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Multipoint vertex functions, and the four-point vertex in particular, are crucial ingredients in many-body
theory. Recent years have seen significant algorithmic progress toward numerically computing their dependence
on multiple frequency arguments. However, such computations remain challenging and are prone to suffer
from numerical artifacts, especially in the real-frequency domain. Here, we derive estimators for multipoint
vertices that are numerically more robust than those previously available. We show that the two central steps for
extracting vertices from correlators, namely, the subtraction of disconnected contributions and the amputation
of external legs, can be achieved accurately through repeated application of equations of motion, in a manner
that is symmetric with respect to all frequency arguments and involves only fully renormalized objects. The
symmetric estimators express the core part of the vertex and all asymptotic contributions through separate
expressions that can be computed independently, without subtracting the large-frequency limits of various terms
with different asymptotic behaviors. Our strategy is general and applies equally to the Matsubara formalism, the
real-frequency zero-temperature formalism, and the Keldysh formalism. We demonstrate the advantages of the
symmetric improved estimators by computing the Keldysh four-point vertex of the single-impurity Anderson

model using the numerical renormalization group.
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I. INTRODUCTION

Two-particle correlators and vertices play a crucial role
in many-body physics. They encode the effective interaction
between two particles, altered from their bare value due to
the many-body environment. Understanding and calculating
two-particle correlators is essential for studying collective
modes, instabilities, and response properties. The two-particle
or four-point (4p) vertex is also a key ingredient for extending
methods based on quantum impurity models, like dynamical
mean-field theory (DMFT) [1,2], to treat nonlocal correlations
[3]. Owing to the dependence of the 4p vertex on multiple
frequency, spin, and orbital degrees of freedom, analytic treat-
ments are limited to only the simplest models [4,5]. Thus there
has been a longstanding interest in developing efficient and ac-
curate computational methods for evaluating these quantities
[6]. Indeed, recent years have brought significant algorithmic
progress toward numerically computing the dependence of
multipoint functions on their multiple frequency arguments,
using, e.g., quantum Monte Carlo (QMC) [7-10] or the nu-
merical renormalization group (NRG) for solving quantum
impurity models [11-13].

The present paper addresses the following question:
given a reliable numerical method for computing multipoint
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correlators in the frequency domain, such as QMC or NRG,
how can it best be harnessed to extract the corresponding ver-
tex? This extraction involves subtracting disconnected parts
and amputating external legs. Naive implementations of such
subtractions and amputations are prone to numerical artifacts.
To minimize their effects, various improved estimators have
been proposed. Such estimators are expressions for the quan-
tity of interest (e.g., a self-energy or vertex) that are formally
equivalent to the original definition but more robust against
numerical artifacts [14-21]. Such artifacts are, e.g., statistical
noise in QMC or discretization effects in NRG.

A fruitful approach for deriving improved estimators is to
utilize equations of motion (EOMs). In 1998, Bulla, Hew-
son, and Pruschke [18] used EOMs to derive an improved
estimator for the self-energy of quantum impurity models.
This estimator is constructed from the usual 2p propagator
and an auxiliary 2p correlator involving a certain composite
operator generated by the EOM. It is an asymmetric improved
estimator (alE), since it was derived via an EOM acting on
only one of the two time arguments of the propagator. The
resulting alE for the self-energy has been widely used for
NRG computations ever since.

The EOM strategy of Ref. [18] was generalized to the case
of 4p vertices by Hafermann, Patton, and Werner [8]. They
derived an alE for the 4p vertex that contains an additional,
4p auxiliary correlator, again involving a composite opera-
tor. The terms are then combined in such a manner that the

©2024 American Physical Society
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TABLE I. Summary of different improved estimators for self-
energies and vertex functions derived using EOMs.

2p self-energy X 4p vertex I'

Bulla et al. [18] Hafermann et al. [8]
Kaufmann et al. [10]
Kugler [22] this work

asymmetric, full
symmetric, bare
symmetric, full

disconnected parts cancel and one external leg is amputated.
Their alE is asymmetric in the frequency arguments, since it
was derived via EOMs acting on only one of the four time
arguments. For some applications, this is a serious limitation.
An example is the 4p vertex in the real-frequency Keldysh for-
malism. The Keldysh vertex of the Anderson impurity model
(AIM) was recently computed by three of the present authors
using NRG [12,13]. There, the alE of Ref. [8] was used, but
it was pointed out that this yields improvements for only 4 of
the 16 components of the Keldysh vertices. To improve all 16,
a symmetric improved estimator (sIE) is needed.

A sIE was derived through repeated use of EOMs by Kauf-
mann, Gunacker, Kowalski, Sangiovanni, and Held [10], and
found to be significantly less prone to numerical artifacts than
the alE of Ref. [8]. Yet, their sIE involves not only various full
(interacting) multipoint correlators, but also the bare (nonin-
teracting) 2p propagator. It was noted before [13,18,22] that
this is not ideal for methods where bare and full correlators
stem from different numerical settings and would compro-
mise the accuracy of some intended cancellations. NRG is
an example of such a method: there, bare and full correlators
are typically computed without or with energy discretization,
respectively. Consequently, the sIE of Ref. [10] was not used
in the NRG computations of Refs. [12,13]. The occurrence of
bare propagators is also unfavorable in scenarios where they
qualitatively differ very strongly from the full ones, as, e.g., in
a Mott insulating state.

For the self-energy, one of us recently derived an improved
estimator that is (i) symmetric in all operators and (ii) involves
only fully renormalized correlators. The combination of both
properties sets Kugler’s sIE [22] apart from previous results
((1) from Ref. [18] and (ii) from Ref. [10]). The aforemen-
tioned literature on improved estimators is summarized in
Table 1.

In the present paper, we generalize Kugler’s approach to
derive sIEs for multipoint vertices. For these, properties (i)
and (ii) are particularly useful, since the division by full prop-
agators is required for the amputation of external legs. We
also show how the asymptotic and core contributions to the
vertex can be isolated and computed separately via estimators
of their own, all expressed through combinations of auxiliary
correlators involving composite operators. Asymptotic contri-
butions depend on only a subset of all frequency arguments
and remain finite if the complementary frequencies are sent
to infinity; the core contribution, by contrast, depends on all
frequency arguments but decays in all directions. Separate es-
timators for asymptotic and core contributions are numerically
advantageous, as they directly yield the desired quantities,
without the need for subtracting the large-frequency limits of
various terms with different asymptotic behaviors.
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FIG. 1. MF and KF 4p vertices U ™' [Ty} — Tparesp, J(0, V', 0 =
0) of the AIM at weak interaction. Here, v, v are fermionic frequen-
cies, w a bosonic transfer frequency, U is the interaction strength
and A the hybridization strength, chosen the same as in Fig. 14.
[See Eq. (143) for a concrete definition of I'.] The three rows show
the results obtained by direct amputation of the correlator, by using
an asymmetric improved estimator (alE) [8,12,13], and by using the
symmetric improved estimator (sIE) derived in this work. The first,
second, and third columns show the MF vertex (which is purely real),
the real part of the causal (¢ = ————) component of the KF vertex,
and its imaginary part, respectively.

Our derivation utilizes the framework and notation for
multipoint correlators developed in Ref. [12]. There, as here,
the overall strategy of the derivation applies equally (mod-
ulo some technical differences) in all three of the commonly
used many-body frameworks: the imaginary-frequency Mat-
subara formalism (MF), the real-frequency zero-temperature
formalism (ZF), and the real-frequency Keldysh formalism
(KF). We illustrate the utility of our sIE for vertices by NRG
computations of the 4p vertex of the AIM. We find dramatic
improvements relative to results obtained using direct ampu-
tation or an alE. Typical examples of such improvements are
shown in Fig. 1, serving as a preview for results presented
later on.

The rest of the paper is organized as follows. In Sec. II, we
set the scene by concisely recapitulating the derivation of the
symmetric self-energy estimator [22] in the MF. In Sec. III,
we formulate EOMs for multipoint correlators in the MF,
ZF, and KF. In Sec. IV, we use these EOMs to derive sIEs
for the self-energy, the 3p and the 4p vertices, and discuss
why the proposed estimators are expected to be more robust
against numerical artifacts. We present numerical results for
the Keldysh 4p vertex of the AIM in Sec. V and conclude
with an outlook in Sec. VI.

II. SYMMETRIC SELF-ENERGY ESTIMATOR
IN THE MATSUBARA FORMALISM

To provide context, this section reviews the derivation of
the symmetric self-energy estimator presented in Ref. [22].
For concreteness, we do so in the MF, for a very simple quan-
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tum impurity model, the AIM. We first define 2p correlators
(Sec. IT A) and derive general EOMs for them (Sec. II B). We
then specialize to the AIM, define various auxiliary correlators
(Sec. IIC), and finally derive a symmetric self-energy estima-
tor (Sec. II D).

A. Definition of 2p correlators

We begin by introducing some notation. We write
[0, 0%, = 0'0* - ¢ 0?0, (1)

with ¢ = 1 for commutators or { = —1 for anticommutators
of two operators. Given a Hamiltonian H, thermal expectation
values at temperature 1/ are defined as

Tr(Ome FH)
o= —— 2 2
(0" = ——55 @
and Heisenberg time evolution in imaginary time as
o (m) = eiHZm Ome—iHZ;zz . 3)

Here, (m)=(z,,)=(—it,), with t,, real, is a shorthand for
the MF imaginary time argument (this notation ensures con-
sistency with ZF and KF formulas later, where z,, = 1,,). A
MF 2p correlator of operators O! and O? at times (1,2) =
(—ity, —iTp) = —it is defined as

GIO', O?(1,2) = —(T[O', O*(1,2)). @)
Here, T denotes 7 ordering,
T10, 011, 2) = 0(11 = )(0' (1HO*(2))
+70(m—1)(O*@)0' (1), ()
and ¢ = ¢; is the sign arising when permuting O' past 0%
4'12 = —1 if both are fermionic, ;12 = +1 otherwise.

The corresponding transformation to the Matsubara fre-
quency domain is

B
GlO', O*(iw) = —i f d*t &GO, O (—it) (6a)
0

= BSuy.0 GIO', O*(iw), (6b)

with w;, =w; + w,. Here, time-translational invariance was
exploited to factor out a Kronecker delta expressing energy
conservation, wj, = 0. We take this constraint to be implicitly
understood for the frequency arguments of G[O', O?](iw)
and thus omit the second one, writing

G[O', O*(iw, —iw) = G[O', O?](iw). (7)

For brevity, we will often omit the operator arguments
[O!, ©?] when they can be inferred from the context.

By analogy, an equilibrium expectation value may be
viewed as a (constant) 1p function, G[O'](1) = (O'). Its Mat-
subara transform,

B
IO (i) = / dr " GIO"(=it) = BS,0 GIO'].  (8)
0

is nonzero only for zero frequency, with G{O'] = (O!) being
independent of frequency.

B. General EOMs for 2p correlators

Next, we recall the derivation of EOMs for 2p correla-
tors. We write derivatives as 9d,, = d/9z, = d/d(—it,), and
6(1,2) =8(z1 —22) = i6(1y — 1) for delta functions, such
that 9,60(1; — 72) = —3,0(11 — 1) = 6(1, 2).

The derivatives of a time-ordered product read

nTIO', 0%1(1,2) = T13,0', 0?11, 2)
+86(1,.2) [0, 0’122). )

RHTIO', O*1(1,2) = T[0!, ,0%(1,2)
+8(2,1)¢2 0%, 0'2(1). (9b)

Here, 6(1,2) arises from differentiating the time ordering
step functions. For the last term of Eq. (9b), we used
TION(1HO*(2)] = ¢2TIO*(2)O0'(1)] to move O*(2) to the
left of O'(1) within 77[-] before differentiating the step func-
tions. As a result, the (anti)commutator obtained from 9, is
“flipped” relative to that from d; and multiplied by an extra
;‘12. A similar feature will occur later on in our discussion of
multipoint EOMs.
Using the EOM for Heisenberg operators (m = 1, 2),

i0, O™ (m) = [O™(m), H], (10)
we obtain the following EOMs for 2p correlators:
i0,G10', 0%1(1,2) = GIIO", H], 0*1(1,2)
+38(1,2) GO, 0%121(2),
i,G10", O°](1,2) = GIO} [O% H]I(1,2)
+8(2, ) ¢IGIO?, O'21(1). (11b)

(11a)

Their Matsubara Fourier transforms read
iwG[O', OJ(iw) = GI[O', H], OI(iw) + ([0, O*],2),
(12a)
—iwGlO', O*(iw) = GIO', [O%, H](iw) + (1 ([0% O'],2).
(12b)

These two general EOMs, obtained by differentiating
G(1, 2) using 9; or 9, will be used repeatedly below.

C. Full, bare, and auxiliary correlators of the AIM

For concreteness, we frame the following discussion within
the context of an SU(2)-symmetric AIM. Its Hamiltonian has
the form H = H® + H,,,, with

H = Zadd;do' + Zebczgcba + Z(Vbd;cbff + H.c.),
o ob ob

Hyw=Umn,, n, =d.d,, (13)

with o € {1, |}. H describes a two-flavor impurity with im-
purity operators d,, d; with an energy &, experiencing a local,
flavor-oft-diagonal interaction U, and hybridizing with a two-

flavor bath with bath operators ¢, , CZU (b=1,..., Nyam) and
energies &,. We focus on the conventional AIM where these
single-particle operators are all fermionic ({ = —1) and the

flavor corresponds to the spin, but we keep track of the sign
factor ¢ for generality.
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We denote the 2p correlator of d and d' by
g(1,2) = Gld, d"|(1,2),

and call it the “propagator,” in distinction to other 2p correla-
tors encountered below. It is flavor-diagonal, hence we omit
flavor indices. The full propagator g(iw), its bare (U = 0)
version g’(iw), and the self-energy X(iw) satisfy the Dyson
equation

gliw) = G[d,d"(iw)  (14)

g—g =¢g"Tg=¢%g". (15)
The bare propagator can be obtained by setting up the EOMs

for g° and G[d, CZ] and eliminating the latter (“integrating out
the bath”). As shown below, one finds

1 . Vol?
L A= M
iw—¢e4 — A(iw) iw—gp

b

& (iw) = (16)

The hybridization function A(iw) fully characterizes the
impurity-bath coupling.

Next, we consider the EOMs for the full g. When setting
them up using Eq. (12), the equal-time commutators [d;, Hiy]

and [d;, Hi,] yield “composite operators” which we denote as
follows, for short:

o = ldo. Hinl, g} = [Hine, d7], (17a)

oo = 140, d}1e = [[dy, Hind, d}1¢ (17b)

= [ds. 4. 1; = [do, [Hine, d.. 1], (17¢)

Here, Eq. (17¢c) equals (17b) due to the identity
[0, 0%], 0%, = [0, [0 O°]); + 110", O], 0],

The composite operator ¢, carries the composite index oo’
but has just a single time argument. For the AIM [Eq. (13)],
the composite operators take the form

¢ = Udn_,,

doo’ = U(a(r.a/n—a + 480.—0’diadﬂ)’

(18a)
(18b)

When discussing multipoint correlators later on, we will
encounter further composite operators, defined via multiple
equal-time commutators and labeled by longer composite in-
dices. All correlators involving at least one composite operator
will be called “auxiliary correlators.”

Below, we need the propagator g, three auxiliary 2p corre-
lators and one auxiliary 1p correlator, defined as follows and
depicted diagrammatically in Fig. 2:

G (iw) = Gld,, d}1(iw) = gliw), (19a)
G"(iw) = Glgo. d}1(iw), (19b)
GV (iw) = Gld,, g} (i), (19¢)
G (iw) = Glgo. 4} (o), (19d)

G" = Glgoo] = (qoo) = Uln_o) = . (19%)

The shorthand notation on the left distinguishes them using
superscripts, with a single argument, 12, for the 1p correla-
tor and two comma-separated arguments for 2p correlators.
For the latter, ‘-’ serves as placeholder for d or d’, while 1

gO GO = g by U
d(1)-=~d'(2) d(1) — d'(2) O x
Gt G¢2) Ga12)
q(1) di(2) (1) 4'(2) al)  4'(2) [d,q")¢

FIG. 2. Diagrammatic representations of the bare and full prop-
agators g° and g, the self-energy %, the bare vertex U for a quartic
interaction, and the auxiliary correlators of Egs. (19) [and Eqgs. (98)
in Sec. IV A]. A grey circle with ¢ lines attached represents an £p
correlator of ¢ elementary d and d' operators. Long legs represent
g’s that can be amputated, and short legs indicate completed ampu-
tations. An ¢p vertex is obtained from a grey circle with £ long legs
by subtracting all disconnected parts and amputating all ¢ legs (see
Fig. 6).

or 2 signal their replacement by g or g, respectively. The
auxiliary correlators G1), G*?, and G'? are called FT,
FR and I in Ref. [22]. For correlators diagonal in o, as here,
G = G2 [22]; they are denoted F in Refs. [8,18]. They are
2p correlators of single-particle and composite operators, but
involve four single-particle operators since g~dd'd. The 1p
auxiliary correlator G''? equals the Hartree self-energy X H;
its diagrammatic representation in Fig. 2 reflects this fact.

D. Self-energy estimators for the AIM

Finally, we are ready to derive estimators for X, exploiting
various EOMs. These are obtained using the general EOMs,
Eq. (12), and the commutators

[dg, H] = 8dd(7 + Vbcba + 4o, [Cbav H] = &pChs + Vb*da-
(20)
We henceforth omit flavor subscripts o and frequency argu-
ments (iw). Setting up the first general EOM, Eq. (12a), for
G and G[cp, d'], we find

(iw — &4)G") = Zv,,G[c,,, d'1+ G5 +1, (2la)
b

(io — &,)Glep, d'] = VG, (21b)

By using Eq. (21b) to eliminate G[cp, d'] from Eq. (21a), we
obtain an EOM involving only impurity correlators,

(iw — &4 — A(iw))G") = G141,
G (iw — &4 — Aliw)) = G2 + 1.

