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The time evolution in quantum many-body systems after external excitations is attracting high interest
in many fields, including dense plasmas, correlated solids, laser-excited materials, or fermionic and bosonic
atoms in optical lattices. The theoretical modeling of these processes is challenging, and the only rigorous
quantum-dynamics approach that can treat correlated fermions in two and three dimensions is nonequilibrium
Green functions (NEGF). However, NEGF simulations are computationally expensive due to their 7 scaling
with the simulation duration T. Recently, T2 scaling was achieved with the generalized Kadanoff-Baym ansatz
(GKBA), for the second-order Born (SOA) self energy, which has substantially extended the scope of NEGF
simulations. In a recent Letter [Schliinzen et al., Phys. Rev. Lett. 124, 076601 (2020)]. we demonstrated that
GKBA-NEGF simulations can be efficiently mapped onto coupled time-local equations for the single-particle
and two-particle Green functions on the time diagonal, hence the method has been called the G1-G2 scheme.
This allows one to perform the same simulations with order T! scaling, both for SOA and GW self energies
giving rise to a dramatic speedup. Here we present more details on the G1-G2 scheme, including derivations
of the basic equations including results for a general basis, for Hubbard systems, and for jellium. Also, we
demonstrate how to incorporate initial correlations into the G1-G2 scheme. Further, the derivations are extended
to a broader class of self energies, including the 7 matrix in the particle-particle and particle-hole channels and
the dynamically-screened-ladder approximation. Finally, we demonstrate that, for all self energies, the CPU-time
scaling of the G1-G2 scheme with the basis dimension N, can be improved compared to our first report: The
overhead compared to the original GKBA is not more than an additional factor N,, even for Hubbard systems.

DOI: 10.1103/PhysRevB.101.245101

I. INTRODUCTION

Nonequibrium Green functions (NEGF) [1-3] have proven
highly successful in simulations of the dynamics of correlated
many-body systems. This is due to a number of attractive
properties that include conservation laws and the existence of
systematic approximation schemes that are based on Feynman
diagrams. Moreover, NEGF allow for a rigorous derivation of
quantum kinetic equations and for their systematic improve-
ment; for recent overviews, see the text books [4-6].

While early computational applications focused on spa-
tially homogeneous systems such as nuclear matter [7,8],
optically excited semiconductors [4,9], and dense plasmas
[10,11], during the last 15 years the scope of applications has
substantially broadened. This includes the excitation and ion-
ization dynamics of small atoms and molecules [12-14], the
correlated-electron dynamics in the Hubbard model [15-17],
the dynamics of fermionic atoms [18,19], and the stopping of
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ions in correlated materials [20—22]. This success was caused,
among other things, by progress in the numerical solution of
the basic equations of NEGF—the Keldysh-Kadanoff-Baym
equations (KBE) [12,23-25]. Furthermore, improved time
propagation and integration schemes led to an increase in
efficiency and accuracy of the simulations [26,27]. Moreover,
the implementation of more advanced self energies, such as
the T-matrix self energy, further increased the accuracy and
predictive capability; for a recent review, see Ref. [28]. In
particular, very good agreement with cold-atom experiments
[18] and with ab initio density-matrix-renormalization-group
(DMRG) simulations were reported [27]. A particular ad-
vantage of NEGF simulation is that they are well capable
to treat strong electronic correlations, in contrast to density-
functional theory (DFT), and that they are neither restricted
to 1D systems, such as DMRG, nor to short times, such as
continuous-time quantum Monte Carlo [29].

The main disadvantage of NEGF is their high numeri-
cal effort. The majority of many-body methods, including
time-dependent DFT (TDDFT), Boltzmann-type quantum ki-
netic equations, hydrodynamics or semiclassical molecular
dynamic—and even the exact solution of the time-dependent
Schrodinger equation—require a simulation time that grows
linearly with the physical time. In contrast, for NEGF, the
propagation in the two-time plane, together with the memory
integration in the scattering contributions, gives rise to a N?
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scaling, where N, is the propagation time (number of time
steps). A substantial acceleration is possible when the gener-
alized Kadanoff-Baym ansatz (GKBA) is applied [30] which
restricts the propagation to a time stepping along the time
diagonal. If combined with Hartree-Fock propagators (HF-
GKBA) [31-33] the CPU-time scaling can be reduced to N, 2
which has given rise to a drastic increase of the number of HF-
GKBA simulations in recent years, see, e.g., Refs. [17,27,34—
38]. However, this improved scaling is achieved only for the
simplest self energy—the second-Born approximation (SOA).
If the HF-GKBA is applied to improved self energies, such
as the T-matrix self energy [19,27], which is required for
strongly correlated systems [18], or the GW self energy [28]
which is required to capture dynamical-screening effects, the
CPU-time scaling is again increased to N;’.

In a recent Letter we reported a breakthrough for NEGF
simulations within the HF-GKBA scheme: We demonstrated
that time-linear scaling, i.e., a CPU time that is of order
N/, can be achieved if the equations of motion are properly
reformulated, without any approximations. The alternative
approach solves the time-local equations for the time-diagonal
single- and two-particle Green functions and was called the
G1-G2 scheme [39]. While the equivalence of the HF-GKBA
to time-local equations was pointed out before [5,40], a com-
parison of the numerical behavior of both approaches was
performed only in Ref. [39]. There we reported N scaling
for SOA and GW self energies and any type of single-particle
basis. The scaling was demonstrated for small Hubbard clus-
ters which turned out to be the most unfavorable case because
the CPU time of the G1-G2 scheme was found to grow by
a factor Nf faster than for the standard HF-GKBA approach,
where N}, is the dimension of the single-particle basis.

In this paper we present extensive additional results for the
G1-G2 scheme. First, we present all necessary details for the
derivation of the equation of motion for the time-diagonal
two-particle Green function. The results are derived for a
general basis, for the Hubbard model, and for jellium. Second,
we discuss how initial correlations can be incorporated. Third,
we extend the analysis to other self energies: the 7-matrix
approximation in the particle-particle (TPP) and particle-hole
(TPH) channels and the dynamically-screened-ladder (DSL)
approximation. Fourth, numerical results are presented for
all self-energy approximations which clearly confirm the Ml
scaling, not only asymptotically, but already for rather small
simulation durations, N; < 30. Finally, we re-evaluate the
N, dependence of the CPU time and report an additional
optimization that reduces the overhead of the new scheme
from N,f to only N ! for the Hubbard model, for all self
energies.

This paper is organized as follows: In Sec. II we sum-
marize the main required formulas of NEGF theory and the
properties of the two-particle Green function. In Sec. III we
present the basic formulas for the G1-G2 scheme, for the
case of the SOA self energy—separately for a general basis,
the Hubbard basis, and for jellium. The same analysis is
then extended to GW and T-matrix self energies in Secs. IV
and V and to the screened-ladder approximation in Sec. VI.
Finally, the analysis of the scaling behavior with N; and N,
for all self energies and numerical results are presented in
Sec. VIIL.

II. THEORETICAL FRAMEWORK

A. Keldysh-Kadanoff-Baym equations and two-particle
Green function

We consider a nonequilibrium quantum many-particle sys-
tem with the generic Hamiltonian

o R 1 At a
H(t) = Z h;;’)(t)cj ¢ + 3 Z wjjki (1)C; cj.clck , (D
ij ijkl

containing a single-particle contribution 4(”) and a pair inter-
action w. Note the twofold time dependencies of the Hamil-
tonian. The time dependence of the single-particle contribu-
tion 7”) covers the interaction with external electromagnetic
fields, lasers, or particle impact (stopping) [20], or the vari-
ation (quench) of a confinement potential [18,41]. While the
interaction potential w is time independent in most cases, a
time dependence has to be taken into account when modeling
interactions quenches (e.g., in cold-atom experiments) or for
the numerical preparation of a correlated initial state via
“adiabatic switching,” cf. Sec. IITE. Thus, for the sake of
generality of our derivations, we will retain the full time
dependence throughout this paper.

The matrix elements of the Hamiltonian are computed with
a complete orthonormal system of single-particle orbitals |).
The creation (6;) and annihilation (¢;) operators of particles in
state |i) define the one-body nonequilibrium Green function
(correlation function) for contour-time arguments z on the
Keldysh contour C [28] (examples of the contour are shown
in Fig. 1),

1
Gij(z,2) = —(Tel&i()E} () -

Here, 7T¢ is the time-ordering operator on the contour, and the
averaging is performed with the correlated unperturbed den-
sity operator of the system. The equations of motion (EOMs)
for the NEGF are the Keldysh-Kadanoff-Baym equations [43]

d
> [ihd—z&'k - hf,?)(z)] Gij(z,7)

k

=8ij6c(z. 2V £ ik Y / dZwiktp(2, DGy (2,2, 2, 27)
kip V€
@)

<«

d
’ . ), _s
ijG,-k(z,z) —ili—=8; = i) (@)

=8ijc(z.2) £ ik ) f dz G (2.7, 2. DwippE. 7).
kip €

3

Here, the times 7T :=z £ ¢ differ from z by an infinites-
imally small positive constant € to avoid ambiguities in
the time ordering of field-operator products. Furthermore,
a two-time version of the interaction potential is intro-
duced using the delta function on the Keldysh contour,
Wijki (2, 2') = 8¢(z, 2 )wiju(z), see, e.g., Refs. [6,19,28]. The
KBE couple to the two-particle Green function (terms on the
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FIG. 1. Two examples of the Keldysh “round-trip” time contour
that are used in NEGF theory to treat initial correlations, see, e.g.,
Ref. [2]. (a) Contour Cas containing an initial real-time interval (from
—00 to #y) to adiabatically “switch on” the pair interaction, starting
from an uncorrelated state. (b) Contour Cy; with an imaginary branch
allowing us to include thermodynamic-equilibrium correlations via
Green functions which have one time argument on the real branch
and one on the imaginary branch [33,42].

r.h.s.) which is defined by

Gi(21, 22, 73, 24) = —— (Teli(21)2(z2)¢] (24)E] (23)))

(@ ﬁ)z
and contains a mean-field (Hartree-Fock) and a correlation
contribution

2).F
,jk,(Z1 22,23, 24)= G,jk, (21,Z2,Z3,Z4)iG,('j;zl (21, 22, 23, 24)

2
+ Gl(ﬂilcm‘r(Zl ,22,23,24) - )

The Eqgs. (2) and (3) for the one-particle NEGF are formulated
on the Keldysh contour, cf. Fig. 1. They are equivalent to
equations for Keldysh Green function matrices of real-time
arguments where the matrix components differ by the location
of the time arguments on the contour; for details see the
text books [6,33]. Our G1-G2 scheme involves the special
case of two-particle functions that depend either on one or
two times and their real-time components that we define as
follows:

Gz ) = G,,,d (2.2,7,7) = Gi(z, 2)Gji(z, 2)
2),F

Gz 2) = G,(],zl (z.7,2,7) =Gz, )G, 2)

Gz

ggl'f(t 1) =G, t)G<(t ),

7):= G,(jz,zlcorr(z, 2.2.2),

gl]kl(t t) _G 7 (@, t)G @,1)),
Q,jk, ) = Q,Jk, (1),
Q,jk, ) = Q,,k, (1),
Giju(t) := G~ (¢, 1). Q)

The time-diagonal two-particle Green function G(¢), defined
by Eq. (5), is the central quantity of the G1-G2 scheme. In
general, and for all self-energy approximations considered in
this work, it obeys the following (pair-) exchange symmetries,

Giju(t) = G (t), (6)
Gijki () = [Grij(]" . (7

B. Time-diagonal KBE
In the following we are interested in the dynamics of the
real-time components G=(z, t') and, in particular, the proper-
ties of G (1) := G5 (1, 1) on the real-time diagonal. The EOM
for G=(t) has the form [19,44]

d
ih—G7i(t) —

- (A, G=1i;t) = [ +I");;(0), ®)

1) =TZ(t) + T@), 9)

where [ is the collision integral of the kinetic equation that,
in general, consists of the dynamical collision integral Z and
the initial-correlation contribution Z'C which includes pair
correlations existing in the system at the initial time t = .
In NEGF theory initial correlations can be described [6,21],
e.g., by including contributions from the imaginary track of
the Keldysh contour (lower part of Fig. 1) or via building up
initial correlations dynamically via a prior dynamics that starts
from an uncorrelated state (“adiabatic switching,” upper part
of Fig. 1). We will discuss this issue more in detail below,
in Sec. III E where we also show how initial correlations are
taken into account in the G1-G2 scheme. For now we focus
on the first collision integral, i.e., I(t) = Z(¢), assuming that
the system is prepared in an uncorrelated (ideal) initial state
at time 7. In that case the buildup of dynamical correlations is
described by

L) = £ih Y wirp(t)Gipji(t)

klp

= Z/ di[z;(t, t')G,jj(t', 1) — Xz, t')G,jj(t', .
Kk Yo
(10)

Here, the first line follows directly from the r.h.s. of Egs. (2)
and (3), where the time integral has been taken with the help of
the delta function in the two-time potential. In the second line
the two-particle Green function has been eliminated by intro-
ducing the correlation self-energy functions %< [the notion
“correlation self energy” means that the Hartree-Fock self-
energy contributions have been subtracted from £<; they are
included in the Hamiltonian AfF on the Lh.s., cf. Eq. (12)]—
which is the standard approach in the NEGF framework. The
self energy is the only unknown function in the theory. If it
was known exactly, the description of the dynamics would be
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exact. This is, of course, not the case in most situations and,
thus, approximations are required. In the following sections
we will consider several key approximations that are currently
broadly used in various fields of many-body physics. Note that
for the approximations studied in this paper, the self energies
Ez(t, t") are nonsingular functions. This means, the collision
integral ;;(¢) in Eq. (10) vanishes for ¢ — t,.

