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ABSTRACT

Computationally tractable and reliable, albeit approximate, methods for studying exciton transport in molecular aggregates immersed in
structured bosonic environments have been actively developed. Going beyond the lowest-order (Born) approximation for the memory
kernel of the quantum master equation typically results in complicated and possibly divergent expressions. Starting from the memory
kernel in the Born approximation, and recognizing the quantum master equation as the Dyson equation of Green’s functions theory, we
formulate the self-consistent Born approximation to resum the memory-kernel perturbation series in powers of the exciton-environment
interaction. Our formulation is in the Liouville space and frequency domain and handles arbitrary exciton-environment spectral densities.
In a molecular dimer coupled to an overdamped oscillator environment, we conclude that the self-consistent cycle significantly improves
the Born-approximation energy-transfer dynamics. The dynamics in the self-consistent Born approximation agree well with the solutions of
hierarchical equations of motion over a wide range of parameters, including the most challenging regimes of strong exciton-environment
interactions, slow environments, and low temperatures. This is rationalized by the analytical considerations of coherence-dephasing dynam-
ics in the pure-dephasing model. We find that the self-consistent Born approximation is good (poor) at describing energy transfer modulated
by an underdamped vibration resonant (off-resonant) with the exciton energy gap. Nevertheless, it reasonably describes exciton dynamics
in the seven-site model of the Fenna-Matthews—Olson complex in a realistic environment comprising both an overdamped continuum and
underdamped vibrations.
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I. INTRODUCTION

The light absorption and thus initiated excitation energy trans-
fer (EET) in molecular aggregates constitute the first steps of
solar-energy conversion in both natural"” and artificial’ ° systems.
The EET takes place in a complex dynamic spatiotemporal land-
scape stemming from the competition of interactions promoting
exciton delocalization (resonance coupling between molecules) and
localization (static and dynamic disorder).” As the energy scales
of these counteracting interactions are typically comparable to
one another,”” theoretical descriptions of EET dynamics are quite
challenging.

When approached from the perspective of the theory of open
quantum systems,'”'' the challenge transforms into describing

non-Markovian quantum dynamics of excitons interacting with
their environment. As standard theories (such as Redfield'” and
Forster'” theories) do not meet this challenge,' various numerically
exact methods have been developed. Two most common founda-
tions of these are (i) the Feynman-Vernon influence functional
theory'® and (ii) the Nakajima-Zwanzig [time-convolution (TC)]
quantum master equation (QME).'*""* The approaches rooted in
(i) include the hierarchical equations of motion (HEOM)'"?! and
a host of path-integral and process-tensor-based methods.”” >’ Each
of these approaches develops a different representation of the so-
called exact reduced evolution superoperator (or the dynamical
map) U(t), which becomes its central object. Meanwhile, the main
aim of the approaches originating from (ii) is to evaluate the exact
memory-kernel superoperator K(t).”" > All the above-referenced
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approaches are in general computationally intensive. Their appli-
cations to realistic EET models, which feature a larger number
of chromophores and/or structured spectral densities (SDs) of the
exciton-environment interaction extracted from experiments or
atomistic simulations,”” *° can thus be impractical. A need for com-
putationally less demanding and reliable, although approximate,
approaches to study EET dynamics in realistic multichromophoric
models cannot be overemphasized.

Recent years have witnessed the emergence of many such
approaches, among others quantum-classical methods,” ** and
related quantum-chemical approaches to nonadiabatic dynamics
(e.g., the surface hopping).” " One can also devise approxima-
tions to ¢ and K starting from the formally exact expressions
of (i) and (ii), respectively. For example, the former give rise to
cumulant-expansion-based approaches,” " while the latter result
in various approximations to the exact memory kernel.”””’ The
authors of Ref. 54 noted that the second-order TC (TC2) QME,
which retains only the lowest-order (second-order) term K® (t) in
the expansion of K in powers of the exciton-environment interac-
tion, can qualitatively reproduce the main features of EET dynamics
in multichromophoric systems. The most obvious improvement
over the TC2 QME, also known as the (second) Born approxima-
tion (BA),” is to retain some of the higher-order contributions to
K. Such a route generally leads to involved expressions that might
not always be convergent and that can be practically evaluated only
for the simplest models, where they show some improvements over
the original theory.”* While already the lowest-order kernel of
polaron-transformed QMEs"* ’ can significantly improve over TC2
QME, decent results can also be obtained by partially resumming
the perturbation expansion for K using only low-order terms as the
input. Partial resummations are most commonly performed in the
frequency domain, and one usually applies Padé or Landau-Zener
resummation schemes to K (0) and K™ (0).”**® Another pos-
sibility, the self-consistent resummation schemes strongly rooted in
condensed-matter physics,”” ’* has received even less attention in
this context.

Successful self-consistent improvements over the TC2 QME
have been reported in the context of quantum theory of elec-
tronic transport through molecular junctions.”” ’° These approaches
have mainly considered purely electronic quantum transport, when
the role of the bath is played by electronic leads. Their applica-
tions to the quantum transport in the presence of both electronic
leads and molecular vibrations are much more recent and scarcer.”’
A proposal for a self-consistent description of the dynamics of a gen-
eral open quantum system has been made only very recently.”® It
leans on a diagrammatic representation of the perturbation series
for U(t), which has indeed appeared in the context of open quan-
tum dynamics; see, for example, Refs. 79-81. The novelty of the
approach by Scarlatella and Schird’® lies in the subsequent formu-
lation of the perturbation series for /C(t), which is related to 2/(t)
via the TC QME. In the context of the theory of Green’s func-
tions in quantum many-body systems,””’>"* the memory kernel
KC(t) is analogous to the self-energy, whereas the TC QME plays
the role of the Dyson equation. Considering the zero-temperature
dynamics of the spin-boson model, Scarlatella and Schiro’® find
that performing the self-consistent cycle starting from the BA mem-
ory kernel /C @ produces promising results. However, they consider
only the zero temperature and SDs commonly used when studying
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the spin-boson model in its narrowest sense.”> Moreover, their
time-domain formulation of the self-consistent Born approxima-
tion (SCBA) involves solving an integrodifferential equation in each
iteration of the cycle.

This study explores the applicability of the self-consistent
memory-kernel resummation scheme introduced in Ref. 78 to EET
dynamics in multichromophoric aggregates. For the sake of com-
pleteness, we first reconsider the theoretical developments of Ref. 78
and make them technically simpler by working in the Liouville space
and replacing the above-mentioned integrodifferential equation in
the time domain by a matrix equation in the frequency domain. In a
molecular dimer coupled to an overdamped phonon environment,
we find that the self-consistent cycle greatly improves the origi-
nal BA (TC2 QME) over a wide range of dimer parameters. This
success of the SCBA is rationalized by considering the analytically
tractable example of coherence dephasing in the pure-dephasing
model. Remarkably, we find that the SCBA remains reliable even
in the generally difficult regimes of strong exciton-environment
interactions and/or slow environments, when multiple environmen-
tally assisted processes dominate the dynamics,”*" as well as at low
temperatures. Considering exciton dynamics modulated by a sin-
gle underdamped vibrational mode, we conclude that the SCBA
delivers good results only when the vibrational energy is resonant
with the exciton-energy gap. Upon including overdamped phonon
continuum on top of a number of underdamped modes, we find
that the SCBA delivers decent results for EET dynamics in the
seven-site model of the FMO complex interacting with the realistic
environment extracted from atomistic simulations.

This paper is organized as follows. Section II introduces our
theoretical framework, whose applicability to EET dynamics is
assessed in Sec. III. Section IV summarizes our main findings and
discusses prospects for future work.

II. THEORETICAL CONSIDERATIONS
A. Model

We model EET dynamics in an aggregate composed of
N chromophores using the Frenkel-Holstein Hamiltonian,

H = Hs + Hp + Hs-3. (1)

We take into account only the ground and one excited state on each
chromophore so that the purely electronic part Hs reads as

Hg = Z en|n)(n| + Z Jmn|m){(n]. (2)

n m+n

Here, |n) is the collective singly excited state residing on chro-
mophore n (all the other chromophores are unexcited), ¢, is the
energy of the vertical transition from the ground state to the
excited state on chromophore s, while J,,,, is the resonance (typi-
cally dipole-dipole) coupling between chromophores m and n. The
aggregate is in contact with the environment modeled as collections
of mutually independent harmonic oscillators associated with each
chromophore,

Hp = 2; Wugbl b, (3)
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Here, w,; is the frequency of oscillator £ on chromophore n, while
bosonic operators bii (bye) create (annihilate) the corresponding
oscillation quantum and obey [bs,b,¢] = 0, [bye, b;g,] = OnmOgy.
The exciton-environment interaction is of the Holstein type, i.e.,
local and linear in oscillator displacements,

HS—B = Z gnfvn(bnf + bjtf)’ (4)
né

where V, = |n)(n|. Its strength, determined by the interaction con-
stants g, is more conveniently described using the reorganization
energy on chromophore n,

2 +o00 d
h=y S [T de Tule) 0
T Wt —o 2T W
where the SD of the exciton-environment interaction
Tn(w) = 7Y gue[8(w = wur) = 8(w + wye) ] (6)
14

is typically a continuous function of w. We focus on exciton
dynamics starting from the factorized initial condition

W(0) = p(0)py', )

where p(0) is the excitonic reduced density matrix (RDM) at the
initial instant ¢ = 0, while

Py = ®)
represents the state of the environment (equilibrium at temperature
T = ') with no excitons present. Within the Condon approxima-
tion,* this choice of the initial condition leads to the dynamics
that can be probed in ultrafast nonlinear spectroscopies.”” As our
formalism deals with Green’s function, we can still reconstruct
the dynamics under an arbitrary excitation condition as long as
the light-matter interaction is weak and the Condon approxima-
tion is valid."*’ The only environmental quantity influencing the
reduced excitonic dynamics starting from Eq. (7) is the displacement
autocorrelation function,'”

Gw=3 e Tra{ [ag() + bl (1)1 (bue + b )p }

_ too dﬁ —iwt jn(w)
- [ e ©)

oo s

The time dependence in Eq. (9) is taken with respect to Hp, i.e.,
bue(t) = e “'b .

B. Real-time diagrammatic representation: Green’s
superoperator and self-energy superoperator

The assumption embodied in Eq. (7) permits us to define the
exact reduced evolution superoperator (dynamical map) U () by

lp())) = U(B)[p(0)))- (10)

Equation (10) is formulated in the Liouville space,*® in which

the excitonic RDM at ¢ > 0, represented by the operator p(t) in
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the Hilbert space, becomes the N*-component vector [p(t))). The
reduced evolution superoperator is then a tetradic quantity compris-
ing N* entries ((e}e}|U(t)|e2e1)), where {|e)} is an arbitrary basis in
the single-exciton manifold. 2/(¢) is formally expressed as (see, for
example, Ref. 90 and references therein)

. rt 1)
U(t) = e_ws[Tl‘B{ Tee o CS*B(S)p;q}, (11)

where the Liouvillian £, associated with the term H, (a =S, B,
S—-B) in Eq. (1) is defined by its action on an arbitrary Liouville-
space vector |O)) corresponding to the Hilbert-space operator
O, L4|0)) <> [Ha, O], while the interaction-picture counterpart of
Ls_pis

Eéf)g(t) _ ei(C5+LB)tEs_Be—i(ﬁg-%—EE)t. (12)

The time-ordering sign 7; imposes the chronological order (lat-
est to the left) among the Liouvillians in the expansion of
Eq. (11) in powers of the exciton-environment interaction. The
Liouville-space approach adopted here is somewhat different from
standard real-time approaches to the RDM of a particle in an oscil-
lator environment,”””’ which consider the forward and backward
Hilbert-space evolution operators separately. Dealing with superop-
erators, we simplify the formalism, as we consider only the forward
evolution in the Liouville space.”” The average in Eq. (11) can be
performed term-by-term using Wick’s theorem,”’ and only even-
order powers in Lg_p remain. The order 2k (k >1) consists of
(2k—1)!! terms. Further manipulations usually proceed in two
different manners.

The first possibility is to observe that, because of the T
sign, all the terms appearing in any given order are mutually
identical.”! Retaining the 7; sign, one obtains the well-known

. 20,81
Feynman-Vernon expression,

U(t) = e 5" T O, (13)

with
t 2 (I X
(D(t):ZfO dszfo ds; VD (s,)
x[Culs: =)V (1) + iCu(s2 = s) VP (1)) (19)

In Eq. (14), the superoperators V™ and V° are defined by the corre-
spondences V*|0)) < [V, 0] and V°|0)) < {V, 0} (anticommu-
tator), respectively. Assuming that C, () can be decomposed into a
number of exponentially decaying terms, Eqgs. (13) and (14) serve as
the starting point for the HEOM method.