(22a)
(22b)

The second equation can be found analogously to the first,
starting from the second general EOM, (12b). The bare g° =
G"“|y—o follows by setting G') = G*? =0 in Eq. (22),
yielding Eq. (16). Hence, the factors multiplying G on the
left of Eq. (22) equal (g°(iw))~", implying

g=G"=g"G"+1)=G"?+ 1.  (23)
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One may also derive Eq. (23) by writing Eq. (21) in the
matrix form

iw— &y -V -V, GG
-V o — g 0 Gley, d']
V5 0 io — & Glcs,d"
G141
0
= 0 : 24

The matrix on the left is the inverse bare propagator i — H°.
By inverting it using the block-matrix identity

A B\"' _(@A-BDO) ...
(& 5) =(“"rom ) e

and solving for the first element G-, we find

-1
1
G = (iw —2q— Y Vi- v,;‘) G+ 1)
b lw— €&p

= (iw — &4 — Aliw)) " (G1) + 1), (26)

which equals Eq. (23). Equating Eq. (23) to the Dyson equa-
tion (15) and solving for X, we find the alE for the self-energy
first proposed in Ref. [18]:

r=G6"g ! =g"1G"?. 27)

This result corresponds to the Schwinger—Dyson equation for
the self-energy.

Next, we follow Ref. [22] to obtain a sIE for X. We use the
second general EOM, Eq. (12b), to obtain two more EOMs
involving G+

G") (iw — e4) = Y _Glg. c)1Vy + G + G, (28a)
b

Glg, cj] (io — &) = G1V,. (28b)

The G"? term, which is independent of w, comes
from the last term of Eq. (12b), involving an equal-
time (anti)commutator that yields an expectation value,
(d], 451¢) = (go0s)- We eliminate Glg, cZ] to obtain

G = (G1? + G2y, (29a)
In a similar manner, we obtain
Gt = (G 4 G1)y, (29b)
Substituting g~! = (¢°)~! — = in Eq. (27), we find
T =G6"Ng) -3
— G(1,2) + G(IZ) _ G(1,~)E
=G+ 2H - GMg'GH2. (30)

For the second equality, we used Eq. (29a) to eliminate
G (g")~!. For the third, we replaced X by its alE (27)
and used G'? = xH [Eq. (19¢)]. Equation (30) is the sIE of
Ref. [22]. It has the desirable properties of being (i) symmetric
with respect to both frequency arguments and (ii) expressed
purely through full correlators.

(a) 0 0
g=9 +9Xxg — =+ --0—
=g¢"+g%g° =---4+ —O--
7= =) - O
(b)

(d)
G — G1:2) 40
+ G120

*<Q—:*<O>*Q'

GO = g0g12) _<>>._ =--o<{ e
140G v _Q

©
2= 6 (g)!

O = ~<O—¢-9"

-Gy - <00
= gD 4 g2 "
—GMgTat - =O—C>~

FIG. 3. Diagrammatic derivation of asymmetric and symmetric
self-energy estimators. (a) Inversion of the Dyson equation yields
g ' = (" '—X. (b) EOM:s for g; by comparing their forms to the
equations for g shown in (a), one identifies (c) alEs for X, involving
g-amputated auxiliary correlators, G1)g~! or g7!G"?. (d) G and
G2 satisfy EOMs themselves, involving the auxiliary correlators
G2 and G"?. (e) Performing the g amputation for G'/g~! in
(c) by using (a) for g~!, one obtains terms containing G!7(g")~!;
these are known from the EOMs from (d). The last line gives
the desired sIE for X. Its first and third terms both contain one-
particle-reducible contributions. In their difference, however, such
contributions cancel, ensuring that ¥ is one-particle irreducible (see
Fig. 4 for an example at order O(U?)).

Figure 3 diagrammatically summarizes the derivation of
the sIE (30) for the self-energy. It rests on two key in-
sights. First, the external g legs of any G (e.g. G or
G“? in Fig. 3) can be amputated through multiplication by
g ' = (g% ! — X; this yields terms of the form G (g%)~!
or (g2)7'G"). Second, each such product corresponds to the
left side of an EOM; the right side of that EOM contains other
auxiliary correlators and frequency-indepedent constants aris-
ing from (anti)commutators, thus (g°)~' can be eliminated
altogether. Moreover, this can be done in a fashion symmetric
with respect to frequency arguments by combining EOMs
derived using either d; or d,. The resulting symmetric self-
energy estimator [Fig. 3(e)] is one-particle irreducible, as
illustrated at order O(U?) in Fig. 4.

In the following sections, our goal is to use a similar
strategy to derive similar sIEs for general £p functions, for
arbitrary flavor indices and in any of the MF, ZF, and KF.
For the above discussion in the MF, we worked directly in the
frequency domain. In the KF, one cannot use the same strategy
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*{}o——%
:Q—Q+-@-7M+O(U3)

<> + O

FIG. 4. Expansion of the symmetric self-energy estimator to
second order in the interaction U. The one-particle-reducible con-
tributions to the diagrams on the right of the first line cancel,
guaranteeing the one-particle irreducibility of X.

as the bare propagator is matrix-valued and not simply given
by iw — ¢4 — A as in Eq. (22). A more fundamental reason
is that, in the KF, the EOM does not fully determine the
correlator. For example, the k = (1, 1) and (2,2) components
of the bare KF propagator obey the same EOM [see Eq. (70)],
while the former is zero and the latter is not. In the KF,
the boundary condition of the correlators [see Eq. (A2) in
Appendix A] needs to be explicitly used, whereas in the MF
it was implicitly imposed through the structure of Matsubara
frequencies. We will henceforth work in the time domain,
where this boundary condition is formulated. To that end, we
need a general, compact notation of multipoint correlators,
which we introduce next.

III. EOMS FOR MULTIPOINT CORRELATORS

In this section, we generalize the discussion of the previous
section from 2p to £p correlators. We define them in Sec. IIT A
and derive their general EOMs in Sec. III B. We then write the
Hamiltonian as the sum of noninteracting and interacting parts
and derive EOMs for full (interacting) £p correlators involving
bare (noninteracting) propagators and auxiliary £p correlators
in Sec. III C. We discuss how the noninteracting bath degrees
of freedom can be integrated out if needed in Sec. IIID. In
Sec. IITE, we adopt specific formalisms (MF, ZF, KF) and
derive EOMs in the frequency domain. In Sec. III F, we show
that the obtained EOMs also hold for the connected part of
the correlator. Finally, in Sec. III G, we derive an EOM that
involves full propagators instead of the bare ones.

A. Definition of £p functions

In the MF, ZF, and KF, £p correlators of the list of operators
[O] =[0O,..., O are defined as

GulO1(—it) = (=) HTO](~iT)), (31a)
Gz[O1(t) = (=) NT1O1®)), (31b)
GLIO1@) = (=) " HTT1O1¢°)), (3lc)

respectively. Here, (—it)= (—ity,..., —iT¢), and analo-
gously for ¢, ¢, and ¢°; (A) denotes thermal averaging with
respect to the full Hamiltonian H according to Eq. (2); O(z) =
eM20e~% a5 in Eq. (3), and T denotes time ordering along
one of the contours

MF: —it, € Cy = [0, —iB], (32a)
ZF :t, e C_, (32b)
KF:time C_ @ Cy, (32¢)

(a) MF (b) 2 (c) KF

o] C_ ]
—> —o

of
M g C,

FIG. 5. Time contour for each many-body formalism considered.

shown in Fig. 5. Here, C_ = [—00, o0] and C; = [00, —00]
are the forward and backward branches of the Keldysh con-
tour. In the KF, each contour variable is specified by a
real-valued time argument and a contour index, i.e., 7 = ¢¢
with ¢ = — (¢ = +) for the forward (backward) branch, and
contour variables follow time ordering (anti-time ordering) on
the forward (backward) branch. In this work, we focus only
on systems in the ground state (ZF) or thermal equilibrium
(MF, KF), and do not consider the nonequilibrium KF. We
generically denote £p correlators by G, but suppress the su-
perscript if the number of arguments is clear from the context.
For a diagrammatic depiction, see Fig. 6(a).

To analyze the boundary conditions of the correlators, one
must attach a vertical branch to the ZF and KF contours. The
only step where the boundary condition affects the results is
when deducing the EOM in integral form from its differential
form via integration by parts [Eq. (52)]. This derivation is
carried out in Appendix A.

As in the 2p case, Fourier-transformed £p correlators are
defined by factoring out a delta function arising from time-
translational invariance. For the MF, ZF, and KF, we have

B
Gui(i@) = i(—i)’ / d'T @Gy (—iT) = B, oG (i),
0
Gz(w) = / d't &G (t) = 2m8(w1..0)Gz (),
Gt (w) = / dt &“1GE(t) = 21 8(w)...0) G (@), (33)

respectively, where w;..q = @ + - + ;. We omitted the
operator arguments [O] for brevity. Combining the MF pref-
actors in Egs. (31) and (33) yields i(—i)*(—i)*~! = (—1)*,
matching the choice in Ref. [12]. The analytic properties of
correlators G in the frequency domain, such as the position
of the poles in the complex plane, are determined by the
causal structure of the corresponding correlators G in the time
domain (see, e.g., Ref. [12]).

B. General EOMs for £p correlators

In this section, we derive general EOMs for £p correlators
in the time domain, employing a unified notation equally
applicable to the MF, ZF, and KF.

2

2

(a) g™ 14Cé (b) T® 1
J4

FIG. 6. Diagrammatic representations of (a) the £p correlator G
and (b) the £p vertex ['*?, identified as the connected part of an £p
correlator after amputation of external legs.
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TABLE 1I. Definition of contour variables, differentiation, in-
tegration, delta functions and step functions, in the Matsubara,
zero-temperature and Keldysh formalisms. In the KF, the matrix Z
has elements Z% = 8.0 (— 1)+ = ((') _Ol), and the contour-ordering
step function 6, (t — t') by definition equals 6(r —¢'), 0, 1, or 6(¢' —
t) for c¢’ = ——, —+, +—, or ++, respectively. These definitions
readily lead to Eq. (34).

z 0; [dz 8(z,2) 0(z,7)
MF  —it —i [ldc 8t —1) (-1
ZF t 2 [odt 8t —1') 0@ —1)
KF 1€ 2 Y Sodrzee Zes(t —t) Ot —t)
We begin by introducing the contour variable z = —it for

MF, z =t for ZF, and z = ¢° for KF. Corresponding defini-
tions for d,, f dz,8(z,7) and 6(z, 7’) are given in Table II. We
further write (m) = (z), 9w = 0,,, and |, = [dz,, for short.
In all three formalisms, we have

/f(m)(S(m, n) = f(n), g:}@(m, n) = +6(m,n). (34)

In this unified notation, Eqs. (31) are expressed as [23]
GlO1k) = (=) (T1O)@)). (35)

Here, T[O1(z) = T]_[i:l O™ (m) denotes contour ordering:
it reorders the product such that “larger” times sit to the left
@if 8(m,n) =1 (or 0), it puts O™ (m) to the left (or right)
of O"(n)), and yields an overall sign of +1 (—1) if this
reordering involves an even (odd) number of exchanges of
fermionic operators. To track such signs, we write ¢, = ¢
or {in = ¢ ¢ for the sign arising when moving O™
past O" or O™ ... O™, respectively.

Below, we set up EOMs for i9,,G, generalizing the pro-
cedure of Sec. IIB. Just as there, the EOMs for i3, G
contain further correlators of two types: auxiliary £p corre-
lators that differ from G through the replacement of O™
by i9,O0" = [O™, H], and (£ — 1)p correlators that differ
from G through the removal of O™ from the argument list
and the replacement of another operator, say O™, by the
(anti)commutator [O™, (’)"]m. To describe such objects, we
introduce some shorthands: we define two lists derived from

()= (Z)Z (Z15'~'3Zl)7
(’ﬁ)z(Z’/I):(-..,Zm,.-.)z(-..,Z171—1,Zm+1,...),

M) = @"™) = (2, 2") = (s Znets Zogs Tl + -+ )s
(36)

obtained from the list (z) by removing slot m entirely, or by
replacing z,, by z,, in slot m. For example, if £ =4, then
() = (21,23, 24) and (3, 3) = (21, 22, 73, 24). (Note that m’ is
a shorthand for 7/, not z,/.) Likewise, we define two lists

me

derived from [O®] = [0, ..., 0],
(o™ oM =1[.., o™ om o ],

[O"]=[...,0", ...,0" ' [0", 0", O™, .1
(37

The superscript on @”" indicates that O™ has been removed
and slot n “altered” by replacing O" by the (anti)commutator

[O™, O"];. A related list, derived from @ = (w1, ..., @), is
defined as
(wmn):(--wwmw--awn—la Dmn a)rH-lv"')v (38)

with w,, removed and slot n altered by replacing w, by
Omn = W+ ©,. (@) appears in Fourier transforms involv-
ing 8(m, n), e.g., fm ei(w,,,zm-kwnzn)g(m’ n) = ei@mnzn_

A trivial identity is T[O](z) = T[0", O")(m, ), useful
when evaluating the action of d,,, where O™ plays a special
role. In the following, we omit arguments such as (z) and [O]
when they can be inferred from context.

The action of d,, on a contour-ordered product 7[O](z) of
£ operators can be compactly expressed as

9. TIO] = T18,0", O™+ 3" 50m, mTIO™ ),

m—1 m+1 4
Y=g e Yt )
n n=1 n=m+1 n=m-+2

Here, the signs in Zf arise from permuting O" leftward if
n<m (first term) or rightward if n>m + 1 (third term) to
sit next to O" as either 6(m, n)O"O" or 6(n, m)¢"O"O™,
as required by contour time ordering. The action of 9,, on
these step functions then yields §(m, n) times [O™, (’)"]m in
the altered slot n, as encoded in T[O""].

Finally, general EOMs for the ¢p correlator of Eq. (35)
follow using Eqgs. (39) and the operator EOM (10):

08,9101 = 910", H1, 0"+ 3" 5(m, mGLO"™ 1),

(40)

These generalize the 2p equations (11) to arbitrarily ¢, ex-
pressing id,,G through G* and G~V functions.

C. Single-particle differentiated EOMs

We henceforth focus on “single-particle differentiated”
EOMs, ie., EOMs in which the operator O™ being time-
differentiated in i9,,0™ is a single-particle operator. More
general EOMs, involving time derivatives of composite op-
erators, are not needed in this work.

We consider a Hamiltonian of the form

H = HO + I{im = H(?afvf;wa’ + I_Iinls (41)

with summation over repeated indices implied. Here, ¥, w;
(a=1,..., No) are single-particle operators, such as the d,,,
d;' and c,p, c; , of Sec. IIC. We will call a an “orbital” index,
though it may include spin. In this section, we do not assume
a specific form of interaction. Later in Sec. IV, we apply the
EOM to a quartic interaction. The single-particle operators
may be either bosonic (¢ = 1) or fermionic (¢ = —1), but

they should all have the same type, so that
Wa Vile = Laes W5 Vol = ~Claw. (42)

However, the correlators considered below can be of mixed
type, i.e., involve both single-particle operators and composite
ones, such as n, = ¥ ¥,.
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(a) (b)
Fl) 2 2 ; 2 G| 2 2
1{:%71 -1 no+ oY Cé[](}l 14Cén = 1——{:/§n
¢ ¢ ! ¢ ¢ ¢
P 1 2
(C) 5(1,71)[1/J17¢M< = _[:K}l = 1 n = 5(1,n)]11n — 1--.{%n 4 Z %x;

d) 1 O—2 =

(h) (i)
2 3 2 3 2 3 2 3
S SR R 23,
: = ot B e A = i A
4 g b4 1 T g 14

N
;;( =
1N o
Il
H>:<w
I o
[
~.
e DO
o= —w
+
)
—
g
w
- =
% B
ol o
Il
—
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\>:<M
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\
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FIG. 7. Diagrammatic depiction of F[1] = F'[v, (’)1] [Eq. (47), rounded squares] and G[1] = G[y, (’)1] [Eq. (54), circles]. Operators
from the argument list O are represented by long lines, drawn thin for single-particle operators or thick for operators of unspecified type
(single-particle or composite). [(a) and (b)] General case. In the Zfl sums, leg n is decorated by tiny [ ] brackets and two endpoints labeled 1
and n, representing the replacement of O" by 8(1, n)[v, O" Tep [cf. Eq. (47)]. (c) For O" = v, the latter reduces to the identity contraction

8(1,n)1,,, depicted as a dotted line. [(d)—-(k)] Examples illustrating [(a) and (b)] for various choices of [}pl, O’], with [(d)—(g)] £ =2 and
[(h)-(k)] £ = 4: [(d) and ()] [¥1. %1, [() and ()] [¥1. g3]. (h.D) [¥1. Y5 ¥3. W], and [(§) and (K)] [¥1, ¥5 . ¥3. ¢;). The 2p diagrams (d)-(g)
illustrate how cases encountered in Sec. II D on the self-energy (cf. Fig. 3) arise in the present formulation. (h) represents the first equation of
Egs. (50). The last diagram of (j) depicts the 3p correlator g[wg, v, (Y1, qZ];].