Before we start the analysis with the second-order Born
approximation for the self energy, in Sec. III, we summarize a
few important properties of Eq. (8). First, on the time diagonal
the less component of the NEGF can be written as

1 1
ij(t)zG;'(t)_Eaij =i£nij(f), (11)
where n;; is the single-particle density matrix. Further, as was
noted above, in Eq. (8) the mean-field part of the two-particle
Green function, cf. Eq. (4) (or, equivalently, the self energy),

is included in an effective single-particle Hartree-Fock Hamil-
tonian which is defined as [28]

W) =m0 £ih Y wi (OG0, (12)
kl

where we introduced the (anti-)symmetrized interaction po-
tential which we define via its four-dimensional matrix with
respect to the single-particle basis

w,-j;kl(l) = Wi (£) £ wij(t) -
The interaction tensor obeys the same symmetries as G(t) [cf.
Egs. (6) and (7)]:

Wi (1) = wjin(t), (13)

wijk (1) = [weij (O], (14)
which also leads to

wi_i].k,(r) = iwﬁlk(t).

III. SECOND-ORDER BORN SELF ENERGY

In the following we introduce the G1-G2 scheme for the
simplest case of choosing the self energy in the second-Born
approximation [19],

> . !
B30, = £GP Y w0
klpgrs

x Gi(r, )G (t, t’)ngk(t/, 1).

With that, the collision integral of the time-diagonal equation
(10) transforms into:

t

L) = 262 Y w0 f dTw,, (F)
klpgrsu fo

x [Gp,(t, )G, (t, DGy (T, )G (T, 1)

~ G (1. DGy (1. DG (. )G (F, )]

= £(ih)’ Y wiklp(t)f di w,,,(F)

klpgrsu
H,> ~H, </ 7 H,< -~H,> /7
X (Gl 0, DG @ 1) = G (1, DG 1 (F1)]

= :I:(l’}-l)2 Z wiklp(t)/ dfw;irsu(f)

klpgrsu
F,> ~F.< 7 F,< —~~F> -
X [gqus(t»t) urkp(tvt)_gqus(tvt) urkp(tat)]v

where we presented several equivalent formulations that will
be used below. At this point, it is possible to identify G [cf.
Eq. (10)] in SOA,
t
Gijra (1) =ih Y _ | diwy, (D)
pars V10
X (G €. DG i (1) = Giion(t, DGy (7, 1)] -
15)

A. G within the GKBA

The G1-G2 scheme is a reformulation of the ordinary
solution of the time-diagonal KBE in the HF-GKBA. When
applying the GKBA the time-off-diagonal elements of the less
and greater NEGF are reconstructed from the time-diagonal
value via [19]

Gt =in Y [GR(t.1)GE() — GG, 1]
k
(16)

with the retarded and advanced Green functions that are
defined by

G, 1) = O — )G (t.1') — G(t, 1)),
G?j(t, t") = -0 -G, 1) — G, 1],

where GR(¢,1") [GA(t, )] is nonzero only for t >t (t < t').
We now show that, in the reconstruction expression (16), the
individual functions GR/ can be eliminated in favor of their
difference

Uy(t,1') = G5t 1) — Gt 1). (17)

In the case of the HF-GKBA the propagator U(¢,t') has
the properties of a time-evolution operator, as is shown in
Appendix A. It possesses the group property [Eq. (A4)] and
obeys a Schrodinger equation, cf. Eqs. (A6) and (A7), with
the initial value

1
Uij(t, 1) = GR(t,1) — GA(1.1) = G3(t) — Gi5(t) = 0.
(18)

We now demonstrate the appearance of U/ by rewriting
Eq. (16) separately, forr =t andt > ¢/,

> . > >
Gi@' =n =iy [ Ghe.0GH O -GG . 1]
k \—/—/
=G5 ()GR(t.1)

—iny Gi(x)[cﬁj(z, 1 — G, t)] ,
k
Go(t' <1)=—ih Y G ()G, 1)
ij ik kj\" o
k

=in Y G| GY(. -Gl 0]
k \‘/—/

=0
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Similar relations can be found for r < ¢’. These results can be
combined to an alternative form of the GKBA

Go(t' <) =ihY Gt Uit 1), (19)
k

Go=1)=ih Y Ut (NGL(L)). (20)
k

Using the results of Egs. (19) and (20), for the Green func-
tions [taking into account that in the collision integral only
G”(t >t) and G=(f < t) appear], we reformulate Eq. (15)
for the two-particle Green function on the time diagonal (cf.
Appendix A 1)

Gy ) = ifi Y / di i, (7)

pqrsuvxy Y10

2 = s OUP (F
X U, (6, DOU (DU, (F. 1),

where we introduced short notations for the two-particle prop-
agator {® and define the occupation factors ®=<,

U1y = Ut WU 1. 1) = U1, @D
i) = Ot () = S @),
BIMIZ (1) = ()Gl (0G4 (1)
= (0 G (OG5 (1) = (7) G2 (DG (1)

A more compact and intuitive notation can be achieved by
introducing the two-particle source term

1 .
+ + ijr.
\pijkl(t) = W Z wpqrs(t)CDPJqlfl(t) s

pars

which results in

Gy ®) = 1) Y / iUl (1 DVE, DU (22

pgrs © 10

and allows for a straightforward interpretation: Pair correla-
tions G, existing in the system at time 7 are due to pair
correlations existing at all times 7 with 7y <7 < ¢ that are
time evolved with the propagators /¥). The function W+
has the meaning of pair correlations produced in the system
via two-particle scattering per unit time. The appearance
of two propagators indicates that G, %) does not obey a
Schrodinger-type equation but a commutator equation, that we
will derive below, in Sec. III B. There we will also show that
the time integral in Eq. (22) can be eliminated.

B. Time-linear differential solution for G: SOA-G1-G2
equations for a general basis

There are two ways to transform Eq. (22) into a scheme that
scales linearly with propagation time. The first is based on the
integral representation for G while the second uses, instead,
coupled time-local differential equations for G<(¢) and G(¢).
Here and throughout this paper we will concentrate on the
second approach as it turns out to be more efficient. The first
approach is discussed, for completeness, in Appendix B.

In the following we first derive the differential equation
scheme (G1-G2 scheme) for a general single-particle basis
that corresponds to the generic Hamiltonian defined in Eq. (1),
where spin degrees of freedom are included in the basis
index. Below we will separately consider the special cases of
a Hubbard basis and the jellium model for electrons where
the two spin projections will be indicated explicitly. In order
to find the differential equation for G, the EOMs for the
retarded/advanced Green functions in HF-GKBA along both
time directions are repeated [19]:

d
ih G @, 1) = D R OGNt 1) + 882, 1)
k

. d / /

zhEGgA(z’, ==Y G ORT ) — 88, 1) .
k

(23)

For the two-particle propagators similar Schrédinger-type
EOMs hold as shown in Appendix A 3,

d 1 )
Euig?;,(t,t ) = - Zh}j;q“‘*(t)u;ffu (t,1), (24)
Pq

d ) 1
Euﬁ, W n=-= Sus DRy, (25)
pq

where we define the two-particle Hartree-Fock Hamiltonian
as the sum of two single-particle parts:

hgjz-zg}HF(f ) = 8jihyy (1) + Sahhf(t). (26)

With that we now compute the time derivative of the time-
diagonal two-particle Green function within the HF-GKBA
(22), G, which contains two parts,

d d d
Egijk[(t) = [Egijkl(t)}f + [Eg’jkl([)]um

The first contribution (/) originates from the integration
boundaries,

d
[Egi ,-,d(z)L = (R ) Ui, (1. O, (OUZ (1. 1)
)2

qrs

1 +
= qu,‘jk[(t) s (27)

where the latter equation holds due to the identity [cf.
Egs. (18) and (21)]

2
U,-(j/?,(f, t) = Sl -

! )
(ih)?
The second contribution to the derivative results from the time
dependence of the integrand, i.e., of U?),

d ro _
[Egljkl(;)} = (ih)} Z/ df \llpiqm(t)
U

pqrs f

d _ _ _[d _
. { [Eu,g.zgq@, ; )}uff,jl @0+ U, . t>[au;5;, . t>} } ,
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and, using the results from Eqgs. (24) and (25), we obtain

d t
|:dt gl_]kl( ):|u(2) (l ) Z'/l;
pqrs
1
(2),HF 2) - + Q)
X ”E Zhiﬂw (t)Z/luqu(t,t):|‘11pq,5(l‘)urskl(t,f)

uv

_ - 1 _
Ul t)\IJ;Eq,S(t)[ - = YUl t)hfi),;]HF(t)} } ,

uv

where we identify G again, to get

d 1
[Egiﬂ‘l (I)]um - % Z hg;;qHF(t) gﬁqkl(t)

Pq

1
= 2 Gip Ol O (28)
Lf

With that, the full derivative of the time-diagonal two-particle
Green function is obtained by adding up the results of
Eqgs. (27) and (28) [45]

d
=Gy (1) — (A& G, = Y. (29)

We now summarize the equations of the G1-G2 scheme
for the second-order Born self energy, for a general basis. The
scheme consists of the equation for the time-diagonal element
of the single-particle Green function, cf. Eq. (8),

ih%G,j-(t) =W, G71;0) + U +115(0),  (30)
Lj(t) = il Y wiap(t)G;, (1) 31)

kip

coupled to Eq. (29)—the EOM of the time-diagonal element
of the two-particle Green function. Equations (29), (30),
and (31) constitute a closed system of time-local differential
equations, for which the computational effort for a numerical
implementation scales linearly with time. This was achieved
by eliminating the non-Markovian (memory) structure of the
collision integral. All transformations so far introduce no fur-
ther approximations resulting in an exact reformulation of the
standard HF-GKBA, as was demonstrated in Ref. [39]. The
linear scaling with NV;, as opposed to the quadratic scaling of
the standard HF-GKBA in SOA, is the basis for a potentially
dramatic speedup of NEGF simulations. The price to pay is
the need to compute the entire matrix of the time-diagonal
two-particle Green function, the effort for which only depends
on the basis dimension N,. This will be analyzed in detail in
Sec. VIL

In a similar manner as for the SOA self energy, a time-local
equation for G corresponding to more advanced self energies
can be derived for which the speedup of the G1-G2 scheme
is even larger. This will be demonstrated in the subsequent
sections. But before that, we consider the G1-G2 scheme
in SOA for two important special cases of basis sets—the
Hubbard basis and the spatially uniform jellium model (plane-
wave basis).