The possibility we opt for here is to make the time ordering
explicit in each term, in which case the terms in any given order
appear as different. Further developments are facilitated by consid-
ering the (retarded) evolution superoperator [the (retarded) Green’s
function or Green’s superoperator]*®

G(t) = —-i0(t)U(t) (15)

instead of U(t). Each term in order 2k of the expansion of G(t) can
be represented by a diagram [Fig. 1(d)] comprising a total of 2k + 2
(2 terminal and 2k internal) instants,

Spkt1 = E2 Sy 225120 =50,
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and k chromophore indices #y, . . ., n; associated with k pairs selected
from the set {sy,...,s1} by the application of Wick’s theorem.
The consecutive instants s;;; and s; (0 <j<2k+1) of a diagram
are connected by a straight line directed from s; to sj41 [Fig. 1(d)]
and represent the (retarded) free-exciton Green’s superoperator
[Fig. 1(b)]

Gs(t) = —if(t)e . (16)
The directed double-line represents G(t) [Fig. 1(a)]. The dashed cir-
cumferences connect the instants s; and s; (s; > s;) that are paired
by Wick’s theorem; see Fig. 1(c). These instants are accompanied
by the same chromophore index n; [see Eq. (4)] and the following
superoperators [cf. Eq. (14)]:

S Vi (17)

sj < Cu, (1= 5) Vi, +iCy (51 = 5) Vi, - (18)

Having placed all the superoperators in a chronologically
ordered string (reading diagrams from left to right), one performs
integrations fot dsy ... fosz ds, over 2k internal instants and sum-
mations over k independent chromophore indices. Any diagram is
either reducible or irreducible, depending on whether it can be cut
into two by cutting a free Green’s superoperator line or not.”” Exam-
ples of irreducible diagrams in Fig. 1(d) are diagrams (2), (4.2), and
(4.3), while the diagram (4.1) is reducible. Amputating the external
lines corresponding to Gs(si) and Gs(t —sy) of irreducible dia-
grams, one obtains the diagrammatic representation of the so-called
(retarded) self-energy superoperator; see Fig. 1(f). The self-energy
superoperator thus consists of all amputated diagrams that cannot
be cut into two by cutting a free Green’s superoperator line. One can
then derive the following Dyson equation:”’

+oo +o00o
6(1)=Gs(t)+ [ ds [ st Gs(t-52)Z(s2 - 1) G0,
ST (19)
whose diagrammatic representation is shown in Fig. 1(e). All the
superoperators in Eq. (19) are retarded, and the integrals in Eq. (19)
can run from —oo to +oo, which facilitates the transition to the
frequency domain. Rewriting Eq. (19) as an equation for (f),
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inserting the result thus obtained into Eq. (10), and differentiating
with respect to t, one obtains the QME,

2p(0) = —iLslp()) - [ ds K(t-9lp(s)) @0)

where the relation between the memory kernel X and the retarded
self-energy . is

2(t) = —if(t) K(1). (21)

Equation (20) differs from the standard QME only by the repre-
sentation of the memory kernel. The memory kernel is commonly
expressed in terms of projection superoperators Pand Q =1 - P,
and its perturbation expansion in the exciton—-environment interac-
tion is most often hidden in the propagator of the irrelevant part
QL5 pQ of the interaction Liouvillian; see, for example, Refs. 10
and 18. Choosing P|0)) <> Trg{Op3'}"""" and expanding the afore-
mentioned irrelevant propagator in power series, one obtains the
perturbation expansion of the memory kernel in terms of the so-
called partial cumulants of the interaction Liouvillian.”® The results
of Ref. 95 suggest that the same final result is obtained using
the more conventional Agyres-Kelley”” projection superoperator
P|O)) < p5'Tre{O}. One can convince themselves that the partial
cumulants in Ref. 96 simply restate that the memory-kernel (or self-
energy) perturbation series does not contain disconnected diagrams,
as in Fig. 1(f). To that end, the general expressions of Ref. 96 have
to be transformed by applying Wick’s theorem and diagrammati-
cally representing the resulting series according to the above-stated
rules. These two steps, which were not considered in Ref. 96, are
vital to the formulation of the self-consistent resummation scheme
in Sec. IT E.

C. Frequency-domain description

Resummation techniques usually require transferring to the
frequency space. This is most conveniently done starting from
Eq. (19) and forming the dynamical equation for G(t),

BG(t) = —id(1) - iLsG(t) - i[:o ds3(t-5)G(s).  (22)

(a) g(f) :t=‘=0 (d) : + - ~ (@
PREEREN ST 4
(b) Gs(t) =——=— +
(©) PRI . + - > ~ (4.2)+ PRI \(4.32'_.“
Sl// .. 5] © : + @ <
R oo 2]
S PR RN PSSR

i Kt
+iCy,,, (51— 5;)Vi ® © =

+ t +...

FIG. 1. Diagrammatic representation of (a) the interacting Green’s superoperator and (b) the free-exciton Green's superoperator. (c) In an arbitrary diagram, the environmental
assistance starting at s;, ending at s; (f > s > §; > 0), and involving the environment that surrounds chromophore n; is represented by a dashed circumference connecting
s; and ;. The connections of the circumference with free-exciton lines, represented by full dots, correspond to the superoperators in Eqgs. (17) and (18). Diagrammatic
representation of (d) the perturbation expansion for G(t) up to the fourth order in the exciton-environment interaction, () the Dyson equation [Eq. (19)], and (f) the
self-energy superoperator up to the fourth order in the exciton-environment interaction.
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With the standard definition of the frequency-dependent quantities, For delta-correlated noise characterized by the dephasing rate T,
p Cu(t) =T8(t), Eq. (28) assumes the Lindblad form,
+oo dw i
6= [ 5 e g(w). (23) Lo
o 0p(0) = lHs p(0] -1 (5 (VEp(0) ~Vap()Va). @9
Equation (22) becomes the following algebraic equation:
We will use this result in Sec. I1I B 3

G(w) =[w- Ls-Z(w)] " (24) The time-independent and nonsecular Redfield theory (see, for
example, Sec. 3.8.2 of Ref. 55 or Sec. 11.2 of Ref. 98),
The Hermitian property of the RDM implies that G(w) satisfies
Alp(1))) = =iLslp(1))) = Rlp(1))), (30)

({e2¢1|G(@)lezer)) = —((€le2] G(-w)[eren)) . (25)
is obtained by inserting Eq. (26) into Eq. (22) and then per-

This property shows that it is sufficient to compute G(w) only for ~ forming the Markovian and adiabatic approximations. These
w > 0, while the values for negative frequencies follow from this  approximations result in the delta-like self-energy in the time
symmetry property. We additionally note that the same symme- domain, Zgeq(#) = Zread(t), the frequency-independent self-energy
try property also characterizes the inverse Green’s superoperator ZRed (@) = Zred, and the Redfield tensor R = iZpeq [see Eq. (21)],
G " (w), as well as the self-energy superoperator =(w), which now  where
carries the dimension of energy. +oo )

The frequency-domain diagrammatic representations of G(w) Red = f ds Zpa(s) €% (31)
and X(w) appear the same as the time-domain representations o
in Figs. 1(d) and 1(f), respectively. The general rules for translat- The Redfield theory is formulated in the exciton basis {|x)} defined
ing diagrams into formulas can be inferred from the discussion in  through Hs|x) = w|x). Equation (31) then implies that the Redfield-

Sec. 11 D. tensor matrix elements read
D. Born and Redfield approximations ({01 Rlxax1)) = i{{xx1[Zpa (s, — wx, ) x2x1)). (32)
The lowest, second-order approximation to X is known as the For delta-correlated noise, C,(t) =T8(t), the Redfield equation

(second) BA.” The corresponding self-energy superoperator, shown [Eq. (30)] also assumes the Lindblad form [Eq. (29)].”®
in Fig. 2(al), reads as (see also Refs. 84 and 85)
. E. Self-consistent Born approximation
Za(t) = 3 Vi Gs()[CL(D) Vi +iC (1) V3], (26)

In this work, we improve upon the BA by replacing the free-
exciton Green’s superoperator Gg in Fig. 2(al) or Eq. (27) with the
while its frequency-domain counterpart is interacting Green’s superoperator G; see Fig. 2(b1). The resultant
equation for the self-energy superoperator

>(w) = Z/ Jn(w—v)
x{coth(ﬁ( ”))V GV + v g(v)V} (33)

Spa (@) = 2/ —Jn(w—v)
x{coth(ﬁ( V))V Gs()V + V2 QS(V)V} (27)

Upon inserting Kpa (t) = iZpa(t) into Eq. (20), we obtain the well-

known TC2 QME,* is to be solved together with the Dyson equation [Eq. (24)] in a
self-consistent loop. Namely, one starts from the free-exciton case,
Orp(t) = —i[Hs, p(t)] 2@ (w) = 0, when Eq. (24) gives the free-exciton Green’s function
t ; ; - +0),
a Z [Vn, / ds Gy (£ — )¢ (19 Vnp(s)e’HS('*S)] (n )
G (w) = Gs(w) = [w+in- Ls]™" (34)

+ Vn,f ds Cu(t—s)” o Hs(t=5) v, iH (t— :)]
Z [ s Cn( p(s) Ve Q(O)(w) is then inserted into Eq. (33) to yield e (©) = Zpa (@),
(28) which is then inserted into Eq. (24) to yield GV (w), etc. The
4 yi

OV:6E:€} ¥Z0Z 49qUIaNON 9Z

A= g -~ - -~ FIG. 2. Diagrammatic representation of
T+l b z h o (a1) the BA self-energy superoperator
- [Eq. (26) or Eq. (27)], (b1) the SCBA
(b1) PN (b2) PRoAaRN PPN self-energy superoperator [Eq. (33)], (a2)
YgOBA = ——e—> Gscea= Gpa + S + ¢ Green’s superoperator in the BA, and
PRl PR (b2) Green'’s superoperator in the SCBA.
+ EDANDS +
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above-described procedure is repeated until the difference between
two consecutive iterations ¥ (w) and 2%V (w) for the self-energy
(k>1) becomes smaller than a prescribed numerical tolerance
(see Sec. 111 A for more details).

Using either BA or SCBA for the self-energy superoperator,
we do perform a partial resummation of the perturbation series for
G [Fig. 1(d)]. The resulting G(scypa contains contributions from all
orders in the exciton-environment interaction constant. Neverthe-
less, the diagrammatic content of the SCBA is much richer than
that of the BA, compare Fig. 2(b2) to Fig. 2(a2), suggesting that
the SCBA is reliable in a much wider parameter range than the BA.
Still, the SCBA retains only a very limited subset of all possible dia-
grams appearing in Figs. 1(d),” and its reliability is to be carefully
checked.

IlIl. RESULTS
A. Technical details

Equation (34) features an infinitesimally small frequency 7,
which ensures the causality, i.e., Gs(#) = 0 for ¢ < 0. We always shift
w — w + in on the right-hand side of the Dyson equation [Eq. (24)],
which, apart from the causality, ensures that the matrix inversion
in Eq. (24) is numerically stable. However, the numerical Fourier
transformation of G(w) thus obtained produces the exponentially
damped Green’s superoperator a(t) = ¢ " G(t). The results for the
true Green’s superoperator G(t) = € G(t) are thus the most reliable
for t < 77", In all our computations, we set 7 = 1 cm™', meaning
that our results for exciton dynamics are bound to be reliable for
t < 5 ps. While we find that our results in the real-time domain are
free of finite- effects on timescales beyond 4", we always show only
the initial 2-3 ps of exciton dynamics.

Generally, G(w) slowly decays toward zero as |w| - +oo.
The dominant component of the high-frequency tail of G(w)
can be inferred by performing one partial integration of G(w)

= fo+°° dt et G(t), which results in

1
w + iy

G(w) = + (’)(wiz),

|w| = +o0. (35)

Deriving Eq. (35), we use G(¢ = 0) = —iTl, where 1 denotes the unit
operator in the Liouville space. The strongly pronounced high-
frequency tail of G(w) means that we have to consider many
values of w in order for the discrete Fourier transform to pro-
duce decent results in the time domain. This is to be avoided
as computing G(w) and Z(w) involves inversion of an N? x N*
matrix [Eq. (24)] and numerical integration [Eq. (33)], respectively.
Defining 7 (w) = = and ¢™(w) = G(w) - T(w),"" the discrete

w+in

(numerical) Fourier transformation of the non-tailed part G™(w)
produces G"(t), while the Fourier transformation of the high-

frequency tail 7 (w) can be performed analytically to yield 7 (t)
= —i0(t)e 1. Finally,

G(t) = -iB(£)T + " G™(¢). (36)
As we assume local exciton-environment interaction [Eq. (4)], G(w)

and 2(w) are most conveniently represented in the site basis {|n)}.
In all the examples to be discussed, we assume for simplicity that the
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environments of individual chromophores are identical. The inte-
gration in Eq. (33) expressing X in terms of G is performed using
the ordinary trapezoidal rule. Because of the symmetry property in
Eq. (25), we perform a numerical integration of Eq. (33) from 0 to
wmax With frequency step Aw. The contribution around v = w to the
integral in Eq. (33) may be divergent for sub-Ohmic SDs, while it is
finite (zero) for Ohmic (super-Ohmic) SDs. The correct treatment
of the possible divergence when computing Eq. (33) for sub-Ohmic
SDs is beyond the scope of this study. Importantly, the SDs that
are most widely used in studying EET through multichromophoric
aggregates are either super-Ohmic or Ohmic'’"'"” and can be han-
dled in the manner presented here; see Sec. III C and Appendix C.