For the bare propagator, defined for Hy,, = 0, we write sponding  single-particle differentiated EOMs follow
via Eq. (40):

o () = & W Yy ) 2,): “3) (001 = H)aw Gl O] = F"' [, O™, (460)

Using the general EOM (40) and the equal-time relations Gy, O 91 + HOVyy = F "y, O™].  (46b)

Wa Hl = H Y, W ¥ 1o = Laar, (44)  For the correlators on the right, containing all contributions
@ “ not involving go, we used the shorthand
one finds two bare-propagator EOMs, "
F[O] =GO, Hiy), O™+ Y " 8(m, m)GIO"™ (), (47)
(i8] — H")aaggy (m.m') = 8(m,m) Loy, (45) "

where the superscript on F™ singles out m for special
treatment. The first term on the right involves single-index
composite operators, to be denoted [cf. Eq. (17a)]

qa = [wa» Hint]» 6]; = _[WLL Hint]-

Figure 7(a) gives a diagrammatic representation of ™.

0 / (_/ 0 ’
8aa(m,m )i 0yl +H )ag = —8(m,m)Ly. (45Db)

<
9’ denotes a derivative with respect to z,,, acting to the left.
According to Egs. (45), g serves as inverse for the “bare

<—
time evolution” expressions (id,,1 — H°) and (i 3,1 + H?).

(48)

Below, this will be exploited to remove such expressions from
EOMs for general correlators.

Now, consider {¢p correlators involving at
one single-particle operator, say O™ = (",

least
Corre-

Let us exemplify Eq. (47) for the case that all operators
in [O] are single-particle operators, O" = (7. Then, the
(anti)commutator in the altered slot n of [(O""] is nonzero
only for the cases listed in Egs. (42). For O = [y, w;], e.g.,
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we obtain
F'n, vil = Glgi, vj1+8(1,2)11,
F1, i1 = =Gy, gh] — 8(2, 1)1 (49)

The second terms on the right were simplified using
G, 511 = GlL12] = 1. We will call the resulting
combinations §(1,2)1;, “identity contractions” and dia-
grammatically depict them using dotted lines (see Fig. 7).
Similarly, for O = [y, w;, vs, ‘”]’ we have

FUOV=Glqr. ¥ ¥, ¥i1 — i8(1, 2)L1Gl3, ¥{1(3. 4)
—i8(1, HL1Gly, ¥31(2, 3),

FHOL = =G, g3, Y3, Vi1 +i8(2, D12 GY3, ¥} 1(3, 4)
+it8(2,3) LGy, ¥ 1(1, 4),

FO1=GlY1. ¥3. g3, Y1 — i¢8(3. 2)15:G[¥1. ¥{1(1. 4)
—i8(3, H13GlYr1, ¥31(1,2),

FHOV= =GlY1. i, s, gi] + i8(4, D1a Gl ¥31(2, 3)
+i5(4, 3)LiGlvr, ¥31(1, 2). (50)

Again, identity contractions arise on the right from, e.g.,
Gl ¥ile, Y3, ¥31(2,3,4) = (=) 11 G, ¥]13, 4).
The first lines of Eqgs. (49) and (50) are illustrated in
Figs. 7(d) and 7(h), respectively.

We now eliminate the bare time evolution expressions from
the EOMs (46) for G[v/,, O"]. We begin with

Gla, O] 2/5(m,m’)11aafg[%u O™, 1), (51)

an identity which trivially follows from the definition of the
delta function and the identity matrix 1. By inserting the EOM
(45b) for the bare propagator, we find

Gy, O

= / g (m, ) (=i 91— HYaw GV, O™, 1)

= /gga/(m, m ) F" [y, O™, ). (52)
In the second step, we used integration by parts to convert
the partial derivative from acting to the left to acting to the

right, i.e., from — (8_’,,1 to 8/, and then used the {p EOM (46a).
Importantly, the boundary term in the intergration by parts can
be shown to vanish, see Appendix A or Appendix B. This
procedure is analogous to solving Eq. (24) by multiplying
(iw — H®)™! on both sides in Sec. II, but now in the time
domain.

Finally, let us express Eq. (52) in a concise form hiding
orbital indices. To this end, we define

(gh),, (m,m') =g, (m,m),
GIm N = Gy, 0",
(FIm Dy (m', ) = FrIylD, O™’ ). (53)

Viewing g% as an Ny x Nior matrix and G[m"] and F[m "]
as vectors of length N, with respect to to their orbital indices,

the implicit sum ), in Eq. (52) amounts to matrix-vector
multiplication. We thus obtain

Gimi(@) = [ homnFimion ), (54a)

Gin'@) = — [ Fim' 1o o). (S4b)

Equation (54b) follows similarly from Eq. (46b), where O™ =
¥ 1. The extra minus sign reflects the sign difference in the H°
terms in Eqs. (46a) and (46b).

Figure 7(b) diagrammatically depicts the EOM (54a) for
G[m] with O™ = d,, for the case that the interaction is quar-
tic. The differentiation id; generates two types of diagrams,
both involving a bare propagator: it is either connected to the
bare interaction vertex associated with a composite operator
q1 = [V¥1, Hine] or to the “(anti)commutator leg” representing
[, O"];. If O" equals the single-particle operator v, the
(anti)commutator reduces to 1,,, thus disconnecting the bare
propagator, as exemplified in Figs. 7 (e,i,k).

The main upshot of this section is as follows: those ex-
ternal legs of a correlator G that represent full single-particle
propagators g can be converted, via EOMs, to bare single-
particle propagators go connected to various other correlators
(schematically, G = OF). This sets the stage for Sec. IV.
There, we will remove bare propagators through multipli-
cation by (g)~' =g '+ X (schematically, F = (g°)~'G,
hence g7'G = F — £G). In this way, we arrive at a strategy
for amputating legs (computing g~'G) without explicitly di-
viding by g.

D. Some remarks on quantum impurity models

We briefly pause the development of our general formal-
ism to make some remarks about quantum impurity models.
There, an interacting impurity is coupled to a noninteracting
bath. Typically, the correlators of interest are “impurity cor-
relators”, involving only impurity operators. Here, we show
that impurity correlators satisfy a suitably modified version of
EOM (54), involving only impurity operators and indices.

Let us consider a quantum impurity model where the
noninteracting Hamiltonian consists of both impurity oper-

ators d;, d;r (i=1,..., Nimp) and bath operators c;, CZ b=
1, ..., Npan), while only impurity operators appear in the
interacting Hamiltonian:
Hin = Hinld;, d]. (55)
The subscripts enumerate both the spin and orbital indices. We
let , (@a=1,..., Not = Nimp + Npan) enumerate all annihi-
lation operators:
_Jdi fori=a=1,..., Nimp
l[fa— {Cb forb:a—Mmpz 11"'sNbalh' (56)

It will henceforth be understood that the indices i and b are
used exclusively for impurity or bath operators, respectively,
while a encompasses both.

The bare propagator g, = g°[y, TPJ/] of Eq. (43), de-
fined as the propagator with Hj, = 0, can be obtained by
solving the bare EOMs (45) (e.g., by transforming to the
Fourier domain). The aa’ = ii’ components of the resulting
bare propagator, g% = g°[d;, d:,'], comprise the “bare impurity
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propagator”. It encodes information about the bath via the
hybridization function [see, e.g., Eq. (16), or the Hij, =0
version of Egs. (24)—(26)]. Together with H;y, it fully specifies
the impurity dynamics. In this sense, once g%, has been found,
the bath has in effect been integrated out and needs no further
consideration.

The inverse of the bare impurity propagator, (g )”, ,
defined as the inverse of the Nimp X Nimp matrix g”,, not the
Nimp X Nimp block of the inverse of the Ny x Nyoy matrix g?m,.
Thus, in the Fourier domain, we have

&7 ' = L. (57)

Now, we turn our attention to full correlators of ¢ 1m§)ur1ty
operators. We assume that at least one, say 0" = is a
single-particle operator; all others may be general (smgle-
particle or composite) operators, O"#™ = O"[d;, d;]. The
EOM for this correlator has the form of the general EOM
(52), but now containing only impurity operators on both
sides, either elementary or composite ones. To see this, notice
that F"[¢,, O = F m[cz, O™ = 0, since the bath operators
(anti)commute with Hi, and O@”. Therefore the dummy or-
bital index &’ in Eq. (52) can be limited to impurity orbitals.
The same is true for all implicit orbital indices in Eq. (54),
where we now have

(g(r)n),‘i/ (m,m') = g(i)i'(m» m'),
GIm D) = Gld”, 0"1(),

(FIm DD (m, ) = FAD, O (m, h).  (58)

The EOMs of impurity correlators are again represented by
the diagrams of Fig. 7, with g” now representing the bare
impurity propagator in the presence of a bath.

In what follows, we will keep the discussion general,
mostly writing d;. The EOM and improved estimators for a
generic many-body Hamiltonian without a bath [Eq. (41)] can
be simply obtained by setting d; = v, and Ny, = O.

E. EOM in the frequency domain

Next, we Fourier transform the EOM (54) from the time
domain to the frequency domain for each of the three for-
malisms (MF, ZF, KF).

1. MF

In the MF, the Fourier transform of the bare-propagator
EOM (45a) reads

(i0] — H*)aagg, (i) = Laa. (59)
Similarly, the Fourier transform of Eq. (47) for ™ reads
FilO)(i0) =

GumI[O™, Hinl, O™(iw)

+ 3" Gulo"™ (i),

where " is defined in Eq. (38).

By Fourier transforming the £p EOM (54), one finds
Gulml(iw) = gy (i) Fulm](iw),
Gulm'1(iw) = —Fulm(i)gYy ,,(—iwn),  (60)
or, more compactly, with implicit frequency arguments,
Gulm] = gy Fulm],
Gulm'] = —Fulm" gy - (61)
The implicit frequency argument of g?\a,m can be inferred

to have iw, in the outer frequency argument. For
the left-multiplication (right-multiplication) of g(fv[’m,
we use g?v[,m(iwm):g?v[,m(ia)m’_iwm) (g%/[,m(_iwm):
S (—i@m, iwy)) [Eq. (7)], so that the outer, left (right)
fre’quency argument is iw,. For £=2, m=1, and
[di, O*] = [d1, d;1, Eq. (60) gives

Rildi, d1 = Gulqi, dj1+ 11a. (62)

Substituting this into the first relation of Eq. (61), one recovers
the 2p EOM (23) derived in Sec. II.

2. ZF

In the ZF, the Fourier transforms of Eqs. (45a), (47), and
(54) read

(@1 — H*)pagd (@) = Lua,
EJ'[O(®) = Gz[[O™, Hiy ], O" (@)

+3 G0 @),
Gz[ml(®) = g () Fz[m](),
Gzlm" (@) = —Fz[m'1(@)g) ,,(—wm).  (63)

They have the same structure as the MF Egs. (59), (60),
and (61).

3. KF

Finally, let us derive the EOM in the KF. We will first do
so in the contour basis and subsequently transform the result
to the Keldysh basis. The time-domain EOM for the bare
propagator [Eq. (45a)] reads

(101 — H®)oa @2l (1,1) = Z8(t — ') Loa, (64)

where we used 8(m, n) = Z“8(t,, — t,), with Z = ({ %)) the
Pauli z matrix defined in Table II. Fourier transforming this
EOM gives

(@1 — H*)a82 () = Z% Logr - (65)

The Fourier transformation of Eq. (47) for 7" reads

F[O0](@) = G¢[[O™, Hin], O"](@)
i .
+ 3 Tz GL O™ @™, (66)
Here, ¢ = (..., cp_i, Cm+1, - -.) 18 defined as in Eq. (36),

and, in the last term, Z“"“» comes from the KF version of
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8(m, n) in Eq. (47). [Note that in Eq. (66) all ¢ indices, in-
cluding ¢, and c,, are fixed by the left side.] Similarly, the
Fourier-transformed EOMs (54) for G[m™] read

0 cpclh v
Gyml(@) = gy " (0n)Z K¢ [m](@),

Gylm' (@) = —F¢" [m' (@) Z 5 gy n™ (~wy),  (67)
where ¢ = (c},, ¢") = (..., Cm—1, Chys Cm1, - - . ) is defined
as in Eq. (36), and summations ) _ . are implied.

It is often useful to transform KF correlators from the
contour basis ¢ € {—, +} to the Keldysh basis k € {1, 2}, by
applying the orthogonal transformation

1 /1 —1 1 k-5,
— = —(=1)"%* 68
Al 7)), mme e

to each contour index:

DkC —

GkIOl@) = ) ]"[D’WG” [Ol@). (69

Clyeeny Cy p—

Then, the bare-propagator EOM (65) becomes

(@1 = H)uagolt (@) = X 14 (70)
Here, we have used the identity
chDk’L"ZCC' — (DZD—l)kk/ — ka" (71)

which transforms the Pauli z matrix in the contour basis to the
Pauli x matrix, X = (? (1)), in the Keldysh basis.
For later use, we also define a rank-£ tensor

¢
Z HZCC"Dk"C" — Z( 1)2 Set HDk,,c

€,C1yesCe n=1 n=1

1+ (_1)[(_1)k[+"'+k({

V2t
B \/le—z if ki +--- + ko + £ is even, (72)
o ifk; +--- 4+ kg + £ is odd.

phi-ke —

The rightmost expression in the first line follows since the Z
matrices yield a nonzero result only if all their indices are
equal, c = ¢ = - - = ¢,. For example, £ = 3 gives

1 : .
phikks _ |75 Tk ke 4 ks s odd, 7
0  ifky 4k + k3 is even.

This tensor appears when transforming EOMs from the con-
tour to the Keldysh basis. It satisfies the identities (sums over
repeated indices are implied)

Xklk;XkaQPk;kéIQ — Pk1k2k3 , (743)

pkikeks pkaksks (74b)

ki kakak
= phikekiks

which follow directly from its definition.
Next, we transform Eqgs. (66) and (67) to the Keldysh basis.
First, we multiply Eq. (66) by ]_[f,:1 Dk¢» and sum over the

contour indices. The last term becomes

l
Z < l_[ Dk,,c,,) ZCmn Gf(m

ClyeesCe \ p=1
_ hn
— § : DFmem pkncn 7emen (D I)anmn G{f{
CmsCn
— Z( 1)3 tSm +kaCnDk CnkauCn Gk

Cn

shn
— Pkmk/kan G’{( . (75)

ihn

Here, K" = (..., km, ..., kn—1, ko, kns1, . . . ), defined as in
Eq. (38), is obtained from k by removing k, from the list
and replacing k, by a new dummy index k,,,, summation over
which is implied. To arrive at the third line, we used Z =
8¢pe, (— 1)dent = SCMCH(—I)”fnv*. Then, Eq. (66) transforms to

GI[O", Hin], O™(@)
+ 3 Ptk G O @), (76)

FO)(w) =

The P tensor maps the (£ —1)-element list of Keldysh indices,
k" to the original £-element list k. Similarly, by transforming
Eq. (67) to the Keldysh basis, we find

Gx[m] = g%, XnFx[m],
Gkm" = —Fc[m"1X, g% -

(77a)
(77b)

Here, the subscript on X, indicates that it acts on the Keldysh
index k,, of Fg[m"]. We extended Eq. (58) and defined g% .
Gk [m™], and Fx[m™] as a matrix and vectors in the basis of
the orbital and Keldysh indices:

()i (@) = %% (@),
(Gelm )" (@) = GE1dD, O (w),
(Fm D))" (@) = Fr*ad, 0" @) (18)

For the KF, we use this compact notation only in the Keldysh
basis, not in the contour basis, because the X matrix changes
to the Z matrix when transformed to the contour basis.

The KF EOMs (77) have the same structure as the MF
EOMs (61) and ZF EOMs (63), except for the factor X, acting
on the Keldysh indices. In the rest of this paper, we write
formulas only in the KF, and drop the subscripts on Gk and
Fx. The corresponding MF and ZF formulas can be obtained
by dropping the Keldysh indices and replacing X and P by
unity.

We conclude this section by giving, for future reference,
the Fourier-transformed KF versions of the first lines of
Egs. (49) and (50):

FY"™1d,, d]1(w) =
F'*d,, d}, ds, d]1(@) =

G* [q1, di1(w) + X* 112, (79)
G*lg1.d;. d3. d}](@)
—2mis(wpn)X R 1,

x G[ds, df (w3, ws)
—27i8(w14)X %14

x G5 [d], dy) (w2, w3).  (80)
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To arrive at these equations from Eq. (76), we used

ZPkllelsz]Z[]llz] — ZPklk2klz\/§8klz,2 — xkik (81)

k12 k12

for Eq. (79), and, for Eq. (80), we used an analogous equa-
tion for GF2%3k[ 11, , ds, dI].

F. EOM for connected correlators

A vertex is defined in terms of the connected part of the cor-
responding correlator, i.e., the part that cannot be expressed
through products of lower-point correlators. It is therefore
desirable to have an EOM directly applicable to connected
correlators. Here, we show that the EOM (77) holds also
if one evaluates only the connected (con) part or only the
disconnected (dis) part of the correlators from both sides:

Gcon/dis [m] = g(,)nXmR()n/dis [m],
Gcon/dis[mf] = - con/dis[mT]Xmg(y)n- (82)

When distinguishing between the connected and discon-
nected parts, we treat a composite operator as a whole,
with the single-particle operators comprising it considered
to be mutually connected. For instance, in the expansion
of Q[dld;dg,dj](t,O) based on Wick’s theorem, the term
Q[dl,dz](t,O)g[dzT,dﬂ(t,t) appears. Even though the two
propagators appear disconnected, this term is classified as
connected when concerning the correlator of dld; ds and d f

because the two operators ¢ and d5 from the second correla-
tor are connected to the operator d; from the first.
Considering the connected part vastly simplifies the EOM
for £ > 3. For example, the connected part of the F'! correlator
in Eq. (80) simply reads
Fukldi, d}

con

Ldy, dj)(@) = G [q1,d), d3, d]1(@).  (83)

For 2p correlators, the EOM for the connected part has the
same form as the total EOM because the disconnected part is
zero for a 1p correlator.