C. SOA-G1-G2 equations for the Hubbard model

The Hubbard model [46] is among the fundamental
models in condensed-matter physics, in particular, for the
analysis of strong electronic correlations. More recently it
has been widely used to study the behavior of fermionic
and bosonic atoms in optical lattices [47] and, in par-
ticular, time-dependent correlation phenomena, see, e.g,
Refs. [16,17,41,48]. For the Fermi-Hubbard model, the gen-
eral pair-interaction matrix element becomes (845 := 1 — 84p)

wihy (1) = U (£)8:8x8i18ay SpsBap - (32)

with the on-site interaction U and the spin projection labeled
by greek indices. Recall that we allow for a time dependence
of the interaction to capture the adiabatic-switching protocol
of initial correlations (see Sec. III E) as well as nonequilibrium
processes such as an interaction quench, cf. the discussion
of Eq. (1) above. The kinetic-energy matrix is replaced by a
hopping Hamiltonian,
hy = —8ip .

which includes hopping processes between nearest-neighbor
sites (i, j) with amplitude J. Thus, the total Hamiltonian is
given by

At)y=-J) Zéjaé_m +U@ Y alaf. (33
(i,j) « i

Extensions to more complicated models, going beyond the
nearest-neighbor single-band case are straightforward but will
not be considered here.

The time-diagonal EOM for the single-particle Green func-
tion, Eq. (8), takes the following form (from here we give all
Hubbard equations for the spin-up component; the spin-down
equations follow from the replacement 1 < |.)

ih%ij'T(f) = GO+ U+, G4)
1) = —inu )G @) (35)

iji

where for electrons there exist two collision integrals, I and
I', that enter the single-particle EOMs. The Hartree-Fock
Hamiltonian in Eq. (34) in the Hubbard basis becomes [cf.
Eq. (12)]:

) = B — ins;U0OGE (1)

The equation for the time-diagonal two-particle Green func-
tion, Eq. (29), now reads

d
« AL @HF o101
lhdt gijkl ) — [h¢¢ .G ]ijkl @)

1
s N TR 2R
= Gl O O =Yy O, 66
where
Rt ) = b1 (6) + SV (1) 37)
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and
@Lﬁ}i(t) =Y (G TG G G (1)
P
-GG G G 0] 38)

The Eqgs. (34) and (36) together with their spin-down coun-
terparts form a coupled system of four equations. For SOA,
no further spin combinations of G contribute. Numerical
examples will be presented in Sec. VII.

D. SOA-G1-G2 equations for jellium

As the second example we consider the jellium Hamilto-
nian [49],

p
H(”—Z pa Cp t Z v“l‘(t) pga p 48 8Cpa >

ppr'qap
(39
with the vector-sized momenta p, p’, ¢ and the Coulomb ma-
trix element vy, = 4|”|‘§ [we again allow for a time-dependent

pair interaction to also describe adiabatic-switching pro-
cesses, cf. the discussion of Eq. (1) above]. This model is of
relevance for the electron gas in metals [50,51], for electron-
hole plasmas in semiconductors [4], and for dense quantum
plasmas, e.g., Refs. [5,10], as well as for model development
[49,51]. The matrix element of the pair interaction in a plane-
wave basis is

Wi (1) = 8ay 850 Uy + k2 — k3 — Ka)vpy iy (1), (40)

where v, denotes the spatial Fourier transform of the pair
potential, and the delta function arises from momentum con-
servation (spatial homogeneity).

The EOM for the single-particle Green function, Eq. (8), is
now

zhj Gy (1) = [ +1"15@). 41
with

I = £ih Y Y vg ()G (©)

pq B
where we defined
of ofap
99541 = Gp—gprg.pp1) “42)

and the equation for the time-diagonal two-particle Green
function becomes

ind g;fq(’) — GOB (1) (R TP R _ IR
1
=Gy —— [V (1) £ Bapvip—q Pl(t)]q)ppq(t)
_ \Ili Ot,B(t)’ (43)

prq

where

2
i (1) = g—m +il Y vp-p (DG (1),
P

and

P (1) = (1[G ()G (G ()G (1)

ptq
— G4 (1)Gh G ()G, (1)] .

This result agrees with the one derived in Refs. [5,32].

E. Initial pair correlations in the G1-G2 scheme

We conclude this section by returning to the question of
initial correlations in NEGF theory that we briefly discussed
in the context of Eq. (8) and analyze how they show up in the
present G1-G2 scheme. For NEGF theory and the GKBA, the
question of initial correlations has been extensively discussed
before, see, e.g., Refs. [6,7,11,52], for more recent investiga-
tions, see Refs. [21,36,53]. As we mentioned below Eq. (10),
the collision integral /(¢) = Z(¢) vanishes for r — #;, which is
correct only for a system that is uncorrelated at the initial time
to. In the presence of finite initial correlations, one also has
to consider the second contribution of the collision integral,
Eq. (9), with lim,_,,, I(t) = Z'(#y). In NEGF theory there are
three common equivalent approaches to take into account ini-
tial correlations and to derive the additional collision integral
TC):

(i): Derivation of an additional self energy X'C that de-
pends on initial correlations. This self energy can be shown
to be singular, i.e., it contains a delta function §(¢, #y) which
gives rise to a finite value of the time integral from #; to 7 in
I(t), in the limit + — #o. This approach has been developed
in Refs. [5,10,52,54], where also explicit expressions for the
second-order Born and 7 -matrix approximations for the self
energy have been derived.

(i1): Incorporation of thermodynamic-equilibrium initial
correlations given by an imaginary-time Green function (Mat-
subara function). This leads to an extension of the Keldysh
time contour C that is shown in the lower part of Fig. 1. When
making the transition from the Green function on this contour
to real-time quantities, i.e., from Eqgs. (2) and (3) to the equa-
tions of motion for GZ (¢, ¢'), an additional collision integral
appears that involves the mixed Green functions G(¢, ) and
G(t, t) where the argument ¢ runs along the real-time part of
the contour and t along the imaginary-time branch of Cy;. This
approach was introduced by Danielewicz [7] and is explained
in detail in Refs. [6,33].

(iii): Incorporation of arbitrary initial correlations at time
t = ty that are computed via a preceding time evolution that
starts from an uncorrelated initial state in the remote past
(t = —o0). This is the “adiabatic-switching” procedure that
was discussed already by Keldysh [1,2]. There the interaction
is smoothly turned on, i.e., w;ju(t) = f()w;ju, where the
scalar function f(¢) starts from zero and approaches one at
to. Correspondingly, the contour is extended to real times well
before 7y (see the contour Cas in the upper part of Fig. 1) and
the collision integral / again has a finite value at t = #;. For
recent applications of this approach, see Refs. [17,28,55].

It is characteristic for these NEGF approaches [except
for (i)] that the correlated initial state is prepared without
explicitly specifying the two-particle Green function G» or
the pair-correlation function. This is in line with the standard
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NEGF approach to formally eliminate the two-particle Green
function in favor of the single-particle self energy.

In contrast, the G1-G2 scheme recovers the two-particle
Green function on the time diagonal G(¢) from the collision
integral I(¢). Its equation is solved simultaneously with the
equation for the single-particle NEGF. This allows for a differ-
ent and more straightforward approach to initial correlations
as we discuss in the remainder of this section.

As shown in Ref. [5], the previous expression (22) for G(¢)
is only a particular solution of the inhomogeneous differential
equation (29), whereas the complete solution contains, in
addition, the general solution of the homogeneous equations
(corresponding to the neglect of W*) which is directly related
to initial correlations and which we denote G'C(¢). Thus the
total solution becomes

G(t)— G+ G ), (44)

Gi% @) = (h)* Y U (1.10) Gy Uy (to, 1) . (45)

pgrs

For the special case ¢ = 1y, the first term in Eq. (44) van-
ishes but the second reduces exactly to the initial correlation,
G'C(ty) = G°. Thus, we have identified the initial conditions
for the differential equations (30), for G=(¢), and (29), for
G(t). Recalling the definitions (11) and (5), the former is
related to the initial value of the single-particle density matrix
and the latter to the initial value of the correlated part of the
two-particle density matrix n?jk ;= i (to):

G0’<—:t1n--(t)—':|:1n0
A A T

1
(ih)?
i.e., to pair correlations existing in the system at the initial
time ¢t = fy. The two expressions, (45) and (22), can be com-

bined into the total solution for the time-diagonal two-particle
Green function according to

0 _ 0 0.0 0.0
Giju = {”ijkl — gy F ”il”jk} )

Gijua(6) = (iR)* f iUy (1. 7)

pgrs © 10
_ 1 _ _
x [8<to, NG, + E‘I’;”([)] UG 1), (46)

Mathematically, of course, arbitrary initial conditions can
be used to time evolve the differential equations for G=(¢)
and G(t). At the same time, however, restrictions should be
imposed by selecting only physically realistic correlations
(see below). An important example is initial correlations that
correspond to the correlated ground state or thermodynamic-
equilibrium state. This can be achieved using concept (iii)
above to adiabatically turn on the interaction, starting from
an uncorrelated system in the remote past. This results in the
following “initial” pair-correlation function (corresponding to
the second-Born approximation)

fo
Gl = Y / dTUS (10, D)V (DU F. 1) -
pars ¥ —X

(47)

In practice, a sufficiently long but finite adiabatic-switching
time has to be chosen to generate the correlated ground state
[19]. Inserting the adiabatic-switching result (47) into the
general expression for the time-dependent initial-correlation
contribution, Eq. (45), we obtain

fo
Gl 6) = h)* > / diUe (6. D (U 1)
pars ¥
where we took into account the group property of the two-
particle propagators, cf. Appendix A 2. Interestingly, this re-
sult is of exactly the same mathematical form as the collision-
induced contribution, Eq. (22), except for the limits of the
time integration, which are ¢y and ¢, in the latter case. This
means, in the case of initial correlations that are produced
via adiabatic switching, both contributions to the two-particle
function can be combined into

1
Giju (1) = (ih)* Y / AUy (1, DY, (DU 1),
pqrs -

(48)

which is a special case of the general result (46). This re-
sult also shows that the “initial” point 7y is arbitrary: The
dynamics that started at —oo can be interrupted at any time
t) € (—oo,t], and the result (48) for G(¢;) can be used as
the new “initial” correlation G°, whereas the collision-induced
contribution now contains an integral running from #; to ¢. Of
course, the dynamics are time reversible: Starting at time ¢ and
changing the Hamiltonian H(t +7)— —H (@ — ) will return
the system to the same initial state at #; [56].

While expression (47) was based on adiabatic switching,
in principle, the initial value for G can be generated by
other methods [e.g. (i) and (ii) above], as long as certain
physical restrictions are satisfied, as was discussed, e.g., in
Refs. [21,57]. The result can be summarized as follows: In
a closed (isolated) system, only such pair correlations are
physically relevant that are produced for the same system
within the same many-body approximations as the subsequent
dynamics. In contrast, initial correlations that are produced by
different approximations will, in general, lead to discontinu-
ities in the dynamics, for ¢ > #y. This has relevance in open
systems, in cases where the initial state is produced externally,
by a separate process such as an interaction quench, e.g.,
Refs. [10,58-60] or a spin switch [61,62]. When the general
result, Eq. (46), is inserted into the kinetic equation (30),
this will give rise to the total collision integral, I(¢), Eq. (9),
where the term containing W* will produce the dynamical
collision integral Z(¢), whereas the term containing GO will
give rise to the second contribution Z'(¢), in agreement with
the discussion above.

With this we succeeded to derive the complete formal
solution for the time-diagonal two-particle Green function that
is equivalent to the coupled system of differential equations
for G<(t) and G(r) [Egs. (30) and (29)] with the initial
conditions G<° and G°, respectively. While the results in
Egs. (46) and (48) hold for the second-Born approximation
for the self energy, this functional form is generally valid. The
main difference, for more complicated self energies, is the
explicit form of the two-particle propagators. For the addi-
tional approximations considered in this work [GW (Sec. IV),
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T matrix (Sec. V)] the respective expressions are presented in
Appendix D.