We stop the self-consistent cycle once we achieve 85® < g1, where
(k>1),

632® = max 2((n§n;|2(k)(a)) — 2(1(71)(°")|”‘2’11))

- , (37)
ot | (o2 (@) + 25D (@) )

while & is the desired (relative) accuracy. We summarize the val-
ues of adjustable numerical parameters (#, Wmax, Aw, &) involved
in our computations in Table I.

The computational performance of the numerical integration
of Eq. (33) mainly depends on the high-frequency rather than low-
frequency behavior of the SD. In the examples analyzed in Sec. I1I B,
J (@) ~ 0™ as|w| = +o00 so that the integrand in Eq. (33) falls off as
v™% as |v] > +oo; see also Eq. (35). Other widely used SDs decrease
even more rapidly in the high-frequency limit.'”"'"” This suggests
that the bottleneck in the self-consistent cycle is the inversion of the
N? x N? matrix in Eq. (24).

Figures 3(a) and 3(b), respectively, show 85® as a function
k when the SCBA is used on the dimer in the overdamped phonon
continuum [the examples analyzed in Figs. 7(a)-7(d)] and on the
seven-site FMO model in the realistic environment [the examples
analyzed in Figs. 12(b1) and 12(b2)]. Notably, the convergence of
the self-consistent algorithm is achieved in a couple of tens of steps,
even in a multichromophoric system immersed in a structured envi-
ronment. After its initial increase with k, starting from the value of
2 [see the text above Eq. (34)], 82® decreasesin a power-law fashion
for sufficiently large k.

In both BA and SCBA, the trace of the RDM is preserved
because of the outermost commutator in self-energies in Egs. (27)
and (33). The RDM positivity is a much subtler issue, but we
observe that, whenever SCBA improves over the BA, the results of
both approximations conform to the positivity requirement on the
timescales analyzed.

TABLE |. Summary of the adjustable numerical parameters needed to perform the
self-consistent cycle and the values used in our computations.

Parameter (unit) Value

7 (cm™) 1
Wmax (cm™") 3000-5000
Aw (cm™) 0.5

ol (=) 107°
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FIG. 3. Dependence of the quantity 6=®
[Eq. (37)] monitoring the convergence of
the self-consistent algorithm on the itera-
tion number k in the examples analyzed
in (a) Figs. 7(a)-7(d) and (b) Figs. 12(b1)
\ and 12(b2). Note the logarithmic scale on
% S both axes.

As we are primarily interested in examining the reliability of the
BA and SCBA, we use

p(O))) = 3 ) (38)

nym

as the initial condition in all numerical computations. Apart from its
simplicity, this initial condition provides a fairer assessment of the
approximation performance than the widely used initial condition
|nong)), in which the exciton is placed at chromophore n9. In more
detail, exciton dynamics in an arbitrary basis {|e) } is

{{e2e1]p(2))) = nZ; (e2fma){mler){(nani| G(1)|mzn))((n2nilp(0))).

(39)

If the exciton is initially placed at chromophore n, its sub-
sequent dynamics is determined by only N? matrix elements
{{(n2m1| G(t)|nomo)) of G out of the total of N* elements. Quite gener-
ally,'”” the quality of approximate dynamics is different for different
matrix elements of G, that is, for different starting chromophores
np. Inserting the initial condition of Eq. (38) into Eq. (39), we can
assess the overall approximation performance, which is effectively
“averaged” over different matrix elements of G.

B. Reliability of the SCBA: Asymmetric dimer

The advantages and shortcomings of the SCBA are most
transparently identified on the simplest model relevant for EET,
the molecular dimer. In the site basis {|1.),]24)}, the exciton
Hamiltonian Hs is represented by the matrix

Hs - (Af é) (40)

where Ace is the site-energy gap, while J is the resonance coupling.
The exciton state of lower (higher) energy is denoted as |11} (|2«)).
In Secs. III B 1-III B 4, we consider exciton dynamics in
the featureless phonon environment described by the overdamped
Brownian oscillator (OBO) SD,*°
Ton(@) = 20— 220 (41)

2
@ + Yph

TABLE II. Summary of the default values of excitonic (AeJ) and
exciton—environment interaction (Agh, y,, ) parameters used in Secs. Ill B -/ B 4.

Parameter (unit) Value
Ae (cm™) 100
J(em™) 50
Aph (cm™) 40
Yoh (em™) 40
T (K) 300

where Ay, is the reorganization energy, while y;ﬁ determines the
environment-reorganization timescale. Table II summarizes the
default values of model parameters, which are broadly representative
of photosynthetic aggregates. The performance of our approxima-
tions upon varying these parameters is studied in Secs. III B 1 and
I11 B 3.

In Sec. I1] B 5, we assume that the exciton interacts with a sin-
gle underdamped vibrational mode so that the interaction can be
modeled by the underdamped Brownian oscillator SD,*

wyo + wyo
(0=-wo)* +y5  (w+wo)* +y;

jvib(w) = Sowo > (42)

where wy is the vibrational frequency, Sp is the Huang-Rhys factor,
while y, is the relaxation rate. Quite generally, y, << wo and Sp < 1.
The values used in benchmarks are taken from Ref. 50 and are listed
in Sec. I1I B 5.

1. Overdamped phonon continuum: Variations
in excitonic parameters

Here, we fix the exciton-environment interaction parameters
Aph and y,; and study the quality of SCBA and BA for different
excitonic parameters J and Ae. Figure 4 provides an overall assess-
ment of the performance of BA [Fig. 4(a)] and SCBA [Fig. 4(b)]
and of the improvement of the SCBA over the BA introduced by
the self-consistent cycle [Fig. 4(c)]. A convenient performance mea-
sure is the trace distance between the approximate [p)p, (¢)] and
numerically exact [pron(£)] RDM. As the trace distance is time-
dependent, while we also limit ourselves to the short-time dynamics
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FIG. 4. (a) and (b) Heat maps of the maximum trace distance D((SC)BA|HEOM) [Eq. (43)] between the numerically exact and BA [(a)] or SCBA [(b)] excitonic RDM

D(BAJHEOM)

over the interval [0, tmax]. (c) Heat map of the ratio D(SCHATHEOM)

between the performance metrics used in (a) and (b). All quantities are computed for different values

of the resonance coupling J and the site-energy gap Ae, the remaining parameters assume their default values listed in Table |I, the initial condition is specified in Eq. (38),

while fmax = 2 ps.

(see Sec. 11T A), we quantify the performance of our approximations
using the maximum trace distance over the time window [0, fmax ],

2
D((SC)BA/HEOM) = max 72 [rSOPATHEN (),

——ma\x

(43)

where r,ESC)BA*HEOM(t) is the kth eigenvalue of the operator

Piscrsa(t) = Prpom (£)- We set fmax = 2 ps in Eq. (43). The colorbar
ranges in Figs. 4(a) and 4(b) suggest that the SCBA is generally a
better approximation to the exact dynamics than the BA. To quan-
tify the improvement of the SCBA over the BA, in Fig. 4(c), we plot
D(BA[HEOM)

D(SCBAHEOM) *
to unity for all the pairs (J, A¢) examined. The larger the ratio, the
more pronounced the improvement of the SCBA over the BA.

Figures 4(a) and 4(b) show that the reliability of both BA and
SCBA generally improves with increasing J and/or decreasing Ae.
This suggests that the approximations are best suited for relatively
delocalized excitons, when the mixing angle 6 € [0, /4], defined as
tan(20) = 2J/Ae, significantly deviates from zero. Still, for Ae =0,
when excitons are perfectly delocalized, the quality of both BA and
SCBA increases with increasing J, i.e., decreasing Aph/J. The impact
of the exciton-environment interaction on the approximation reli-
ability will be analyzed in detail in Sec. III B 3. Figure 4(c) reveals
that the improvement of SCBA over BA is the most pronounced in
the region of moderate resonance coupling 50 cm™ < J < 150 cm™!
and large site-energy gap Ae 2 200 cm™. The improvement is also
appreciable for small resonance coupling, irrespective of the value of
Ag, when both BA and SCBA perform relatively poorly; see Figs. 4(a)
and 4(b).

the ratio which we find to be greater than or equal

2. Overdamped phonon continuum: Analytical
insights into the pure-dephasing model

For ] =0, the model reduces to the pure-dephasing model,
in which there is no population dynamics, but only dephasing

of the initially present interexciton coherences. The superopera-
tors entering Eq. (14) are then time independent, and combining
Egs. (13)-(15), we readily obtain the following exact expression for
the reduced evolution superoperator:

((nan1| G()|namn)) = =i0(8) 8, O,
X {6,,2,,1 + (1= 8y, )e"‘"z"lfe‘zﬂ‘)}, (44)

where g'(t) = [, ds2 f;* ds1 C'(s1) is the real part of the line shape
function, whereas &,n, = €1, — €n, (for the dimer, &,,,, = +A¢). The
derivation of Eq. (44), in which only ¢ appears, crucially relies
on our assumption that individual-chromophore environments
are identical. While the exact coherence dynamics, which follows
from Egs. (38), (39), and (44), can be recovered from the time-
convolutionless second-order QME,'"" the corresponding BA and
SCBA results remain only approximations to the exact solution, as
both involve an explicit convolution in the time domain. Still, rele-
vant analytical insights concerning the (SC)BA can be obtained for
the pure-dephasing model in the high-temperature limit 27T >y ..
In Appendix A, we derive that the matrix elements of the exact
self-energy superoperator ((n2n1|=(w)|nan1)) for ny # ny have the
following continued-fraction expansion (CFE):

((m2m[Z(w)[n2n1))
AT
2- 44, T

@ Emm ¥ 1ph 3 40T

W= Enyny + 3iyph —
(45)

W = Enyn, + 2iyph —

Truncating the CFE in the first layer, we obtain the BA result
(n2 # m),
4AphT

—— (46)
W — Emn, + 1Yph

((n2n1|Zpa(w)|nam)) =
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The same result follows from Eq. (27) upon approximating
coth (@) ~ Lf—_TV, as appropriate in the high-temperature limit,
and performing a contour integration by closing the contour in
the upper half-plane. In the pure-dephasing model, we can use
Egs. (32) and (46) to obtain the matrix elements of the self-energy
superoperator in the Redfield theory,

i4/1phT

Yph

((n2m1|Zpea|nam)) = (47)

Appendix A also demonstrates that the CFE of the SCBA self-energy
reads

((n2n1|Zscea(w)|nam))
T

T

W — Enyny + iYph —
mam Vb AT

W = Enyny + 3iYph — - -
(48)

Comparing Eq. (45) to Eq. (48), we find that the CFE of the
SCBA result can be obtained from the exact result by changing all
the coefficients multiplying 4A,, T' in the CFE numerators to unity.
While this could suggest that the SCBA is, in general, a poor approx-
imation to the exact solution,””'” we note that the broadening
factors are the same at each CFE denominator in both the SCBA and
exact self-energy. One can then expect that the SCBA is superior to
both the BA and the Redfield theory at reproducing the timescale
of coherence dephasing. This expectation is confirmed in Fig. 5(a)
comparing different approximations to the coherence dynamics in a
symmetric (Ae = 0) pure-dephasing dimer. The Redfield theory pre-
dicts an excessively fast coherence dephasing whose analytical form
reads as [see Appendix A and the circles in Fig. 5(a)]

A
(2o = Jep (-22T)
P

W — Enyny + 21'yph —

On the contrary, the BA predicts an excessively slow coherence
dephasing that can be reasonably described by [see Appendix A and
the down-triangles in Fig. 5(a)]

((L2alpoa () ~ %cos (2T T t)e 2 (50)

The exact coherence-dephasing timescale is in between the results of
the Redfield theory and BA, while the corresponding exact dynamics
can be reasonably approximated by [see Appendix A and the up-
triangles in Fig. 5(a)]

((1:2a]p())) ~ %exp(—Z/\phth). (51)

The SCBA indeed reproduces the correct order of magnitude of the
dephasing timescale, although it displays oscillations similar to that
predicted by Eq. (50). The performance of different approximations
can also be inferred from (the imaginary part of) the corresponding
self-energy profile presented in Fig. 5(a). The self-energy within the
Redfield theory [Eq. (47)] does not bear even a qualitative resem-
blance to the exact result. The BA, SCBA, and the exact result all
display a peak centered around w = 0. The BA peak is the narrowest
and highest and has a Lorentzian shape whose full width at half-
maximum is determined by y,;, only; see Eq. (46). The exact peak

ARTICLE pubs.aip.org/aipl/jcp
a
04l (@) |
;3 02 * : v,“ “n _|
= o 4 \
= SR\ / \ b
g . W& / AL\
] 0 "o ~ P =
\,_(i L N— /l \
=~ L ™ 4
Y ‘\ /| === exact | N
~o02+ " 7 | —— SCBA
v,/ |--- BA
r \v\,‘, ...... Red
0.4 ————1 1 — ‘
0 1 2 3
Time (100 fs)
0 FEA_T ] T LA T
b ’

-50

-100 |~
150 F
-200 |-

-1000 -500 0 500 1000

w (em™1)

Im ((15,20]5(w)[142)) (em™")

FIG. 5. (a) Time dependence of the real part of the coherence in a symmetric
(Ae = 0) pure-dephasing dimer. (b) Frequency profile of the imaginary part of the
matrix element of the self-energy superoperator describing coherence dephas-
ing in a symmetric pure-dephasing dimer. We compare the results of the SCBA
(solid lines), BA (dashed lines), and Redfield theory (dotted lines) to the exact
result (double dashed-dotted lines). The lines in (a) display Fourier-transformed
frequency-domain results using the self-energies given in Eq. (45) (label “exact’),
Eq. (48) (label “SCBA”), Eq. (46) (label “BA”), and Eg. (47) (label “Red”). Full
symbols in (a) display the analytical results given by Eq. (49) (circles), Eq. (50)
(down-triangles), and Eq. (51) (up-triangles). For visual clarity, the BA and Redfield
self-energies in (b) are scaled down by a factor of 4.