Equation (82) can be understood inductively. Let us assume
that the EOM holds for the connected ¢'p correlators for all
¢’ < £. Disconnected £p correlators involve sums over prod-
ucts of connected and disconnected lower-point correlators.
According to the inductive assumption, the connected factors
already satisfy the EOMs, while the disconnected factors are
spectators regarding the manipulations performed when ap-
plying the EOMs. Therefore their product also satisfies the
EOM:s. This idea is schematically illustrated in Fig. 8 for
{=6.

We now develop this idea into a formal proof. For ¢ = 1,
the disconnected part is zero, so the EOM trivially holds for
both parts. Now, we assume that the EOM holds for connected
£'p correlators with all £/ < £ and show that the EOM holds
for the disconnected £p correlator. Without loss of generality,
we set m = 1, as the EOMs for m # 1 follow from the former
by permuting the operators. The disconnected part of the £p
correlator can be expressed as

Gasldy, 01 =" 5GIO%1Geanldr, ©OF]  (84)
S

dis

Il
[<)
(=]
=]
+

Il

N
de

+

FIG. 8. (a) Diagrammatic representation of the inductive proof,
starting from Eq. (84), for a disconnected 6p correlator Ggs[1], for
which O! is a single-particle operator. We only display diagrams
corresponding to § = {2, 3, 4}; the dots represent contributions from
all other disconnected parts. In the second step, we used the induction
hypothesis (i.h.) to obtain Eq. (85). (b) Corresponding diagrammatic
representation of Fys[1], see Eq. (86). In the second equality, we
expand F! using the definition of F [Eq. (47); Fig. 7(a)].

con

where ©OF and O are sublists of O listing the operators
connected or not connected to dj, respectively, indexed by
sets S and &’ with SUS' = {2, ..., ¢}. {S is a sign factor
and the sum )¢ enumerates all disconnected contributions.
The diagram for £ = 6 and S = {2, 3, 4} is shown in the first
line of Fig. 8(a).

By the induction hypothesis, Gconld], (’)S] satisfies
Eq. (82). Hence, we can write Eq. (84) as

Gasldy, 0" =" :5GIO%1g)X Feonldy, OF]
S

= §YXi Fuisldi, O], (85)
where in the last step, we identified

FL 0] = Z tSGIOSFL [0, O0°]. (86)
Figure 8(b) shows the corresponding diagrams for £ = 6 oper-
ators and S = {2, 3, 4}. Equation (85) is the desired {p EOM
of the disconnected part. The ¢p EOM holds also for the

connected part, since G.on = G — Gy;s, concluding the proof.

G. EOM with full propagators

The EOM derived in the previous sections involves full
correlators and bare propagators. For methods where bare and
full propagators stem from different numerical settings, it is
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desirable, as argued before, to exclusively use fully renormal-
ized objects [13,18,22,24]. Here, we derive such an EOM. The
idea, inspired by Ref. [22], is to express the bare propagator
g° through the full propagator g and the self-energy ¥ using
(g")~' =g ' 4+ X. Applying this manipulation to the EOM
[Eq. (82)] yields

8 Geon[m] = Xy Feon[m] — £,,Geonlml,
Gcon[n’ﬁ]g;1 = _Ezon[mT]Xm - Gcon[mT]Em-

(87a)
(87b)

Equations (87) are the first main result of this paper. They
generalize the 4p MF EOM of Hafermann et al. [8] form = 1
to an arbitrary £p correlator, to any index m, and to the KF
and ZF. The g~! term on the left-hand side amputates one
external leg of the correlator; the terms on the right achieve
this amputation in a manner that conveniently avoids division
by g. Repeated use of such manipulations will amputate the
connected correlator and thus yield the vertex without the
need to explicitly divide out the propagators. Thereby, we
obtain improved estimators for multipoint vertices.

The second terms on the right of Eqgs. (87) subtract one-
particle-reducible (1PR) contributions from the first terms. To
make this explicit, we express Feo,[m"] as

Feonlm'™] = (=)Geanlay,, O"1+ Fi[m™,  (88)

con

where we define

Fll [m(’r)] — Z’ﬁpkmknk,,m GIIE”” [Ofﬁn](w'ﬂn)|0m= (89)

con , con

v
By definition, the first and second terms on the right of
Eq. (88) are obtained from those of Eq. (76) by replacing
O™ there by V¥, (or ¥,}). The superscript on FL! indicates
that its operator argument @ involves an (anti)commutator.
The (—) sign before Gy, applicable for Fyo,[m'] but not for
Feon[m], reflects the sign difference in definitions (48) for qfn
and g,,,. Then, Eqgs. (87) can be expressed as

g Geonlm] = Geonlma] + X, FL [m], (90a)
Geonlm'1g,! = Geonlm{] — FLm'1X,,,  (90b)

where we defined
Gcon [m-] = Xchon [qm’ O'ﬁ] - Echon [m]’ (9121)
Geonlm)] = Geonlq),, O"Xy — Geon[m' 15, (91b)

The second terms on the right of Egs. (91) subtract the 1PR
contributions from the first terms, completing the amputation

of the mth leg. Figure 9 gives a diagrammatic depiction of
Egs. (87) and (91).

IV. SYMMETRIC IMPROVED ESTIMATORS

In this section, we use the EOM to derive improved estima-
tors for the self-energy, 3p vertex, and 4p vertex. Although we
write the formula in the KF, let us emphasize that all results of
this section apply also to the MF and ZF when all the Keldysh
indices are dropped and the coefficients X** and P%1-% are
replaced by unity.

g
_+;1@%[K}Z
<b> _

FIG. 9. (a) Depiction of the EOMs (87) (first line) and (90)
(second line) for the connected part of a full propagator, Geo,[1],
for a quartic interaction. We used Eq. (89) to represent FL! in terms
of correlators. (b) Depiction of Eq. (91) for G.u[1.] (indicated by
dark shading between internal legs), involving the subtraction of one-
particle-reducible contributions. The short length of the leg labeled 1

indicates that the corresponding external leg has been amputated.

We confine ourselves to Hamiltonians with a quartic inter-
action:

Hpo= Y Uyjjdidid}d;. (92)
L g

Due to the sum over orbital indices, different choices of the
U tensor can describe the same interaction. The symmetrized
interaction tensor

Upay = Uiozs + CUsois + Uz + Usann (93)

is unique for a given interaction. For the single-orbital AIM
[Eq. (13)], one may choose U;4,, = Uj and let all other com-
ponents be zero to get U;}(;IEU = U;Zr}:,,a = Upds o, Where
& denotes the opposite spin to o. Later, we show that U™
equals the bare vertex [see Eqgs. (101b) and (101¢)].

For notational convenience, we henceforth focus on £p cor-
relators with £ < 4 (though the strategy presented below can
readily be generalized). We write the 4p connected correlator
as

G K@) = GELldy, ], ds, d] (o), (94)

con

using odd (even) indices for annihilation (creation) operators.
The superscript (-, -, -, -) indicates that this correlator is a 4p
object and will later serve as a “parent correlator” for the
definition of various auxiliary correlators. Hereafter, we omit
the subscript 1234 and superscript k for 4p correlators. We
primarily work with the connected correlators, as vertices are
defined from these by amputating their external legs. Working
with the connected part also simplifies the equations after
repeated applications of the EOM. The 4p vertex is defined
as

F@) = g (@183 (@3)G" ) (@)g; ' (—w2)gy ' (—wa),
95)
where g,! is matrix-multipied to the m-th orbital and Keldysh
indices of the 4p correlator. This 4p vertex is called F in
Refs. [3,10,12,13,25,26] and y in Ref. [8].

A. Auxiliary correlators

As for G?, the estimators for G* will be obtained through
multiple applications of EOMs. These will generate various
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auxiliary correlators, all derived from the same “parent corre-
lator” G*, containing not only the single-particle operators
d; and d;, but also the composite operators q; = [d;, Hiy]
and ‘L [Hint, d*] and (possibly nested) (anti)commutators
of all of these, arising from the [O", Hi,] and §(m, n) terms
in the EOMs, respectively. For (anti)commutators involving
composite operators, we recursively introduce the following
compact notation [generalizing Eq. (17b)]:

() )
Qim — [q,l' 7d12' ]Cl7
- M
Giviris = [‘Iiliz, d;, ];2:

= [dir.cir i) ] (96)

An anticommutator is taken if both operators are fermionic; a
commutator is taken otherwise. Daggers are used if the cor-
responding operators in the parent correlator [Eq. (94)] have
daggers. Such indices will be labeled with an even integer,
2 or 4. For example, for a fermionic system, the composite
operators derived from Eq. (94) include the following:

qi]...l,l

@3 =1g5. &3}, g3 = g2, ds],

qi234 = {qi23, d}}. C)

The KF versions of the auxiliary correlators of Eqs. (19)
are defined as

qi2 = {q1, dj},

g4 = (g3, d}],

G () = G ldy, di)(w) = &y (o),
G\ M (w) = G, df)(w),
G (w) = G*dy, ¢1(),
Gy (@) = Grlg1. gil(w),
G = PaRkeGreflg), a1, (98)

Hereafter, for 2p auxiliary correlators, we omit the subscript
12 for orbital indices and the superscript k for Keldysh in-
dices. The diagrammatic representations are given in Fig. 2.
As in the MF case, G2 is the Hartree self-energy:

G(12) — Pklkzklz([CI], d;h_)\/zgklzl = Z}'IZXklkz. (99)

Here, the /28, , term comes from the transformation of
G°[g12] = (q12) to the Keldysh basis as ZC Dke = ﬁ&(,z.
The factor Phk? = \%Xklkz [Eq. (73)] maps the single

Keldysh index of G*2 via a summation on kj» to a two-fold
Keldysh index kik;.

Next, we consider connected auxiliary correlators derived
from the parent G* of Eq. (94). We illustrate our notational
conventions, described below, with some examples, assuming
all dl.m to be fermionic:

G(."'.’.) _

con

[dl’d27d37d ]

G2 =G g1, 45, ds, d]],

con
G = Ghular 45, 43, 4],
G20 = phkkeGlalhig,, df), ds, d}],

GH) = PRbks Gtk g], d3), dy, 4],

G123

P
B

G(12:349) ).<C)>.( G(1234) W

124 3)

-0
ey
o

FIG. 10. Diagrammatic representations of the 4p auxiliary cor-
relators of Eq. (100) for a quartic interaction. Only the connected
diagrams are evaluated.

G123 = phikkeglebkifig, d}, g5, d]),

G2 = phllGaaii((g,, dy). d}]. g3,

G239 = phleke philbu Glakal(qy, d3 ). {gs, d}}1.

con

G = phiktdenGlan([{q), d3). ds), d})}].

oo (100)
By definition, all correlators G carrying superscripts in
round brackets are connected correlators. Depending on the
number and type of composite operators involved, they may
be 4p, 3p, 2p, and 1p correlators; correspondingly, the super-
scripts contaln 4,3, 2, or I comma-separated arguments. As
before, ‘-’ is a placeholder for d;' M a solitary numeral i signals

its replacement by qm and i .. .1, denotes the replacement of
the corresponding operators by the composite operator g, _;, -

All such auxiliary correlators depend on the same number
of indices and frequency arguments: four orbital indices, four
Keldysh indices, and four frequency arguments. These are
inherited from those of parent G4p either directly for single-
particle operators d ) and q , or indirectly for composite
operators, accordlng to the following rules: to g;, _;, , assign the
frequency w;, ;, = w;, + -+ + w;, and the dummy Keldysh
index k;, ; , then map the latter to an n-fold index k;, ...k;,
through multiplication by the rank-(n + 1) tensor Pki*inFi.
[Eq. (72)] and summation over the dummy k;, ;.

Finally, when defining auxiliary correlators, we order the
operator arguments according to the following conventions:
(i) operators with higher nesting come first, and (ii) non-
nested operators (g, d, q', and d') are ordered by their
subscripts in increasing order. In Eq. (100), we suppressed
frequency arguments, since they can be inferred from the
structure of the superscripts. For example, the superscripts
(12, -,-) and kjpk3ks both indicate a frequency argument
(w12, w3, w4), while superscripts (124,3) and kj4k3 both in-
dicate (wi24, w3), etc.

Figure 10 is a diagrammatic representation of the 4p
auxiliary correlators listed in Egs. (100). Some auxiliary cor-
relators, such as G2+ G234 and G234 contain bosonic
operators. Diagrams in which the latter are disconnected from
all the other operators should also be subtracted to obtain the
connected part. As mentioned before, for composite operators,
all the external legs of the constituent single-particle operators
are regarded as being connected to each other. As reflected in
the diagram, the 1p correlator G!'?*%) equals the bare vertex

-in
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up to a sign factor:

—G" = Iygre, (101a)
Tpare = Uf;;‘l (MF, ZF), (101b)
Fgare _ %UIS%/; if k; +.k2 + k3 + k4 1s odd (101c)

0 otherwise

with U™ defined in Eq. (93).

We also define auxiliary correlators where some operators
are replaced by qlﬁ), and the corresponding 1PR contributions
are subtracted as in Eq. (91). We denote such correlators using
bullets (‘e’) instead of dots (‘-’) in the superscript and define

them as
G(t,xz) — XIG(I.Xz) _ EIG(nxz)’
GU®) — G(XI,Z)X2 _ G(JCI,')E27
G(12~,0,X4) — X3G(12’3’x4) _ ESG(12,~,X4)

G(lZ,x;,o) — G(IZ,X3,4)X4 _ G(IZ,X3,<)E4’

G(',xz,x3,x4) =X G(l,xz,xs,«m) _ El(;('-xzdfzdm)7

G(xl.,o,xs,)m) — G(X1,27X37X4)X2 _ G(lexsm)zz’

G(Xl X2,0.%4) X3G(X|,Xz,3yx4) _ Z3G(X1»X2A,-,X4)

G(thzm,') — G(X"XZ’X3’4)X4 _ G(quxz,x3,~)24’ (102)

where x,, € {e, -, n}. X,, and X, are left (right) multiplied for
odd (even) n, as they correspond to an annihilation (creation)
operator in the original 4p correlator [Eq. (94)]. This defi-
nition will be used repeatedly in the derivation of improved
estimators. Note that X, and X, are left (right) multiplied
for odd (even) indices, reflecting the absence or presence of
a dagger in the corresponding operator of the parent cor-
relator [Eq. (94)]. One can apply this definition recursively
to evaluate auxiliary correlators with multiple bullets in the
superscript, e.g.,

G("."") — G(O,Z,',-)Xz _ G("""')Zg
=XG"*X, — 2,607 X,

- X,G1 I8, + 2GR, (103)

B. Self-energy estimators

We now derive the sIEs, starting with the self-energy. We
will reproduce the result of Ref. [22] but will take a slightly
different path. Instead of using the EOM with the bare prop-
agator (77), we apply the EOM with the full propagator (87)
to G twice, once for each external leg. This amputates the
legs and yields the self-energy. The same procedure will be
used to derive the multipoint vertex estimators.

First, using ¢ = G = GI[d,, d}] in Egs. (87), we find

g le=XG") —2g+1, (104a)
gg ' =G"YX —gn 4+ 1. (104b)

Solving for X, we find two alEs for the self-energy, distin-
guished here by superscripts and illustrated in Fig. 3(c):

ot =xG" g (105a)
R =g 1Gt2x. (105b)

O =B + @ = (B> +Q

FIG. 11. Depiction of Eq. (109) for the symmetric self-energy
estimator X5, expressed through 1PR-subtracted correlators [cf.
Fig. 9(b)].

Next, we employ EOMs for the auxiliary correlators that
appear in the alE by using G') = Glq, d,] in Eq. (87b) or
G"? = Gld,, q}] in Eq. (87a):

G(l,~)g—l — (G(I,Z) 4 G(lZ))X o G(l,»)ER’
g—lG(~,2) — X(G(I’Z) + G(12)) —_ LGt

(106a)
(106b)

On the right, we used %R (or £) in terms containing the
self-energy as a factor on the right (or left), because this choice
leads to the third, symmetric self-energy estimator discussed
in IV B. It is obtained by substituting Eqgs. (106) into the alEs
of Egs. (105). The two expressions obtained this way,

% =X[(G"? + "X — GIER],
=8 = X(G"? + 6" - £LGUIIX,

(107a)
(107b)

are equal (hence we denote both by %5), as can be seen
by inserting the alEs of Eq. (105) on the right (we also use
XG2X = =X [Eq. (99)]):

2% =XG"X + =MX —xG"g 'GMYX. (108)

Equation (108) is the Keldysh version of the sIE for the
self-energy illustrated in Fig. 3(e). The term involving
G1Ig71GH2 subtracts all 1PR diagrams from G2 (cf.
Fig. 4). Using Eqgs. (107), this 1PR subtraction can also be
expressed as

25 =xG" + x2H = G*2X + oHX, (109)

where we employed notation analogous to that of Egs. (102).
Figure 11 illustrates Eq. (109) using the shaded vertex of
Fig. 9(b). The choice of using = or IR in subtraction
terms containing the self-energy as left or right factors will
also be used in later sections when evaluating the multipoint
estimators.

C. 3p vertex estimators

The sIE for the 4p vertex turns out to depend, among
others, on a number of 3p vertices. In this section, we therefore
explain how to obtain sIEs for these. To be concrete, we
consider the 3p vertex for the auxiliary correlator G,
defined by amputating the external legs that correspond to d
or d. For example, the vertex for G'>+), called I''>", or

2 for short, is

3

[020) = g=1GO2) gl - (12)).<Q . (110)
4

Here, g;' and g;' matrix-multiply the third and fourth orbital
and Keldysh indices of G1%.

