. The
screened interactions w™ are computed for 128n+1 frequen-
cies, whereas the Yukawa couplings A* for (4n + 1) x 2n
ones. The SBE rest functions are determined for 4n + 1
bosonic and (2n)? fermionic frequencies, with a total of
(4n + 1) x (2n)?. Furthermore, the fermionic frequency
dependence of the self-energy is accounted for by 8n fre-
quencies. For the dependence on the bosonic momentum Q,
the grid for the screened interactions, Yukawa couplings, and
rest functions contains (k; X k) momenta in the Brillouin
zone, with a refinement of Ni¢i"® = 24 additional points
around Q = (7, 7) to resolve the antiferromagnetic peak.
The fermionic momentum dependence is accounted for by
a form factor expansion, where we consider the (local) s-
wave and at finite doping additionally the d-wave contribu-
tion. The momentum grid of the self-energies also spans over
(ks X ky) momenta. Finally internal Green’s function sums
in the bubble and flow of the self-energy are performed on
the finer grid with (p; X p;) momenta

leads to simpler flow equations omitting entire classes of
diagrams for the screened interactions and Yukawa cou-
plings. The differences between these related approxi-
mations are detailed in the Appendix A.

The above Egs. (9) are supplemented by the self-
energy flow

NS (k) = / 2V (k,kp) — Vip, koK) Sp),  (15)

p

with the single-scale propagator S = 9xG|s=const and
the initial condition Y;,; = 0.

We here use a frequency cutoff [39,59] in the bare
propagator G{(k,v) = ©%(v)Go(k,v), with ©4(v) =
v?/(v* + A?). For the parametrization of the two-
particle vertex, we combine the truncated-unity fRG
[39,40,60] using the channel decomposition in conjunc-
tion with a form factor expansion for the momen-
tum dependence with the full frequency treatment [41],
which includes the high-frequency asymptotics [9,14].
The flow equations in the form factor expansion are
given in the Appendix B. For the details of the algo-
rithmic implementation we refer to Refs. [42,45], the
technical parameters are reported in Table 1.

2.4 Relation to the conventional fermionic
formalism

As shown in Ref. [35], the SBE formalism is related

to the channel asymptotics [14] based on the parquet
decomposition since they both rely on a similar classifi-
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cation of the diagrams contributing to the two-particle
reducible vertex functions.
For the screened interactions we obtain

w(Q) = U+ KV¥(Q). (16)
The function KX is defined by [14]

KOX(@Q) = lim

oo (bﬁ(,y)’(k’,y/)(Q)? (17)
where ¢% is the sum of all two-particle reducible dia-
grams in the M, D or SC channel.

Similarly, the Yukawa coupling is related to (X by

DX
)\?(Q) =1+ U]jX(é;)?)’ (18)
with
@) = Jim ¥ 40, (@) ~KOX@). - (19)

Up to here, the SBE decomposition seems to offer
no substantial computational gain as compared to the
channel asymptotics, except for the situation where
KMWX and £3X acquire large values, i.e. in the vicin-
ity of a pseudo-critical transition*. In the SBE scheme,
this occurs only for wX, while the Yukawa coupling
always remains finite at weak coupling. However, the
most important difference is visible in the rest func-
tions: the SBE and the asymptotic rest functions are
related by [62]

MYS/(Q) =Ry (Q) — M (Q) — 1w ( QD5 (@) — 1], (20)
with
RE(Q) = 65 (Q) — KOX(Q) — K% (Q) - £X(Q),
(21)
or, equivalently,

M5/(Q) = ¢ (Q) = AH(Q) w (Q) AS(Q) + U.
(22)

Its inversion illustrates the relation between the parquet

decomposition characteristic for the fermionic formula-
tion and the SBE framework:

P (Q) = Vi (Q) + M (Q) — UL (23)

In particular, the d-wave superconducting contribu-
tion to the effective interaction Vig,’d(Q) vanishes for

4 Note that since the Mermin-Wagner theorem is not ful-
filled in the one-loop approximation [42,61], an AF transi-
tion is observed at a finite value of the interaction or tem-
perature.
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transfer momentum Q = 0 [63]. This implies that
for the d-wave superconducting channel MJC(0,9Q) =

We finally note that, when including the flow of the
rest functions, the SBE implementation is equivalent
to the one based on the conventional fermionic fRG.
The advantage lies in the substantial reduction of the
numerical effort provided by the SBE formulation, as
discussed below.

3 Results at half filling

To illustrate the potential of the SBE implementation
for the fRG, we first consider the half-filled Hubbard
model for ¢ = 0, where the physical behavior is domi-
nated by antiferromagnetic (AF) fluctuations. For this
reason we include only the s-wave form factor to study
the momentum and frequency as well as the tempera-
ture and interaction strength dependence of the Yukawa
couplings and the susceptibilities in the different chan-
nels (in presence of d-wave form factors considered at
finite doping, the corresponding components will be
specified by an additional superscript). In particular, we
will assess the importance of the rest functions for the
accurate computation of physical observables (i.e. the
susceptibilities and self-energies) and compare to data
obtained using the conventional fermionic formulation,
see also Sect. 2.3. To make the comparison between the
SBE and the conventional implementation more trans-
parent, the parameter sets used in both cases include
the same number of frequencies and momenta for each
of the corresponding quantities (IC(UX and the screened
interactions wX and K®X and the Yukawa couplings
AX) which has been considered.

3.1 Yukawa couplings

We start by considering the quantities inherent to
the SBE formulation. Since the screened interactions
are directly related to the physical susceptibilities by
Eq. (5) that will be discussed in the next section, we
here consider the Yukawa couplings AX. In this study,
we analyse the accuracy of the SBE representation of
the effective interaction when neglecting the flow of the
rest functions (MX = 0). Since the screened interac-
tions and Yukawa couplings depend on less arguments
than the full vertex, this allows for a significant gain
both in memory cost as well as computational time
with respect to the conventional fermionic formalism.
By comparing the results obtained with and without
the inclusion of the rest function, we investigate to what
extent the approximation of neglecting its flow is justi-
fied in different parameter regimes.

The results for the Yukawa couplings A* (see also
Refs. [46,56,64,65]) are shown in Figs. 1, 2 and 3
for U = 2 and different values of the temperature.
More specifically, Figs. 1 and 2 display the (bosonic)
momentum and frequency dependence of the real parts
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—4&— T=01wo M —v— T =0.1 with M
—A— T =02w.o0 M —v— T =0.2 with M
—4— T =03w.o0 M —v— T =0.3 with M
—A— T=04wo0 M —v— T =04 with M

gﬂ'T(Q? 0)

ReAS

r X M r

Fig. 1 Momentum dependence of the static Yukawa cou-
plings for the magnetic AML_+(Q,0), density A\D_.+(Q,0),
and s-wave superconducting A5 _;.(Q,0) channels as
obtained from the SBE formulation of the fRG with (blue
symbols) and without rest function (red symbols), for U = 2
and different values of the temperature (¢’ = 0, u = 0). The
deviations increase at lower temperatures, with the relative
difference between the results with and without rest func-
tion below 2.1% for T" > 0.2 and reaching about 5% for
T = 0.1 in the density and superconducting channels, for
the magnetic one see Fig. 3

in the magnetic, density, and superconducting chan-
nels respectively. Note that at half filling A3¢(Q, Q) =
AD(Q+ (7, 7), Q) for the s-wave components. The over-
all reduction with respect to the bare initial value
of the Yukawa couplings due to Kanamori screening
(2] shows that their flow can not be neglected &see
Appendix C for the effects of the approximation A\* =
1). The observed structures become increasingly sharp
at low temperature, where also the difference between