[Eq. (45)] is much broader than the BA peak, while the width of the
SCBA peak [Eq. (48)] is somewhat smaller than, yet comparable to,
the width of the exact peak.

3. Overdamped phonon continuum: Variations
in exciton-environment interaction parameters
and temperature

Here, we fix exciton parameters Ae and ] and vary Aph and y,,
to examine the reliability of BA [Fig. 6(a)] and SCBA [Fig. 6(b)],
as well as the improvement over the BA brought about by the self-
consistent cycle [Fig. 6(c)]. Overall, we find that the quality of both
BA and SCBA improves with decreasing the reorganization energy
and/or shortening the environment-reorganization timescale; see
Figs. 6(a) and 6(b). Figure 6(c) shows that the SCBA is always bet-
ter at approximating the exact dynamics than the BA. Within the
range of values of A, and y;ﬁ typically used in models of photo-
synthetic EET (25 cm g Aph S 250 cm ' and 50 fs < y_ﬁ <200 fs),!
the self-consistent cycle significantly improves the BA results; see
the dashed-line rectangle in Fig. 6(c). Notably, for very fast envi-
ronments (yy, ! $10fs), we find that the quality of BA and SCBA
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FIG. 6. (a) and (b) Heat maps of the maximum trace distance D((SC)BA|HEOM) between the numerically exact and BA [(a)] or SCBA [(b)] excitonic RDM over the
interval [0, fmax ] [Eq. (43)]. (c) Heat map of the ratio % between the performance metrics used in (a) and (b). All quantities are computed for different values of
the reorganization energy A and the environment-reorganization timescale y;h1 , the remaining parameters assume their default values listed in Table |, the initial condition

is specified in Eq. (38), while tmax = 2 ps. The dashed-line rectangle in (c) delimits the range of values of y;h1 and Ay, typically used in modeling photosynthetic EET.

is virtually the same, i.e., D(SCBA|HEOM) ~ D(BA|HEOM), for conclusion, we use that the white-noise assumption renders the

all reorganization energies examined. To understand this, we time-ordering sign upon differentiating Eq. (14) effective only on
observe that when Yph = and T — oo so that th/ T -0, our the superoperator ¢~ and ineffective on the superoperator 9;D(t).
model reduces to the well-known Haken-Strobl-Reineker white- Our discussion in Sec. IT D then implies that the BA, and even the
noise model,' """ within which C,(¢) = T8(t), with T = 24, T/ Yon-  Redfield theory, becomes exact in the white-noise limit. The exact-
Inserting this C,(t) into Eq. (14) for the exact evolution super- ness of the BA implies that the self-consistent cycle cannot improve

operator U(t), we conclude that the exact equation of motion for on BA any further, meaning that the SCBA result is also exact in the
p(t) coincides with the Lindblad-like equation (29). To reach this ~ white-noise limit.
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FIG. 7. Dynamics of the population of the lower-energy exciton state |1x) [(a1)—(d1)] and the real part of the interexciton coherence [(a2)—(d2)] computed using SCBA (solid
lines), BA (dashed lines), Redfield theory (dotted lines), and HEOM (double dashed-dotted lines). The insets in (a1)—(d1) present the very initial dynamics of the imaginary
part of the interexciton coherence (BA and Redfield results are omitted for visual clarity). The parameters Agh, Yonr T, and A, assume their default values in (a1) and (a2),

while we change Yon = 5cm~"in (b1) and (b2), T = 77 Kin (c1) and (c2), and Aph = 200 cm~"in (d1) and (d2).
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Figure 6(c) shows that the improvement of SCBA over BA is
the most pronounced for sluggish environments or large reorga-
nization energies. Both observations are ultimately rooted in the
richer diagrammatic content of the SCBA compared to that of the
BA, see Fig. 2, and are remarkable as computing exciton dynamics
modulated by strong exciton-environment interactions and/or slow
environments has to take into account higher-order environmen-
tally assisted processes.”*"” Similar challenges are encountered when
studying exciton dynamics at low temperatures. Additional insights
into the quality of different approximations can be gained from
Fig. 7, which compares approximate and numerically exact exciton
dynamics for the default values of model parameters [Figs. 7(al)
and 7(a2)], slow environment [yph =5cm™, Figs. 7(b1) and 7(b2)],

strong exciton-environment interaction [A,p = 200 cm L F igs. 7(c1)
and 7(c2)], and low temperature [T = 77 K, Figs. 7(d1) and 7(d2)].
The overall performance of approximate methods is essentially as
discussed in Sec. III B 2. The Redfield theory shows pronounced
deviations from the exact result already on shortest timescales,
whereas the BA and SCBA reproduce the very initial stages
(550 fs) of the exact dynamics quite well. While the subsequent
dynamics within the BA generally exhibits oscillatory features that
are damped relatively slowly, cf. Fig. 5(a), the SCBA dynamics of
exciton populations and the interexciton coherence follows the cor-
responding HEOM results very reasonably. The SCBA approximates
the true exciton-population dynamics in both realistically slow
[Fig. 7(al)] and excessively slow [Fig. 7(bl)] environments quite
well, both on subpicosecond and on somewhat longer timescales.
Meanwhile, Figs. 7(a2) and 7(b2), as well as the insets of Figs. 7(al)
and 7(b1), suggest that the SCBA is not that good at reproducing
the true interexciton-coherence dynamics. Still, it does capture the
correct long-time behavior (the imaginary part of the interexciton
coherence tends to zero, and the real part tends to a non-zero value).
For strong interactions and at low temperatures, the subpicosecond
dynamics of exciton populations within the SCBA is quite close to

kCOIlV
500 70
100
£ 10
S 50
5
<
10
S0 100 1000 |

Vpn'! (fs)

FIG. 8. Heat map of the number of steps kcony Needed to achieve the convergence
of the SCBA [62M < g for k > keony] for different values of the reorganization
energy A and the environment-reorganization timescale y;,j .
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the true dynamics, see Figs. 7(c1) and 7(d1), while some quantita-
tive differences between them appear on longer timescales (these are
more pronounced for the higher-energy exciton state). Meanwhile,
the SCBA dynamics of the interexciton coherence agrees well with
the corresponding numerically exact dynamics, especially at lower
temperatures; see Figs. 7(c2) and 7(d2) and the insets of Figs. 7(c1)
and 7(d1).

Figure 3(a) suggests that the convergence of the SCBA
slows down with increasing the reorganization energy or the
environment-reorganization timescale. This is corroborated in
Fig. 8, which shows the heat map of the number of iterations
kcony the SCBA needs to converge [52(") < &l for k > keony] for dif-
ferent values of A, and y;ﬁ. Even in the regime of strong interaction

(Aph =500 cm™") with slow environment (y;ﬁ =1 ps), the conver-
gence is achieved in around 70 iterations. Interestingly, we find that
keonv remains essentially unaffected by variations in the excitonic
parameters J and Ae for fixed A, and Vph- For all parameter com-
binations in Fig. 4, the SCBA converges in 10-13 iterations. The
pace of the convergence appears to be relatively weakly affected
by temperature variations; see Fig. 3(a). Figure 3(b) suggests that
this holds true even in larger aggregates interacting with structured
environments [Figs. 12(b1) and 12(b2)].

4. Overdamped phonon continuum: Self-energy
superoperator

We formulate our approximate approaches in the frequency
domain, with the self-energy (memory-kernel) superoperator as
their central quantity, and Figs. 9(a)-9(d) discuss the reflections of
the above-summarized time-domain observations on the frequency
domain. We choose the slow-environment regime analyzed in
Fig. 7(b) and concentrate on the matrix elements ((2:2.|Z(w)|2:2x))
and ((1x24|2(w)|2x2x)) describing, respectively, the population flux
out of the higher-energy exciton state and the population-to-
coherence transfer from that state. The results in Figs. 9(a)-9(d) are
obtained setting the artificial-broadening parameter to # = 1 cm™,
and we have checked that varying 5 over the range [0.5,5] cm™
does not qualitatively (and to a large extent quantitatively) affect
the results presented here. Within the BA, the imaginary parts of
both self-energy matrix elements display very narrow peaks cen-
tered around the exciton energy gap (at w = £Aex), see Figs. 9(a)
and 9(c), which is compatible with the oscillatory features of the BA
in Fig. 7(b). Meanwhile, the peaks of the numerically exact profiles
are much wider, and their centers are somewhat shifted from Aey.
While the SCBA profiles overall reasonably reproduce the numeri-
cally exact ones in terms of both peak positions and shapes, we note
the tendency of the SCBA toward somewhat excessive peak shift-
ing and narrowing. The relative advantage of the SCBA over the
BA is the most obvious for the population-to-coherence transfer,
when the BA completely misses the peak appearing somewhat below
Aex in both HEOM and SCBA profiles; see Fig. 9(c).

In Figs. 9(e) and 9(f), we compare the BA and SCBA results
for the self-energy superoperator in the time domain to the cor-
responding numerically exact result. As discussed in Sec. III A,
these time-domain results do not depend on #. The general ten-
dencies observed in the exciton dynamics in Fig. 7(b) are also seen
on the level of the time-dependent memory kernel. Namely, the
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FIG. 9. (a)—(d) Frequency dependence of the imaginary [(a) and (c)] and real [(b) and (d)] parts of the matrix elements of the self-energy superoperator =(w) computed
using SCBA (solid lines), BA (dashed lines), and HEOM (double dashed-dotted lines). We show matrix elements describing the population flux out of the higher-energy
exciton state |2,) [(a) and (b)] and the population-to-coherence transfer from the higher-energy exciton state [(c) and (d)]. For visual clarity, the BA results are multiplied by
a factor of (a) and (b) 0.1 and (c) and (d) 0.05. In panels (a)-(d), we use 1 = 1 cm™~". (€) and () Time dependence of the matrix elements of the self-energy superoperator
> (t) computed using SCBA, BA, and HEOM. The time-domain results on the timescales shown in (e) and (f) do not depend on #; see Sec. I/l A. Model parameters assume

the same values as in Figs. 7(b1) and 7(b2).

BA result for the time-dependent memory kernel displays pro-
nounced weakly damped oscillatory features, while the SCBA repro-
duces the exact result reasonably well. The quantitative agreement
between the SCBA and HEOM results for the matrix element con-
nected to population-to-population transfer is somewhat better than
in the case of population-to-coherence transfer; compare Fig. 9(e)
to Fig. 9(f). We finally note that obtaining the memory-kernel
superoperator in the time domain is generally difficult.'” On the
contrary, our time-domain results are readily obtained by the
numerical Fourier transformation of the corresponding frequency-
domain self-energies.

5. A single underdamped vibrational mode

Here, using the values of ], Ae, and T summarized in Table II,
we benchmark the (SC)BA when the SD of the exciton-environment
interaction is modeled using Eq. (42). We set y,=3 cm™', cor-
responding to the relaxation timescale of y;' = 1.77 ps. Keeping
in mind that the interaction with an individual intrachromophore
mode is, in general, relatively weak (So ~ 0.01, irrespective of the
vibrational frequency wo),'” one could expect that already the BA
recovers the numerically exact exciton dynamics. Figures 10(a) and
10(b) reveal that this is indeed the case when the vibrational mode
is not resonant with the excitonic energy gap (wo # Aex). The
true dynamics then exhibits weakly damped oscillations in both
exciton populations and interexciton coherence, which reflect the
relatively slow and inefficient interchromophore population transfer

discussed in the literature.!'” While the BA reproduces the oscilla-
tory behavior fairly well on the timescales we focus on, the SCBA
produces an excessively fast oscillation damping and an overall
incorrect dynamics of exciton populations. One may then expect
that the general tendency of the self-consistent cycle toward the fast
equilibration of the excitonic subsystem could render the SCBA a
reliable approximation when the vibrational frequency is nearly res-
onant with the exciton-energy gap (wo ~ Aex). At resonance, the
existing results show that the damping of the interexciton coher-
ence and the concomitant interchromophore population transfer are
particularly fast."'” Figures 11(a) and 11(b) show that the SCBA is
indeed sufficiently good at reproducing this rapid equilibration of
both exciton populations and coherences.