IV. GW SELF ENERGY

The static second-Born approximation that was considered
above neglects screening effects and the dynamics of screen-
ing. These effects are captured by the GW approximation for
which the self energy is given by

> . > >
TSy =ihYy Wi, )G, 1), (49)
kl

Here, W is the dynamically screened interaction, which can
be expressed in terms of the bare interaction and the inverse
dielectric function,

1>

>
Wi (6 1) = wipkg (e, 51,1, (50)
Pq
which allows us to transform the self energy (49) into
> , . _1.> S
SE ) =ik Y wipkg (e, S )Gt 1)
klpq

The collision integral of the time-diagonal equation then
becomes

L(t) = Z/ di [, DG (E, 1) — S5, DG (7, 1)]
k vl

t
=il ) Wipky(t) f di
o

klpgr

X (e (DG, 1) — &=, DG, 51, )]
Recalling the definition (10), we identify the time-diagonal
element of the two-particle Green function in GW approxi-

mation,
t
~r.—1, = F, -
Gijuar (1) = ﬂ:Zf di[e;,= (1, DG (1, )
)
Pq
—1,< —~F, < -
- 81qu (tv t)giqkp(t’ t)] .

By construction, the screened-interaction tensor obeys the
following symmetry [cf. Eq. (13)],

> , <
Wi 1) =W, 1). (51)

From Hedin’s equations [63] we derive the following
relation for the dynamically screened interaction
W  from which we subtract the singular part, i.e.,

Wijgkl(t’ 1) — Wijzkz(ta 1) — w;jud( — ') [28],

> ’ . / /
Wy t) = il Y wipkg (W, jsi ()G (2. 1)
pqrs
+ih Z Wipkq ()

pqrs

t
x [ / df (G (2.7) = Ghi (1 D)W, (. 1)
fo

/
+ / df G52 (1, W5, r’)—W,;,G,z/))]. (52)
0]

By comparison with Eq. (50) and using the symmetry of

Eq. (51) one can identify a recursive equation for ¢!,

1> , . ’ 2 ’
8ijll}<(tat )= :I:thw,,qu(t )g,}:q,f,(f»l)
pq
ih Y wi(t)

pqrs
! <
b F, e F, - -1, e
X [/ dr ( kq;(t,t)—qu;(t,t))erm;(t’,t)
4]
t -
_F o1, - -1, _
—i—/ df gkqifa(t’t)(erps;(ﬂ,t) - 8rpsq<(t/vt)):|.
to

The time-diagonal equation for the inverse dielectric function
can be further simplified,

iR =i Wy (OGEZO) £ iR wiy (o)
Prq

pars
! F
- X -1, -
X / di (gkq;,(r, Dy (1)
1o

F,< Na—l,< -
— G (8, D)0 =(1,1))

=£ili Y wyia (G (1)
rq

iR Y Wi ()Gigip(t) (53)

pq

A. GW approximation within the HF-GKBA

We now apply the HF-GKBA [cf. (16) and (17)] and obtain
the following expressions for G,

6,uu) = £ @7 Y [ drth,@.Dlery ¢.1G50

pars 710

I ,<(tv f)gfé;,(f)]usk(fv t) P

1
€ipjq

as well as for ¢!,

—1.z ,
ik & =1)

= (7)ot (Wit )Gl (! Ui (2 1)

rqrs

+ (R Y w,ﬂsa’)[ f df Uy (. 7)

pqrsuv fo

&

X (GF= (F) — G (D) Uui(F, e M2, T)

uqup uqup rpsq

’

t
+ / AT U (1, D2, (Ui F, 1)
fo
) (e (0 F) — =l f))} , (54)

where U obeys Eqs. (A6) and (A7). By using the sym-
metry relation of Eq. (51) we easily find an expression
for the time derivative of the off-diagonal inverse dielectric
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function,

d _1>
Egijki<(t 2 1)

=— Z (W@ 2@ > 1) -

ithwmm o () = Gho ()] 5 > 1)

p,,d 2t >t D))

pqrs
1 T -1,z ’
SN ML GRS
Pq

where we introduced the modified two-particle Hartree-Fock
Hamiltonian

bl (1) = Suhly (1) — 8kl (1),

which matches the index structure of the effective quasi-
Hamiltonian, defined as

D5 (1) = 2GR Y wanO[G57 (1) — G 0] (55)
2%

Combining these Hamiltonians into a single one,
050 (1) = b5 () + 050 @), (56)

we observe that the inverse dielectric function, within the GW -
HF-GKBA, obeys a time-dependent two-particle Schrodinger
equation,

d
dt Ukl t)_ prqu(t)gp]ql (t 2 l‘/), (57)

pPq

ih—

with the Hamiltonian (56), that is equivalent to the rather com-
plicated integral equation (54). In the following, we demon-
strate that, for the GW-HF-GKBA, again, a time-local G1-G2
scheme can be derived which retains time-linear scaling [39].

B. GW-G1-G2 equations for a general basis

To derive the G1-G2 scheme, we compute the time deriva-
tive of G, yielding

d d d d
Egijkl(t): [Egijkl(t)}f‘i‘ [Egijkl(t):L + [Egijkl(t)}ua
(58)

where the first contribution, which originates from the deriva-
tive of the integration boundaries, is given by

d
I:Egijkl (f)}

= iz 81_17]/;([ 1) lqk[’(t) _81_17]Jq<(t 1) tqkp(t)]

=il Y Wepsg(O[Ghr (G (1) = GL (G (1)]

pqrs
i Y Wepsg (DG arO[Gior (1) = G (1)]
pqrs
1 :
= z]kl(f) ngIIPI(t) chpoirr(t)]

Here, the two-particle source term is defined as

)2 D W (P (2).

pqrs

Wi (t) =

The second contribution to Eq. (58), resulting from the time
derivative of ¢!, is given by

d
[Egijkl(t)]

— +(ih)> Z/ di U (t, t)[( &ia ’)>ngqs>p(

pqrs
d —-1,< F,<
- <_81qu (t t)>grqyp(t)i| Yk(t t)
1 £ &,corr
= E Z [bp’jl—;;:(t) + hp}‘ql (t)]giqkp(t) ’
Pq

whereas the third contribution to Eq. (58), which stems from
the derivative of the propagators, is

d
[Egijkl (f)]

= (i) ) / dt( Uit t)) [er,s (&, DGl (D)

pqrs

Slmq (@, t)gqup(t)] (T, 1)

+ (ih)? Z/ di Uy (1, D) [e], 0 (1, D)G oo ()

pqrs
— e, t)gfq;,m]( Ua G, r))

1
= = 2 [ OGpu@) = G @) ()]
P

1 *
= _i_h Z gqul(f)[hZf;iF(f)] .
Pq

Finally, the three contributions to the derivative of G are
combined to reveal

d
ihagijkl(t) = Wiju () + Z {

Pq

oot O Ggipi (O

= Gaim O[]} (59)

where H®(¢) was defined in Eq. (56). With this we have
obtained the equations of the G1-G2 scheme for the GW
approximation. For h*"(t) = 0, we recover the equations
from the SOA, cf. Eq. (29), since the remaining Hamiltonian
contribution can be expressed as a commutator. Equation (59)
is the most compact formulation that visualizes the intrinsic
structure of G in the GW approximation.

For practical use, it is convenient to separate the correlation
contributions from the mean-field terms via the introduction
of an additional quantity:

d
ihEgijkl(t) — [A1, Gl ®

= Wi (1) 4 Tije (t) — [Ty ()] (60)
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where polarization effects are included in

M) = Y 055 (OGipkg (1) - (61)
Pq

Equation (59) agrees with the polarization approximation of
density-matrix theory, cf. Refs. [5,64]. In the Markov limit
this leads to the quantum generalization of the Balescu-Lenard
kinetic equation [65-67].

Here, we have employed the standard definition of GW in
NEGF theory, which is widely used in literature (see, e.g.,
Refs. [15,28,68]), in which the screened interaction [Eq. (52)]
does not include exchange terms. The generalization to also
describe exchange processes is, however, straightforwardly
carried out. For the G1-G2 scheme, this is achieved by simply
replacing W, () by \Ill.j;kl(t) in Egs. (59) and (60).

Again we have succeeded to eliminate all time integrations
which means that Eq. (59) can be solved with an effort that is
first order in V;. Note that the conventional HF-GKBA scheme
with GW self energy scales as N indicating a huge advantage
of the G1-G2 formulation [39]. More computational details
will be given below, in Sec. VIL

C. GW-G1-G2 equations for the Hubbard model

For the Hubbard system [cf. Eq. (33)] we again use the
interaction matrix of Eq. (32). With that, the equations of
motion (60) become,

d
. N (2),HF ~111]
lhdl gijkl (t) - [th , g ]ijkl (t)

=wlto+nlito - mjitor and (62)
d

; (2),HF

ihe G 0 = [ 6T, )
=n/" @ -t onr. (63)

where we introduced the polarization terms,

N = v Y 165,06 1)
P

— G5 OG, O1G L @), (64)

niite = - Y 16,1 06 0
P

— G, G 1G] @) (65)

ipkp
Notice that there are two separate spin combinations (four
when considering 1 <> |) for the two-particle Green function
that enter Egs. (62) and (63). Due to the cross coupling in the
two polarization terms, they cannot be solved independently
[28,69]. Numerical results for the GW-G1-G2 scheme are
presented in Sec. VII.

D. GW-G1-G2 equations for jellium
For the uniform electron gas [cf. Eq. (39)] we again use the
interaction matrix of Eq. (40) and define

ap R
1, 5.q0) =T g p (@)

With that, the equation (60) for the time-diagonal two-particle
Green function [recall the definition (42)] becomes

d
. af af HF,« HF,p HF,« HF,
i Gypa 1) = Ty Oy + Iy =y = Iy ) (1)

1 o o o *
= (l-l).l_)zvlq\(t)q)pgq(t)"'npg,q(t) - [Hit:Jrq,P*lIJI(t)] ’

—ph
_'lypilq(t)

with the momentum representation of the polarization term,
given by

58 () =+ (W) [GL 1)G, P (1) — G L )G, P ()]

p.pgq p+q p

X Vg (1) > Gop (1) . (66)
k,o

As we will discuss in Sec. VII, the GW equations for jellium
can be solved particularly efficiently.

V. T-MATRIX SELF ENERGIES

We next turn to the case of strong coupling where the
second-Born approximation is not applicable. It is well known
that the entire Born series can be summed up, giving rise to
the T-matrix (or binary-collision or ladder) approximation.
Here we first consider the case of a static pair interaction.
The extension to a dynamically screened 7 matrix will be
considered in Sec. VI. We start by considering, in Sec. V A,
the 7 matrix in the particle-particle channel after which we
analyze, in Sec. V B, the T matrix in the particle-hole channel.

A. T matrix in the particle-particle channel

For the particle-particle 7 matrix, the self energy has the
form [3,19],

> ’ . = INAS L
S ) =ik Yy TR )GR(H 1), (67)
kl

Here, the T matrix is expressed as

2 / = ,
TR 1) =) wipg (RS (1, 1), (68)
pq

which allows us to rewrite the self energy (67):

SE ) =Y Wi (O )GR(t ). (69)

klpq

In Egs. (68) and (69) the quantity QPP is the nonequilibrium
generalization of the Mgller operator from scattering theory
[70,71]. The collision integral (10) of the time-diagonal equa-
tion then becomes,

t
5i(0) = if ) wipgr(0) / di [QRY; (1. DGy . 1)
1o

klpgr
pp, < ~oH, > 7
— QT DGy (1]

= +ih Z Wikt p(1)Gipji (t)

klp
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which results in the following expression for the time-diagonal element of the two-particle Green function,
t
Giju() =%y / i [ Q0 (1, DGR (F. 1) — QP (1, DGha (. 1)].
pq V10
By construction, the 7 matrix obeys the following symmetry [cf. Eq. (14)],

2 >
TS @) = ~[L=0" 0] (70)

The T matrix sums up the particle-particle collisions via the recursive equation (nonequilibrium Lippmann-Schwinger
equation; compared to the standard definition of the 7 matrix, here the singular part has been subtracted [19,28]),

t
T (1) = imzw,-j,,q(z)g;g(r,t’)wrfkl(z’)+ihzw,-,,,q(z){/ di [Gh=(t.7)
o

pqrs pqrs
<, - > - v _ _ <, -
— G DT ) + / dr G2, DTG = T @, r’>]} ~
0
Following this and using the symmetries of Eqs. (14) and (70) the relation for the Mgller operator is readily derived,
t
> . H,2 ’ . “TeH>/, 7 H> . = - 2 r
Q) = Eil ) Grs @t wh () il ) { / di [Glia (0. 1) = Gijoe (6, D) Jwpyrs (DR (. 1)
0

pq pars

’