For fermionic systems, these 3p vertices are fermion-boson
vertices which are related to the Hedin vertex [27]. They are
an important ingredients of, e.g., diagrammatic extensions of
dynamical mean-field theory and the calculation of response
properties [25,28-35]. We note that although I''® has four
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Keldysh indices, one can easily convert it to have 3 Keldysh
indices to more clearly reveal its 3p nature:

Zpklkzklzr(lz)k — [ D kioksks
ki ko

(111)

Our goal is to derive an estimator for I''?), symmetric with
respect to legs 3 and 4, by using EOMs (87) to amputate the
external legs of G'*). We first find the EOM with respect
to w3 for GY%) = Geonlqi2, d3, d, (w12, w3, w4) by using
Eq. (87a) with m = 2:

X3[g5" + 23]G" ) (w)
= phikkeplokkig gy d (w1, w3, w4)
= phkh [G’;&““ [g12, g3, dl](wlz, w3, W4)

4 phekskin GRsks (g g10], df J(w123, wg)

con

+ Plkiks Ghiksg ) [dy, df 1 (w1, @34)]-

con

(112)

The first term in the square bracket gives G'>%)(w)
[Eq. (100)]. The second term gives —G'?*)(w) when
Eq. (74b), the identity P - P = P, is used; the minus sign
comes from [d3, gi2] = —qi23 [Eq. (97)]. The third term
vanishes because the connected part of Glq», [d3, di Il =
Glq12, 134] is zero: the identity operator does not have any ex-
ternal leg and thus cannot be connected with other operators.

Therefore Eq. (112) becomes
Xs[gs! + B3] = G — GBI (113)

Writing this equation in terms of the 1PR-subtracted auxiliary

correlators [Eq. (102)], we find
gglG(IZ,-,») — G(l2,o,-) _ X3G(123,-)’ (114)

Amputating the remaining fourth leg from gglG(lz""), one

finds the alE for the 3p vertex:
1"(12) — [G(12,l,-) _ XSG(123,-)]g471. (115)

Now, consider the EOM with respect to w4 for each of the
auxiliary correlators on the right of Eq. (115):

G(12,~,-)g471 — G(IZ,-,O) 4 é’G(124'-)X4,
G(l2,3,»)g21 — G(12,3,.) + [G(12.34) 4 ;.G(124.3)])(47
G(123,~)g471 — G(123,|) 4 G(1234)X4. (116)

By substituting these equations to Eq. (115), one obtains the
sIE for the 3p vertex:

l—-(12) — G(lZ,c,-) +X3[G(12,34) + ;.G(124,3) _ G(1234)]X4
_ ;23G(124,-)X4 _X3G(123,o)
— IC(]Z,-,-) +X3[G(12,34) _ G(1234)]X4

+ CG(124'.)X4 —X3G(123'.). (117)
Here, K129 or K2 for short, is defined as
IC(IZ,-,-) — G(IZ,O,.)
— X,GU239, — x,G123%,
— %3G VX, + 2361205, (118)

3
(12))@4: ><(<+ T« + X

FIG. 12. Diagrammatic representation of the sIE for the 3p ver-
tex I''? [Eq. (120)], comprising only connected diagrams.

K12 is one-particle irreducible (1PI) in the third and fourth
legs thanks to the 1PR subtraction shown in Fig. 9(b). It is
a sum of four terms, obtained by performing one of the two
operations for both n =3 and n = 4: (i) multiply by —X,
(x, = -) or (ii) insert n into the superscript for the auxiliary
correlator and multiply by X, (x, = n). The symbol £ is used
as this term is identical (up to a sign) to the K, asymptotic
class of the 4p vertex [26] (see Sec. IV F).

Next, we note that the last line of Eq. (117) vanishes. Since
Hipy is a 4p interaction, [{g'", db('”}, dV] = xi‘z,’;;)dy) holds for

a constant factor x‘(gﬁf}, yielding

(123,0) __ (123) ¢ ~(-,2) (5+) _
G = X1234 (Gd4 X4 =Gy 24) =0,

G =BGy - 3Gy =0 19

where the cancellations follow from Eq. (105). Using
X;G123VX, = G123 [via Bq. (74a)] and G = —T'pure
[Eq. (101a)], we find the following compact sIE for T2,
represented diagrammatically in Fig. 12:

a2 _ IC(IZ) + G(12,34) 4 Thares
i = £ 4 GB2 My,
r9 = €09 — G434 1y,
@ — g 4 g4 _p,
P9 = KO — G2 4 Ty,

reH — 6H 4 G234 L p (120)

We also listed analogous sIEs for the other 3p vertices, which
can be derived similarly.

D. 4p vertex estimators

Finally, we derive a slE for the 4p vertex I" [Eq. (95)]. We
use the same strategy of repeatedly applying the EOM (87) to
4p auxiliary correlators. At the mth order, we use the EOM
with respect to w,, as well as the lower-order estimators.

The EOM of the 4p connected correlator G with re-
spect to w; is

gTIGE) = o), (121)

By amputating the remaining external legs, we find a first-
order 4p alE:

I=g;'G""g g, (122)
This equation is the 4p alE used in Eq. (84) of Ref. [13]. The
same formula holds if one takes the correlators themselves
instead of their connected parts as the disconnected parts on
both sides cancel via the 2p EOM. Then, Eq. (122) becomes
Eq. (26) of Ref. [8].
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The relevant EOMs with respect to w, are
G(”’)ggl — G(A’.’.’.)’
Glgyt =G + GUEIX,.

By inserting Eq. (123) into Eq. (122) and using the definition
(102), we find a second-order 4p alE:

(123)

I=g;'[G"*) + G )], (124)
Inserting the EOMs
g 1Gl) = Gl
g;lG(l""") = Ge) X3{G(13"")
g71GO2) = GOz — X, GO
g7 G2 = GU2e) _ X[ G2 4 GBI] L (125)

into the second-order alE [Eq. (124)], we obtain a third-order
4p alE:

r = [G(.ﬁo,o,-) +g;]G(l2,>,<) + ;G(13,>,<)22
_ CG(13,2,)X2 + ElG(Z?’,) _ XlG(23,l,)]g4—l

— [G(c,c,|,~) + g;lG(lz,y) _ é.G(13.l,~) _ G(23,|,~)]g471.
(126)

The second and third rows of this formula can be simplified
using the 3p EOMs,

G(13,~,-)g;1 — G(13,o,-) + gG(123")X2,

§'GP ) =GB+ x,GUP. (127)
Further simplification is possible using
XG0 = 6P IX0g ! = —Toe, (128)

which is derived by substituting Egs. (119) and (101a) into the
third equation of Eq. (116). Here, the X; and X, terms cancel
with the X4 term in Eq. (119) due to the structure of the KF
bare vertex [Eq. (101c)]. Substituting Eqgs. (127) and (128)
into Eq. (126) yields

r — G("""')gZI £ 1702 _er() @) _op, o (129)

Finally, using the EOMs with respect to wy,
GO gy = G,
G(L-,-w)gll = G + G(14"")X4,
G2 gl = GO 4 r GO+,
GU3g ! = GO39 4 GO,
G(I,Z,-.~)g21 — G124 [GI42) 4 (GO,
G(1,~,3,~)g21 = G139 4 [0+ L GBI,
G("2'3")g11 — GU23O 4 [ GO 4 GO DX,
G(1’2’3")g21 — G239 L [GU423) 4GOI

+ G 1X,
we find the desired fourth-order 4p sIE,

[ = Ceore + K12 — eI — O 4 £OY 4 09

LRI 4§ GU23D _ U3 _ 42 (13

(130)

A
« y

J’_

YA
FAY

+

FIG. 13. Diagrammatic representation of the 4p sIE of Eq. (131)
(listing the contributions in the same order as there). Only connected
diagrams are involved. Indices of the amputated external legs are
indicated by their orientation.

fully symmetric in all four frequencies. Here, we used

Coore = G, (132)

This term is defined recursively in Eq. (102) and contains 2% =
16 terms that can be evaluated using the same rule as the 3p
case [Eq. (118)]: either (i) multiply —%,, (x,, = n) or (ii) add
n in the superscript of the auxiliary correlator and multiply
X, (x, =), forn=1,2,3,4. We also used the definition of
IC@?) [Eq. (118)] to isolate the bosonic 2p correlators G234,
G132 and G423 and the bare vertex G'?*% . From the top
to bottom of Eq. (131), the rows contain 4p, 3p, 2p, and 1p
correlators. Equation (131), giving a sIE for the 4p vertex, is
our second main result. Figure 13 depicts it diagrammatically.

E. Perturbative behavior of the estimators

One regime where the robustness of sIEs against numerical
errors becomes particularly evident is the weak-interaction
limit. In this regime, when using diagonalization-based
methods like NRG without improved estimators, numerical
artifacts may dominate the signal due to the small magnitude
of the vertex [13]. We hence discuss the perturbative limit
explicitly in the following. However, note that the improved
estimators are of course formally exact at all interaction
strengths.

First, let us consider the self-energy. In the limit of small
U, directly calculating the self-energy from the Dyson equa-
tion [Eq. (15)] can lead to an error of order O(U°) due to an
imperfect cancellation between the bare and full propagators.
In the alE [Eq. (105)], the leading error is O(U') as the
auxiliary correlator G- contains Hj,. Analogously, with the
sIE [Eq. (108)], the error in the frequency-dependent part is
O(U?) because all terms in the estimator [except the Hartree
self-energy, which is computed directly via the equilibrium
density matrix, using Eq. (99)] include Hj,, at least twice.

Next, for the 3p sIEs in Eq. (120) and Fig. 12, a perturba-
tive expansion of the three terms gives contributions of order
OW?), OWU?), and O(U"), respectively. The third, O(U")
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term is the exact bare vertex. The second, O(U?) term is
a bosonic 2p correlator which can be computed much more
accurately than the 3p correlators. Only the first, O(U?) term
K12 involves 3p correlators. Finally, the 4p sIE also contains
the exact bare vertex at O(U) and involves only bosonic 2p
correlators up to O(U?):

= Fbare + G(12,34) _ é.G(13,24) _ G(14,23) + O(US) (133)

Thus the 4p sIE is highly accurate in the weak-coupling
limit, with errors from multipoint calculations entering only
at O(U?). In contrast, a direct amputation of the correlator
[Egs. (110) and (95)] or the use of first-order alEs [Egs. (115)
and (122)] introduces errors three and two orders (two and one
orders) earlier, respectively, than for the 4p (3p) sIE.

Our estimators for the 3p and 4p vertex are invariant under
a shift of Hjy by a quadratic term:

H() — H() + )»,‘jdi-rdj, Hint — Hint — )\,,’jdfdj. (134)
The self-energy estimators transform as
Y- ¥ —A (135)

Since NRG is linear in each argument of the correlator, the
choice of A does not affect the numerical results calculated
with the estimators (for a given z shift) [22]. An interesting
choice of the shift is A = M. In this case, X scales as O(U?)
in the small-U limit. Then, the first and second terms of the
1PR-subtracted vertex [Fig. 9(b)] scale as O(U"), and O(U?),
respectively. Hence, C'? [Eq. (118)] and T'eore [Eq. (132)]
can be decomposed into terms that enter at different orders
in the perturbative expansion according to the number of
occurrences of X. For example, in Eq. (118), we have a
OU?) term (X3G1239X,), two OU?) terms (Z3GU%HX,
and X3GU237%,), and a OU?) term (3G1%)%,). Sim-
ilarly, for o, the perturbative order of each term can be
classified into orders ranging from O(U*) to O(U®).

F. Relation to the vertex asymptotics

A similar numerical advantage of the sIEs is also expected
in the large frequency limit. When the input frequencies are
much larger than any intrinsic energy scales of the system,
the propagator g is inversely proportional to the frequency. At
high frequencies, numerical results for g become noisy due
to the vanishing magnitude and a small signal-to-noise ratio.
Direct amputation, i.e. division by g, introduces a large error
in the vertex. The sIEs for I'*P and I'* are free from this error
because they do not require any amputation.

The 4p sIE of Eq. (130) bears a close connection to the
asymptotic behaviors of the 4p vertex. If any of the external
frequency arguments is taken to infinity, a diagram carrying
this frequency in a (nonamputated) line vanishes [26,36]. We
now use this property to connect the 4p sIE [Eq. (131)] and
its diagrammatic representation (Fig. 13) to the asymptotic
classes of the 4p vertex.

If all four frequency arguments are taken to infinity with-
out any particular constraint except w34 = 0, the 4p vertex
reduces to the bare interaction. The last term of the 4p sIE
(131) is this bare interaction [Eq. (101a)]:

lim IN'®) = Tpare.- (136)

Nontrivial asymptotic classes are defined by the limits of
some or all frequencies going to infinity while keeping the
sum of two frequencies to a fixed, finite value. Concretely, we
have [26]

l]m lim F(wr) = Fbare + IC)]‘ (wr)v

|V, |[—00 |v)]—00

lim F(((),-) = l—‘bare + ’Cq(a)r) + ’CE(V;-, wr)’

[v/|—00

lim T(@,) = Thure + Kf(@,) + K (0], ), (137)

v |00

where we parametrize the frequencies as

Wr, —=Vr — oy, V. + wp, —v.)  forr =1 (ph),
w, =3, =V, —v, —o,Vv.+w,) forr=p(pp),
Wy, =V, V. 4+ @p, =V, —w,) forr=a (ph).

(138)

Here, ¢, p, and a denote the transverse, parallel, and an-
tiparallel channels, according to, e.g., the conventions of
Ref. [37-39].

The first asymptotic class Ky corresponds to the bosonic
2p correlators [26] in the third line of Eq. (131):

Ki(w) = G (—wy, o),
K (@p) = =¢ G (—wp, wp),
K{(wa) = =G (—w,, wy).

The second asymptotic class, involving K, and Ky, comes
from the K@ terms:

Ksor, o) = K (@, vy, —v — ),
Ky v, ) = K2 (=, v) + r, —1)),
K (v, wp) = LK (@), vy, =V, — @),
K5 (v, wp) = — K (~aw), —v, v, + @),
K5 (va, 00) = =K (@4, va, =4 — @4),

I8 (v, @) = K9 (=g, =), v + w,). (139)

The remaining core contribution, which does not contribute to
the asymptotics, is Eq. (132):

r— |:Fbare + Z (IC{ + ’CS + ]C;)i| = Fcore- (140)

For computational schemes built on the asymptotics-based
parametrization of the 4p vertex, using the 4p slE is highly
advantageous because each asymptotic class is calculated sep-
arately. The core contribution, in particular, which decays in
all high-frequency limits, can be calculated using Eq. (132).
This is expected to be much more accurate than subtracting
terms that belong to different asymptotic classes from the full
vertex.

G. Subtracting the disconnected contributions

So far, we presented 3p and 4p sIEs involving connected
auxiliary correlators. Such estimators are suitable for NRG,
where correlators are computed using spectral representations
which offer a natural way for obtaining connected correlators
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by subtracting disconnected parts on the level of partial spec-
tral functions [12,13]. Yet, other methods, like QMC, only
have access to the total correlator. It is then useful to have
total correlators instead of their connected parts in the vertex
estimators.

Leaving the derivation to Appendix D, we here present a
KF 4p sIE involving only total correlators:

[ = [ — 278(w12) R ERY — 2m8(014)¢ S ER°.

(141)
Here, the subscript “tot” indicates that the connected auxiliary
correlators in Eq. (131) are replaced by total correlators, i.e.,
the sum of the connected and disconnected parts. The addi-
tional self-energy terms cancel the disconnected diagrams in
the total correlator. In the MF, the Dirac delta function 27 §(w)
is replaced by the Kroneker delta 84, .

The additional disconnected terms involve the self-energy;
hence, they vanish in the noninteracting case, as well as in the
perturbative limit up to O(U") [or O(U?) if Hyy is shifted to
give XH = 0, cf. Sec. IV E]. Moreover, they are much smaller
than those obtained by direct amputation, where disconnected
terms involve the square of the inverse propagator. When
using sIEs, significant cancellations occur between the discon-
nected parts of the various auxiliary 4p correlators involved;
thus, the disconnected parts surviving these cancellations are
much smaller.

In Appendix D, we also show that the estimators using total
correlators share the same perturbative and asymptotic prop-
erties as the original estimators expressed through connected
correlators discussed in the previous sections.

One remaining choice to be made is which self-energy esti-
mators to use when evaluating the vertex estimators. Possible
choices include the alEs X& [Eq. (105a)] and =R [Eq. (105b)],
and the sIE ©° [Eq. (108)]. Although these estimators are all
equivalent analytically, this choice may affect the results in
the presence of numerical noise.

We propose to use the alE X (XR) for the self-energies
¥, and ¥3 (¥, and X4) which left- and right-multiply the
auxiliary correlators. This choice maximizes the cancellation
of disconnected diagrams: e.g., the disconnected term in the
3p sIE for I'®¥ is proportional to

LG ER X G ER -G YX + XGUYX + 2HX.

If Egs. (105) are used, the first three terms are all equal up to
signs. Thus two of them mutually cancel (even if ¥* and XR
differ due to numerical noise), so that the expression simplifies
to

—XGMg'GHPX + XGI X + 2 =325 (142)
Then, by using %5 in Eq. (141) to remove the remaining
disconnected terms, the cancellation is made exact. Such a
cancellation may be particularly beneficial for QMC where
the total correlators are computed. For NRG, the disconnected
parts are already subtracted on the level of partial spectral
functions. Still, we use =& (ZR®) for left (right) multiplications
in Eq. (131), expecting that this helps with the cancellation of
any remnant disconnected terms that might have survived as
numerical artifacts.