@ Springer
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—%&— T =0.1w.0 M
T=02w.o0 M

—v— T =0.1 with M
—v— T =02 with M

A
—A— T =03w.0. M —v— T =0.3 with M
—4A— T =04w.0 M

—v— T = 0.4 with M

Fig. 2 Frequency dependence of the Yukawa couplings for
the magnetic \Y_ (7, 7), Q), density AD_.((0,0),Q), and
s-wave superconducting A\5C 1((0,0),Q) channels for the
same parameters as in Fig. 1

the results obtained with and without rest function
becomes larger. On a quantitative level, the relative
error amounts to 5.2% at T = 0.1, but does not exceed
2.1% for T > 0.2 in the reported momentum and fre-
quency ranges. The overall agreement in both Figs. 1
and 2 is very good, demonstrating that the contribu-
tion of the rest functions to the Yukawa couplings is
minimal in all channels for the smallest fermionic fre-
quency v = 1. We now address the question whether
this observation holds also for larger frequencies, see
Fig. 3 where we focus on the dominant magnetic chan-
nel. The results for the static (i.e. evaluated at @ = 0)
Yukawa couplings at the different temperatures exhibit
a moderate dependence on the fermionic frequency v,
featuring an overall slight suppression of the asymptotic
value AX ~ 1. Such a reduction is due to the metallic
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screening effects [66,67] in the proximity of the Fermi
level. This behavior is observed also in the other chan-
nels (not shown). Moreover, Fig. 3 also shows that the
contribution of the rest function remains negligible even
for v > nT.

We therefore conclude that neglecting the rest func-
tions leads to quantitatively marginal differences in the
Yukawa couplings, for the considered parameter regime
at half filling. We will now investigate if it is the case
also for the computation of physical observables.

3.2 Susceptibilities

We here study the impact of the rest functions MX
on our numerical results for the physical observables,
more specifically for the susceptibilities x* (results for
the self-energy are provided in the Appendix C). We
start by presenting their evolution with the tempera-
ture, displayed in Fig. 4 for U = 2. As for the previous
figures, the static susceptibilities, evaluated at the rel-
evant momentum values Q in the magnetic, density,
and s-wave superconducting channels, are compared to
the ones obtained without the SBE rest functions MX.
From the relative difference shown in the insets, we see
that the contribution of the rest function increases with
the inverse temperature. At the same time, the absolute
values are very small leading to a marginal effect of the
rest functions except for the magnetic susceptibility at
T = 0.1. Before discussing this point, we remark that
in the density and superconducting channels the impor-
tance of the rest function is significantly smaller than
in the dominant magnetic channel. A similar behav-
ior is observed also for the interaction dependence of
the susceptibilities (see Fig. 15 in the Appendix C). As
expected, the contribution of the rest function increases
with U, but remains marginal in all channels for T" >
0.1. We also note that the susceptibility of the dominant
magnetic channel xM, which is mostly driven by vertex
corrections, significantly increases with the interaction,
whereas the bubble dominated subleading susceptibili-
ties, whose largest contribution originates from the bub-
ble term, decrease with U since the growing AF fluctu-
ations lead to stronger damping via the electronic self-
energy. The increase at lower temperatures is due to the
growing AF fluctuations for the magnetic channel and a
Fermi-liquid like behavior for the subleading channels.

We now turn to the large contribution of the rest
function obtained for the magnetic channel at low tem-
peratures, with a deviation of A > 50% between the
results with and without rest function. In the inverse
susceptibility displayed in the upper main panel of
Fig. 4 this is not so clearly visible because of the small
absolute values. At the same time, the almost vanish-
ing inverse susceptibility at 7' = 0.1 indicates the prox-
imity to a divergence in the magnetic channel®. The
diverging one-loop flow in correspondence of a finite

5 To access temperatures below the pseudo-critical tem-
perature, one needs to allow for the formation of an order
parameter in the system and therefore to include anomalous
components of the vertices [25].
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A v =7xT wo. M
—A— v =37T wo. M
—A— v =57T wo. M

ReA}'(Q,0)

r X M r
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V¥ v = «wT with M
—vV— v = 3nT with M
—V— v = 57T with M

0.975 -~

0.950 A

ReA)N(Q,0)

0.925 A

Fig. 3 Magnetic channel of the static Yukawa coupling /\ﬁ/l(Q,O) for the same parameters as in Fig. 1 and different
fermionic frequencies. The relative difference A between the results with and without rest function is shown in the insets

temperature (or interaction) marks the pseudo-critical
transition towards a magnetic instability. Including
higher loop orders within the multiloop fRG extension
[42,45,61,68] would reduce the strong AF fluctuations
due to the stronger channel interference. In particular,
the resummation to infinite loop order in the parquet
approximation would recover the Mermin-Wagner the-
orem. Here, we observe that sizable differences for the
computation with and without the rest functions M
arise only in the dominant magnetic susceptibility close
to the pseudo-critical AF transition. Away from it, the
tiny differences justify the approximation to neglect the
rest function.

The appearance of the pseudo-critical transition
characteristic of the one-loop fRG approximation is fur-
ther illustrated in Fig. 5, more specifically in the inset of
the panel reporting the magnetic susceptibility. In this
figure, we show the momentum dependence of the static
magnetic, density, and s-wave superconducting suscep-
tibilities as obtained from the inversion of Eq. (5) for
the screened interactions, for U = 2 and different tem-
peratures (the corresponding results for the frequency
dependence are provided in the Appendix C). The mag-
netic susceptibility exhibits a pronounced peak around
momentum Q = (m,7) indicating strong AF fluctua-
tions. Except for x™(Q,0) at 7' = 0.1, the results of the
computation with and without the rest function for the

dominating magnetic channel as well as for the sublead-
ing channels related by x°¢(Q, Q) = x?(Q + (7, 7), Q)
at particle-hole symmetry present an excellent quanti-
tative agreement, with the largest deviation in corre-
spondence of the AF wave vector. The relative differ-
ence for x™(Q,0) is below 1% (except for T = 0.1)
and as a consequence, the inclusion of the rest function
only sightly affects the pseudo-critical temperature [35].
For xP(Q,0) and x5¢(Q,0), the relative difference is
even smaller, below 0.1% for all values of the tempera-
ture.

T = 0.1 is very close to the pseudo-critical transition
temperature. We note that the associated divergence
in the susceptibility is reflected in the corresponding
screened interaction but not in the Yukawa coupling,
see Figs. 1, 2 and 3. The multiboson exchange pro-
cesses associated to spin fluctuations at low tempera-
tures, appear to induce only a marginal increase of the
Yukawa couplings. While the rest function M™ too does
not diverge (see Fig. 7), its influence on x™ may become
nonnegligible. This has to be contrasted to the con-
ventional fermionic fRG formulation, where all objects
diverge in proximity of the pseudo-critical transition.
Since resolving divergent structures is computationally
expensive, the latter requires a higher numerical effort
with respect to the SBE implementation.
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T

Fig. 4 Magnetic x™((r, 7),0), density x*((0,0),0), and s-
wave superconducting x5 ((0,0), 0) static susceptibilities as
obtained from the SBE formulation of the fRG with and
without rest function as a function of T, for U = 2 (' = 0,
p = 0). The relative difference A between results with and
without rest function displayed in the insets is below 1%
except for T' < 0.2 in the magnetic channel. The correspond-
ing results as a function of U for T' = 0.15 are reported in
Fig. 15 in the Appendix C