! — > - - <,z ./ > = )/
+ / AT G (1, DYwpars (D[ (1)) — Q] (7. 1 )]}
fo

t
- :tihzgg’pf(nt’)wqul(ﬂ)—l—ihz{[ AT Q2 DGy 1) — G (0. 1)]
rq 0

pqrs

t *
by > T ,< ra H,2 -
+ /to di [QPP= (', 1) — QP (t’,t)]g,,q;(t,t)} Wkt (') -

The time-diagonal equation for QPP can be further simplified,

2 . 2 . ! b > b </7 < — > /= *
QRS = £ihy Gl Oy (O + iRy [ / di (@07 (1, DG55 (1) — Q050 DGy (nr))} Wit (1)
4]

J
pq pars

= £ihY G (OwE () £ iRy [Gpgif ()] wogu (1)
Pq

rq

1. T approximation within the HF-GKBA
We now apply the HF-GKBA [cf. Egs. (16) and (17)] and find the following expressions for G,

t
Gija(1) = £ (h)? ) / di [QF " (1, DG e (D) — QN1 DG (DU, E, 1),
1

pqrs ¥ 10

as well as for QPP

t
QN =1 = £ (Y UL OGIZwE () + )Y U diUS) (1. 1)(GH= (7) — G = (D) wpgu DT (7, 1)
0

pqrs pqrsuv
y
+ / ATUS) (1, D)Gye 2 (D)W gy (D) (L7 (. 1) — Q7 t/))] (71)
fo

where U/®) obeys Egs. (24) and (25). With Eq. (71) we easily find an expression for the time derivative of QPP,

’ 1 .2
TN =1 == ) (05, O+ B, T O)T > ). (72)
Pq
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As for the case of the GW self energy, here we introduced two
quasi-Hamiltonians,
QPP HF (2),HF
i @) =h5 @),

by () = R Y (G (1) = Gl ()] wpga (). (73)
rq

Combining these Hamiltonians again into a single one,
Qpp QPP HF QPP corr
B (1) = b5 @) + by 74

the equation (72) for the Mgller operator is transformed into a
time-dependent two-particle Schrodinger equation,

d
ih— Q2 (e z)—zhgij(t)szf,gkf >1). (15

This equation is analogous to the Schrodinger equation for the
inverse dielectric function, Eq. (57), the main difference being
the modified Hamiltonian (74).

2. T"-GI-G2 equations for a general basis
To derive the G1-G2 scheme for the particle-particle T
matrix, we have to take the derivative of G, yielding,
d
7 Gijri (1)
d d d
=|—Gj l‘i| +|:_gi' fi| +[_gi' f:| )
|:dt ki (1) ; 7 k1 (1) - 7 ki (1) o

The derivative of the integration boundaries results in,

d
[Egiﬂd (t )}

== Z Q?Jppq> @, t)gqul(t) - Q?jpp; @, t)gqul(t)]

= ih Z Wi, (D[GHT (DG (1) = Gs ()G ()]

pqrs
+ B Y [Graij (O Wrpg [ G (1) — G (1)]
pqgrs
W) - Z [0 ()G pgi ()]
Pq

while the time derivative of the Mgller operator yields

d
[Egijkl (f)] o

- :I:(zh)ZZf dr [(

pqrs

Qo t)) Gpors ()

d - -
<d QP =(t, t)>g;‘qm(z)]u§§gl(t 1)

== Z b5 () 4 b5 (1)) Gpgua (1) -
Pq

The last contribution originates from the derivative of the two-
particle propagator,

d
[Egijkl (t )] N

= +(ih)? Z/ df [QPF " (1. 1)G ()

pqrs
< > d _
- Qf})pq @, t)gll:lqrv(t)] <Eur(v2k)l (t, t))
1 pp
= _Fl Z giqu(t)h[?qk}HF(l‘).
Pq

Combining the three contributions to the derivative of G
reveals

d PP *
ihEgijk[(t) =W, () + Z { g O Guipg (1]

rq
- gima)[h%“,fq(r)]*} , (76)

where h*" (¢) was introduced in Eq. (74). This is the central
equation for the G1-G2 scheme in 7 -matrix approximation for
the particle-particle channel [5,71]. Compared to the equation
of motion for G in second-Born approximation, Eq. (29),
this equation contains, in addition, the particle-particle lad-
der terms which are generated by the quasi-Hamiltonian of
Eq. (73). Again, for practical use, it is convenient to separate
the correlation contributions from the mean-field terms via the
introduction of an additional quantity:

d
ih—gijkz(f) - [h(z)’HF’ g]ijkl(t)

= \Ijl:;:kl(t) + At]kl(t) [Aiil(t)]

where the particle-particle ladder term is defined by

AP = BN ()G pgua (1) (77)
rq

Without the A terms we exactly recover the equation of
motion for G in second-order Born approximation. Inclusion
of the A terms, on the other hand, allows one to take into
account multiple scattering and large-angle scattering effects
that are important for strongly correlated systems. These terms
correspond to the summation of the infinite Born series.

3. T"-GI1-G2 equations for the Hubbard model

We now apply this result to the Hubbard Hamiltonian and
find,

N (2),HF
gz)kl (t) - [h¢¢ ) gTH\i]ijk](t)

— \I}lletl’N(t) 4 A?PleiT¢(t) [Aglli’UTiTi(t)]* ,
where we introduced the particle-particle ladder term
Af]f’kf W) =(n2U @) x Y6 o6 @)
P

— G G 0]gh @) (78)
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In the present case there exists only one distinct spin combi-
nation (two when considering 1 <> |) of the particle pair that
enters the single-particle EOM [cf. Egs. (34) and (35)] which
simplifies the equations. Numerical results for the 7PP-G1-G2
scheme are presented in Sec. VII.

4. T*-G1-G2 equations for jellium

Turning now to the uniform electron gas, Eq. (39), we again
use the interaction matrix of Eq. (40) and define

pp.aB .__ A Pp.afep
Ap D.q )= Apfq»iﬂqqp-,ﬁ(t)‘

With that, the equation of motion for the time-diagonal two-
particle Green function becomes,

hHF,O{ _

ih— ngq<r>—gppq<r>(h*‘“+h;‘iff hy )@

+,a8 pp.af pp.af *
- lI'ppq )+ Ap,ihq ) — [Ap q.p+4q, q(t)] ’

where the momentum representation of the particle-particle
ladder term is given by

APPE () = (ih)2[ G % ()G

p.ha L) — GGy )]
X ) Vgl (DG (1) (79)
k

B. Particle-hole T matrix

For the T matrix in the particle-hole channel [28], the
derivations of the single-time equations are performed in
a similar fashion as for the particle-particle 7 matrix in
Sec. V A. The detailed derivation is given in Appendix C.
Here, we summarize the main findings.

1. T"-GI-G2 equations for a general basis
As for the GW and the TPP approximations, two quasi-
Hamiltonians are introduced,

b2 (1) = 8;liF — skl

b2 (1) = 1) Y (G (1) = G () wjeg (1), (80)
Pa

and combined into a single quantity,

b (0) = b2 () + (@) (81)

The corresponding Mgller operator of the particle-hole T ma-
trix again obeys a time-dependent two-particle Schrodinger
equation,

d
ih— szfj‘kf >

)= pT O =1). (82

pq

The time derivative of G in TPH approximation follows as

lh gljkl(t) - ,/k](t) + Z {blpq[(t)[gkqu(t)]*

— Gipa O[5 (r)]*} : (83)

Again, for practical use, it is convenient to separate the
correlation contributions from the mean-field terms via the

introduction of an additional quantity:

d
ih—gijkz(f) — [P G (0)

= Wk, (1) + A%, () — [ADL (O]
where the particle-hole ladder term is defined by

A?jhkl (1) = Z h,pql )Gy jp(t) . (84)

As in the case of the partlcle-particle T matrix, Sec. VA,
neglect of the A terms exactly recovers the equation of motion
for G in second-order Born approximation. Inclusion of theses
terms, on the other hand, accounts for the entire Born series.

2. T"™-G1-G2 equations for the Hubbard basis

For the Hubbard system (for the definitions, see Sec. III C),
we find,

N (2) HF
lh gljkl (t) [ gTiT‘L] ]kl(t)
where we introduced the partlcle-hole ladder term for the

Hubbard system

AT ) = 2o Y [65 T 060
P

<,t >,
-G, (G

Similar to the behavior in the TPP case, only one spin
combination (two when considering 1 < |) contributes
to the single-particle EOM in Egs. (34) and (35). The
TP'-G1-G2 scheme for the Hubbard model is numerically
tested in Sec. VII.

OGN @), (89

pikp

3. T"-GI-G2 equations for jellium

For the uniform electron gas, Eq. (39), we again use the
interaction matrix of Eq. (40), and define

ph.ap ph.aBap
Appq(t) Ap qp+qpp(t)

With that, the equation of motion for the time-diagonal two-
particle Green function becomes

i g;‘f,,a) — G () (R - TP e gAY )

+.08 ph,ap ph.ap *
- wppq )+ Ap,ihq ) - [Ap q.p+q, q(t)] ’

with the momentum representation of the particle-hole ladder
term, given by

AP (1) = RG22 ()G P (1) — G ()G P ()]
X Y oGy 0. (86)
k

VI. DYNAMICALLY-SCREENED-LADDER
APPROXIMATION

So far we have considered three important self-energy
approximations: the second-Born approximation, GW, and
the particle-particle and particle-hole 7 matrices. While GW
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describes dynamical screening, for weakly coupled systems,
the T-matrix self energy accounts for strong coupling but
neglects dynamical-screening effects. Therefore, the ques-
tion arises how to combine strong coupling and dynamical
screening into a single model in a computationally feasi-
ble way. An approximation to realize this, within NEGF
theory, is the fluctuating-exchange approximation (FLEX)
that combines 7 matrix and GW contributions according to
Y = Xrpp + Z1PH + Zgw — 2Xsoa, Where the last term is
needed to avoid double counting; for more details, see
Ref. [28]. A fully self-consistent treatment of dynamical-
screening and strong-coupling effects is provided by the
dynamically-screened-ladder approximation that has been
studied in the context of the bound-state problem in a plasma
medium in equilibrium [72]. For more details, see Ref. [73].

The G1-G2 scheme allows for a straightforward way to
combine the GW (including exchange) and both 7-matrix
approximations in a self-consistent way for arbitrary nonequi-
librium situations. This is achieved by including in the EOM
of the time-diagonal two-particle Green function the terms
with all effective Hamiltonians that were derived for GW, the
particle-particle and the particle-hole 7" matrix, respectively,
cf. Egs. (56), (74), and (81). Then, the EOM for G, in a general
basis becomes

d
ih—G. . _ [4®.HF
lhdl gl]kl(t) [h > g]ijk

(0
Wik () + Z {05550 O1G g (1"

b ()Gt (1]

= Goin®[b5 ()]} Z
= Gijpg b )]} Z {02 () G ()

— Gipg O[]} (87)

Alternatively, we can rewrite this equation by using the po-
larization (IT) and ladder (A) terms that were defined by
Eqgs. (61), (77), and (84),

d
ih—Gijua (1) =[BT, G () = Wi, ()
+ i () — [T ji(OT" + Ajjr (@) — [Awij (O, (88)
where we combined both ladder terms into

Agjua(8) = AP (1) + AT (1) .

Obviously, Eq. (88) is a generalization of all previous cases:
It additively includes the contributions of the second-order
Born self energy (first line), polarization terms that account
for dynamical screening and strong-coupling terms. The SOA
term that appears in each of the different approximations
is included only once, so no double counting occurs. Since
all contributions are treated on the same footing, this equa-
tion amounts to a simultaneous full account of dynamical
screening and strong binary correlations. Alternatively, this
approximation can be obtained from reduced-density-operator
theory by neglecting three-particle and higher correlations [5];
an early discussion was presented by Wang and Cassing [74].

TABLE 1. Scaling of the CPU time with the number of time
steps N; and basis dimension N, of the traditional non-Markovian
HF-GKBA (“standard”) and the present time-local scheme (G1-G2),
for three relevant basis sets and the self-energy approximations
considered in this paper: the second-Born approximation (SOA), GW
approximation (GW), the particle-particle (TPP) and particle-hole
(TPH) T matrices, and the dynamically-screened-ladder approxima-
tion (DSL). Last column: CPU speedup ratio of the G1-G2 scheme
compared to standard HF-GKBA. For DSL, currently no standard
HF-GKBA version exists. Note that full two-time NEGF simulations
always have cubic scaling with N,.