V. NUMERICAL RESULTS

In this section, we demonstrate the advantages of sIEs over
alEs for NRG computations of the 4p vertex [12,13]. To this
end, we consider the AIM and compare results from NRG
to those of third-order perturbation theory (PT3) and renor-
malized perturbation theory (RPT) [40—43]. For our purposes,
NRG, PT3, and RPT may all be viewed as black-box methods
for computing MF and KF vertices, where PT3 and RPT are
restricted to weak interaction and asymptotically low energies,
respectively. (Reference [13] describes the inner workings of
NRG vertex computations and Appendix E some further re-
finements needed for present purposes.) We also refrain from
discussing the physics of the AIM or analyzing the physical
information encoded in its 4p vertex. Instead, we focus on the
advantages of sIEs over alEs.

The Hamiltonian of the AIM was already given in
Eq. (13). We here take a rectangular hybridization func-
tion —_ImAR(v) =7 > [Vu128(v — &) = AO(D — |v|) with
half-bandwidth D and hybridization strength A. We focus on
the particle-hole symmetric case, &, = —U/2.

In the following, we represent the 4p vertex in the #-channel
parametrization [Eq. (138)] at vanishing transfer frequency,

Fao’(va V,) = FO‘(T’(V7 V/» w = 0)

=Tldy,d},dy,d} (v, —v,V/, =), (143)

Thus I" describes the effective interaction of an electron with
energy v and spin o and an electron with energy v’ and spin
o’. We will analyze T" in the MF and the KF. In the KF, we
will consider its components in the Keldysh basis as well as
the causal component in the contour basis (corresponding to
¢ = ————). The latter is a particularly sensitive probe to the
numerical accuracy as it involves a sum over all components
in the Keldysh basis:

Fcausal — l Z Fk1k2k3k4' (144)

By crossing and complex conjugation symmetries, one has
(see Appendix C)

Re Fcausal —

Im Fcausal —

IRe (M + T+ (v &),  (145a)
Um (F1212 4 01220 4 P12y 1t
+@ <) (145b)

A. Weak interaction

As the first benchmark, we study the AIM at weak interac-
tion, A/D =0.1,U/A =0.5,and T/A = 0.01, and compare
our NRG results against those from PT3. In the weak coupling
regime, defined by U/(wA) < 1 [44,45], PT3 yields fairly
accurate results and thus serves as a useful benchmark. For
NRG, being a diagonalization-based method, the accuracy of
the results does not depend on the strength of the coupling,
i.e., weak coupling is as nontrivial a challenge as strong cou-
pling.

Figures 14(a) and 14(b) compare the 4p vertex obtained
using the sIE [Eq. (131)] and the alE [Eq. (122)], respectively,
both broadened the same way, using a narrow (log-Gaussian)
broadening kernel (see Appendix E2 for details). The alE
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FIG. 14. MF and KF 4p vertices (I'y; — T'vare;4y)/U in the AIM at weak interaction (A/D = 0.1, U/A = 0.5,and T/A = 0.01) at w = 0.
They were computed using (a) the sIE of Eq. (131), and (b,c) the alE of Eq. (122), with [(a) and (b)] log-Gaussian broadening or (c) Lorentzian
broadening (see Appendix E 2 for details). Only the KF vertices are shown for (c) as broadening does not affect MF vertices. For all three
panels (a)—(c), the upper (lower) row shows the real (imaginary) part. For the sIE, the MF vertex is purely real, and the KF vertex at k = 1122
and k = 1111 are purely imaginary. Keldysh components not plotted are related to those plotted by crossing symmetry, complex conjugation,
or both (see Appendix C). The alE vertex breaks these symmetries. In (b) and (c), the KF data are clearly inferior (more noisy, showing

spurious features, etc.) than in (a), illustrating that alEs are not suitable for computing all components of the KF vertex.

results are completely dominated by fan-shaped noise, an
artifact of NRG discretization. By contrast, the sIE results are
almost completely free from such artifacts. This clearly illus-
trates the advantage of the sIE over the alE. For comparison,
Fig. 14(c) shows alE results broadened with a much broader
(Lorentzian) kernel (in the same way as for the alE results
of Ref. [12], Fig. 12). This hides the discretization artifacts
by smearing them out, at the cost of strongly over-broadening
the physically meaningful features seen in the sIE results of
Fig. 14(a). In addition, Keldysh components of the alE vertex
other than the fully retarded k = 1222 component strongly
deviate from the corresponding sIE result.

Figure 15 displays the contributions from the K; and KC;
asymptotic classes obtained with NRG and PT3. We find an
excellent agreement for all asymptotic terms, in the MF and
the KF. The fact that even the line cuts match perfectly is
testament to the accurate broadening of the NRG data.

Next, we focus on the core part, which is very challenging
to compute from perturbation theory due to the leading-order
contribution of the envelope diagram. Figure 16 compares the
core vertex obtained using the sIE [Eq. (132)] (top row) and an
alE (bottom row). Since the alE [Eq. (122)] does not contain a
decomposition into asymptotic classes, one must subtract the
asymptotic contributions from the full vertex to get the core
part [Eq. (140)]. For the AIM parameters used here, the core
vertex is around two orders of magnitude smaller than the full
vertex. Hence, the subtraction entails a large numerical error.
Indeed, the data in the bottom row of Fig. 16 is completely

dominated by numerical noise, ten times larger than the true
core vertex (upper row), in both the MF and the KF. By
contrast, using the sIE, the core vertex is determined from its
own estimator (132), which involves no subtraction of terms
with different asymptotics or perturbative order. Thereby, the
sIE is much less susceptible to numerical errors than the
alE.

B. Strong interaction

We now turn to the nonperturbative regime with a stronger
interaction A/D =0.04, U/A =S5, and T/A = 0.0025.
Figure 17 compares IE and alE results for the 4p vertex.
The MF and KF vertices differ significantly from the weak-
coupling case (Fig. 14). The discretization artifacts observed
with the alE in Fig. 17(b) are less prominent at strong coupling
than at weak coupling, but are still noticeable. Yet, being
asymmetric, the alE breaks several symmetries of the vertex,
having, e.g., a nonzero real part in the k = 1122 and 1111
components.

In the nonperturbative regime, accurate reference results
for the entire 4p vertex are not available. However, in the
low-energy Fermi-liquid regime, where the temperature and
all frequencies are much lower than the Kondo temperature
Tx (here, T ~ 0.027x [12]), RPT predicts a specific behavior
of the vertex [40-43]. For an SU(2)-symmetric single-orbital
AIM at half filling, the MF, causal KF, and fully retarded KF
vertices in the low-temperature, low-frequency limit have the
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FIG. 15. (a) MF and KF 4p vertices in the first and second asymptotic classes, KC; = )_._ o K and Ky = D, o K3 + K5, normalized
by U, in the AIM at weak interaction (parameters: same as for Fig. 14). The first, second, and third rows show the MF vertex (which is
purely real), and the real and imaginary parts of the causal component of the KF vertex, respectively, comparing results from NRG (first, third
columns) and third-order perturbation theory (PT3) (second, fourth columns). (b) Line cuts of the vertices in (a) along the diagonal (orange),
y axis (purple), and anti-diagonal (green). v is 7 /8 for the MF and O for the KF. Overall, the agreement is excellent both qualitatively, see
(a), and quantitatively, see (b). For /I in the right column of (b), the PT3 and NRG results do not fully agree, because PT3 yields a symmetry
between diagonal and anti-diagonal cuts which is lifted by terms beyond third order (for orange and green, dashed PT3 lines coincide, solid
NRG ones do not).

following form [41-43], . 2 , ,
~ 22, (0,v) = Tdes +l 2[(V—V)—505/(V+V)],
LN _, W _, /
FM,(TO'/(ZU’ 2% ) - Faaa A2(|U v | 80(7 |V +v |)7 (146C)
(146a)
~ where & = —o. The last equation for the fully retarded

l—-causal (1) v ) — Faaa’ +l

K. oo’ (|v V| — 8g5/ v + V), KF vertex is derived using the analytic continuation of the

absolute value f(iv) = |th0 frA = —i(v £ i0™). The ef-

(146b) fective statlc interaction I' is given by 1" vo! = 0q55'U /Z2

where U is the quasiparticle interaction and Z the quasi-

Peoe/U_ MF, Re KF causal, Re | KF causal, Im ., particle weight. These can be directly extracted from the
4r <10 low-energy eigenspectrum spectrum of NRG [12,40,46-48];

for our strong-coupling parameters, we find U=020U,Z =
0.36, and " = U/Z2 = 1.6U. These are the same values as
in Ref. [12]. While, there, the agreement with RPT in the
limit v, v — 0 was checked for the MF and fully retarded
KF vertices, we here significantly extend this comparison by
including the linear order in v and v’ and all Keldysh compo-
nents.

Figure 18(a) shows the low-energy part of the sIE vertex,
with |v], V| < Tk. Figure 18(b) compares NRG and RPT
results for line cuts of the vertex, showing remarkably good
agreement in the low-energy regime |v'| <« Tk, for both the
MF and KF. This provides strong confirmation of the accuracy
of the imaginary- and real-frequency vertices computed from

Symmetric
V'/A
o

|
IS

N

Asymmetric
V' /A
o

|
I

FIG. 16. Core part of the MF and KF 4p vertices I'¢ore /U, in

the AIM at weak interaction (parameters: same as for Fig. 14). The
first, second, and third columns show the MF vertex (which is purely
real), and the real part and imaginary parts of the causal component
of the KF vertex, respectively, computed using sIEs (top row) or
alEs (bottom row). The latter are dominated by numerical noise, the
former not.

NRG using the sIE. We note that the small undershooting of
"4, (0, 0, 0) can be systematically improved by using a denser
grid for binning and a smaller broadening parameter, at the
expense of increased computational costs (see Appendix E).
As a final test, we check how well the NRG results for I'
satisfy generalized fluctuation-dissipation relations (FDRs).
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(a) slE & log-Gaussian

MF i KF k =1222 k=2111 k=1212 k=1221 k=1122 k=1111 10
| -
f / 'y
e e 0
£ | / ‘/
1t i Vi I8 1 1
Qo_ _i_ e '/ 1 . ™ . ‘L | o i
> i 7 "‘ '
NI /% | e
101 { -1t01 -101 =-101 =-101 -101 -101 =-10 1 —10
v/U g v/U v/U v/U v/U v/U v/U v/U

(b)alE & Iog Gaussian

'k—1222k 2111k=1212k =1221 k=1122k=1111 causal

(c) alE & Lorentzian
k = .12.22k= 2111 k; 12.12k? .1221 k = 1122k = }111 causal

1 101 -101 -101
v/U v/U v/U v/U v/U v/U

~101
FIG. 17. MF and KF 4p vertices (I'y, —
U/A =5,and T/A = 0.0025), with w = 0.

These FDRs are known from the literature [49-51] and take a
particularly simple form at w = O:

F2111 — F2122 + tv/(l—w2112 _ F2121)
— ity t, ImI??'? 4 i, ImI2?!, (147a)
ImI['1?? = ¢2, /2 Imr?!
+26,ImT"2 — 2¢,,¢2, /2 ImT 12, (147b)

ImI''"" = [24,(1 4 ¢ ) ImI" 1?2

ImI'")] + ('), (147¢)

_ tf,ImFlm
+ 1.ty (Im2121 —

Here, we used ¢, = cosh 57 and t, = tanh 5~ (same forv’)
for short and omitted the frequency argument w,V,w=0)

(a) MF, Re Causal,Re Causal,Im

~101
v/U v/U v/U v/U v/U v/U v/U v/U

k=1222,Re

101 -101 -101 -101 -101 -101 -101

Tbare:1y )/ U, for the AIM, analogous to Fig. 14, but at a much stronger interaction (A/D = 0.04,

for the vertices. The FDRs for the other Keldysh components
with one 2 follow from Eq. (147a) by crossing symmetry or
complex conjugation (cf. Appendix C). Figure 19 shows that
the FDRs are all satisfied remarkably well for the sIE vertex
[Fig. 19(a)], with errors two orders of magnitude smaller than
the signal. By contrast, the FDRs are strongly violated for the
alE vertex [Fig. 19(b)].

VI. SUMMARY AND OUTLOOK

We presented a new estimator for the 4p vertex which is
symmetric in all indices and involves only full (interacting)
correlators. This sIE achieves the amputation of external legs

k=1222,Im  (b) KF (Re)

MF, KF (Im)

B ettt ettt
ey P
T T T T T T

—10 101 -10 1
v/ Tk v/Tx v/ Tk v/ Tk
~1.0 —05 0.0 0.5

FIG. 18. (a) Low-energy part of the MF and KF 4p vertices (I'y, —

-10 1

-10 1 0
II/TK II/TK Z//TK

To ° FM — 711(‘Kausal T _21’\%{222 e FRPT

f:m,r) /U in the AIM at strong interaction (parameters: same as for

Fig. 17), computed with the sIE. The vertices are an order of magnitude smaller than those shown in Fig. 17. (b) One-dimensional cuts of the
vertices along v = V' and v = —v’ (dashed lines in (a)). The Fermi-liquid predictions for the vertex, obtained by RPT [Eq. (146)], are shown
using green dashed lines. In the regime of validity of RPT, |v|, V|, T < Tk, the agreement between NRG and RPT is remarkably good. The
RPT parameters are U=020U,Z=036,and T = U/Z2 =1.6U.
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(a) slE k=2111,Re k=2111,Im k=1122,Im k=1111,Im

10
1& ) i an 1t ]
2 2o — Il | el R Mo
=%, ﬂ 2 il | [
a8 AF A 18 -10
%2} T 2 B S AR 0.1
T 1l
AN ; A
. =0t 11 =33 ¢t SR “;}‘5: 0.0
g ) Il Il 1
4 NRREI L .99, AN A -0.1
-10 1 -10 1 -10 1 -10 1
v/U v/U v/U v/U

(b) alE k=2111,Re k=2111,Im k=1122,Im k=1111,Im

LHS

LHS - RHS

“101 -101 -101
v/U v/U v/U v/U
FIG. 19. FDRs of the KF 4p vertices in the AIM at a strong inter-
action (parameters: same as for Fig. 17), computed using (a) the sIE
and (b) an alE. The four columns show the real and imaginary parts
of Egs. (147a)—(147c), respectively, normalized by U . Their left sides
are shown in the upper rows of (a) and (b), the difference between
the left and right sides (violation of the FDR) in the bottom rows.
Remarkably, for the sIE the violations are two orders of magnitude
smaller than the vertices, and our 4p sIE NRG results thus satisfy
vertex FDRs to within a few percent. By contrast, for the alE, the vi-
olations are not much smaller than the vertices themselves, implying
sizable violations of the FDRs. In the bottom row for k = 1122, we
do not plot results in the hatched region where |V'| > |v| + 4T, as
the right-hand side of Eq. (147b) becomes numerically unstable due
to the cosh(v'/2T)/ cosh(v/2T) term, which increases exponentially
with [v']| — |v].

via EOMs, without dividing the correlators by propagators,
and also maximizes the cancellation of the disconnected parts
between multipoint objects. The asymptotic decomposition of
the vertex naturally arises from the sIE, ensuring the accuracy
of every term via a separate estimator for each, without any
large-frequency limits or numerically unstable subtractions.
We demonstrate the utility of the sIE by calculating the 4p
vertex of the AIM at weak coupling and strong coupling
using multipoint NRG. Both the imaginary-frequency MF and
real-frequency KF vertices agree very well with known limits,
namely, weak-coupling perturbation theory and low-energy
Fermi-liquid theory, and the latter accurately satisfies the gen-
eralized fluctuation-dissipation relations. We expect that the
sIE may also be useful for other computational methods such
as QMC. For NRG, it provides a robust way of computing
the real-frequency Keldysh vertex, opening up the possiblility
for studying real-frequency nonlocal correlations via diagram-
matic extensions of DMFT [3].
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APPENDIX A: BOUNDARY CONDITIONS
OF CORRELATORS

In this Appendix, we show that the boundary term that
arises when integrating by parts in Eq. (52) vanishes. In the
MF, this can be easily seen using the boundary condition
of the imaginary-time correlator on the contour of Fig. 5(a).
However, in the ZF and the KF, correlators defined by Eq. (31)
and the contours of Figs. 5(b) and 5(c) do not have sim-
ple boundary conditions. We can nevertheless show that the
boundary term vanishes, using (i) correlators ordered on a
modified (L-shaped) contour (Fig. 20) [23] and (ii) the adia-
batic assumption, which is widely adopted (also in the original
work of Keldysh [52]) as it simplifies the derivation.

It may be surprising that the adiabatic assumption is evoked
in the ZF and KF but not in the MF. After all, in thermal
equilibrium (which we assume in this work), the entire infor-
mation is encoded in MF correlators. Indeed, one can obtain
the retarded components of the KF by analytic continuation
[12,50,51] and all other components by further accounting
for the discontinuities of the MF correlator in the complex
frequency plane [S1]. We resolve this issue in Appendix B
by showing that it is indeed possible (albeit more tedious)
to derive the KF EOMs in thermal equilibrium without the
adiabatic assumption.

1. Contour formalism for MF, ZF, KF correlators

Using the notation for £p correlators from Sec. III, we
define a correlator of ¢ operators O at times z on a contour

(a) MF  (b) ZF (c) KF

0 Lo Co e —00 C- oo
———
CM,O . CM.oo . CM.,QCV . C+
—if " ec0—if3 —oo—if

FIG. 20. Time contour for each many-body formalism consid-
ered similar to Fig. 5, but with the vertical imaginary-time branches
for (b) and (c).
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with a (possibly) time-dependent Hamiltonian H(z) as

Te[Te /=101 OL0)]
Tr[T e i/4H@)]

Gl01@) = (- . (A
where T denotes the contour ordering of the operators and
Z denotes a contour integration variable (not the complex
conjugate of z). Here, Of (m) = O (z,,) denote operators in
the Schrodinger picture, in contrast to the Heisenberg opera-
tors O™ (m) of Eq. (3), because time dependence is generated
by ¢~/9H @) The correlator (A1) satisfies the Kubo—Martin—
Schwinger (KMS) boundary condition

g[o] (Z) |z,,‘=z; = fmg[o](zﬂzm:a ’

where z; and z¢ are the endpoints of C, and ¢, is +1 (—1) if
O™ is a bosonic (fermionic) operator. The sign factor arises
from commuting O™ past all other operators. (The correlator
is nonzero only for an even number of fermionic operators.
Hence, if O™ is fermionic, the remaining operators include
an odd number of fermionic operators, leading to a —1 sign
factor.) The KMS boundary condition is easily proven using
the cyclicity of the trace [23].