In the off-resonant case, the exciton populations and interexci-
ton coherence predominantly oscillate at frequencies |wy — Aex| and
Aex, respectively; see the most pronounced features of the spectra
in Figs. 10(c) and 10(d). The spectra in Figs. 10(c), 10(d), 11(c), and
11(d) originate from our frequency-domain computations so that
they are broadened with the parameter 7. The incorrect SCBA pop-
ulation dynamics in Fig. 10(a) is reflected on the frequency domain
as the spurious low-frequency feature in Fig. 10(c). In the reso-
nant case, the dynamics of interexciton coherence displays beats
most probably stemming from oscillations at two similar frequen-
cies; see the most intensive features in Fig. 11(d). In contrast to the
off-resonant case, the relation of the beating frequency or the fre-
quency of population oscillations in Fig. 11(c) to the inherent energy
scales of the problem (Ag, ], wp) is not obvious. To establish such
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a relation, we note that even the weak exciton-vibration interac-
tion can induce appreciable mixing of the vibrational and excitonic
levels and thus render the description in terms of vibronic-exciton

states more appropriate. To discuss our observations in terms of

mation of the quantities displayed in (a) and (b), respec-
tively. The dimer is coupled to an underdamped vibrational
mode characterized by wy = 138 cm~', Sy = 0.023, and
o =3 cm~". The vertical lines in (c) [(d)] show the
frequencies of oscillatory features in exciton-population
(interexciton-coherence) dynamics obtained using the
weak-interaction vibronic-exciton model; see Egs. (52)
and (53).

are linear combinations of the states |1, vo = 1) and |2x,vo = 0). In
the nearly resonant case (Aex ~ wy), the energies corresponding to
the oscillatory features in exciton populations,

OV:6E:€} ¥Z0Z 49qUIaNON 9Z

these hybrid states, we assume, for simplicity, that the vibrational Qpop ~ W0\/280] sin (26)], (52)
mode is undamped, i.e., Yo = 0. Then, the Hamiltonian is analo-

gous to the Jaynes—-Cummings Hamiltonian of quantum optics.'"’ and the interexciton coherence,

When Sy « 1, it is sufficient to consider at most a single vibra-

tional quantum,'’? and in Appendix B, we conclude that the first O L~ Aex + wo\/s—70| sin (26)| (53)
two states above the lowest-lying vibronic-exciton state |1y, vo = 0) o 2 '
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are proportional to \/Sy and agree reasonably well with the corre-
sponding numerically exact and SCBA results; see Figs. 11(c) and
11(d). Interestingly, the frequency of the beats in the interexciton-
coherence dynamics virtually coincides with the frequency of pop-
ulation oscillations, i.e., Qpop ~ Qgep, . — Qeon_- In the off-resonant
case Aex # wo, we find that the frequency of population oscillations
is shifted from |Aex — wo| by an amount proportional to Sy, i.e.,

2

off Wo
|Aex — wol

QPOP

— |Aex — wo| ~ Sp sin”(260) , (54)
which agrees very well with the HEOM result, and not so well with
the BA and SCBA results; see Fig. 10(c). The frequency shift of
the most pronounced component of exciton-coherence oscillations
from Aey is also linear in Sp,

W,

off

1
Qooh,— — Aex = _ESO sin®(26) , (55)

|Aex — wo
in good agreement with the HEOM and BA results in Fig. 10(d).
We mention that the much less intensive feature of the coherence-
oscillation spectrum appearing around the vibration energy is
shifted from wo by

1 w?
Qo L —wo ~ =S sin®(26) ——2> . 56
coh,+ — W0 2 0 S1N ( ) |A€X — 6()()| ( )

C. Reliability of the SCBA: Seven-site model
of the FMO complex

In Figs. 12 and 13, we benchmark the SCBA and BA on the
widely studied seven-site model of the FMO complex found in
green sulfur bacteria. Detailed benchmarks of our approximations

ARTICLE pubs.aip.org/aip/jcp

for chromophore populations (Fig. 12) and interchromophore
coherences (Fig. 13) against numerically exact results are possible
for the OBO SD [Eq. (41)]. In Figs. 12(al), 12(bl), 13(al), and
13(b1), we use Ay = 35 cm ™! and y;ﬁ =50fs (yPh =106.2 cmfl).
To explore the viability of our methodology, we also apply it to
the model using the structured SD emerging from atomistic simu-
lations performed in Ref. 34. As we are not aware of any numerically
exact results for the dynamics modulated by this structured bath,
Figs. 12(a2), 12(b2), 13(a2), and 13(b2) compare the SCBA and BA
results. Details on the excitonic Hamiltonian Hs and the structured
SD used are summarized in Appendix C.

Using the OBO SD, the BA already provides a good approx-
imation to the subpicosecond dynamics of chromophore popula-
tions [Figs. 12(al) and 12(b1)], in agreement with the findings of
Ref. 54. Nevertheless, on a picosecond timescale, the BA overes-
timates (underestimates) populations of low-energy (high-energy)
states, and this effect becomes more pronounced with decreasing the
temperature; compare Fig. 12(al) to Fig. 12(b1). While the SCBA
suffers from the same deficiency, its predictions for chromophore
populations are systematically closer to the numerically exact results
throughout the time window examined. At higher temperatures,
Figs. 12(al) and 13(al) suggest that the SCBA is better at approxi-
mating population dynamics than coherence dynamics. Meanwhile,
Figs. 12(b1) and 13(b1) suggest that the reverse is true at lower tem-
peratures. Figures 13(al) and 13(b1) do not show BA results, which,
at all temperatures, display oscillatory features lasting much longer
than the numerically exact method predicts.

Comparing panels (a2) and (al) [(b2) and (b1)] in Figs. 12
and 13, we conclude that our approximations deliver reasonable
results for exciton dynamics in the structured environment, as it is
overall similar to the dynamics in the featureless environment. The
problems with longer-time population dynamics of extremal-energy

LA HLALEL I LU JRLLULJ 25 J.

(b1)

OBO SD
Population of BChl

0.1fh=

0.8 L U L L L L L I

FIG. 12. Comparison of SCBA (solid), BA (dashed), and
HEOM (double dashed-dotted) dynamics of BChl popula-
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Computations are performed at T = 300 K [(a1) and (a2)]
and T = 77 K[(b1) and (b2)] using the OBO [(a1) and (b1)]
and realistic [(a2) and (b2)] SDs of the exciton—environment
interaction. As the numerically exact dynamics are not avail-
able for the realistic SD, panels (a2) and (b2) compare the
SCBA and BA dynamics.
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FIG. 13. Comparison of SCBA (solid), BA (dashed), and
HEOM (double dashed-dotted) dynamics of the interchro-
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seven-site model of the FMO complex. Computations are

T performed at T = 300 K [(a1) and (a2)] and T = 77 K [(b1)
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and (b2)] SDs of the exciton—environment interaction. In
(a1) and (b1), we omit BA dynamics for visual clarity. As the
numerically exact dynamics are not available for the real-
1 istic SD, panels (a2) and (b2) compare the SCBA and BA
dynamics.

realistic SD
Coherence (BChl 3, BChl 6)

Time (100 fs)

T=300 K T=77K

states are exacerbated in the structured environment at lower tem-
peratures, when SCBA (and also BA) predicts nonphysical (greater
than 1 or negative) populations of such states; see Fig. 12(b2). A pos-
sible origin of these problems can be understood from our analysis
of the dynamics modulated by an underdamped vibrational mode;
see Sec. [11 B 5. There, we find that the resonance condition between
the exciton-energy gap and the vibrational energy quantum is crucial
to the success of the SCBA. Here, exciton-energy gaps fluctuate due
to low-frequency phonon modes, their fluctuations becoming more
pronounced with increasing temperature. Therefore, at higher tem-
peratures, satisfying resonance conditions between exciton-energy
gaps and weakly damped vibrational modes is more probable than
at lower temperatures. In other words, the SCBA is expected to
work better at higher temperatures. The SCBA coherence dynamics
in Figs. 13(a2) and 13(b2) is physically sensible, while the lifetime
of interchromophore coherences in the structured environment
is somewhat shorter than in the featureless environment at both
temperatures examined.

IV. SUMMARY AND OUTLOOK

We have developed and benchmarked the self-consistent Born
approximation for studying the dynamics of EET through a mul-
tichromophoric aggregate linearly interacting with a bosonic envi-
ronment. We start from the lowest-order approximation for the
memory kernel of the QME and improve it in the self-consistent
cycle based on the QME represented in the Liouville space. We find
that the SCBA reproduces the exact exciton dynamics modulated
by an overdamped phonon continuum very well, even in the gen-
erally difficult regimes of strong exciton-environment interaction,
slow environmental reorganization, and low temperature. This suc-
cess of the SCBA can be understood from the analytically tractable

Time (100 fs)

example—coherence-dephasing dynamics in the pure-dephasing
model. We conclude that the reliability of the SCBA when the
dynamics is modulated by an underdamped vibrational mode leans
on the resonance between the mode frequency and the exciton-
energy gap. Nevertheless, in a structured environment comprising
both an overdamped phonon continuum and a number of under-
damped vibrational modes, the SCBA reasonably describes exciton
dynamics through the seven-site model of the FMO complex.

Importantly, our method does not introduce any assumptions
on the form of the exciton-environment SD, making it a strong
candidate for studying exciton dynamics modulated by structured
environments whose properties are extracted from experiments or
atomistic simulations. Although the method sometimes leads to
unphysical results [see, for example, Fig. 12(b2)], it can, in principle,
be improved by enlarging the set of the diagrams included in Green’s
superoperator beyond that in Fig. 2(b2). Namely, Fig. 12(b2) shows
that the onset of the unphysical behavior in the SCBA result is shifted
toward later times with respect to the BA result so that including
additional diagrams can be expected to further improve the SCBA
result. Systematic improvements are possible by performing the self-
consistent cycle starting from a higher-order approximation for the
memory kernel. The next member of the family of self-consistent
approximations thus obtained is the so-called one-crossing approx-
imation, in which the starting memory kernel is the sum of the first
two diagrams in Fig. 1(f). The final memory kernel then contains all
diagrams in which the lines representing the environmental assis-
tance cross at most once. However, the one-crossing approximation
is computationally much more demanding than the SCBA, as each
iteration involves a double integral over frequency. The practical
applicability of the one-crossing approximation is thus determined
by the balance between its computational requirements and the
improvements it offers over the SCBA.
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Remarkably, it may happen that the good results obtained in
the lowest-order Born approximation are deteriorated by includ-
ing the higher-order diagrams captured by the SCBA; see, for
example, Fig. 10(a). Such situations typically feature underdamped
(or undamped) environments, whose SDs are narrow (the corre-
sponding bath correlation functions decay very slowly). Then, we
have to recall that the perturbation series in Fig. 1(d) is actually
an asymptotic series, which in general does not converge. Never-
theless, in realistic environments, overdamped contributions may
be considered to come to rescue the convergence of the perturba-
tion series, as these effectively hide the unphysical features caused
by underdamped contributions alone.

Finally, our Liouville-space frequency-domain formulation of
the SCBA suggests that it might be used as a computationally effi-
cient and reasonably accurate approach to compute experimentally
accessible nonlinear response functions. To test such a possibil-
ity, one should generalize the present formulation so that memory
kernels in different excited-state sectors can be computed.
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APPENDIX A: COHERENCE DEPHASING
IN THE PURE-DEPHASING MODEL (OBO SD
AND HIGH-TEMPERATURE LIMIT)

We first show that the CFE of the exact Z(w) is given by
Eq. (45). In the high-temperature limit, the real part of the line shape
function can be approximated as*
, 2AmT ,
g)= PTh(e Tont Ypht — 1). (A1)
th
Inserting Eq. (A1) into Eq. (44) and performing the Fourier
transformation of the latter gives (1, # n1)

({nam1|G(w)|n2ni))

+oo —A k 1
— eAph Z ( }:h) . : , (A2)
k=0 k! w = Enyn, + lAph)’ph + Ikyph

where we introduce the dimensionless parameter Ay = 4;‘2”.
ph
It is known that the zero-temperature absorption line shape

(the excitation-addition spectral function) of a two-level system
whose energy gap &, between the ground and excited states is mod-
ulated by an undamped vibrational mode (frequency wo and HR
factor Sp) is proportional to the negative imaginary part of the
retarded Green’s function (see, for example, Chap. 8 of Ref. 86 or
Chap. 4 of Ref. 82),

R 5 ko sk )
Gloy=em2 : A3
(w)=¢e kz:;) k! @ — eeg + Sowo — kawo + i (A3)
The CFE of Eq. (A3) reads as” """
1

G*(w) = i »

W — Epo — Soa)o

N 25060(2)
W — Eg — W —

W—Eg—2W0 — -+

The CFE of ((nn1|G(w)|nzn1)) is then obtained by substituting
W — €g = W — Emny> So = —Aph, and wy — —iyph in Eq. (A4), which
follows from comparing Eq. (A2) with Eq. (A3), and reads

((nam|G(@)|nam))

- 0T . (A5)
W — Enyn; —

2 4)LphT
W= Enyny + 2iyph — .