HF-GKBA Speedup
)) Basis Standard G1-G2 ratio
general O(NN?) O(N;N!) OWN,)
SOA  Hubbard  OWN?)  OWNY)  OWN,/Ny)
jelium  OWN2)  OWNY O,
general O(NSN?) O(NSND) O(N?)
GW  Hubbard  OWN?)  OWNIND  ON?/Ny)
jellium OWNN?)  OWNNY  OWN?)
general O(NSN?) O(NSN!) OWN?)
TPP Hubbard  OWN;N?)  OWIN))  OWN2/Ny)
jellium OWNY)  OWIND  ONZ/N,)
general O(NSN?) O(NSND) O(N?)
TPH  Hubbard  OW;N?)  OWN))  ONZ/Ny)
jellium OWNY)  OWIND  ONZ/N,)
general - O(NSN!) -
DSL  Hubbard - OWIN)) -
jellium - ONIND -

It is easily verified that the entire Eq. (87) requires a
CPU time that has the same linear scaling with N, as all the
special cases that were studied before. On the other hand, the
polarization and ladder terms determine the scaling with the
basis size N,,. This is summarized in Table I and discussed in
more detail in Sec. VIL

VII. ANALYSIS OF THE NUMERICAL SCALING

As was shown in the previous sections, the G1-G2 scheme
transforms the time-diagonal KBE within the HF-GKBA to
a memory-less, time-local form. This means, the theoretical
scaling is first order in the propagation duration. This dramatic
acceleration is achieved by propagating, in addition to the
single-particle Green function, also the time-diagonal two-
particle Green function G. This function has, in general, four
basis indices and, thus, a dimensionality of N?*, where N, is
the single-particle basis dimension. The total scaling of the
G1-G2 scheme with N, depends on the self energy and on
the type of basis. In the following, we investigate this scaling
more in detail, extending the analysis of Ref. [39].

A. Second-order Born self energy

We start by analyzing the N, scaling of the SOA-G1-G2
equation for G, Eq. (29), which we rewrite in a different
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form
i G) — [KOVF G, ()
dt L ’ ijkl

= (ih)? Y G G1)Y Gr®) Y wr (HG(t)
p q r K

— (A Y " Gi()Y G() Y G > wi ()G ().
p q r s

The r.h.s. of this equation contains four sums of dimension-
ality N, which are all independent of each other. They are
evaluated by successive execution of the occurring tensor
contractions. This means the total scaling of the CPU time,
in this case, is of order N}.

For the Hubbard basis a first look at Eqs. (36)—(38) sug-
gests an le -scaling, due to the commutator term in Eq. (36)
and the summation in the ® term of Eq. (38). However, in the
Hubbard model the scaling can be further reduced. Note that
the Hartree-Fock Hamiltonian, AF(¢), is a tridiagonal matrix
and, thus, the commutator can be computed with Nl‘} effort:

(0™ 61 ]

=" [ oG @ + i ogh T @)
p

O 0~ Gl O )

= —ihU (OGN O[Gh) + GL() — GlL() — G ()]

—J) [8unGldt @) +8GpGhil (@)
p

oy 1
— G O8ay — Gl 03] -

On the other hand, the ® term can be simplified by using the
identity of Eq. (11):

N
Qi (@)

, - 1 < 1
= (in)* X[: {[GipT(r) + E(S,»p} [an(r) + Ea,p]
x G )Gy ) - G (0G (@)

< |62t + 2o || 6540 + <o
k el | in"
= (ih)2(5ij — (Skl)G;{’T(t)G;[’i(t)
+ (iﬁ)3[G;’T(1‘)G;T(t) — G;(’T(t)G;’T(f)]G;’L(t)

+ (RPIGH(OG (1) — Gt ()G 016 (1) .
(89)

Here, the Ileading contribution to the difference,
G=G=G=G= — G=G=G=G=, cancels (contribution with
four functions G<) which reduces the complexity. For the
Hubbard basis, this reduces the numerical effort of the G1-G2
scheme to a Ng‘ scaling compared to the Nbs—scaling in the
straightforward implementation [39]. In total, an acceleration
is achieved for the SOA-G1-G2 scheme, compared to the
ordinary HF-GKBA if N; = N,, as summarized in Table I.

~

The reformulation above that eliminates products of four
G~ functions can be made for any basis choice. However,
for the general basis this does not result in an improved
N, scaling. For the jellium basis the Eqs. (41)-(43) reveal
a particularly favorable scaling with the basis size with Ng’
for which the above reformulation does not provide further
improvement.

B. GW self energy

The additional terms of the GW approximation can change
the N, scaling compared to the SOA case discussed in the
previous section. For the general basis, the leading-order
terms for the scaling with the basis size are found in Egs. (55)
and (61) which reveal a N,f scaling. For this case no further
reductions are possible, cf. Table 1.

For the Hubbard basis the polarization terms [Eqs. (64) and
(65)] can be reformulated by again using Eq. (11) to get

i@ = —inu G gl @) — ghion,
@) = —inu )G OG0 — Gl @l
From this, it is obvious that, compared to the second-order
Born approximation, no further complexity is added for GW
in the Hubbard case, and the scaling with the basis size

remains N

To explore the N, scaling for the jellium basis we recall the

polarization term, Eq. (66),

et

pip.q) = £ (M[G5 (G’ (1) = GGGy ()]

X Vg (1) Y Gop(t).
k,o

As one can see, the tensor contraction over k can be executed
independently of p. Thus, the full scaling of the GW-G1-G2
scheme for a jellium basis remains of order N 3 as in the case
of the standard HF-GKBA.

C. T-matrix self energies

The T-matrix equations [Sec. V] behave very similar to
the GW equations. For a general basis set with a four-index
interaction tensor both, TPP and TPH scale as Nf which can
be directly seen from Eqs. (73) and (77), as well as Egs. (80)
and (84).

For the Hubbard basis we can now use Eq. (11) to eliminate
contributions that are of second order in G= from the ladder
terms in Eq. (78),

A @) = 8,0 OGL ) + ihU OIGH G ()

<, s
+G TG,
as well as in Eq. (85),
AP @) = R OIG OG0 — 65 OG0,

For both cases one can see that the remaining scaling order of
the equations is N,f since all internal summations have been
eliminated.

In the jellium basis the 7" matrices show a different scaling
behavior compared to GW. To see this, we reproduce the two
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ladder terms of Egs. (79) and (86),

AR (6) = (i)’ [ Gy (DG (1) = Gy (DG ()]

XY Vg (G (1),
k

A0 1) = R [Gy%(1)Gy P (1) — G (1)Gy P (1)]

p.pq q q

X Z U|k|(l)ng—,_k,q+k(l) .
k

Evidently, in both cases the tensor contraction of k depends
on all other momenta p, p, q. Thus, the final scaling with the
basis size becomes of order Ng‘ . A summary of the numerical
scaling with the propagation duration and the basis size is
presented in Table. I.

At the same time, any practical implementation of the
G1-G2 scheme could, in principle, carry a large overhead that
prevents us from achieving the theoretical scaling with the
simulation duration and the basis dimension within a relevant
parameter range. We, therefore, have implemented the G1-G2
scheme for each of the self energies discussed in this paper
and present representative numerical results in Sec. VII D.

D. Numerical results for the Hubbard basis

As we have shown above (cf. Table I), the Hubbard basis is
the most unfavorable case for the G1-G2 scheme. Therefore,
we choose this case for numerical demonstrations. In Ref. [39]
we presented the first numerical tests of this scheme and
demonstrated that, for finite Hubbard clusters the predicted
linear scaling is indeed achieved for SOA and GW self ener-
gies, already for rather small values N;.

Here we extend these simulations to the 7-matrix self
energies and the DSL approximation. Furthermore, we prac-
tically confirm the N, scaling. As a first test, we verify that
the derived formulas of the G1-G2 scheme are equivalent
to the original (non-Markovian) HF-GKBA formulation. As
a test case we consider, in Fig. 2, the time evolution in a
Hubbard dimer for SOA, GW, TPP, and TPH self energies. For
both considered methods, the original HF-GKBA and the G1-
G2 scheme, a fourth-order Runge-Kutta integration scheme
with a time step of At = 0.027/J is used. The agreement is
excellent, and the deviations are mostly due to the original
HF-GKBA, as discussed in Ref. [39].

Next, we demonstrate the scaling with the basis dimen-
sion N, for the SOA self energy. In Fig. 3 we show results
for a large number of Hubbard chains of varying length,
Ny =2...100. We clearly confirm the N; scaling for the
standard implementation of the G1-G2 scheme that uses
Eq. (38) [39]. This asymptotic behavior is reached already for
N 2 20. The second curve is for the same setup but uses the
optimization, Eq. (89). Again, the predicted improved scaling
according to N,f is clearly identified, at least for N, 2 50. This
confirms the expected speedup of the SOA-G1-G2 scheme
compared to the standard HF-GKBA, if N; 2 N,. Thus, even
for the most unfavorable case of a Hubbard basis [cf. Table I]
the scaling advantage should be reached already for small
simulation durations.

| T
\ ‘ || SOA 3L -
- | \ \’l I
SN At
Fari VAV H 2 ok .
< RV NV N AR
< \ ordinary HF-GKBA g
G1-G2 < -3+ -
0m 1 1 1 1 1
2—[ T = T T T
| f\ . GW| 3L 4
n | I
Sohin AV AT e
Zary VNV 2 er .
G TR VA AR VAR
R 'R 5
73— -
0k 1 1 1 1 1
2—[ T = T T
| TPP 3+ -
< oA N :
5 S /“//\ [l 1
= 1= /N1 | \ 1 = -
ARV VY ‘/ Vo=
< v oo \ J s
\/ < -3+ -
0H= 1 1= 1 1 1
2—[ T =H — T T T
| A 0 NN TPH 3+ -
s VAN AR
P AN AN A A A AT
Faci A U g oAV A
= YT RYRTRYERY <
3 NV R =
o oy s
\/ il \ V < 3+ -
0= 1 1= 1 1 1
0 10 20 0 10 20
time t]/h time t]/h

FIG. 2. Comparison of the ordinary HF-GKBA and the G1-G2
scheme for a Hubbard dimer with U = J at half filling. The initial
state was uncorrelated with the entire density concentrated at the
first lattice site. Rows correspond to SOA, GW, TPP, and TPH self
energies. Right column shows the deviation Any(t) = nS'79%(t) —
"™ (1) of the densities of both schemes on site 1.

To explore the scaling with &, in more detail we have
performed a series of simulations for all self-energy approx-
imations, comparing the standard HF-GKBA to the G1-G2
scheme. The results are shown in Fig. 4 and confirm the
quadratic (cubic) scaling of the CPU time with N, for the
standard HF-GKBA with SOA (GW) self energy. Similar
cubic scaling is observed for the two T -matrix approximations

10!

100 [

101

direct —e—

104 optimized

computing time per time step/min

' | 1 1 1 PR R
10! 102
basis size Ny

FIG. 3. CPU-time scaling of the SOA-G1-G2 scheme with the
basis size N, comparing the direct, Eq. (39) [39], and the optimized
implementation, Eq. (89). Results are for a 1D Hubbard chain.
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T T
, | SOA —
10°F o —
g PP
E TPH —
g 10°F pst =
£ e
Y] ,;,/ o« Ny
& ~—
£ 1072 _—
3
o .
© 104 ordinary i
HF-GKBA
G1-G2 - -
| M | MR | Lol Pt
10! 102 10° 10*

number of time steps N

FIG. 4. CPU-time scaling with the simulation duration N;, com-
paring the standard HF-GKBA to the G1-G2 scheme. G1-G2 data are
shown for five self-energy approximations (indicated in the legend)
all of which clearly exhibit linear scaling. In contrast, the standard
HF-GKBA scales as Ntz, for SOA, and N,3, for GW. Results are for a
10-site Hubbard chain.