Such a simple boundary condition does not hold for the
correlators from Eq. (35), defined as the thermal expec-
tation value of time-ordered operators, because in general
O™ does not commute with the thermal density matrix p =
e PH /Tre=PH involved in the thermal average (.. .). In the KF
[Fig. 5(c)], e.g., we have z; = —00™ and zz = —oot, which
leads to

GlOIG, 22, ... ) = Tr[pO' (—00)O*(2) .. .]
# 06101z, 22, ... ) = Tr[pO*(2) ... O (£)O' (—00)]
=Tr[O'(—00)pO*(2)...], (A3)

(A2)

if O! does not commute with p.
To connect Eq. (A1) with the correlators of the MF, ZF, and
KF, we choose the contours

MF : C = Cy = [0, —if], (Ada)
ZF : C = C_ ® Cr.co (A4b)
KF:C=C_®Cy ®Cy—o0s (Adc)

respectively, as illustrated in Fig. 20, where Cv, = [a, a —
iB]. The overline distinguishes these contours from those used
in the main text [Eq. (32) and Fig. 5]. In the MF, we set

MF:H(z) =H. (ASa)

The time evolution on the vertical branch Cy ¢ then gener-
ates e P# | the interacting thermal state. Thus we readily find
that, in the MF, the contour-ordered correlators are identical
to the imaginary-time-ordered correlators [Eq. (31a)].

In the ZF and KF, we instead use

H,(t) ifz e [—o0,00]
ZF:H@)=1,, . - (ASb)
H if z € [00, 00 — if]

H,(t) ifz=t%1<0
KF:H(iz)=1{H ifz=t%1t>0 ,  (A5c¢)

HO° if z € [-o0, —o0 — if}]

where = (t1) denotes time ¢ on the forward (backward)
branch, and

H,(t) = H" + ¢ Hip, (A6)

describes the adiabatic switching of the interaction with an
infinitesimal rate n = 0" on the horizontal branches. The in-
teraction is fully switched off on the vertical branch.

In the KF, the time evolution on the vertical branch gen-
erates e P’ the noninteracting thermal state. According to
the adiabatic assumption, the adiabatic switching of the in-
teraction on the horizontal branches connects this state to the
interacting thermal state [52]:

—BH —pH"
e adia. b

Tre—PH — U, (0, —00) ———= U, (—00, 0),

Tre—FH"
where U, is the time-evolution operator for H,. Under this adi-
abatic assumption, the contour-ordered correlator is identical
to the ordinary Keldysh correlators defined as the equi-
librium expectation value of contour-time-ordered operators
[Eq. (31c)] [23]:

(AT)

GLION@) “L (=) (TTO1)).

In the ZF, the adiabatic switching connects the noninter-
acting ground state |W°) to the interacting ground state |W)
(assuming no level crossing) [53]:

(A8)

W) "= U, (0, —00) [W°) . (A9)

Then, again, the ZF contour-ordered correlator equals the
ground-state expectation value of time-ordered operators
[Eq. (31b)]:

Gz101®)

adia.,, T=0

(=) NTTIO1®)). (A10)

2. Derivation of vanishing boundary terms
Let us now prove Eq. (52). The derivation of the EOMs
leading up to Eq. (52) [including Egs. (39), (40), (45), and
(46)] holds unchanged for the contour correlators defined
by Eq. (Al). The step from Eq. (51) to Eq. (52), with the
boundary term made explicit, reads

Gla, O]

Z/g?m(m, M')(—if'znll — H)aa G, O"1(m', 1)

= / & (m, m)(id),1 — H)aw Gl Y, O™ (', 1)

—ig (m, m"G[ Yy, O"(m', 1)

Thanks to the KMS boundary condition [Eq. (A2)], which
holds for all three choices of the contour C defined in Eq. (A4),
the last line vanishes:

& (m, 2)G (i, 1) = &°(m, z6)G (zr, 1h).

Here, we omitted the orbital subscript and operator arguments
for brevity. The sign factors coming from g° and G are both
¢ and thus cancel as {2 = 1. We emphasize that this logic
cannot be used for the ZF and KF contours without vertical
branches [Eq. (32)] as the KMS boundary condition (A2) then
does not hold [Eq. (A3)].

f
: (A11)

(A12)
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(a) fg Cty o0 (b)—0 Co oo (c) —oo L t{}
"toiiﬂ C+ Ir- } i

FIG. 21. Time contours for KF (a) without or (b) with the adi-
abatic assumption [Fig. 5(c)], and (c) the difference between (a)
and (b).

Inserting the EOM (46a) into Eq. (A11), we find the analog
of Eq. (52),

G140 01 = [ ) P13, O, (ALY

where the integral over z,, is performed over C [Eq. (A4)].
In the MEF, this concludes the proof because EM = Cym. In the
ZF and KF, C and C differ by the vertical branches Cy ~ and
CM,—oo, Tespectively. If all the time arguments z are on the
horizontal branches Cy, z,, on the vertical branch does not
contribute to the integral of Eq. (A13), because the interaction
is zero on the vertical branch [Egs. (A5b) and (AS5c)]:

]:m(Z;VL’ z’ﬁ)|lmz{,,7é0 and z,€Cx =0. (A14)
Note that the adiabatic assumption is crucial here: if the
interaction were nonzero on the vertical branch, Eq. (A14)
would not hold. With the vertical branch not contributing, the
integration domain in Eq. (A13) becomes C, thus concluding
the proof of Eq. (52).

APPENDIX B: EOM DERIVATION WITHOUT
ADIABATIC ASSUMPTION

In this Appendix, we prove the EOM in the integral form
[Eg. (54)] in the KF without resorting to the adiabatic assump-
tion. Without the adiabatic assumption, one needs to use a
contour with the interaction present on both the horizontal
and vertical branches. We will show that the contribution of
the vertical branch to the EOM vanishes. We thus recover the
EOM with only the horizontal branchs, as used in the main
text.

After introducing the relevant contours in Sec. B 1, we
prove the EOM in Sec. B2 by rewriting the correlators in
terms of fp greater correlators [Eq. (B11)]. We finish in
Sec. B 3 by presenting a much simpler proof that applies only
to a subset of Keldysh components.

1. Correlators without the adiabatic assumption

‘We use the contour

Cl(] = C*,I() @ C+,f() 69 CM,t()v

C—,lg = [[07 00]7 C+,10 = [007 tO]» CM,tO = [t07 tO - lﬂ]7

(BI)
as shown in Fig. 21(a), and set
H(z) =H. (B2)

Since the interaction is present on the vertical branch, the
adiabatic assumption [Eq. (A7)] is not needed to equate the
contour-ordered correlators with the equilibrium expectation

values. Instead, Eq. (A1) directly yields

L
ORF, woadia [O1#) = (—i)“<T ]_[[O](t”)>. (B3)

i=1

If all time arguments lie on the horizontal branches, i.e.,
for real valued #, .. ., t;, the contour C,, itself defines a real-
time correlator G¢(¢) only for #; > 1. Still, we can extend the
definition to #; < #; in a manner that yields a time-translation-
invariant correlator by construction. We define a time shift
At =ty — min(fy, t1, ..., 1) so that

t+ At =+ At,...,t, + At) (B4)

are on the contour C,, i.e., t; + At > ty. Then, we define
G°@t) = G°(t + Ar),

where the left side is given by the right side. This extended
definition enlarges the domain of G°(¢) to include C_ & C,
[Fig. 21(b)], the domain of the correlator of Eq. (31c), as
a subset. By construction, the resulting G°(¢) satisfies time-
translational invariance. We note that one cannot simply set
to = —oo because this limit is ill-defined for the EOM in the
integral form [e.g., Eq. (B8b) evaluates to Eq. (B24)].

Let us consider the EOM (54a) with m = 1. (Other EOMs
easily follow by permutation and complex conjugation.) Our
goal is to prove the EOM (54a) with 7] integrated over C_ &
C. [Fig. 21(b) or Fig. 5(¢)]:

(B5)

Gl11(z) =/1/ . A, HFI, . (B6)

A similar equation, but with z| integrated over C,, [Fig. 21(a)],
can readily be derived as in Sec. A 2:

Gl11(z) =/ S, VYFL, . (B7)
l’eC,O

We will now derive Eq. (B6) from Eq. (B7) by showing that
the right sides of the two equations are equal.

The difference between the right sides comes from the
integral over the segments shown in Fig. 21(c). This is given
by I + I, where I, = I, + I,_, and

Le(t) =+ / 0 dr'g® (1, 15)Glgu, O 1%, 1),

—00

(B8a)

B
L(t°) = —i/ dtg (1, 1y — it)Glqw, Ot — it, ).
0
(BSb)

The right sides contain G, not F, because the equal-time
commutators in F [the last term of Eq. (47)] do not contribute
since the domains of 1’ and 1 do not overlap. We used the
shorthand g, = [V, Hine] and

(1L,)=(@"1), @Dh=(u6....1")

as in Eq. (36). Henceforth, we drop the superscript O on g and
abbreviate G[q, of ]as G, . The time arguments £ are treated
as given, fixed points on the contour C* @& C?, so that

(B9)

t > to. (B10)
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2. General proof of the EOM

To prove I, + I; = 0, we begin by defining an £p “greater
correlator”

G77101z.t") = (—)' 1O ) TIOE ")),  (B1D)

where the superscript > denotes that O'(z) does not follow
the contour ordering and is always ordered as the last, put
at the leftmost position within the thermal expectation value.
This correlator is a generalization of the greater component of
the 2p correlator G~ (7,¢') = G+, t'~). We allow z to be any
complex number in Eq. (B11). The Fourier transform of the
greater correlator reads

do
Gt = / (2;‘;4e*“""G”’(w)zna(wl,,,g). (B12)

We now rewrite the integrands of [+ and [ in terms
of greater correlators, starting with I; [Eq. (B8b)]. While
to — it is the first argument of G[g., OI](to —it, 1) and
thus already in the right place for equating this correlator
with a greater correlator, this is not the case for g, (1,7 —
it). However, using the simple relation G[O!, O%](z;, z2) =
¢G[O?, O'1(z2, z1), which holds irrespective of the contour
used in Eq. (Al), we can switch the two arguments of g.
Thereby, we obtain

Gaa (1, tg — iT) = &7 [V, Wal(to — iT, 1),
Glto — it 1) = G (1o — i, I).

Rewriting [;(¢¢) in terms of the greater correlators yields

(B13)

B
L) = —i/ dtgew (1,10 — iT)Gy (tg — i, 1)
0

B
— i / dreg [ vl — it, DG (to — it, 1)
0

B
= —i/ dtf(ty —it,t°). (B14)
0
Here, we defined
f@t) = ¢ W), Yal(z. DG (2. 1), (B15)

which appears with z =ty — it. Below, it will reappear with
other complex time arguments.

Similarly, for I, . [Eq. (B8a)], ¢'" is the last contour argu-
ment because 1’ < fy. Applying the same permutation to the
arguments of g, we find

g (1,1) = £g7 [ Yalt', 1),
Gut™*, 1) =G, (', D).
Substituting these equations into Eq. (B8a) yields

(B16)

I ) = f dt' gaa (1, £5)Gu (", 1)

o0

f dr'cg” [y, v, DG (', 1)

o0

/Odt’f(t’,t‘). (B17)

oo

Finally, for ; _ [Eq. (B8a)], ' < 1y is the smallest time ar-
gument but is on the forward branch (¢’ = —). Yet, we can still
relate the correlators to greater correlators by applying time
translation by #y — ¢’ and using the KMS boundary condition
[Eq. (A2)]:

Baw (1, t'7) =gl (ty — 1" + 19, 19)
M .
=gt — 1t + 19,10 — i)

=[], Yl —iB, 1), (B18)
Gut™, 1) = Q;“I(to,tl —t' +1)

=G5 (ty — iB.t" — 1 +1o)

=G (" —iB, ). (B19)

The KMS boundary condition is used in the second equalities
of Egs. (B18) and (B19). For the third equalities, we used
Eq. (B13) and the time-translational invariance. Substituting
Egs. (B18) and (B19) into Eq. (B8a) gives

() = — / 't gar (1,1)G (. 1)
_ [ e W Yal(t’ — iB. DG — if. 1)
= —/Odt/f(ﬂ —iB.1). (B20)

By combining Egs. (B14), (B17), and (B20), we find

[07!‘/3

Ii(t‘)=/ dzf(z,t%), (B21a)
fo
fo

Ir(t‘)=/ dr'[f(t',t) — f(t' —iB.t°)]. (B21b)
—00

Next, we evoke the Fourier representation of f,

dQ d'o _, .

tc — i —iQz —iwt rc Q . B22

fa.19) /271 Gy ¢ @) B2

Although it is not needed in what follows, one can show
fURQ, @) =218(Q + w1..0)f (@),

FE@) = L& W, Yal(—o1, 0)GF (—w g, @),
(B23)

since Fourier transforms turn Eq. (B15) into a convolution,
and a convolution of two delta functions is a single delta func-
tion, 8(2 + w;.¢). In evaluating Egs. (B21) with Eq. (B22),
we switch the z (or t') and Q integrals. For [;, the z integral
reads

fo=if —i .
/ dz e = — (S 1), (B24)
Iy Q

For I, we use the Fourier transform of the step function,

T o e o —1 ,
f dt/etQt :/ dt/@(to _t/)eth _ eth()’

~ -~ T Q—i0t

fo o —1 .
di' B — i 0B B25
/_w Q—i0" (B25)
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In total, we get

¢
dQ d'w eiQ’O(eQﬁ N

27 27)!

1 1\ ins
: (Q—i0+ - 5)6 A
dQ d'o .
= [ S Gy~ @ 4@, 0

=0. (B26)

L) + () = i/

In conclusion, adding the contributions from the horizontal
and vertical branches to the difference between the right sides
of Egs. (B6) and (B7) yields (1 — e%P)8(Q) = 0, thus proving
I; + I, = 0 and the EOM.

Note that this derivation applies only to the equilibrium KF
as we have set H(z) = H. In the nonequilibrium case where
H (z) depends on z, correlators that mix horizontal and vertical
branches need to be taken into account to close the EOM.

We further note that well-known FDRs in the frequency
domain can be derived from the KMS boundary condition
using identities similar to those derived in this Appendix [23].
As an illustration, let us derive the 2p FDR. We begin by
noting that Eq. (B19) is valid for all #; and #, if ¢; = +. Then,
one finds

g (1) =¢8], 1) =g (h — i, 1), (B27)
whose Fourier transformation reads
g () =g (w). (B28)

By substituting g7/ = 1(+g" F ¢ + ¢X), we find the famil-
iar 2p FDR

1 4get
@) = Gy € @) — £ @)

= [coth(Bw/2)) [} (®) — &' (w)]. (B29)

3. Derivation of the EOMs for fully retarded correlators

Let us finish this Appendix by presenting two cases where
I, and I; are both trivially zero: correlators whose Keldysh
components satisfy k; = 1 or K= (1,...,1). EOMs in these
two cases suffice to derive the sIEs for the fully retarded
correlators, which have only a single 2 in the list of Keldysh
indices. For example, for k = (2111), we may use the latter
case when deriving the EOM for the first operator, and the
former otherwise. The EOMs for these components may as
well be derived by the analytic continuation of the MF EOMs.

In the Keldysh basis, the integrals of interest are

to
*e) = — / dr' g (o, £ )XFY GEE (o o1, (B30a)
—00

B
)= —i f drd ™ty 1 — it)GM (1 — it.£'), (B30b)
0

where the superscript M denotes that 7y — it is on the vertical
branch. For I, = I, _ + I+, the sum over the forward and
backward branches converts to the sum over dummy Keldysh
indices k” and k”. The (—1)%+ sign factor converts to X**" via
Eq. (71).

To show I, = I; = 0, we use a well-known property of the
KF correlators: the correlator is zero if the Keldysh index of
the largest real-time argument is 1 [54]:

G¥z)=0 ifk,=1 and for all .

(B31)
This holds because moving z, from the forward to the
backward branch keeps that operator order and thus the corre-
lator invariant. A subsequent Keldysh rotation with D¥=1¢ o
(—1)%+ then yields zero.

Let us begin with the k; =1 components. I, in the
Keldysh basis [Eq. (B30a)] contains the propagator g'¥'(¢;, ¢').
In the integration domain t' € [—o0, fp], t' < 1y < #; holds
[Eq. (B10)], and ¢#; is the largest real-time argument. Since
ki =1, Eq. (B31) yields

¢¥@,tY=0 = I,=0.

n=1In > Rezi

(B32)

Similarly, /; in the Keldysh basis includes the propagator
glM(tl,to —it). This term is again zero because #; is the
largest real-time argument:

Mt to—it) =0 = I =0. (B33)

Similarly, one can derive I, = [; = 0 for K= (1,...,1),
i.e., for a fully retarded correlator. Let n be the index where
t, is the largest among t,, . .., t,. Since ¢’ € [—00, ty], we find
t, > t'. Then, Eq. (B31) gives (because k, = 1)

G ' =0 = I =0. (B34)
Analogously, one has
GM (1o —it )y =0 = L =0. (B35)

APPENDIX C: SYMMETRIES OF THE 4p VERTEX

In this Appendix, we present symmetries of the 4p vertex
5o/ (v, V') in the t-channel parametrization at vanishing trans-
fer frequency [Eq. (143)]. A general 4p vertex I"1y34 satisfies
the crossing symmetry

234 = —T'3014 = —T'1430 = Taan2 (ChH
and the complex conjugation symmetry
Iosa(@1234) = Gk Ta143(—@2143), (C2)

where & = (—1)'*Xik Here, the numeric subscripts refer
to all the relevant arguments: Keldysh, spin, orbital, and fre-
quency.