The convenience of the SBE formulation emerges also
from the direct comparison with data obtained from
the conventional fermionic fRG. Figure 6 provides the
results for the leading magnetic susceptibility as a func-
tion of both the (bosonic) momentum and frequency, for
U =2and T = 0.15. At the maximum at Q = (7, )
and Q = 0, the relative difference between the results
with and without rest function reported in the insets is
about 10 times smaller in the SBE decomposition with
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Fig. 5 Magnetic x™(Q, 0), density x°(Q,0), and s-wave
superconducting XSC(Q, 0) static susceptibilities for U = 2
and different values of the temperature (t' = 0, u = 0). The
results for 7" = 0.1 are shown in the insets. The relative dif-
ferences between the results with and without rest function
is below 1% (see also the insets of Fig. 4), with the exception
of the magnetic channel for 7' = 0.1

respect to the one in the conventional fermionic formu-
lation, while away from it the contribution of both (SBE
and conventional fermionic fRG) rest functions rapidly
decays. In particular, the effect of the SBE rest func-
tion is marginal in the whole momentum and frequency
range, in contrast to the conventional fRG implementa-
tion. In the following, we will provide an explanation for
this discrepancy by analysing the respective rest func-
tions in more detail.
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Fig. 6 Bosonic momentum and frequency dependence of
the magnetic susceptibility x™ as obtained from the SBE
and conventional fermionic fRG formulations with and with-
out rest function, for U = 2 and T' = 0.15 (¢’ = 0, u = 0).
The insets show the relative difference A between results
with and without rest function

3.3 Rest functions

Figure 7 shows the fermionic frequency dependence of
the rest functions M™ and RM in the magnetic chan-
nel, evaluated at Q = (7, 7) and Q =0 for 7= 0.15 as
well as T = 0.1 in proximity of the AF pseudo-critical
transition (plots including also the density and super-
conducting channels are provided in Figs. 20 and 21
in the Appendix C). It highlights a key feature of the
rest function: its characteristic decay to zero at large
frequencies (which is particularly pronounced for larger
values of the interaction [35]). This implies that the
high-frequency asymptotics of the two-particle vertex
functions is fully captured by the screened interactions
wX and the Yukawa couplings AX.

We also illustrate from Fig. 7 a basic symmetry prop-
erty of both SBE and conventional fermionic rest func-
tions, which is not inherent to the magnetic channel.
Namely, the rest functions can be decomposed as
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with M*/=X being symmetric/antisymmetric with
respect to the inversion of a single fermionic frequency,
ie.

1
M3 4 (@) = 5 IMik oy, (@) % Mk a0y (@]
(25)

In most situations, M+* is the dominant contribution,
which is clearly the case for M™ in Fig. 7.

Comparing the results for the SBE and the conven-
tional fermionic decompositions, we observe a marked
difference in the absolute values of the rest functions.
For T = 0.15 the SBE rest function is almost an
order of magnitude smaller, with M, ((7,7),0) <
Rou ((w,7),0) for the maximal values. As seen in Fig. 6,
it is in fact essential to include the contribution of the
rest function in the conventional fermionic fRG, while
in the SBE formulation it leads only to minor correc-
tions. This discrepancy is further enhanced as we lower
the temperature down to 7' = 0.1, due to the dramatic
increase of RM in proximity of the pseudo-critical tran-
sition (in contrast, M™ is of the same order as for
T = 0.15, see Appendix C). The difference between
MM and RM can be traced back to the (magnetic)
screened interaction: according to Eq. (20), the increase
of RM,((m,),0) is absorbed by its U-reducible part,
specifically by the growing screened interaction, while
the SBE rest function stays small even in the vicinity
of the pseudo-critical transition. Also this regime can
thus be reliably described by the SBE scheme without
rest function, which significantly reduces the numeri-
cal effort of the fRG flow. For the considered parame-
ter regime, the gain in the run times for the computa-
tion without SBE rest function is parameter dependent
(~3—4 for T = 0.1 —0.15), but most importantly
the lower number of required momentum and frequency
variables entails a better scaling.

Summarizing, we have shown that in the SBE for-
mulation of the fRG the contribution of the rest func-
tion is marginal as long as the one-loop flow does not
diverge. In proximity of the divergence, it becomes rel-
evant on a quantitative level, but does not qualita-
tively affect the physics. Differently to the conventional
fermionic fRG implementation, the screened interac-
tions appear to effectively absorb the divergence. Thus,
the U-reducible part of the two-particle vertex captures
the physically relevant information near the pseudo-
critical transition. The physical susceptibilities (as well
as the self-energy, see Appendix C) can hence be reli-
ably determined by the flow of the screened interactions
and Yukawa couplings, without including the rest func-
tion. This puts forward the SBE-based fRG as a com-
putationally more efficient alternative to the conven-
tional fermionic description. In the following section we
will examine whether this is also the case at finite dop-
ing, where superconducting correlations are expected to
play a more prominent role.
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Fig. 7 Rest functions MM, ((w,7),0) (upper panels) and R, ((w, 7),0) (lower panels) in the magnetic channel, as obtained
respectively from the SBE and the conventional fermionic fRG formulations, with n and n’ labeling the fermionic Matsubara
frequencies according to v) = (2n") + 1)2T, for U =2 and T = 0.1 and T' = 0.15 (' = 0, u = 0). Note that the SBE rest

function almost vanishes in comparison (for the absolute values
the contributions of the other channels are displayed)

4 Results at finite doping

To illustrate the validity of the SBE formulation in
a physically more relevant parameter regime than the
perfect particle-hole symmetric case, we present also
fRG results at finite doping. Specifically, we consider a
next-nearest neighbor hopping close to van Hove filling
at p = 4t’ (due to the flow of the self-energy, the initial
value of the chemical potential is renormalized during
the flow), for which we expect the magnetic fluctuations
to be suppressed in favor of superconducting correla-
tions. These are taken into account by the flow of the
d-wave components (and their interplay with the s-wave
components) in the different channels. As in Sect. 3,
we will analyse the effects of the rest functions on the
Yukawa couplings and physical susceptibilities, includ-
ing also a comparison to the conventional fermionic for-
mulation.

4.1 Yukawa couplings

The results for the Yukawa couplings in all relevant
channels are shown in Figs. 8 and 9, illustrating the
(bosonic) momentum and frequency dependence of the
real parts evaluated at the lowest fermionic Matsub-
ara frequency v = 7T, for U = 2, t/ = —0.2, and dif-
ferent temperatures. The general shapes in the mag-
netic, density and s-wave superconducting channels
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see Figs. 20 and 21 provided in the Appendix C, where also

resemble those of Figs. 1 and 2 at half filling. For the
momentum dependence, AM and AP are suppressed in
correspondence of the magnetic ordering wavevector
Q = (7, 7), whereas \5©* falls off near the I'-point.
For the frequency dependence, the reduction in the
low-frequency regime results from the electronic screen-
ing. Lowering the temperature, these features become
sharper.

An important difference to the previous study at half
filling consists in the finite d-wave component ASC:?,
which exhibits a slight dip between the I'- and X-
points (see Fig. 8). We further note that A\5¢4(Q =
0,9Q) = 0 for all bosonic frequencies due to the van-
ishing of all mixed form-factor bubbles at the I'-point
in a framework involving only s- and d-wave form
factors [63]. This can be understood diagrammati-
cally: the U-reducible part of the two-particle vertex in
the d-wave superconducting channel involves the prod-
uct
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Fig. 8 Momentum dependence of the static Yukawa couplings for the magnetic A _+(Q,0), density AD_ +(Q,0), and
both )\IS,S;fT(Q, 0) and ALS,C:T(Q, 0) superconducting channels as obtained from the SBE formulation of the fRG with (blue

symbols) and without rest function (red symbols), for U = 2, ¢’ =

—0.2, p = 4t', and different values of the temperature.