(not shown) whereas simulations with DSL approximation are
not possible, at the moment. Let us now turn to the G1-G2 re-
sults (dashed lines). Each of the curves exhibits the predicted
linear scaling, already for N; 2 20. Interestingly, in the G1-G2
scheme, the CPU time required for the rather involved T -
matrix approximations is only slightly above the time required
for the comparatively simple SOA case. Equally remarkable
is the observation that the GW and DSL approximations,
which, in Hubbard, rely on cross-coupling spin components,
are rather close to the former self energies.

Note that, for the present small system (10-site Hubbard
chain) “break even” of the G1-G2 scheme is reached for all
self energies compared to the ordinary SOA-HF-GKBA (dark
blue curve) well below N, = 100 whereas the original GW -
HF-GKBA (light blue) is unfavorable, practically from the
start. For larger times, the ordinary GW-HF-GKBA quickly
turns out unfeasible (e.g., for N, ~ 10° it requires 10* times
longer simulations than GW-G1-G2), and the same applies to
the 7-matrix self energies. Thus, we conclude that, it is not
just a quantitative gain in CPU time that the G1-G2 scheme
delivers but, in many cases, highly accurate simulations (be-
yond the simple SOA self energy) become possible at all that
are (currently) impossible otherwise.

In particular, at increased coupling, U/J 2 2, the SOA
self energy is known to be inaccurate (for an analysis see
Ref. [28]), and for reliable simulations, more advanced ap-
proximations are crucial. In that context the DSL approxi-
mation is particularly attractive because it contains the dom-
inant correlation effects self consistently. Until now such
simulations have only occasionally been reported, for very
small systems and short propagation times. An example of
a four-site Hubbard chain is shown in Fig. 5. We observe
excellent agreement of our DSL-G1-G2 scheme to the Wang-
Cassing (WC) approximation simulations of Akbari et al.
[75] confirming the equivalence of the two approximations.
The results show excellent quantitative agreement with exact-
diagonalization data (black curve), however, for times tJ// 2
30 deviations are growing.
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FIG. 5. Density evolution comparing the DSL-G1-G2 scheme to
the results of Ref. [75] (WC) and exact-diagonalization simulations.
The system is a four-site Hubbard chain at U = 0.1J and half filling;
the simulations started from a noninteracting (uncorrelated) initial
state, where the first two sites are doubly occupied.

VIII. DISCUSSION AND OUTLOOK

In this paper we analyzed the properties of nonequilibrium
Green functions in the frame of the generalized Kadanoff-
Baym ansatz with Hartree-Fock propagators (HF-GKBA).
Due to the non-Markovian structure of the collision inte-
gral, HF-GKBA simulations have an unfavorable quadratic
(cubic) scaling with the number of time steps, for second-
order Born (more complicated) self energies. At the same
time, it has been reported earlier that this memory integral
can be formally eliminated in favor of coupled time-local
differential equations for the single-particle and two-particle
density matrix [5,40]. An equivalent formulation in the frame-
work of nonequilibrium Green functions has been established
in Ref. [39]—the G1-G2 scheme. The formal equivalence
between both approaches is important because it means that
the G1-G2 scheme retains all attractive properties of the HF-
GKBA: It is total-energy conserving and time reversible [56].
Furthermore, the most prominent self-energy approximations
from NEGF theory that have been derived, e.g., using dia-
grammatic techniques, can be transformed into a time-local
form, by applying the HF-GKBA.

The earlier analyses of the time-linear equations [5,40]
concentrated mainly on spatially homogeneous systems (jel-
lium) and did not include computational aspects such as the
CPU-time requirement. The scaling with the propagation time
and basis size have only recently been analyzed in detail
in conjunction with the G1-G2 scheme [39], and it was
confirmed that the N, scaling can be achieved in practice.
Here, we substantially extended these results, including addi-
tional high-level self energies such as the particle-particle and
particle-hole T-matrix self energies and the screened-ladder
approximation. In each case N, scaling of the CPU time could
be confirmed giving rise to a remarkable Nf—scaling advantage
compared to the standard HF-GKBA scheme (Fig. 4) which
was found to be independent of the single-particle basis used
for the simulations. Furthermore, we re-analyzed the CPU-
time scaling with the basis dimension N, and observed that
the G1-G2 scheme has an overhead, compared to standard
HF-GKBA, that is, at most, first order in N,, cf. Table I.
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Even for the most unfavorable basis—the Hubbard basis—the
G1-G2 scheme has only a Nb1 overhead (down from a N}f
overhead reported in Ref. [39]) which could be achieved by
a reformulation of the scattering term in the G2 equation,
cf. Sec. VIIA. Thus, we expect that the G1-G2 scheme
outperforms the standard HF-GKBA approach, in all cases
of practical relevance, which can be seen from the CPU-time
scaling ratio summarized in the right column of Table I.

With the G1-G2 scheme NEGF simulations (within the
HF-GKBA) have been brought to the same CPU-time scaling
as many other time-dependent approaches, including semi-
classical molecular dynamics, hydrodynamics, Boltzmann-
type kinetic equations, TDDFT (adiabatic approximation),
and the time-dependent Schrodinger equation. Most impor-
tantly, now long simulations are feasible that were previously
prohibited by the memory structure (resulting in the Nf or Nf
scaling discussed above) without compromising the quality of
the treatment of electronic correlations. We also showed that
the inclusion of initial correlations in the G1-G2 scheme is
trivial, and their propagation again requires a CPU-time effort
that is of order N;. Also the precomputation of the correlated
initial state, e.g., via imaginary-time stepping or adiabatic
switching, see, e.g., Ref. [21], can be carried out separately
and does not affect the propagation scaling.

While we presented numerical results only for the Hubbard
model, even larger gains, compared to the standard HF-
GKBA, are predicted for jellium (e.g., electron gas, dense
quantum plasmas, electron-hole plasmas etc.) and for more
general basis sets where the interaction tensor has four indices
(e.g., electron dynamics in atoms and molecules). At the same
time, the removal of the memory integral as the main CPU-
time bottleneck was achieved by computing the dynamics of
an additional quantity—the time-diagonal two-particle Green
function G;jx;. Thus, the new bottleneck in the G1-G2 scheme
is the memory cost to store this four-dimensional tensor (only
the current values are required), but this can be mitigated by
suitable parallelization concepts.

By mapping NEGF simulations to a time-local scheme for
single-time quantities, it should be expected that close con-
nections exist with reduced-density-operator theory (RDO)
[5,39,40]. The latter has been an independent many-body
approach that has been successfully applied in many areas,
including semiconductor optics, see, e.g., Refs. [76,77], dense
plasmas [32], correlated electrons [64,75,78], nuclear matter
[79], and cold atoms [80]. Our results indicate the corre-
spondence between important self-energy approximations of
NEGF theory to closure relations of RDO and confirm and
extend earlier results on the particle-particle 7 matrix [71]
and the GW approximation [64]. We also investigated the
simultaneous treatment of strong coupling and dynamical-
screening effects by combining ladder and polarization terms
in the equation for G. This led us to the dynamically-screened-
ladder approximation (DSL) in Sec. VI. This approximation
includes all two-particle interaction contributions and is, thus,
equivalent to an approximation considered by Wang and
Cassing before [74]. The equivalence of the two approxi-
mations was confirmed by the excellent agreement with the
numerical results of Akbari et al. [75] for a small Hubbard
cluster, cf. Fig. 5. Consequently, all self-energy contributions
that go beyond the DSL correspond to the (partial) account

of three-particle correlations and, thus, additionally require
(at least) the propagation of the time-diagonal three-particle
Green function, when mapped to a time-linear scheme.

Despite the high quality of the DSL, we also observed that
it is in quantitative agreement with exact diagonalization (CI)
data (black curve in Fig. 5) only during the initial relaxation
phase (for times #J /i < 30) [75]. So, clearly, more systematic
comparisons to CI results, for a broader range of coupling
strengths and filling fractions, are desirable to understand
the applicability limits of the DSL. While CI simulations
are limited to very small particle numbers (basis size Np)
the G1-G2 scheme in DSL and simpler approximations can
treat much larger systems. To go beyond those parameters
where the DSL approximation is valid, further improved
approximations are in high demand. This will require one to
partially include three-particle correlations. Examples are the
Kirkwood superposition approximation of classical statistical
physics [81] (for recent applications see Refs. [82,83]),
the approximation by Nakatsuji and Yasuda [84,85], and
self-energy corrections to the BBGKY hierarchy [5]. Another
route to improvements starts from nonequilibrium Green
functions theory where one approach is to apply the GKBA
but replace the Hartree-Fock propagators by correlated
propagators [21]. Another concept is to replace the GKBA
entirely by an improved reconstruction ansatz. In both cases,
the procedure outlined in the present paper will allow one to
derive the corresponding improved G1-G2 scheme. Since the
applicability limits of the GKBA are still not fully explored,
full two-time NEGF simulations will remain indispensable
for tests and benchmarks, see, e.g., Ref. [86].

In conclusion, let us come back to the remarkable ca-
pability of the G1-G2 scheme to efficiently perform long-
time simulations of correlated-electron dynamics. With this it
should be feasible to reach thermodynamic equilibrium (or a
quasistationary or prethermalized state) of the electrons. At
the same time, slower processes, such as the equilibration
with heavier particles (e.g., with the lattice in solids or with
ions in dense plasmas) will make it desirable to develop
a multiscale approach. This can be based on approximate
solutions of the G1-G2 equations, e.g., by using retardation
expansions [5] or the correlation-time approximation [87],
eventually approaching the Markovian Boltzmann equation or
local thermodynamic equilibrium. In that case a connection
of the kinetic simulations to quantum hydrodynamic models,
see, e.g., Refs. [88,89], could be a promising approach.
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APPENDIX A: PROPERTIES OF THE TIME-EVOLUTION
OPERATOR

In the following, we derive important properties of the one-
and two-particle propagators.
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1. Symmetry relations

The single-particle time-evolution operator U/ fulfills the
symmetry

Ui, O =[G, 1) = GH('. )] = —U;(. 1)), (A1)

where [G’;‘/R(z‘, t’)]* = GE/A(t’, t) has been used. Likewise,
the two-particle propagator obeys,

(U O] = Whhate, OO Uy 2, T = UG W1,
where Eq. (A1) has been used.

2. Group property
When applying the HF-GKBA the retarded and advanced
propagators, GR(¢,¢') and GA(t, '), are used in HF approxi-
mation and, thus, obey the group property [36] fort > 7 > ¢t':

Gi(i' 1) = —ihZGﬁ(z/,f)Gﬁj(f,z), (A2)
k

Gh(t. 1) =ik ) Gx(t. DG, ). (A3)
k

In the following, the group property for the propagator U is
derived for all relevant time orderings. Starting with

in Y Uy (t, DU (F. 1)
k
=iy [GR(.1) — Gy D][GR A1) — G (E.1))]
k

five different cases have to be considered. For t = = ¢’ one
gets

. _ _ Subkj _ Bij
iju,ka,r)uk,(t,r)— ij =

1
= —U;;(t,1).
T (1)
For t = f one gets

1 1
U (t, DU i(t, 1) = — Sl i(t, 1)) = =U;i(t, 1),
iju Wi (t,1') ijihkm )= —Usj(@,1)

as well as for7 = ¢/,
Zu U 1) = Zu (t t’)ls ;= luu(t ")
- ik ’ kj ’ - - ik ’ ih kj - ih L] ’ .

Fort > f > t/, the propagators reduce to 1;; (¢, ') = G?j(t, ),
for which Eq. (A3) is directly applicable. For the analogous
case, t < < ', one obtains U;(t,t') = —G;}(t, t’) which,
together with Eq. (A2), leads to

iRy Uyt DUGE. 1) = Uyt 1),
k

(A4)

for all z,¢'. A direct consequence of this group property is [cf.
Eq. 2D,

U0 = 7 U 0

oak (AS)
P4

[(fs t/)v

for the two-particle propagator.