For a single-orbital system at zero transfer frequency, we
get a chain of identities:

el (v, v') = Tl (v, v) (C3a)
= g[Iiehbsh o, v)]* = go[riksleh (o )],
(C3b)

Since I'y4y = I'y 44 under SU(2) symmetry, assumed in
this work, there is no restriction from spin space.
Thereby, we obtain the symmetries

1222 212
L2, v) =T, v)

= [M22w,)]" = [r22' o, »)]", (C4a)
Fifrl/l(v, V) = 1*(17}72/1(,)” V)
= [P2 w,)]" = [0 »], (C4b)
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T2,y =TERW, v)

= — 22w, )] = —[T22' 0, »]", (Cdo)
T2t vy =T2R 0, v)

= —[T22 ()] = =[T02 0, »]', (C4d)
20,0y =120, v)

= —[P120, )] = —[T21 (), »)]", (Cle)
F””(\) l)/) — Fllll(v/ V)

= —[T )] = =M w7 (can

We note that the I'2222 component is zero by the property of
KF vertices [54].
We conclude that the independent components are

1222 2111 1122
L2570V, To (), Tooo(w v <),

2, v <), Imr22 0, ),

oo’

ImI (0, v ).
(C5)

With the arguments (v, v’ < v), we indicate that there is a sym-
metry in (v <> V'), so that it in principles suffices to compute
only half of the data points in the frequency plane.

By using these symmetries, we find the following identities
for the causal vertex:

Rel—wcausal — %Re(rlzzz + F2212 + 1'12111 + F1121)
= {Re(M'*? + T2 + (v 1)), (C6a)
Imrcausal — %Im(2F1212 + 2F1221 + F1122

40210 4 ity
= Um(r'212 4 1121 P12 4 Ly
+ (w<). (C6b)

APPENDIX D: VERTEX ESTIMATORS
USING THE TOTAL CORRELATOR

In this Appendix, we derive sIEs for 3p and 4p vertices
involving only total correlators, useful for methods like QMC,
as discussed in Sec. IV G. The main results are Egs. (D4),
(D8), and (D11). These estimators have a form similar to
those using the connected correlators and the same perturba-
tive and asymptotic properties (see Secs. IV E and IV F). The
estimators of this section have additional terms involving the
self-energy to cancel disconnected contributions.

Below, we derive the relations for fermionic systems in
normal (nonsuperconducting) phases preserving the U(1)
charge symmetry, ruling out terms like (d") and (d;d,) in
the disconnected parts. We add subscripts to correlators to
distinguish the connected part (“‘con”), the disconnected part
(“dis™), and the total (“tot”) correlator; G = Geon + Gis-
For later use, we define

¥ =¥ - oy, (D1)

This modified self-energy is O(U?) in the perturbative limit
and decays to zero in the large-frequency limit.
We begin with the 3p vertex estimator [Eq. (120)]

F(34) = /Cgi) + G((:g{:w) + 1—‘bare- (D2)

The second term is an auxiliary correlator defined in terms
of a 2p bosonic connected correlator [Eq. (100)]. The corre-
sponding disconnected part is

(12,34) kikokia pkakakss kiok
Gdis — pkikakiz pksks 34Gd;§ 34[6]12’ o

= 278(wp)X e x ke gH sl (D3)

where we used (g12) = Eflz [Eqg. (99)]. Note that §(w;>) and
8(ws4) can be used interchangeably because the energy con-
servation constraint, wip34 = 0, is implicitly understood. In
the MF, the Dirac delta function 27 8(w;») is replaced by the
Kronecker delta 83,,,,.0. Similarly deriving the disconnected
parts for other bosonic 2p correlators and using g3 = —{ g3z,
we find

G2 = G — 2m(wp)X P B x ksl

con

13,24) __ ~(13,24)
G( ) - Gtot

con ?

G(l4,23) — Gg:&,%) + 27T(S((1)14)§Xk1k4 Eaxkgkz 2’5{2

con

(D4)
For the first term 2% in Eq. (D2), which is defined via

con

Eq. (118) and is related to the X, asymptotic class [Eq. (139)],
the disconnected part is given by

(34) (x1,x2,34)
Kas' = Z Ly Gy Ly,
xp€{n,-}
ne{l1,2}
34 1,-,34
=%,6,7Y%, - X6 s,

— 2G5 X 4+ X1 GV, (D5)

where L, —. = X, and L, —, = X,. This result involves dia-
grams in which the first and second legs are disconnected from
the third and fourth legs. For example, the disconnected part
of G3% reads

(34) _ pkakakss (okikok f
Gy~ = PGy, dy s g3al

= 2w8(win)X PR Gl (D6)

where we again used (g34) = 254 [Eqg. (99)]. By applying the
same procedure to all terms in Eq. (D5), we find

K = 2m8(@)X 4 8 (£6% - XG1IE

kiky

- ZG"?X +XG"X),,

= 27 8(wip)X Bk S Tkl (D7)

For the second equality, we employed the self-energy estima-
tors (105) and (108). Using Egs. (D4) and (D7) to convert the
right side of Eq. (D2) to the total correlator, we find the desired
3p vertex estimator. In the following, we also list the sIEs for
other 3p vertices which can be derived similarly,

12 S ksk 2
Kl = Ko — 2n8(wi) E5 xR sl

con

a3 — 3

con tot

K = K0 — 278(wia)s e x bk sl

con tot

K = K2 4 27 8(wig)e Shkixksle gl

con tot
24) _ 124
K:con - ’Ctot ’
4 34 Skiky vk H
KGOV =Ko — 218(win) B X ke ph, (D8)
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After replacing the connected auxiliary correlators by the
total ones, a disconnected term involving self-energies is sub-
tracted. In Eq. (D8), thanks to X, the K% estimator is still
manifestly O(U?) in the perturbative limit and decays in the
|wi| = o0 or |wy| — oo limits. Note that by shifting the
noninteracting and interacting Hamiltonian by ESdfd ; and

—ngfdj, respectively, the Hartree self-energy and the dis-
connected part of the 3p vertex estimators can be eliminated.

We close with the 4p vertex estimator (131). As most terms
already appear in the 3p estimator, it suffices to consider the
core vertex [core [Eq. (132)]. In the normal (nonsupercon-
ducting) phase, a disconnected 4p correlator has legs 1 and
2 disconnected from 3 and 4, or legs 1 and 4 disconnected
from 2 and 3. The first case gives

1—‘core, dis-12
=218(w12) Y Ly LGy PGS Ly, L,
xp€fn,-}
nefl,2,3,4}
=218(wi) Y Ly Gy ™ Ly, Y LyG5™ Ly,
xp€{n,-} xn€fn,-}
nefl,2} ne(3,4}

= 27 8(wip) Bl Bk (DY)

where appears as in Eq. (D5). Similarly, the second term
reads

Teore, dis-14 = 27 8(w14)¢ T13% B4 (D10)
Thus the vertex estimator is
Teore = Ceore, tor — 278 (w2) Th Thks
— 27 8(wia) BNk Tk (D11)

Again, disconnected terms involving the self-energy are sub-
tracted. Since % is of order O(U?) in the perturbative limit
and decays in the large-frequency limit, the perturbative
and asymptotic behavior of I'cy is preserved. Substituting
Egs. (D4), (D8), and (D11) into Eq. (131), we get the esti-
mator (141) for the total vertex.

APPENDIX E: DETAILS OF THE NRG IMPLEMENTATION

For quantum impurity models, it is possible to compute
local multipoint correlators with NRG using a strategy de-
scribed in detail in Ref. [13]. In short, MF or KF multipoint
correlators are computed by convolving a set of MF or KF ker-
nels, known analytically, with a set of so-called real-frequency
partial spectral functions (PSFs), obtained via NRG [12,13].
In this Appendix, we describe some further refinements of
this strategy, needed to obtain the results shown in the present

paper.

1. Barycentric binning

In essence, the NRG is a scheme iteratively diagonalizing a
discretized representation of a quantum impurity model [11].
The states generated during the iterative diagonalization can
be used to construct a complete set of approximate eigenstates
for the interacting Wilson chain Hamiltonian, H |i) ~ E; |i).
These can be used in Lehmann-type representations for partial
spectral functions (PSFs), with matrix elements (i|O|j) = O;;

and energy differences E;; = E; — E;. The Lehmann repre-
sentation for an ¢p PSF has the form of a sum over the
transitions between these eigenstates, containing many dis-
crete delta functions [12,13]:

S[O](ey, ...

L&) = Z m]‘[ Ojyy18(ei — En)]O

.....

(E1)

These delta functions are collected by “binning” [55-57],
which shifts the energy E;; to the nearest grid point of a
predetermined grid. The grid is chosen to have logarithmic
spacing to capture the logarithmic discretization of the bath in
NRG. For ¢ > 2, one must be able to capture the dependence
of multiple frequencies of different magnitudes. To this end,
Ref. [13] introduced a “‘slicing” scheme, which encodes the
frequency binning directly in the tensor representation of O.
However, the slicing approach yields a factor (N,) =2 to the
computational cost, with N, the number of bins. Thus it is
desirable to use as few bins as possible to reduce the compu-
tational cost. On the other hand, using too coarse a grid leads
to large errors from shifting energies for binning.

To minimize the error arising from binning with moderate
computational cost, we use a barycentric binning scheme,
which attributes the spectral weight to both adjacent bins
(instead of the single nearest bin) in order to conserve the
barycenter. Hence, to bin a delta function §(e — Ej; ), we first
find the grid points ¢, and g, ., just below and above the
transition energy: ¢, < E < g, Then, we split the weight
of the delta function to these two bins with weights inversely
proportional to the distance in the logarithmic scale:

5(e — Ey) ~ wd(e —g,) + (1 — w)d(e — g,,,),
ln g —In|E
_ Infe, | —In || )
In |8n+1| In |§n|

Though one needs to consider two bins for a single spectral
contribution, the total number of relevant bins does not dou-
ble, but merely increase by ~30%, since the bins are typically
clustered [13,58]. Additionally, with the barycentric scheme,
the binning error is largely suppressed, allowing for a much
coarser frequency grid (cf. Sec. E4), decreasing the overall
computational cost.

2. Log-Gaussian broadening

To obtain smooth functions, the discrete PSFs obtained
from the Lehmann representation need to be broadened. Con-
version from a binned, discrete PSF S(¢) to a continuous one
S(e) can be written as an integration involving a broadening
kernel B;:

-1
Se) = / d"'eS@ [ [ Bitei £). (E3)
i=1

For 2p calculations, the usual choice of the broadening
kernel is a convolution of a log-Gaussian and a Fermi-Dirac
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function [11,13,56,58]:

Bigir(e, €) =/d€/3F(€, e)dLg(e, €),

Sag(e, &) O(e's) (ln le/e’| ULG>2
sig(e,8)=—exp| | —— — — ,
O Jroiglel P oLG 4
, O('s) In? |e/e'|  of
8(: 9 = —_ _; D — 3
o= 26D exp( e _ 2

7\ —1
8_8) . (E4)
YE

In the first line on the right, LG stands for either symmetric
log-Gaussian (sLG), used for fermionic operators, or centered
log-Gaussian (cLG), used for bosonic operators (following
Ref. [13]). The log-Gaussian broadening smooths the loga-
rithmically spaced discrete data resulting from discretization.
The subsequent Fermi broadening removes artifacts at low
frequency ¢ ~ T. The broadening width is proportional to the
discrete frequency in the former and fixed in the latter. Cor-
respondingly, the broadening parameter oy g is dimensionless,
while yr has the dimension of energy.
In Refs. [12,13], a Lorentzian kernel

1
Sp(e, &) = i(l + cosh
F

1 (oulel+m)
7 (e — &)+ (oLlg] + n)?

Bi(e. ) = (E5)

was used for 3p and 4p calculations because, for the alE used
there, log-Gaussian broadening turned out to yield seemingly
under-broadened results.

Here, we find that, using the sIEs, log-Gaussian broadening
does not yield under-broadening. On the contrary, we find that,
as in the 2p case, log-Gaussian broadening is preferable to
Lorentzian broadening for multipoint correlators because the
Lorentzian kernel strongly over-broadens low-frequency fea-
tures. For example, Fig. 22 shows that the vertex obtained with
Lorentzian broadening [Fig. 22(a)] violates the FDT much
more strongly than those obtained with log-Gaussian and
Fermi broadening [Fig. 22(b)]. Thus we use the log-Gaussian
and Fermi broadening (E4) for all calculations.

In this work, the broadening parameters in Eqgs. (E4) were
chosen as o1 g=0.3 and yr=0.5T throughout; these were
the smallest values that remove the wiggles signaling under-
broadening. For the Lorentian broadening results, we used
o1 =0.6 and y;. =3T in Figs. 14(c) and 17(c), which are the
parameters used in Refs. [12,13].

3. Diagonalization of the kept density matrix

As discussed in App. B of Ref. [13], the two sources of
error in subtracting disconnected parts from the PSFs are (i)
finite off-diagonal elements of the density matrices in the kept
sectors, and (ii) binning. Effect of the latter is minimized
by using the barycentric binning explained in Appendix E 1.
To eliminate the former source of error, we re-diagonalize
the kept-sector density matrices that are constructed by the

(a) Lorentzian
k=2111,Re k= 2111 Im k=1122,Im k—1111 Im

\, 0.1
2 Il » 1110.0
-1

-4 -0.1

£ 4 0.1
" 2o . 1 # {{o0.0
wn R
I —ab . qb . AN %0
-4 0 4-4 0 4-4 0 4-4 0 4
v/A v/A v/A v/A

(b) Log-Gaussian + Fermi
k=2111,Re k=2111,Im k=1122,Im k71111 Im

LHS - RHS

#5306 G4 0 4-a 0 i

-4 0
v/A v/A v/A v/A

FIG. 22. FDRs of the KF 4p vertex, analogous to Fig. 19 but
at weak interaction (parameters: same as for Fig. 14), obtained
with sIEs and (a) a Lorentzian broadening (ES) with o = 0.3 and
yL = 0.5T and (b) log-Gaussian and Fermi broadening (E4) with
og = 0.3 and y = 0.5T. Note that the color scale for the pan-
els showing FDR violation (lower row, LHS — RHS) is two orders
smaller in (b) than in (a).

standard full-density-matrix NRG. The re-diagonalizing basis
is taken as the kept energy eigenstates (overriding those ob-
tained during the iterative diagonalization), and we identify
the corresponding energy eigenvalues as the diagonal ele-
ments of the kept-sector Hamiltonian in the re-diagonalizing
basis.

170} ' ' ]
1.65¢ /,.—’/ /O’j
e L L
IS - -
S o =<
S 160 -7 o ]
= h-* //” ® KF, ngec =8
o MF, ng.=8
1.55¢ ‘ o KF, nge =16 1
b O MF, nge =16
—RPT
L5051 022 0.32 0.42
Uf(;
FIG. 23. Dependence of the zero-energy KF vertex
r;j“sa‘(o, 0,0) and the average of the MF vertices

Iy py (Fin T, £in T, 0) in the AIM at strong interaction (parameters:
same as for Fig. 17) on O‘EG and nge.. Dashed lines are linear fits
of the KF results, shown in circles. Larger ng.. gives MF vertices
in better agreement with RPT, while the KF vertices are further
affected by broadening.
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4. Computational parameters

In NRG, the bath is discretized on a logarithmic grid
with grid points £DA ¥~ where k > 0 is an integer and
z € (0,1] is a shift parameter [59]. PSFs computed with
z=1/n,,2/n,,...,1 are averaged to reduce discretization
artifact. In this work, we used A =4 and n, = 4, and kept
Nyeep = 200 multiplets respecting U(1) charge and SU(2) spin
symmetries in the iterative diagonalization of the Wilson
chain, which amounts to keeping 440-479 states per iteration.

The transition energies are collected in logarithmi-
cally spaced bins [13]. The bins are located at g[£m] =
+10Um=D/nsec ¢ . for nonzero integer m and ¢[0] = 0. We
used ngec = 8 (ngec = 16) bins per decade for the AIM with
weak interaction for Figs. 1, 14-16, 22 (strong interaction
for Figs. 17-19), and set ey, = T /20. Using ngec = 16 was

needed to get the low-energy vertices for the AIM at strong
interaction in better agreement with RPT as shown in Fig. 18.
Figure 23 shows that the agreement of the MF vertex at the
lowest fermionic frequencies with the RPT vertex improves
for the larger ngec = 16.

To evaluate an ¢p sIE, one needs to compute 2¢ £p
auxiliary correlators [Eq. (132)], where each correlator in-
volves ¢! PSFs. For the 4p case, this amounts to 24 x
4! =384 PSFs in total. In practice, one can utilize sym-
metries to reduce the number of PSFs evaluated. Here, we
use the SU(2) symmetry of the Hamiltonian and the per-
mutation symmetry of the PSFs to reduce the number of
independent 4p PSFs to 120. These PSFs can all be com-
puted in parallel. Although we consider the single-orbital
AIM only at half-filling, we did not exploit particle-hole
symmetry.
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