W — Enyn, + iyph —

Keeping in  mind that  ({(mom|Z(w)|n2m1)) = @ — €nyn,
— ((m2am|G(w)|n2m))™!, see Eq. (24), one immediately obtains
Eq. (45).

Working in the high-temperature limit, Tanimura and Kubo
obtained an expression very similar to Eq. (A5); see Appendix
B of Ref. 113. They considered a single two-level chromophore
(labeled n;) and its optical coherence, whose time evolution is
governed by e *n'e7¢() 11 The numerators of their CFE feature
nonzero imaginary parts originating from g’(t) Here, however,
we consider the interchromophore coherence between excitoni-
cally uncoupled chromophores n, and n; and assume that their
environments are identical and uncorrelated. In the time domain,
the coherence involves the de-excitation of chromophore n; and
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excitation of chromophore n, so that it evolves according to
e onte 8D [giem g8 (D]* = plenmte=% () The imaginary parts of
the line shape functions cancel out, in agreement with Eq. (44),
rendering the numerators of the CFE in Eqgs. (A5) and (45) purely
real.

We now argue that the CFE of the SCBA self-energy is given by
Eq. (48). Our starting point is the BA propagator in the frequency
domain (n, # n1),

({n2n1|Gpa(w)|n2my)) = T (A6)
W = Enyny — P

W=y +iYph

which is obtained by inserting the BA self-energy [Eq. (46)] into the
Dyson equation [Eq. (24)]. The BA propagator is then inserted into
Eq. (33) to obtain the following self-energy £ in the next iteration:

® B /-+00 dv 4Aph}’phT
s _ @V *Aph)ph b
((n2n1| (w)|n21’11>> oo 2T (w—l})2+yr2,h

x ((nan1| Gga (w)|n2n1)). (A7)

==, The last
integral is solved by integrating along a contour that is closed in the
upper half-plane to ensure causality. As the poles of the BA propaga-
tor are in the lower half-plane by construction, the only pole of the
integrand in the upper half-plane is at v = w + iy,,. Evaluating the
corresponding residue, we obtain

Here, we have approximated coth(ﬁ Ce V)) ~

A\ T

® = Enyny + FYph —

{{nam =P (0)[nam)) = (A8)

N T
W—€pyny +20Yph

Repeating the above-described procedure ad infinitum, we obtain
Eq. (48).

We end this section by presenting analytical results for the
matrix elements of Green’s superoperator that determine the
dynamics of coherence dephasing within the BA and the Red-
field theory; see Egs. (49) and (50). Equation (A6) implies that the
BA propagator in the time domain can be expressed as

+oo dQ _iar

({n2m1|Gpa(t)|n2m)) = e_isnznlt_[ ot

o 21

Q + iyph
(@-a)(@Q-0)
(A9)

where

16A,, T
Qi:m[i’ o _1_,-]%2 T -2 (A10)
2 2
yPh

are the roots of the quadratic equation Q + iypn Q2 = 4Apn T = 0, of
which both lie in the lower half-plane. We use 271T/yPh > 1 to
obtain Q. in the high-temperature limit. The integral in Eq. (A9)
is solved using the contour integration with the final result,

Q + iYph e—iQJ,r

(G| Gan () ) = ~i6(0)|

Q. -Q-
_ Q- +iypn e—iﬂ,t]. (A11)
Q -Q-
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Retaining the contributions that are the most dominant in the high-
temperature limit 27T/ Ypn > L, Eq. (A11) can be further simplified
to

((n2m1|Gpa (£)|nam)) = —i6(t)e *mm" cos (2 Aph T t)efypht/z.
(A12)

Equation (32) implies that the Redfield propagator in the time
domain can be expressed as

i too dO e
({(nam1| Grea(t)[n2m1)) = e lenmtf oy AT

oo 2 Q)+
P

AT

= —if(t)e " exp (— t). (A13)

ph

The approximation to the exact coherence-dephasing dynamics
embodied in Eq. (51) is obtained by inserting the short-time approx-
imation g'(£) ~ Apn Tt* to the line shape function [Eq. (A1)] into
Eq. (44).

APPENDIX B: VIBRONIC-EXCITON MODEL

We consider the model dimer, Eq. (40), in which the exci-
tons interact with an undamped vibrational mode of frequency
wo and HR factor Sy [we set Yo = 0 in Eq. (42)]. We assume that
So <1 so that the reorganization energy Sowo is much smaller
than all the other energy scales in the problem (Ag,J). It is known
that the center-of-mass motion of the intrachromophore vibra-
tions, described by By = (b1 + b2)/ V2, does not affect the single-
exciton dynamics.'””'"” The energies of the exciton states, as well
as transitions between them, are then modulated by the relative
motion of intrachromophore vibrations, which is described by
B_ = (b1 — by)/\/2. The single-exciton dynamics is governed by the
Hamiltonian H = Hx + Hg_ + Hx_p_, where

Hy = 22: |kx)|:5kx + (—l)k Ccos (29)(4)0\/?(31 + B_):|<kx|, (Bl)

k=1

Hp. = woB'B_, (B2)

Hy_p. = —sin (ze)wo\/szz(|zx)<1x| + L)) (BL +B.). (B3)

The energy of the bare exciton state k=1,2 is g =%

[1 +(~-1)%\/1 + tan?(26) ] The dynamic modulation of the

exciton energy can be taken into account exactly by transferring to
the polaron frame, H = UHU", using the polaron transformation,

2
U=3 ke lkdeD", S = cos (26) %(3T B.). (B4)
k=1

The bare exciton energies &,  are then shifted to & =g,
s““"‘ cos (26) while the eigenstates |ky,vo) of the transformed
Hannltoman Hx + Hp_ are enumerated by the exciton number
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k and the numbervg =0, 1,. ..
detail,

of excited vibrational quanta. In more

T \vo
(B) |9), % Sowocosz(29)+vgw0.

Ekve = €k, —
Vol
(B5)

As we assume that Sy < 1, the leading contribution (proportional to
V/S0) to the transformed interaction term Hx_p_ in powers of Sy is
identical to Hx—_p_. To proceed further, we additionally perform the
rotating-wave approximation, which amounts to

Fix s = —aoy /%(|2x)(1x|3, sl (®6)

We now limit ourselves to the subspace containing at most a sin-
gle vibrational excitation, where we find that Hx_p_ mixes the states
[1x,v0 = 1) and |24,v9 =0). In the resonant case wy ~ Aex, these
two states are nearly degenerate, and Hx_p_ lifts this degeneracy.
While there is no degeneracy in the off-resonant case wo # Aex,
the vibronic mixing still affects the energy difference between these
two states. The energies of vibronically mixed states measured with
respect to the energy of the lowest-lying state |1, vo = 0) then read
as

[k, vo) = [kx)

1
Eyy=1,4 — Evy=0 = E[Asx +wo + \/(Aex - wo)2 + ZSowg sinZ(ZQ)J.

(B7)
The exciton populations then exhibit oscillatory features of fre-
quency,

Qpop = Evge1,+ — Eupet— = \/ (Aex — wo)® + 2Sowy sin’(26), (B8)
while the oscillations in interexciton coherence have the frequencies
Qcoh,i = Evozl,i - E’UD:O- (B9)

In the nearly resonant case (Aex — wo ~ 0), the frequencies of oscil-
latory features in exciton-population and interexciton-coherence
dynamics are given by Egs. (52) and (53), respectively. To be con-
sistent with the simplifications made up to now, our considerations
in the off-resonant case have to keep only the lowest-order term in
small Sy so that

2
pop ~ |Aex — w0|[1+8051n (29)w)2:|, (B10)

( EX — Wo

2
[

|Aex — wol

Equations (54)-(56) are then readily obtained from Eqgs. (B10) and
(B11).

off

Qlohx = Z[Aex + wo + |Aex — wo| + So sin®(26) ] (B11)

APPENDIX C: COMPUTATIONS ON THE SEVEN-SITE
MODEL OF THE FMO COMPLEX

The excitonic Hamiltonian Hg is taken from Ref. 116, and the
values of interchromophore couplings and average chromophore
energies are summarized in Table II1.

We take the structured SD of the exciton-environment inter-
action from the spreadsheet jz6b01440_si_002.x1sx appearing

ARTICLE pubs.aip.org/aip/jcp

TABLE Ill. Interchromophore couplings and average chromophore energies (incm™")
within the seven-site model of the FMO complex considered in Ref. 116. We subtract
the energy of the lowest-lying BChI3 (12210 cm~") from the diagonal entries.

BChl 1 2 3 4 5 6 7
1 200 -87.7 55 =59 6.7 -13.7 -99
2 320 30.8 8.2 0.7 11.8 4.3
3 0 =535 22 -9.6 6.0
4 110 -70.7 -17.0 -63.3
5 270 81.1 -1.3
6 420 39.7
7 230

in the supplementary material of Ref. 34. More specifically, we use
the data from the sheet PBEO-FMO_subunitA-J, which reports
the total SD (comprising both the interchromophore and intra-
chromophore contributions) for individual BChls in one of the
FMO subunits. In our computations, we assume that the SDs for
all BChls are identical and thus use the arithmetic average of the
SD data for BChll, ..., BChl7. The SD thus obtained is plot-
ted in Fig. 14, The frequency grid is equidistant, with spacing
Aw = 0.53 cm™!, which we find sufficiently fine for the numerical
integration of Eq. (33) using the ordinary trapezoidal rule. The SD is
Ohmic, and we obtain its linear behavior around w = 0 by fitting
the points (0,0), (Aw, T (Aw)),...,(5Aw, T (5Aw)) to a straight
line. As the SD is available up to way, = 2650.8 cm™!, our numer-
ical computations use Wmax = 2Way,1 and assume J(w) =0 for
Wavail < W < Wmax-

While we take the excitonic and the exciton-environment
interaction parameters from different studies and different (seven-
site''® and eight-site’*) FMO models, we emphasize that our main
goal is to examine the applicability of our approximate methods to
a relatively realistic model of a multichromophoric complex. The
results in Figs. 12 and 13 indeed suggest that our approximate
methods can provide decent results on exciton dynamics in realistic
models.
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2000

1500

) (em™1)
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FIG. 14. Spectral density of the exciton-environment interaction used to obtain
the results presented in Figs. 12 and 13. The SD is extracted from the data
accompanying Ref. 34.
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Vertex corrections to conductivity in the Holstein model: A numerical-analytical study
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The optical-conductivity profile carries information on electronic dynamics in interacting quantum many-body
systems. Its computation is a formidable task that is usually approached by invoking the single-particle (bubble)
approximation and neglecting vertex corrections, the importance of which remains elusive even in model
Hamiltonian calculations. Here, we combine analytical arguments with our recent breakthroughs in numerically
exact and approximate calculations of finite-temperature real-time correlation functions to thoroughly assess the
importance of vertex corrections in the one-dimensional Holstein polaron model. We find, both analytically
and numerically, vanishing vertex corrections to optical conductivity in the limits of zero electron-phonon
interaction, zero electronic bandwidth, and infinite temperature. Furthermore, our numerical results show that
vertex corrections to the electron mobility also vanish in many parameter regimes between these limits. In some
of these cases, the vertex corrections still introduce important qualitative changes to the optical-conductivity
profile in comparison to the bubble approximation even though the self-energy remains approximately local.
We trace these changes back to the bubble approximation not fully capturing a time-limited slowdown of the
electron on intermediate timescales between ballistic and diffusive transport. We find that the vertex corrections
are overall most pronounced for intermediate electron-phonon interaction and may increase or decrease the

bubble-approximation mobility depending on the values of the model parameters.

DOLI: 10.1103/PhysRevB.109.214312

I. INTRODUCTION

Charge carrier transport in semiconducting materials is the
key physical process behind the operation of many semi-
conductor electronic and optoelectronic devices [1,2]. Under
typical operating conditions, the carrier density is low, and
their transport is limited by the interaction with phonons
[3,4]. Quantifying the ability of a carrier to cover long dis-
tances, phonon-limited electron (dc) mobility is the primary
factor determining device performance. On the other hand,
the frequency profile of the dynamical (ac) mobility, which
is proportional to the optical conductivity, carries information
on charge dynamics on various time and length scales, thus
providing fundamental insights into the mechanisms of carrier
transport [5—7]. While the dc and ac mobility are nowadays
experimentally accessible [5], reliable theoretical results for
these quantities are rather scarce.