At the end of the flow, the filling equals 0.44 for all temperatures (with 0.5 corresponding to half filling), with or without

rest function

(26)

between the Yukawa coupling AS©¢ and the screened
interaction wS€. Since the latter has only s-wave com-
ponents, all contributions to (26) contain mixed bubbles
with at least one propagator connecting different form
factors, such as

d

(27)

where the form factor indices are indicated explicitly

and the fermionic propagators G(k) are represented
by solid lines. The reason why these mixed bubbles

vanish exactly at the I'-point (Q = 0) can be illus-
trated through the bare superconducting susceptibility

0T Qi) = 3 [ (), (R G i)
;G(Q —k,iQ —iv), (28)

with m and n form factor indices. This simplest mixed
bubble of interest for m = 0 and n = 1 # m reads (for
Q2=0)

[ 01 (Q,0) Z/dk cos(kg) — cos(ky))G(k, iv)

xG(Q —k, —iv), (29)

where the s-wave fo(k) = 1 and d-wave fi(k) =
cos(kg) — cos(k,) form factors have been inserted. At
Q = 0, the momentum integral in Eq. (29) vanishes
exactly. This reasoning can be straightforwardly gen-
eralized to all mixed bubbles involving s- and d-wave
form factors, such as that of (27).

Concerning the contribution of the rest function to
our results for the Yukawa couplings at finite doping,
the relative difference between the results with and
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Fig. 9 Frequency dependence of the Yukawa couplings
for the magnetic AL (7, 7), 2), density AD__((0,0), £2),
and s-wave superconducting A5<° ((0,0), £2) channels for
the same parameters as in Fig. 8. Note that Asc’d(Q =
0,2)=0

without rest function in the magnetic, density and s-
wave superconducting channels is below 2.3% in both

Figs. 8 and 9. Because of the zeros of Re)\sng(Q, 0),
for the d-wave superconducting channel we consider the
absolute difference, which does not exceed 5 - 107° for
all temperatures. Hence, the overall contribution of the
rest function to the Yukawa couplings is still negligible

in all channels.

4.2 Susceptibilities

We now analyse the physical susceptibilities. The
results for the magnetic xM, density xP, and s-
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Fig. 10 Magnetic x™(Q,0), density x°(Q,0), and s-
wave superconducting x°*(Q,0) static susceptibilities as
obtained from the SBE formulation of the fRG with and
without rest function, for the same parameters as in Fig. 8.
The relative difference between the results with and with-
out rest function is below 1% for all temperatures in the
magnetic, density and s-wave superconducting channels

wave superconducting x5 static susceptibilities along
the I'-X-M-I' path in the Brillouin zone are shown
in Fig. 10, for the same parameters used for the
Yukawa couplings (the corresponding results for the fre-
quency dependent susceptibilities are provided in the
Appendix C). The AF peak in the magnetic suscepti-
bility appears reduced with respect to half filling, while
the subleading density and s-wave superconducting sus-
ceptibilities exhibit a rather weak momentum depen-
dence. The agreement of the results with and without
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Fig. 11 Momentum dependence of the d-wave super-
conducting susceptibility x°©?, determined from post-
processing with and without rest function, for the same
parameters as in Fig. 8. The relative difference between the
results with and without rest function is below 1% for all
temperatures. Additionally, results for the bare bubble con-
tribution o are provided for T' = 0.2. There, the relative
difference between the full d-wave superconducting suscep-
tibility and its bare bubble contribution reaches 5% at the
I'-point (with or without rest function), which decreases for
larger temperatures

rest function is very good also at finite doping (the devi-
ations are below 1% for all temperatures considered
here), justifying the application of the SBE approxi-
mation.

The corresponding d-wave superconducting x
susceptibility displayed in Fig. 11 can not be deter-
mined from the (s-wave) screened interaction as above
and is obtained by post-processing®. We note that for
the s-wave susceptibilities, the differences to the post-
processing results that arise at the one-loop level are the
same as the ones observed in the conventional fermionic
fRG [42]. For the considered parameters at U = 2,
the d-wave superconducting susceptibility appears to
be well described by the bare bubble contribution xg,
shown for the lowest temperature 7' = 0.2. Compar-
ing to the results from the full computation, the vertex
corrections turn out to be very small (and consequently
also the ones due to inclusion of the rest function), with
an appreciable contribution only around the I'-point.
Moreover, the absolute values of x5¢? are not very
large with respect to the dominating magnetic chan-
nel of Fig. 10, but we expect the peak at Q = 0 to
increase and become more pronounced for larger values
of U as well as at lower temperatures.

sC,d

6 Results for x5 from the flow can be obtained by com-
puting the flow of the respective response vertex [42,69].
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In Fig. 12 we present the results for the most relevant
magnetic and d-wave superconducting susceptibilities
as a function of momentum for U = 3 and in addition
to a next-nearest neighbor hopping of ¢ = —0.2 also for
t' = —0.25 (at van Hove filling). In particular, we assess
the importance of the rest function both within the SBE
and the conventional fermionic formulation of the fRG.
Comparing to the results for U = 2 (for t' = —0.2), we
detect an enhanced tendency towards magnetic order-
ing. At the same time, changing the value of the next-
nearest neighbor hopping to ¢ = —0.25 induces a reduc-
tion of the AF peak. We observe also a trend towards
an incommensurate peak, as expected for larger dop-
ings [25,69-71]. In contrast, the d-wave pairing suscep-
tibility is almost invariant under these changes. The
considered parameter regime is still far away from any
instability and we expect the d-wave pairing suscepti-
bility to increase only at lower temperatures. Due to
the increasing computational cost, the superconduct-
ing transition temperature is currently not accessible.
Including the flow of the fermionic rest functions MX
(for which the SBE approach is equivalent to the con-
ventional fRG formalism based on the 1PI vertex func-
tion), leads to slightly larger corrections as for U = 2,
but still below 4%. In particular, the contribution of
the d-wave superconducting channel which at Q = 0 is
dominated by the rest function turns out to be negligi-
ble also for U = 3, consistently with Figs. 22 and 23 in
the Appendix C. In contrast, neglecting the rest func-
tion in the conventional fermionic formulation induces
sizable deviations in the leading channel.

The small differences between the results with and
without rest function in the d-wave superconduct-
ing susceptibilities demonstrate that the SBE effec-
tive interactions correctly account for the vertex cor-
rections. These can be inferred from the difference to
the respective bubble contribution xg, reaching a rela-
tive difference of 15% (13%) at the I'-point for ¢’ = —0.2
(t' = —0.25). In this parameter regime, the vertex cor-
rections originate in the s-wave contributions. In fact,
the computation with only a s-wave form factor yields
no visible difference in the results (not shown). A more
detailed analysis may be obtained from a fluctuation
diagnostics [72-74], which however goes beyond the
scope of the present work. We finally remark that in
contrast to the d-wave superconducting susceptibility,
for the magnetic susceptibility the vertex corrections
dominating the physical behavior exceed by far the bub-
ble contribution [63]).