3. Equations of motion

Using the EOM for the retarded/advanced Green func-
tions, Eq. (23), the EOMs for the modified propagator im-
mediately follows, where we separately consider the time
evolution along the first and second time arguments:

L d / !
=Y HEOGY . ) — 88 1)
k
(A6)

=Y B OUG 2, 1),
k

d
ihgu,,(/, 1)=—> Gt . OWF () —8;8(t.1)
k
+ Y G O () + 8821
k
(A7)

== > Ut . OIT(2).
k

Obviously, U has no time-singular term but obeys a
Schrodinger-type equation of motion. For the two-particle
propagator follows

d

. d _ _
v [u . 0] = 2 U@ D . 7)

_d _
+uik(t’t)a[ujl(tat)]
1 _ -
= [E D U, r)}uﬂ(t, )
p

|1 _
+ Ut t)[ﬁ Zh?j(r)upl(t,t)}
V4
1 _
= R OU, D)

P

1 _
o Dy OU (D). (A8)

V4

To simplify the notation, we use the two-particle Hartree-Fock
Hamiltonian [cf. Eq. (26)] so that

(2),HF 2 _ HF 2) _
Z hiqu (t)uqul - Z hip (f)upjkl([, )
pq P
+ Z h?;(t)ui(;& (1),
p
and Eq. (A8) can be rewritten as

d 1

@ A= LS 0 0@ o F

U D) = 2 3 h Ol D).
pq
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In the same way the derivative with respect to the second time
argument is found,

d _ d = _ _
E[uifgl (0] = U@ DU E 1)

_ . d _
+Uik(t’t)E[Z/{jl(tvt)]
1 _ _
= [‘E Zui,,a,r)h,ﬁ‘f(t)}uﬂ(t,t)
P
_ 1 _
+ U7, r)[—ﬁ D U, r)h;‘fa)}
V4
1 -
== Zuﬁfgq(z, t)h;zq)k‘?F(t).
rq

APPENDIX B: TIME-LINEAR INTEGRAL SOLUTION
FOR G

As we show in Sec. I1I B, the non-Markovian structure of
the time-diagonal two-particle Green function, Eq. (22), can
be eliminated by converting the problem into two coupled
differential equations for G=<(¢) and G(¢). Here we show for
completeness that, alternatively, time-linear scaling can also
be achieved within an integral representation of G. To reveal
the time-linear core of Eq. (22) for Hartree-Fock propagators,
we consider a time T + A for which the time integral can be
split into two intervals [fg, T] and [T, T + A], resulting in

T
G (T + A) =G (T) + (in)® Z/ di
pars Y10

XU (T + A DWE (OUDE T+ A),

with
T+A

G (T) = (ih)* > / di
T

pars

) “wE (/@
X uiqu(T + A, t)\ypqrs(t)urskl(t’ T+A).

Applying the group property of the two-particle propagator,
Eq. (AS), leads to

T
Gt (T + A) =Gl (T) + (B > / di

pqrsuvxy Y10
X U (T + A, TYUD (T, T)

ijpq pqrs
x Wi (OUP (7 THUD, (T, T+ A),

rsuv Uvxy xyjm

where we identify the two-particle Green function at time 7,

G (T + D) =G (D) + ) Y U

ijpq
pqrs

(2)
X Goyrs (MU, T + A).

The above expression only contains a time integral of fixed
length A. Thus, provided that the solution G(T') is known,
the propagation to 7 + A can be done in a constant amount
of time, independent of 7. This way Eq. (B1) provides the
basis for a time-linear propagation scheme. At the same time,
we found that, for current applications, the integral form is

(T+A,T)

B

less favorable for numerical implementation, compared to the
independent approach that uses coupled time-local differential
equations (G1-G2 scheme [39]) that is derived in Sec. III B
and, therefore, forms the basis of the present paper.

APPENDIX C: PARTICLE-HOLE T MATRIX

For the T matrix in the particle-hole channel [28], the
derivation of the G1-G2 scheme is performed in similar
fashion as for the particle-particle 7 matrix in Sec. V A. The
self energy has the form,

> . > >
TS ) =ihY TR )GR.1),  (CD)
kl

where now the particle-hole T matrix is expressed as

h, 2 h, =
TR ) =) wipg (D2, 1),

qjkp (€2)
P4

which allows us to rewrite the self energy (C1):

SE ) =iy wp ORS¢, 1)GR @, ). (C3)

qkjp
klpg

In Egs. (C2) and (C3), QP" denotes the nonequilibrium gen-
eralization of the Mgller operator in the particle-hole channel.
The collision integral (10) of the time-diagonal equation then
becomes

t
Lij(t) = in Z wipqr(t)/ d [95?1;; @, t_)g’ifi(t_’ 2
klpgr fo
— QP DG )]
= +ih Z Wikt p()Gipji(t)

klp

which results in the following expression for the time-
diagonal element of the two-particle Green function,

t
G =+ / dF[ Q7 (1, DG (F, 1)
pg °0

ph,< ~F, -
- Qiqpl ([’ t)gp]:k(tv t)] .

(C4)
By construction, the particle-hole 7" matrix obeys the follow-
ing symmetry [cf. Eq. (13)],

ph,2 /N _ Phs
Tij =6, 1) = Ty~ (2, 1)

The particle-hole 7' matrix sums up the particle-hole colli-
sions via the recursive equation (again the singular part has
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been subtracted compared to its standard definition [28])

t
> . . - - — >
TR ) = £il Y wign (OGRS i () + ik Y wiqp,(t)[ / di (G52 (6,7) = Ghoo (1. D) TP = (1)
pqrs pqrs fo
;
+ / df G2 (e, D(TE (1) — T @, r/))} :
0
whereas the Mgller operator obeys

t
2 / . 2 / / . bt > b < b b 2o
QUR(. )= xih Y Gt wE () +ihy [/ dF (G (8.7) = Gl (6, D)) sy QUGS (7. 1)
Pq fo

pars

p
+ / di G52
to

e, Dy (O (5 1) — Q7 r/))]

t
. F,2 + . = (~F.</ 7 F,> - h,< —
= :I:zhE Giplg(z,t/)wqjkp(z’)ﬂhE [/t di (Gpiql(t,t)— Gpiq,(z,z))gzlgqp;(ﬂ,z)
2 pqrs 0

’

' £ S - > ! T < ! T /
+[ df Gi;;(r,:)(szeg;m .0 — Q= ,t)):|wsjkr(t ).
0
The time-diagonal equation for QP" can be further simplified,

t
2 ; 2 : by <(f > z >z < s
Q}?j‘.‘,;f(t,t)z izhE Gg,,f](z)wjjkp(t)ﬂhE fdz( Eq,(t,t)szl;;;,s (t,7)— [‘j;q,(r,r)szfgvps (t, D)) wyjir (1)
pq

pgrs 10

= £ih Y GoROwE (O£ il G (Dwgjip(t).
Pq Pq

1. T™ approximation within the HF-GKBA
Applying the HF-GKBA to Eq. (C4) yields

Gy (6) = £ (iR Y / dT U, (e, DU (T, D[ QT (1, )Gl (7) — Q25 (1, DGR (D]

igpl igpl
pars V10
and, for the Mgller operator,

= i . ’
Q@ > 1) = £ ()’ Y Ut 1)Gl5 (WUt w1
pqrs

t
+ (in)? Z [ / df wqmp(f)lxl,-,,(t,t_)(GS};q(t,t_)—Gg}jq(t,t_))uvl(t_,t)Qsp?,f(f, t')

pqrsuv fo
v
+ / AT U (. T)Gl2 (8, DU (F, 1) wqrsp (D) (85 (. 1) — QP (F, t’))} , (C5)
where U obeys Eqs. (A6) and (A7). With Eq. (C5) we obtain the time derivative,

d > 1 > >
LonFusr) = LY a6 > 0 - e > o)

p
Eill Y [Gh (1) = G ()] warep (OQEGZ (1 > 1)

iplq iplq
pqgrs
ipql ipql qjkp

1 ph ph
_ E 2 : [hQ 'HF(Z‘) + hQ ,corr(t)]s-zph,z(t >1),
pq
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where we introduced the Hamiltonians

b2 () = 8uhlF — uhtly

b2 (1) = R Y (G (1) = Gl (6w (1)

rq

that can be combined to

QPh HF corr
Ukl(t) =b O+ bukl

and the Mgller operator obeys a Schrodinger equation,

d S ,
ih— ijhk, t>t)=>)" lpql(t)Qg?k;(t >1).
Pq

2. TP-G1-G2 equations for a general basis

Next, we compute the time derivative of G,
d d d d
—Giiu@®)=|—Giu(t —Gii(t —Giin(t ,
dtg’kl( ) [dtgjkl( )i|f + I:dtgjkl( )i|Qph + |:dtg]kl( )]u
and obtain for the first part,

d > <
[Egijkl([)}f = iz Q?;pl @, t)gﬁjqk(t 1) — Qf);pl @, t)gmqk([ t)]
rq

=il Yy wi, (O[Gi7 (G~ (0) = GLr (G (O] + iR Y Gisrt (W (D[ Gy (1) = G (1)]

pqrs pqrs

1 1 Ph corr *
= =W = =3 [0, O] G ),

pPq

and, for the second part,

d d _ _ -
[Egijkl(r>]gph—i<zh)22 / di;, (. r)[( >, t))g,f,;a)—( szf;,,f(r,r))g,f;;(r)}u;ka,r)

pqrs

1 h -
= Y D + DTG0 0
Pq
and, for the third part,

[ dtg,,kza)} = +(ih? ) f dr( ,«Am‘)) [Qf’;pf(t,f)g,f;;(f) szf’;‘,,f(r,f)g,f;;a‘)]usk(f,r>

pqrs

+ (A Y / il (¢, r)[szz’;,;(t,ﬂg,f;;(f)—sziﬁ‘,,f(r t)g,f,;(t)}( U (i, t))

pqrs
1 Q" HF
= =D Gina O, ©).
pa
Combining the three contributions yields the derivative,
. d x
ih—-Giju(6) = W5 (1) + Z { b (G (DT = Gipgr ([ B (0)] } :
which is the result presented in the main part of the paper.

APPENDIX D: INTEGRAL SOLUTION G() AND INITIAL CORRELATIONS
FOR HIGHER-ORDER SELF ENERGIES
While initial correlations are trivially added to the differential G1-G2 scheme as an initial condition, as we demonstrated
in Sec. IITE, for the integral representation of G, this problem is more involved. We, therefore, outline, in this Appendix, the

245101-23



JOOST, SCHLUNZEN, AND BONITZ PHYSICAL REVIEW B 101, 245101 (2020)

solution for higher-order self energies by extending our SOA result, Eq. (46). Since the derivations are carried out analogously
to Sec. IITE and Appendix B, respectively, we only give the resulting equations. Performing the time derivative of the integral
expressions recovers the differential equations for the respective self energy, cf. Egs. (59), (76), and (83).
1. GW self energy
In the case of the GW self energy Eq. (46) becomes

G (1) =)D /

t
pars * 1o

v, r)[a(to, DG + E\y,,q,s(t)} [Ue @ D]

where
t
U@, = Uy, U 1) + iRy / iUy (o, DUy 7, DB DU 1)
pars *1'

The equation of motion for these modified propagators can also be brought to a differential form:
. d 2),& 2),&
lﬁEui(jk)l t=t)=>" 0 ki (OU 7 (2 1) (D1)
pa

As one observes, )¢ obeys the same equation as 712 jtself [cf. Eq. (57)]. They are, however, not identical, since the time-
diagonal values differ [cf. Egs. (18) and (53)].
2. T matrix in the particle-particle channel
For the particle-particle T-matrix approximation similar equations can be derived. The equivalent of Eq. (46) takes the form,
. b _ _ 1 _ .
G =Y | iUl "« t)|:8(to, G0, + ijq,s(r)} U @, D],
pars °10
where
t
Ui ™ (1 1) =U (1) + 0 ) / dTU, (1. Dy T EU ™ 1)
pars V1

The corresponding differential equation for the two-particle propagator mirrors the respective equation for QPP [cf. Eq. (75)],

. d 7 7
zhau;f,jﬁ” t>1)= Z gjq(r)ulﬂf;,m" t=1). (D2)
Prq

As for GW, the time-diagonal values of both quantities do, however, not coincide.

3. T matrix in the particle-hole channel

Finally, in the particle-hole T-matrix approximation Eq. (46) is replaced by
G =ihy | l iUy (.1 [5(:0, NG, + %\Iffqm(t')] U2 @ 0]
pgrs © 10
with
U (1) = U U (1 0 + iRy / t A Usg (¢, DU (OO DU 7, 1)
pars 1’

The last equation can again be transformed into its differential form,

A o). n 2), Q8
UG 0 = YU > 0,
pa

which matches Eq. (82) for QP! in analogy to Egs. (D1) and (D2).
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