Within the linear-response theory [8], transport properties
are encoded in the two-particle current-current correlation
function, which is, however, seldom calculated exactly. One
usually calculates it in the so-called independent-particle
(single-particle or bubble) approximation [9,10], which ex-
presses it entirely in terms of single-particle quantities (the
so-called bubble term), and neglects two-particle correlations
(commonly referred to as vertex corrections). The bubble term

*Contact author: veljko.jankovic @ipb.ac.rs
TContact author: petar.mitric@ipb.ac.rs
#Contact author: darko.tanaskovic @ipb.ac.rs
$Contact author: nenad.vukmirovic @ipb.ac.rs
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is, in principle, much easier to evaluate than the vertex correc-
tions, and the bubble approximation is commonly employed
both in first-principles studies of transport properties [9,11,12]
and in many model Hamiltonian calculations [13-17].

Understanding how the vertex corrections influence trans-
port properties is an arduous task whose solution has been
attempted in just a few instances. Historically, the first in-
stance is impurity scattering in metals, where the Green’s
functions in the Born approximation are used for the cal-
culation of the ladder diagrams, whose contribution to the
dc conductivity is comparable to the bubble term [10,18].
These diagrams are responsible for the dominant contribu-
tion to dc resistivity from the large-angle scattering within
the semiclassical Boltzmann approach in the presence of di-
luted impurities. Another well-studied case is the disorder
scattering in two dimensions, where the maximally crossed
diagrams give a divergent contribution to resistivity at low
temperatures even in the presence of weak disorder [19,20].
Concerning the electron-phonon models, the contribution of
vertex corrections to conductivity [21-25] has been studied so
far only for weak interaction. In classic papers from the 1960s,
vertex corrections to conductivity stemming from scattering
on acoustic phonons were calculated by summing the ladder
diagrams [25]. Within the Frohlich model, vertex corrections
originating from scattering on optical phonons were shown
to be negligible at low temperatures and for weak electron-
phonon coupling [24,25]. It is a challenge to determine the
importance of vertex corrections outside the weak-coupling
limit, and, to the best of our knowledge, this has not been done
before either for the Frohlich model or the Holstein model, on
which we focus in this study.

©2024 American Physical Society
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Transport properties of interacting electron-phonon models
have been commonly studied either by approximately calcu-
lating the current-current correlation function [26-34] or by
starting from (possibly approximate) single-particle spectral
functions [15,17,35-39] and using the bubble approximation
[13—17]. However, elucidating the role of vertex corrections
requires genuine numerically exact approaches that provide
results on both single-particle and two-particle correlation
functions at finite temperatures. While imaginary-axis quan-
tum Monte Carlo (QMC) approaches are formulated directly
in the thermodynamic limit [40-43], the uncertainties associ-
ated with the procedure of numerical analytical continuation
[44-48] cast doubts on the reliability of real-axis results thus
obtained. It is therefore of paramount importance that nu-
merically exact methods used to study vertex corrections be
formulated directly on the real-time or real-frequency axis
[49]. Calculations of the dc mobility are particularly chal-
lenging for such methods because of finite-size effects (e.g.,
Lanczos diagonalization-based methods [50-52]) or maxi-
mum simulation time that is not sufficiently long to fully
capture the carrier’s diffusive motion (e.g., real-time QMC
[53] or density matrix renormalization group [54,55]).

There have been three very recent advances that facilitate
our present study. First, we developed the numerically exact
momentum-space hierarchical equations of motion (HEOM)
method for calculating both single- and two-particle corre-
lation functions [56,57]. This method provides dc mobilities
whose uncertainties due to finite-size effects are controllable
and can be suppressed in a wide range of model parame-
ters. Second, we developed the real-axis path integral QMC
method, which can provide a real-time current-current cor-
relation function for weak and intermediate electron-phonon
coupling at elevated temperatures [53,56]. For lower temper-
atures or stronger coupling, valuable information can still be
obtained for short time correlations, before the sign problem
sets in. Finally, we also have at our disposal the dynamical
mean-field theory (DMFT), a computationally inexpensive
method producing close-to-exact results for the spectral func-
tions of the Holstein polaron in the thermodynamic limit, even
in one dimension, in the whole parameter space [39]. This can
be used for reliable calculations of conductivity without vertex
corrections, as all the results to be presented demonstrate
that the DMFT ac mobility practically coincides with the one
calculated in the bubble approximation within the HEOM
method.

In this study, we first develop analytical arguments demon-
strating that the vertex corrections vanish in the limits of
vanishing electron-phonon interaction, vanishing electronic
bandwidth (the atomic limit), and infinite temperature. We
then proceed to numerically analyze their importance in pa-
rameter regimes between these limits for three values of
phonon energy (intermediate, low, and high with respect to the
bare electron’s kinetic energy) and at temperatures that are not
too low for HEOM (to minimize finite-size effects) and QMC
(to avoid severe sign problem) calculations. For intermediate
phonon frequency and moderate electron-phonon coupling,
the numerically exact dynamical mobility assumes a two-peak
structure: the Drude-like peak is accompanied by another
peak at finite frequency. At higher temperatures, this peak is
centered away from wy, and it can be ascribed to a temporally

limited slowdown of the carrier during the crossover between
the ballistic and diffusive transport regimes. This slowdown
is not fully captured by the bubble approximation, and the
corresponding dynamical-mobility profile features only the
Drude-like peak. On the other hand, at low temperatures,
the finite-frequency peak is positioned exactly at wy, and it
is recovered also within the bubble approximation because
it corresponds to the optical transitions between the quasi-
particle and the satellite peaks in a single-particle spectral
function. In all these cases, the numerically exact dc mobility
is somewhat larger than that in the bubble approximation. For
low phonon frequency and moderate interaction, we find that
the dynamical-mobility profile bears qualitative similarities
to that for intermediate phonon frequency. Interestingly, the
peak at zero frequency persists, and the numerically exact dc
mobility is somewhat smaller than, yet comparable to, the one
in the bubble approximation. Only as wy is further decreased is
the dc mobility expected to decrease to the values much below
the bubble-approximation result. For high phonon frequency,
available HEOM results do not indicate a large discrepancy in
comparison to DMFT.

The paper is structured as follows. Section II provides
an overview of the Holstein model and methods we use to
study its transport properties. Section III exposes the readers
to the analytical results and illustrative numerical examples
demonstrating vanishing vertex corrections in the above-listed
limiting cases. The in-depth analytical arguments are deferred
to Appendixes B-D. We analyze our numerical results and
present our main findings on the importance of vertex correc-
tions in Sec. IV. Section V summarizes our results.

II. MODEL AND METHODS
A. Formalism: Holstein model and its transport properties

We examine the Holstein model on a one-dimensional (1D)
lattice composed of N sites with periodic boundary condi-
tions. In momentum space, its Hamiltonian reads

H =H, + th + He-ph
" g " "
= aciec+wo Y biby + i > ChgCh(by +b1,).
k q N kq

6]

The electronic and phononic wave numbers k and g may
assume any of the N allowed values 27rn/N (n is an integer)
in the first Brillouin zone (—, 7 ]. The free-electron Hamil-
tonian H. describes electrons in a band whose dispersion
&r = —2ty cos k originates from the nearest-neighbor hopping
of amplitude #,. The operator cZ (ci) creates (annihilates) an
electron in the state with wave number k. The free-phonon
Hamiltonian H,y, describes dispersionless optical phonons of
frequency wyp, with b; (by) creating (annihilating) a phonon
of momentum ¢. The interaction term H,., is characterized
by its strength g. In the following, we set the lattice constant
ay, the elementary charge e, and the physical constants / and
kg to unity. As a convenient measure of the electron-phonon
interaction strength, we use the dimensionless parameter

A= & 2

- 2towo ’
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We consider the dynamics of a single spinless electron in
the band, which is determined by the current-current correla-
tion function (normalized to the electron number)

(J(@)jO)x
Ciit) = ———. 3)
<N6>K
In Eq. 3), No. =), clck denotes the electron-number op-
erator, and the expectation values are evaluated in the
grand-canonical ensemble defined by temperature 7 = !
and chemical potential ur (K = H — ugNe),

A — Tr{Ae K} 4
Wk = =k “4)
The current operator reads
J=_ ek, (5)
k
with
Jk = —2tpsink. (6)

We assume that up lies far below the bottom of the band
(formally, ugp — —o00), i.e., the electron density is low. A
reasoning analogous to that in Refs. [37,39,58] shows that
the dominant contributions to the expectation values entering
Eq. (3) as ugp — —oo read

Trle{eiHrje—thje—ﬁH}

(j()j0) = et Zm

) (N

z
Ne)g = ePrr ——, 8
(Ne)g = e Zon 3

where Zy, = Trp, e P denotes the free-phonon partition
sum, the trace Tri. is taken over states containing a single
electron (and an arbitrary number of phonons), while

Z = Tri.e ¥ )

is the corresponding partition sum. Equation (3) is then recast
as

o Trye{e je M1 jePH)
Cii(1) = (j®)jO)u1 = ~

The real part of the frequency-dependent mobility (for w # 0)
is [10]

(10)

1 — e Po ptoo -
Re u(w) = —/ dt e"‘”ij(t), an

2w 00

and the corresponding dc mobility is
1 +00
Hde = 7/(; dt Re Cj;(1)

400
= —2/ dtt Im Cj;(1). 12)
0

While the dynamical-mobility profile encodes information on
carrier dynamics on all time and length scales, a more intuitive
understanding of carrier transport can be gained from the
evolution of the carrier’s spread,

Ax(t) = \/<[X(t) —x(0))p,1. 13)

where x is the carrier position operator. The growth rate of the
spread is determined by the time-dependent diffusion constant

1d '
D(t) = EE[AX(I)]Z :/0 dsRe Cj;(s), (14)

which varies from O at short times to its long-time limit
Do, for which the Einstein relation Dy, = pg.T holds. The
carrier’s dynamics then changes from short-time ballistic dy-
namics, when Ax(t) o< ¢, to long-time diffusive dynamics,
when Ax(1) o /.

B. Single-particle (bubble) approximation

C;;(t) is a four-point (two-particle) correlation function,
which can be expressed as [combine Eqgs. (3) and (5)]

S wr Jwdrler ew (e (0)er (0))k
<Ne)l( '

Its evaluation in the most general many-body setup is a
formidable task. This remains true even when we limit our-
selves to a single electron in the system [Eq. (10)], which
represents an important case that has been successfully solved
only very recently using the HEOM formalism [57,59].

Quite generally [60], the two-particle correlation function
in Eq. (15) can be formally decomposed into the sum of
products of two single-particle correlation functions plus a
remainder containing genuine two-particle correlations (de-
noted as A,):

Cjjt) = 15)

1
Cii(t) = e %; jk’jk{(CL (I)Ck'(f))K(Cl(O)Ck(O))K

+ i) (Der () g (cx (et (0))k
+ Asl{c] (t)er (1)e] (0)e (0))k 1) (16)

The Kronecker § in the second term on the right-hand side
of Eq. (16) comes from momentum conservation. The first
term on the right-hand side of Eq. (16) is 0(ePr), and is
thus negligible in the ugp — —oo limit with respect to the
remaining two terms, which are both O(1). The single-particle
(or bubble) approximation additionally neglects the A, term,
so that the current-current correlation function in this approx-
imation reads

1

bbl o\
Cii = (Ne)k

> RGT k.G k). (A7)
k

Here, the greater and lesser single-particle Green’s functions
read

G” (k, t) = —i{cx(t)cf(0))k

_ . e —iwt A(k’ 0))
_—z[m dwe T e fo’ (18)
G=(k,t) = i{c)(0)cx (1))
= e —iwt A(k’ (1))
_z/_m dwe o 11 (19)

The first equalities in Eqgs. (18) and (19) are the textbook
definitions, while the second equalities use the fluctuation-
dissipation theorem [18] to express G>/< in terms of the
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spectral function A(k, w), which is normalized so that
ff;o dw A(k, w) = 1. In the limit up — —o0, we can ensure
that the spectral weight occurs at finite frequencies by defining
Ak, w) = Ak, w — up); see the supplemental material of
Ref. [39]. Equations (18) and (19) then become (we exploit
UF —> —00)

G~ (k, 1) = —ie"™ f

+00

doe e POAk, ). (21)

+00

dw e Ak, w), (20)

G=(k, 1) = iePrreite /
—0o0

Remembering that (Ne)x = —i ), G=(k,t =0), and per-

forming the Fourier transformation of Eq. (17), we obtain the

well-known results [10,13,17] for the dynamical mobility,

bbl yl—e P
Re u” (w) =4nt;

>, sin? kff;o dve PP Ak, w + V)AL, v)
X
S [T dv e P Ak, v)

(22)
and the dc mobility
v _ 4t esin” k [1T dv e P Ak, v)?
de T Y fj;o dv e P Ak, v)

in the bubble approximation. The computation of transport
properties in the bubble approximation thus reduces to the
computation of the carrier’s spectral function A(k, w).