We thus conclude that in the entire weak- to inter-
mediate coupling regime, the susceptibilities obtained
without M?* correctly describe the physical behavior,
confirming the reliability of a description in terms of
the SBE effective interactions. On a practical level,
this means that the momentum and frequency depen-
dence of the two-particle vertex can be efficiently
parametrized by V¥, i.e. through the screened inter-
actions and Yukawa couplings (with the exception of
the pseudo-critical transition, where the weak-coupling
approximation breaks down and quantitatively accu-
rate results are not feasible even by taking into account
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Fig. 12 Magnetic x™(Q, 0) and d-wave superconducting x5“'*(Q, 0) static susceptibilities including both the results
obtained from the SBE and the conventional fermionic formulations of the fRG with and without rest function, for U = 3
and t' = —0.2 (left panels) and ¢’ = —0.25 (right panels), with u = 4¢', and T = 0.2. At the end of the flow, the filling equals
0.45 and 0.44 at t' = —0.2 and ¢’ = —0.25 respectively, for both the SBE and conventional fermionic decompositions, with
or without rest function. We note that x™(Q, 0) is determined from the screened interaction, whereas x5<4(Q, 0) from
post-processing. The relative difference between the data with and without rest function is always below 4% for the SBE
decomposition. For the conventional fermionic fRG, however, this relative difference reaches 20% (10%) in the magnetic
and 6% (6%) in the superconducting channel for ¢’ = —0.2 (¢’ = —0.25). Results for the bare bubble contribution o to the

susceptibilities are shown as well

the rest function). However, in more strongly cor-
related regimes where the d-wave rest function has
to be taken into account to describe pairing fluctua-
tions, this simplification does not apply any more and
requires the computation of the multiboson contribu-
tions MSC4,

To simplify the treatment of those multiboson con-
tributions that have a vanishing SBE term, such as
the d-wave pairing channel, one can devise an alter-
native strategy to bosonize them. One can write, for
example

M, (Q) = N (Qu™ (@) (Q) + 0M;,,.(Q), (30)

where the dependence on the secondary momenta k
and k' has been projected onto some form factors.
The Yukawa coupling and screened interaction can be
defined as
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M3, (Q) =M, (Q)

wX(Q) = , SECIEY
Coo_ M@+ M, (Q)
M@= TN ()

where vy is a fixed, finite, and eventually @-dependent,
Matsubara frequency. By doing that, one is able to sim-
plify the numerical treatment and identify the collec-
tive bosonic fluctuations of those channels exhibiting
only multiboson terms. Some examples of these chan-
nels are d-wave pairing, “Pomeranchuk density fluctua-
tions” (for which one must choose the “+” sign above),
or odd-frequency pairing (for which the “—” sign in
Egs. (31) holds). The technique described above can be
applied to all channels that do not have a contribution
stemming from the bare interaction, that is, within the
Hubbard model, all but the s-wave channels. We remark
that the quantity on the left-hand side of Eq. (31a) can-
not be easily related to the susceptibility in its chan-
nel, differently than the SBE screened interaction where
Eq. (16) applies.
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5 Conclusions

We have applied the recently introduced SBE repre-
sentation, which relies on a diagrammatic decompo-
sition in contributions mediated by the exchange of
a single boson in the different channels, to the fRG
analysis of the 2D Hubbard model at weak coupling.
Specifically, the (one-loop) flow equations for the two-
particle vertex are recast into SBE contributions and
a residual four-point fermion vertex. The SBE repre-
sentation provides a valuable alternative to the widely-
used parquet and asymptotic decompositions in the
conventional fermionic fRG. In particular, the divergent
behavior arising in proximity of the pseudo-critical tem-
perature, affects only the screened interaction while the
Yukawa couplings and the SBE rest functions, which
depend on more frequency and momentum variables,
remain finite. In contrast, in the conventional fermionic
formulation of the fRG, all objects grow very large in
the RG flow by approaching the pseudo-critical instabil-
ity. Moreover, the characteristic picture of bosons medi-
ating effective interactions offers not only interpretative
advantages for identifying the relevant degrees of free-
dom, but remains valid even at strong coupling [65,75].

The quality of our SBE-based approximation to the
fRG flow has been tested by performing calculations
with and without the inclusion of the flow for MZ*
and by comparing the obtained results. We have found
that for the computation of the physical susceptibili-
ties in the different channels, the SBE rest function can
be safely neglected in the weak-coupling regime, both
at half filling and finite doping. This allows to signif-
icantly reduce the computational effort and hence to
devise more efficient algorithmic implementations of the
fRG flow. At larger couplings and lower temperatures,
where the d-wave pairing correlations are expected to
become more relevant, the rest function should however
be included.

The numerical speed-up of the fRG algorithm offered
by the SBE formalism will most likely play a pivotal
role in all the extensions of the fRG approach beyond
the ”conventional” one-loop truncation considered in
our study. Indeed, the range of current and near-future
foreseeable promising developments of the fRG-based
approaches is quite broad. These include the multiloop
extension [42,45,61,76] of the fRG, for which the corre-
sponding flow equations have been derived in Ref. [58],
as well as the systematic inclusion of multiboson con-
tributions. In particular, the SBE formulation paves a
promising route for the multiloop extension of the com-
bination with the dynamical mean-field theory (DMFT)
[77,78] in the so-called DMF2RG [43,57]. This would

Page 15 of 22 202

allow to more easily access the nonperturbative regime
on a quantitative level by means of the DMF2RG. Here,
the reduced numerical effort offered by the SBE decom-
position greatly facilitates both the description of the
initial DMFT vertex function [9] and the application
of the DMF?RG. Further, the SBE formulation offers
the possibility to study mixed boson-fermion systems
in presence of additional bosonic fields and the combi-
nation with recent advancements in the description of
symmetry-broken phases [62,71,79,80].
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Fig. 13 Bosonic momentum and frequency dependence of
the magnetic susceptibility x™ as obtained from the SBE
and conventional fermionic fRG formulations with and with-
out rest function, for U = 2 and T = 0.15 (¢ = 0, u = 0).
For the SBE formulation, results are either obtained by dis-
carding the flow of M from the SBEa and SBEb approxima-
tions (see text for their definitions) or by calculating explic-
itly the flow of the rest function M. We stress also that the
results labeled “SBEa” in the main panels are identical to
those associated to the legend “SBE w.o. M” in Fig. 6. The
insets show the relative difference A between results with
and without rest function

A Implementation of the SBE approximation
in the fRG framework

‘We here discuss an alternative approximation based on com-
pletely neglecting the rest function together with its impli-
cations on the flow of the screened interactions and Yukawa
couplings: Instead of deriving the flow equations and then
setting the flow of the rest function to zero, as in our analy-
sis, in Ref. [568] the authors suggest neglecting the rest func-
tion prior to the derivation of flow equations. In the follow-
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ing, these approximations will be referred to as SBE approx-
imation after (SBEa) and before (SBEb) taking the deriva-
tive respectively. The resulting flow equations for SBEb are
structurally simpler than the corresponding Egs. (9):

0:(Q) = [v¥Q] [ (2@ - 1) [ @] 1,
! (32a)
0@ = [ 5@ [ @)1, (32b)

P

where we exploited A = X to obtain
A(Q) [ (@] 1+1 [BID @] X (@)
~L[AL(@)] 1= @@ - D [ @] L (33)

and the factor 1 has to be replaced by the s-wave projection
of the bubble in a form factor expansion (see Appendix B).
In fact, the SBEb appears to be a more severe approxima-
tion, as can be seen in Fig. 13. The results for the SBEa
and SBEb approximations are compared through their rel-
ative difference with respect to the corresponding data
obtained without neglecting the rest function M. While the
SBEa approximation provides quantitatively correct results
above the pseudo-critical temperature in the weak coupling
regime, the same cannot be concluded for the SBEb which
underestimates the AF peak.

Both the SBEa and SBEDb approximations are based on
the assumption that the relevant physics is well captured by
the exchange of a single boson, and that the multiboson pro-
cesses of the rest function can therefore be neglected. The
observed discrepancy is due to the omission of all rest func-
tion like contributions in the Yukawa couplings and bosonic
propagators in the self-consistent SBEb. Here the Yukawa
coupling contributions are restricted to the eye diagrams as
ZX does not contain any diagrams of the rest function in
the channel X. In contrast, the SBEa flow equations for the
Yukawa couplings generate all diagrams at least partially
(although with less complete derivatives as when the rest
function is included). We note that Z* is not structurally
different in SBEa and SBEDb but, as A appears on the right-
hand side of the flow equation, rest function like contribu-
tions are generated, see the lowest order diagrams shown
in Fig. 14. It turns out that these diagrams are relevant to
capture the physical behavior and that their partial treat-
ment in the SBEa is sufficient for the considered parameter
regimes. This is also true at stronger couplings, where the
nonlocal corrections to the rest functions have been shown
to play a negligible role [35].
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7T 00>

0 00> 10

Fig. 14 Comparison of the derivatives included during the flow of s AX(Q) via Eq. (9b) vs (32b). The left red box
represents Iﬁ,(QL the central green 5AH;((Q), and the right blue A} (Q) (which might reduce to 1 depending on the
approximation). The diagrams in the first row are generated during the first step of the solver, those of the second and
third are added in the second and third steps respectively. While the replacement of )\f(Q) by 1 in the SBEb approximation
limits the derivative to the eye diagrams, all diagrams are constructed during the flow of the SBEa albeit with derivatives

less complete than for the SBE including M

B Flow equations in form factor notation

We here explicitly report the flow Egs. (9) in the form factor
expansion. They are given by

o (Q,i0) = [X(Qi0)]" 3 N Qi iv)

iv,m,m’

x [5Anx’mm'(q,m,w)] A (Q, i, iv), (34a)
ONT(Q,iQ i) = Y TOM(Q,i, v, i)
x [5Anxvmm'(Q,m,w’)] A (Q, i, i), (34D)

M (Q i v, i) = S TON(Q,i i, i)

x [5Anx’mm'(q,m,w”)} 75 (Qu i, i i),
(34c¢)
For the SBEb approximation (see Appendix A), the right
X(Q,iQ, v) is replaced by 6, yielding
2
o (Q,i0) = [w*(Q,i0)]
X D @NO(QiQ, i) — Gms)

iv,m

X [5AHX””S(Q,iQ,iz/)] . (35a)
ONT(Q,iQiv) = Y TOM(Q,iQ, v, i)
x [EAHXW(Q,Z‘Q,Z‘V’)}, (35b)

corresponding to Egs. (32).

C: Additional results at half filling and finite
doping

C.1: Susceptibilities

In Fig. 15 we show the evolution of the magnetic, density,
and s-wave superconducting susceptibilities with U, in anal-
ogy to Fig. 4 for the temperature. The magnetic suscep-
tibility is strongly enhanced with the interaction, due to
the increasing AF fluctuations. In contrast, in the sublead-
ing channels the correlation effects are weaker. We observe
a slight suppression of the uniform density and s-wave
superconducting static susceptibilities induced by the inter-
play with their complementary channels. Also here, for the
description of the physical susceptibilities the rest function
can be safely neglected.

We report also the effects of the approximation \X = 1,
i.e. of neglecting the flow of the Yukawa couplings. Fig-
ure 16 displays the obtained results for the (static) suscep-
tibilities in the different channels, for the same parameters
as in Fig. 5. We observe that this additional approxima-
tion, somewhat similar to the one made in the TRILEX
approach [81] and GW [54,82], leads to considerable devia-
tions in the considered parameter regime [83]: the assump-
tion AX = 1 leads to overestimate the value of the Yukawa
couplings, in particular in correspondence of the maxima,
see Fig. 1, which is then reflected in an enhancement of the
corresponding susceptibilities. In particular, since imposing
XX = 1 overestimates the AF susceptibility by 165%, dis-
carding the flow of the Yukawa couplings does not represent
a viable approximation for the problem under investigation.

We finally report the (bosonic) frequency dependence in
Figs. 17 and 18, corresponding to the Yukawa couplings of
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a
=< 0.18
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U

Fig. 15 Magnetic x™((m,7),0), density xP((0,0),0), and
s-wave superconducting x>((0,0),0) static susceptibilities
as obtained from the SBE formulation of the fRG with and
without rest function as a function of U, for T'= 0.15 (¢’ =
0, . = 0). The relative difference between the results with
and without rest function is below 0.1% in the density and
0.5% in the superconducting channel, while it reaches 1.4%
in the magnetic one (for U = 2)

Figs. 2 and 9 respectively. The density channel is omitted in
these two figures since x° (Q, ) vanishes at finite frequency
Q at Q = 0, consistently [84] with the conservation of the
total charge of the system.

C.2: Self-energy

The results for the self-energy, as obtained from the SBE
formulation, are displayed in Fig. 19 for the representative
parameters of U = 2 and T' = 0.15 (at half filling). The fre-
quency dependence of the imaginary part presents a typical
Fermi-liquid behavior at small frequencies, both at the node
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Fig. 16 Magnetic x™(Q,0), density x°(Q,0), and s-
wave superconducting x5¢(Q,0) static susceptibilities as
obtained from the SBE formulation of the fRG (with rest
functions), where the flow of the Yukawa couplings has been
discarded, i.e. by fixing AX = 1 throughout the flow, for
U=2and T =0.2 (¢ =0, u = 0), see also Fig. 5 for com-
parison. The relative difference between the results obtained
with and without imposing this condition reaches 9% in
both the density and superconducting channels, and 165%
in the magnetic one

— 4
— 4

k = (7/2,7/2) in the upper and at the antinode k = (7, 0)
in the lower panel. For these parameters, the resulting self-
energy does not develop a momentum-selective gap. The
computation without rest functions M> almost perfectly
reproduces the full one including the rest function. The devi-
ations of the order of a few per cent are maximal for the
lowest Matsubara frequency 2 = 7T’ and decrease for larger
frequencies. On a quantitative level, in the full Green’s func-
tion G(k,iv) the differences between the computation with
and without rest function are almost negligible due to the
large iv contribution of the bare Green’s function.
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Fig. 17 Bosonic frequency dependence of the magnetic
M . SC o1 s1eL

x " and superconducting x”~ susceptibilities for the same

parameters as in Fig. 1. The relative difference A between

the results with and without rest function does not exceed

0.8%, except for the magnetic channel at T' = 0.1 where A

reaches 58%

C.3: Rest functions

In Figs. 20 and 21 we show the rest functions in all chan-
nels, for T' = 0.15 as well as for T = 0.1 (at half filling).
While the absolute values for the density and supercon-
ducting channels are similar for the SBE and the conven-
tional fermionic decomposition, the magnetic channel dif-
fers by an order of magnitude for 7' = 0.15 (see Fig. 20).
In proximity of the pseudo-critical transition, this effect is
even more pronounced for 7' = 0.1 (see Fig. 21). The mag-
netic channel becomes very large, whereas the other chan-
nels are only slightly enhanced with respect to the results
for T'=0.1.

We note that the frequency range, over which the rest
function in the dominant magnetic channel extends, appears
to be slightly smaller for the SBE than for the conventional
fermionic representation. We expect this effect to be more
pronounced for larger values of the interaction [35]. There,
the SBE-based formulation leads to a substantial reduction
of the numerical effort, since the corresponding rest function
is significantly localized in frequency space. This allows one
to significantly restrict the total number of frequencies taken
into account in the fRG flow, facilitating the applicability
of the fRG and DMF?RG to the most interesting regime of
intermediate to strong correlations and/or low temperatures
[35].
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Fig. 18 Bosonic frequency dependence of the magnetic
XM and s-wave superconducting x°* susceptibilities for
the same parameters as in Fig. 8. The relative difference
between the results with and without rest function is always
below 4% in both the magnetic and s-wave superconducting

channels

)
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Im¥((7,0),v) Im3((3, 3)

0 10 20 30
14
Fig. 19 Imaginary part of the self-energy X (k,v) at the
node k = (7/2,7/2) and antinode k = (,0) for U = 2 and
T=0.15( =0, 1= 0)

We finally include also data for the rest function at finite
doping. In Figs. 22 and 23 we show the d-wave contribution
to the rest function for U = 2 and U = 3 (and ¢’ = -0.2)
respectively. We observe a considerable increase with the
interaction, despite the overall small values in both cases.
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Fig. 20 Rest functions for the magnetic M, (7, 7),0), density M, ((0,0),0), and s-wave superconducting M5S ((0,0),0)
channels as obtained from the SBE (upper panels) and the conventional fermionic (lower panels) fRG formulations with n
and n' labeling the fermionic Matsubara frequencies according to v = (2n(') + )T, for U =2 and T = 0.15 (¢’ = 0,
1 = 0). Note the different orders of magnitude in the z-axis for the magnetic channel
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Fig. 21 Same as Fig. 20 with T'= 0.1 instead
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Fig. 22 Rest function MSC’d((O, 0),02) = ¢Sc’d((0, 0), Q) in the d-wave pairing channel, with n and n’ labeling the fermionic
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Matsubara frequencies according to v\ = (2n\") 4+ 1)xT, for U = 2, t' = —0.2, u = 4t’, and different choices of the bosonic
frequency 2
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Fig. 23 Same as Fig. 22 with U = 3 instead. Note the increase of one order of magnitude in the absolute values as
compared to Fig. 22

This explains the small effect of the rest function observed
in the (d-wave) superconducting susceptibility, see Figs. 11
and 12.

References

1.

2.

3.

10.

F. Krien, A. Valli, M. Capone, Phys. Rev. B 100, 155149
(2019)

F. Krien, A. Valli, P. Chalupa, M. Capone, A.I. Licht-
enstein, A. Toschi, Phys. Rev. B 102, 195131 (2020)

F. Krien, A. Kauch, K. Held, Phys. Rev. Res. 3, 013149
(2021)

C. De Dominicis, P.C. Martin, J. Math. Phys. 5, 14
(1964)

C. De Dominicis, P.C. Martin, J. Math. Phys. 5, 31
(1964)

N.E. Bickers, in Theoretical Methods for Strongly Corre-
lated FElectrons, edited by D. Sénéchal, A.M. Tremblay,
C. Bourbonnais (Springer New York, New York, NY,
2004), pp. 237-296, ISBN 978-0-387-21717-8

S.X. Yang, H. Fotso, J. Liu, T.A. Maier, K. Tomko,
E.F. D’Azevedo, R.T. Scalettar, T. Pruschke, M. Jar-
rell, Phys. Rev. E 80, 046706 (2009)

K.M. Tam, H. Fotso, S.X. Yang, T.W. Lee, J. Moreno, J.
Ramanujam, M. Jarrell, Phys. Rev. E 87, 013311 (2013)
G. Rohringer, A. Valli, A. Toschi, Phys. Rev. B 86,
125114 (2012)

A. Valli, T. Schéfer, P. Thunstrém, G. Rohringer, S.
Andergassen, G. Sangiovanni, K. Held, A. Toschi, Phys.
Rev. B 91, 115115 (2015)

11

12.

13.

14.

15.

16.
17.

18.

19.

20.

21.

22.

23.

24.

. A. Kauch, F. Hérbinger, G. Li, K. Held, Interplay
between magnetic and superconducting fluctuations in
the doped 2d Hubbard model (2019), 1901.09743

G. Li, A. Kauch, P. Pudleiner, K. Held, Comput. Phys.
Commun. 241, 146 (2019)

A. Tagliavini, S. Hummel, N. Wentzell, S. Andergassen,
A. Toschi, G. Rohringer, Phys. Rev. B 97, 235140 (2018)
N. Wentzell, G. Li, A. Tagliavini, C. Taranto, G.
Rohringer, K. Held, A. Toschi, S. Andergassen, Phys.
Rev. B 102, 085106 (2020)

T. Schéfer, G. Rohringer, O. Gunnarsson, S. Ciuchi, G.
Sangiovanni, A. Toschi, Phys. Rev. Lett. 110, 246405
(2013)

V. Janis, V. Pokorny, Phys. Rev. B 90, 045143 (2014)
O. Gunnarsson, T. Schéfer, J.P.F. LeBlanc, J. Merino,
G. Sangiovanni, G. Rohringer, A. Toschi, Phys. Rev. B
93, 245102 (2016)

T. Schéfer, S. Ciuchi, M. Wallerberger, P. Thunstrém,
O. Gunnarsson, G. Sangiovanni, G. Rohringer, A.
Toschi, Phys. Rev. B 94, 235108 (2016)

T. Ribic, G. Rohringer, K. Held, Phys. Rev. B 93,
195105 (2016)

O. Gunnarsson, G. Rohringer, T. Schafer, G. Sangio-
vanni, A. Toschi, Phys. Rev. Lett. 119, 056402 (2017)
J. Vucicevi¢, N. Wentzell, M. Ferrero, O. Parcollet, Phys.
Rev. B 97, 125141 (2018)

P. Chalupa, P. Gunacker, T. Schéafer, K. Held, A. Toschi,
Phys. Rev. B 97, 245136 (2018)

D. Springer, P. Chalupa, S. Ciuchi, G. Sangiovanni, A.
Toschi, Phys. Rev. B 101, 155148 (2020)

P. Chalupa, T. Schéfer, M. Reitner, D. Springer, S.
Andergassen, A. Toschi, Phys. Rev. Lett. 126, 056403
(2021)

@ Springer



202 Page 22 of 22

25

26

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.
52.

53.

54.
55.

56

. W. Metzner, M. Salmhofer, C. Honerkamp, V. Meden,
K. Schonhammer, Rev. Mod. Phys. 84, 299 (2012)

. N. Dupuis, L. Canet, A. Eichhorn, W. Metzner, J.

Pawlowski, M. Tissier, N. Wschebor, Phys. Rep. 910,

1 (2021)

T. Baier, E. Bick, C. Wetterich, Phys. Rev. B 70, 125111

(2004)

S. Diehl, H. Gies, J.M. Pawlowski, C. Wetterich, Phys.

Rev. A 76, 021602 (2007)

S. Diehl, H. Gies, J.M. Pawlowski, C. Wetterich, Phys.

Rev. A 76, 053627 (2007)

P. Strack, R. Gersch, W. Metzner, Phys. Rev. B 78,

014522 (2008)

L. Bartosch, P. Kopietz, A. Ferraz, Phys. Rev. B 80,

104514 (2009)

S. Friederich, H.C. Krahl, C. Wetterich, Phys. Rev. B

81, 235108 (2010)

S. Friederich, H.C. Krahl, C. Wetterich, Phys. Rev. B

83, 155125 (2011)

B. Obert, C. Husemann, W. Metzner, Phys. Rev. B 88,

144508 (2013)

P.M. Bonetti, A. Toschi, C. Hille, S. Andergassen, D.

Vilardi, Phys. Rev. Res. 4, 013034 (2022)

H. Krahl, C. Wetterich, Phys. Lett. A 367, 263-267

(2007)

T. Denz, M. Mitter, J.M. Pawlowski, C. Wetterich, M.

Yamada, Phys. Rev. B 101, 155115 (2020)

C. Karrasch, R. Hedden, R. Peters, T. Pruschke, K.

Schénhammer, V. Meden, J. Phys. Condens. Matter 20,

345205 (2008)

C. Husemann, M. Salmhofer, Phys. Rev. B 79, 195125

(2009)

W.S. Wang, Y.Y. Xiang, Q.H. Wang, F. Wang, F. Yang,

D.H. Lee, Phys. Rev. B 85, 035414 (2012)

D. Vilardi, C. Taranto, W. Metzner, Phys. Rev. B 96,

235110 (2017)

A. Tagliavini, C. Hille, F.B. Kugler, S. Andergassen, A.

Toschi, C. Honerkamp, SciPost Phys. 6, 9 (2019)

D. Vilardi, C. Taranto, W. Metzner, Phys. Rev. B 99,

104501 (2019)

E.A. Stepanov, V. Harkov, A.I. Lichtenstein, Phys. Rev.

B 100, 205115 (2019)

C. Hille, F.B. Kugler, C.J. Eckhardt, Y.Y. He, A. Kauch,

C. Honerkamp, A. Toschi, S. Andergassen, Phys. Rev.

Res. 2, 033372 (2020)

V. Harkov, M. Vandelli, S. Brener, A.l. Lichtenstein,

E.A. Stepanov, Phys. Rev. B 103, 245123 (2021)

C.J. Eckhardt, G.A.H. Schober, J. Ehrlich, C. Hon-

erkamp, Phys. Rev. B 98, 075143 (2018)

G.V. Astretsov, G. Rohringer, A.N. Rubtsov, Phys. Rev.

B 101, 075109 (2020)

K. Astleithner, A. Kauch, T. Ribic, K. Held, Phys. Rev.

B 101, 165101 (2020)

F. Krien, A.I. Lichtenstein, G. Rohringer, Phys. Rev. B

102, 235133 (2020)

F. Krien, A. Kauch, Eur. Phys. J. B 95, 69 (2022)

J. Schmalian, D. Pines, B. Stojkovi¢, Phys. Rev. B 60,

667 (1999)

M.V. Sadovskii, Diagrammatics, 2nd edn. (World Scien-

tific, Singapore, 2019)

L. Hedin, Phys. Rev. 139, A796 (1965)

M. Qin, T. Schéfer, S. Andergassen, P. Corboz, E. Gull,

Ann. Rev. Conden. Matter Phys. 13, 275 (2022)

. F. Krien, A. Valli, Phys. Rev. B 100, 245147 (2019)

@ Springer

57

58.

59.

60.

61.

62.
63.

64.

65.
66.
67.
68.
69.
70.

71.

72.

73.

4.

75.

76.

7.

78.

79.

80.

81.
82.

83.

84.

Eur. Phys. J. B (2022) 95:202

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

M. Gievers, E. Walter, A. Ge, J. von Delft, F. Kugler,
Eur. Phys. J. B 95, 108 (2022)

C. Husemann, K.U. Giering, M. Salmhofer, Phys. Rev.
B 85, 075121 (2012)

J. Lichtenstein, D. Sdnchez de la Pena, D. Rohe, E. Di
Napoli, C. Honerkamp, S. Maier, Comput. Phys. Com-
mun. 213, 100 (2017)

F.B. Kugler, J. von Delft, Phys. Rev. Lett. 120, 057403
(2018)

P.M. Bonetti, Phys. Rev. B 102, 235160 (2020)

S. Heinzelmann, A. Toschi, S. Andergassen, Entangled
magnetic, charge, and superconducting pairing correla-
tions in the two-dimensional hubbard model: a functional
renormalization group analysis (2022)

E.G.C.P. van Loon, F. Krien, H. Hafermann, A.I. Licht-
enstein, M.I. Katsnelson, Phys. Rev. B 98, 205148
(2018)

V. Harkov, A.L. Lichtenstein, F. Krien, Phys. Rev. B
104, 125141 (2021)

A. Toschi, A.A. Katanin, K. Held, Phys. Rev. B 75,
045118 (2007)

A.A. Katanin, Phys. Rev. B 79, 235119 (2009)

P. Chalupa-Gantner, F.B. Kugler, C. Hille, J. von Delft,
S. Andergassen, A. Toschi, Phys. Rev. Res. 4, 023050
(2022)

C.J. Halboth, W. Metzner, Phys. Rev. B 61, 7364 (2000)
C.J. Halboth, W. Metzner, Phys. Rev. Lett. 85, 5162
(2000)

H. Yamase, A. Eberlein, W. Metzner, Phys. Rev. Lett.
116, 096402 (2016)

O. Gunnarsson, T. Schifer, J.P.F. LeBlanc, E. Gull, J.
Merino, G. Sangiovanni, G. Rohringer, A. Toschi, Phys.
Rev. Lett. 114, 236402 (2015)

G. Rohringer, J. Electron Spectrosc. Relat. Phenom.
241, 146804 (2020)

T. Schéfer, A. Toschi, J. Phys.: Condens. Matter 33,
214001 (2021)

F. Krien, P. Worm, P. Chalupa, A. Toschi, K. Held, Spin
scattering turns complex at strong coupling: the key to
pseudogap and fermi arcs in the hubbard model (2021)
F.B. Kugler, J. von Delft, Phys. Rev. B 97, 035162
(2018)

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

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

J. Wang, A. Eberlein, W. Metzner, Phys. Rev. B 89,
121116 (2014)

D. Vilardi, P.M. Bonetti, W. Metzner, Phys. Rev. B
102, 245128 (2020)

T. Ayral, O. Parcollet, Phys. Rev. B 92, 115109 (2015)
F. Aryasetiawan, O. Gunnarsson, Rep. Progress Phys.
61, 237 (1998)

T. Schifer, N. Wentzell, F. Simkovic, Y.Y. He, C.
Hille, M. Klett, C.J. Eckhardt, B. Arzhang, V. Harkov,
F.M.C.M. Le Régent et al., Phys. Rev. X 11, 011058
(2021)

C. Watzenbdock, M. Fellinger, K. Held, A. Toschi, SciPost
Phys. 12, 184 (2022)



	Single-boson exchange functional renormalization group application to the two-dimensional Hubbard model at weak coupling
	1 Introduction
	2 Model and method
	2.1 Hubbard model
	2.2 Single-boson exchange decomposition
	2.3 Single-boson exchange fRG
	2.4 Relation to the conventional fermionic formalism

	3 Results at half filling
	3.1 Yukawa couplings
	3.2 Susceptibilities
	3.3 Rest functions

	4 Results at finite doping
	4.1 Yukawa couplings
	4.2 Susceptibilities

	5 Conclusions
	Author contributions
	A Implementation of the SBE approximation in the fRG framework
	B Flow equations in form factor notation
	C: Additional results at half filling and finite doping
	C.1: Susceptibilities
	C.2: Self-energy
	C.3: Rest functions

	References
	References