(23)

C. Hierarchical equations of motion

The HEOM method is a numerically exact density-matrix
technique providing access to the dynamics of the system of
interest (here, electrons) that is linearly coupled to a collection
of harmonic oscillators (here, phonons) [61,62]. The method
has been recently extended to computations of various real-
time finite-temperature correlation functions of the operators
acting on the system of interest [31,59,63—65]. The method is
ultimately based on the formally exact results of the Feynman-
Vernon influence functional theory [66] (though the details
do depend on the correlation function). In Appendix A, we
summarize such formally exact results for the current-current
correlation function [Eq. (10)] [57] and the Green’s function
[Egs. (20) and (21)] [56] of the Holstein model. These re-
sults can serve as a convenient starting point for analytical
studies in various limits; see Sec. III. The actual computa-
tions are, however, performed numerically by recasting the
formally exact result as a hierarchy of dynamical equations for
the correlation function we consider (the hierarchy root) and
auxiliary quantities needed to fully take the interactions into
account (deeper hierarchy layers). The hierarchy is, in princi-
ple, infinite, and it has to be truncated at a certain maximum
depth D.

The applications of the HEOM method to the Holstein
model featuring a single oscillator per site [67] have been
hindered by the numerical instabilities of the truncated hier-
archy [68,69], which ultimately stem from the finite number
of oscillators on a finite lattice. Within our recently developed
momentum-space HEOM [56], we have resolved this issue

in a wide range of the model’s parameter space by devising
a physically motivated hierarchy closing [57]. At the same
time, we have lowered the computational requirements with
respect to the commonly used real-space HEOM by exploit-
ing the model’s translational symmetry. We summarize the
momentum-space HEOM for the current-current correlation
function [Eq. (10)] [57] and the Green’s function [Egs. (20)
and (21)] [56] in Sec. SI of Ref. [70].

Numerical uncertainties in HEOM results can be due to
the finite chain length N, finite maximum depth D, and fi-
nite maximum propagation time fy,x. We found [57] that
finite-size effects can be controlled by following the relative
accuracy with which the optical sum rule f j;o dwRe pu(w) =
—m(He)u,1 is satisfied. We concluded [57] that the con-
vergence with respect to D can be enhanced by taking
the arithmetic average of HEOM results for two consecu-
tive depths D — 1 and D (provided that D is sufficiently
large, so that the relative accuracies with which the opti-
cal sum rule is satisfied at the two depths almost coincide).
The time f,,x should be sufficiently long, so that the
integrals 7! [(™ dsRe Cj;(s) and —2 [;™ dssIm Cj;(s),
whose tnax — 00 limit defines pqg. [Eq. (12)], have entered
into saturation as a function of f,,x. In practice, we always
choose N, D, and t,,,,« that are sufficiently large so that (i) the
optical sum rule is satisfied with relative accuracy < 107, and
(i1) the relative difference between the values of 4. obtained
using the two expressions in Eq. (12) is < 0.1. Based on (ii),
we estimate that the relative uncertainty of HEOM results for
the dc mobility is < 10%.

For stronger g or at higher T', we generally need smaller N,
shorter #,,,x, and larger D. However, it is difficult to give an a
priori estimate of N, D, and f,,x based on the values of model
parameters. As an illustration, we typically use N ~ 100, D =
2 — 3, and wptmax 2 500 for small gand T, N ~ 10, D ~ 7,
and wotmax == 300 at intermediate g and 7, and N < 7,D >
12, and wotyax < 100 for large g and 7. The HEOM results to

~

be presented are publicly available as a data set [71].

D. Real-time quantum Monte Carlo

We also employ path-integral QMC to evaluate the numeri-
cally exact current-current correlation function C;;(t), and the
same quantity within the bubble approximation C?(z). This
method can produce reliable results for imaginary times and
for real times that are not too long. For longer real times, the
statistical error of the Monte Carlo procedure becomes very
large due to the dynamical sign problem, and the results could
not be obtained. The results obtained using QMC are used
to cross-check the results obtained using HEOM, for model
parameters and times when both methods give results, as well
as to complement HEOM results for some cases in which the
results could not be obtained using HEOM.

The path-integral QMC method used in this work is in
many aspects the same as the methods that we employed in
Refs. [53,56]. It is based on a path-integral representation of
the correlation function, where the Suzuki-Trotter expansion
is used to decompose the (real- or imaginary-time) evolution
operator (¢/f'* or e PH) into evolution operators over small
time intervals. Unlike in Ref. [53], where the decomposition
is performed to the operators e #H, ¢! and e~ here we
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it)H —iHt

apply it to the operators e~ (#~ and e, which allows
us to perform either real- or imaginary-time calculations us-
ing the same computational code. As in Ref. [53], in the
path-integral representation, we make use of either the mo-
mentum or site representation for electronic single-particle
states. An appropriate choice of the representation reduces
the sign problem and enables the calculations for longer real
time. For weaker electron-phonon interaction, the momentum
representation of electronic states is more convenient in that
respect, while the site representation is more convenient for
stronger electron-phonon interaction.

We use QMC to calculate the quantities C;;(¢) [as defined
in Eq. (3)], G~ (k,t) [as defined in Eq. (18)], G=(k, 1) [see
Eq. (19)], and (N.)k [see Eq. (S)b]. With these quantities at

hand, we can then also evaluate Cj‘}’l(t) using Eq. (17).

E. Dynamical mean-field theory

The DMFT is an approximate yet nonperturbative method
that can treat the models with local interactions [72]. The
DMEFT establishes a mapping between the lattice problem and
the impurity problem, supplemented with a self-consistency
condition. For the Holstein model, the polaron impurity
model can be efficiently solved in a form of the contin-
ued fraction expansion [35]. While this mapping is exact in
the infinite-dimensional limit, it remains applicable in the
finite-dimensional case as well, yielding approximate results
characterized by momentum-independent self-energy. It was
recently shown that this method yields remarkably accurate
single-particle properties of the Holstein polaron, regardless
of the dimensionality of the system, while demanding min-
imal computational resources [39]. Therefore, it can also be
used for the calculation of the optical conductivity within the
bubble approximation.

III. ANALYTICAL INSIGHTS INTO THE LIMITS WITH
VANISHING VERTEX CORRECTIONS

Using different analytical arguments, this section identi-
fies the limits in which vertex corrections to conductivity
vanish. The main analytical results accompanied with nu-
merical examples are briefly summarized in Secs. III A-III C,
while the corresponding technical details are provided in
Appendixes B-D.

A. Limit of vanishing electron-phonon interaction (g — 0)

In Appendix B, we first demonstrate that the lowest-order
terms in the expansions of C;;(t) [Eq. (10)] and C'l?_}’l(t)
[Eq. (17)] in powers of small g are identical. We then use these
terms to partially resum the perturbation series for C;?bl)(t)
in the g — O limit by employing the second-order cumu-
lant expansion approach [17,37,73], which becomes exact
in this limit. The final expressions needed to evaluate the
weak-coupling second-order cumulant result are provided in
Egs. (B17) and (B19)-(B23).

Figures 1(a) and 1(b) present a numerical example sup-
porting our analytical conclusion that the vertex corrections
vanish in the g — O limit. We compare C;;(t) computed
using HEOM, DMFT (in the thermodynamic limit), and
the weak-coupling second-order cumulant expansion (label

1.‘5 T | T T | T T

I T T T T :
— HEOM ]
0.2 == DMFT (N —» ) | ]
1.0 L " DMFT (N =160) |
S ]
s L ]
[ast 0.5+ _
B I R RS RS 7
i 150 200 250 300 7
. | (a) |

0.0y 200 600

0.00 — -

‘ ]
HEOM 1]
—0.01 DMFT (N - o0) 1 -
g wel + CEo — ]
& 1
tg =Wy = T=1] T
o —
= 00 A=1/100]
0.4 0.6 ]
| w i
—0.031- | | | L (b)

0 200 ¢ 400 600

FIG. 1. Time dependence of the (a) real and (b) imaginary part
of C;; computed using HEOM (solid line), DMFT (dashed line), and
Egs. (B17) and (B19) (dash-dotted line, label “wcl + CE,”). HEOM
computations use N = 160 and D = 2, wcl + CE, computations use
N = 1009, whereas the DMFT results are in the thermodynamic
limit (N — o0). The inset of panel (b) shows the dynamical mobility
obtained using the above approaches. The inset of panel (a) com-
pares the DMFT result for N — oo with the HEOM and finite-chain
DMFT results, both of which use N = 160. The model parameters
areto=1, wo=1, A =1/100, and T = 1.

“wcl 4 CE,,” obtained on a long but finite chain). While the
dynamics predicted by the cumulant method almost perfectly
agrees with the DMFT result, a small hump in the HEOM
result for Re C;;(¢) appearing around #5¢ ~ 150 suggests that
it exhibits weak finite-size effects. This is further corroborated
by the inset of Fig. 1(a), which shows that HEOM and DMFT
results on a finite chain (as implemented in Ref. [39]) ex-
hibit qualitatively (and also quantitatively) similar deviations
from the infinite-chain DMFT result for 150 < #pt < 200. The
HEOM, DMFT (N — 00), and cumulant dynamical-mobility
profiles virtually coincide and assume a Drude-like shape; see
the inset of Fig. 1(b).

B. Limit of vanishing electronic coupling (¢, — 0)

One can demonstrate that the vertex corrections vanish
in the limit ) — O by establishing the equality of the first
nonzero terms in expansions of C;;(t) and CP}'(¢) in powers
of small #y. Since the current operator itself is linear in 7
[Egs. (5) and (6)], the lowest-order term in expansions of both
Cjj(r) and C?\(t) as to — 0 is of the order of 3. As a starting
point, one can again take the formally exact expressions from
which the HEOM are derived (Appendix A), in which all
operators e %" (o = B, £it) are replaced by the unit operator.
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The procedure summarized in Sec. SII of Ref. [70] leads to
[7pn = (e — 1)71]

Cjj(t) =CP@)

~ 212 exp { - 2§[(2nph +1)
0

— (nph + De™™™" — nppe™™'] } (24)

While this proves that the vertex corrections vanish in the
limit 7y — 0, the expression in Eq. (24) is periodic in real
time with period 27 /wy. Thus, the current-current correlation
function does not decay to zero as real time goes to infinity.
Hence, one would obtain infinite dc mobility by integrating
Eq. (24) over ¢. This issue has been recognized in the literature
[74-77]. To circumvent it, we find it convenient to perform
the polaronic (Lang-Firsov) unitary transformation [78] of the
Holstein Hamiltonian and evaluate the current-current correla-
tion function in the ) — 0 limit in the polaronic frame. Using
the Matsubara Green’s function formalism [10], we eventually
obtain an expression for C;;(¢) that decays as =3 at long times
t, which is sufficiently fast to render the time integral of C;; (),
and thus the dc mobility, finite. While we defer all the details
to Appendix C, here we only present the final result for the
current-current correlation function,

Cjj(t) =CJ (1)

~ 22 B L[=2(8 — it) /ol (21 /7o)
1B —it)/eo L(=2B./c0)

X exp { — 2§[2nph +1—(npn + l)e_iwot
0

—" } 25)

where ¢ is defined in Eq. (C35), while /; (J;) is the (modified)
Bessel function of the first kind of order 1.

In Figs. 2(a)-2(c) we present a numerical example that
supports our analytical proof that vertex corrections vanish
in the limit fy — 0. We present ReC;;(t) for g =1, wp =1,
T = 1, and different values of #, calculated using QMC, QMC
within the bubble approximation, and using the analytical
formula given in Eq. (25). The results clearly demonstrate
that the analytical formula and the bubble-approximation re-
sults converge towards numerically exact QMC results as fy
decreases towards zero.

C. Limit of infinite temperature (8 — 0)

In the limit of infinite temperature, it is permissible to
treat phonons as classical harmonic oscillators. Furthermore,
at sufficiently high temperatures, single-particle correlation
functions become local (Fig. 3 provides illustrative examples),
and their dynamics becomes primarily determined by local
(on-site) processes. In Appendix D, we derive that the exact
and bubble-approximation correlation functions are identical
in the 8 — O limit:

Cjj(t) = CN(r) ~ 2de 1P, (26)

o
o

t QMC
—— QMC bubble

—v— analytic

1.0

Re Cj;(1)

0.5

v b b b |

Re Cj;(1)

0.02
§ 0.01 to=0.1 ]
g |
~ ]
0.00
. ()]

2 3

t

FIG. 2. (a)—(c) Real part of the real-time current-current corre-
lation function for the Holstein model for different values of the
parameter fy. Other parameters are set to g=1, wo =1, T = 1.
The results labeled as “QMC” were obtained using QMC simu-
lations, the results labeled as “bubble QMC” were obtained from
QMC simulations within the bubble approximation, while the results
labeled as “analytic” were obtained using Eq. (25).

Here,

o? = g* coth(Bay/2) ~ 2¢*/(Bawy) 27)

is the variance of the thermal fluctuations in the on-site energy
v

¢ of free
ph

& = g(b" + b) evaluated in the equilibrium state
phonons.

We support these analytical results with a numerical
example, obtained from QMC simulations, presented in
Figs. 3(al)-3(c2). The results presented in Figs. 3(al)-3(cl)
show that the bubble-approximation result and the analytical
result given by Eq. (26) converge towards the numerically
exact result as 7" increases. In Figs. 3(a2)-3(c2) we present
the absolute value of the quantity s,,,() = (cn(t)cjn) x> Where
Cn (cfn) is the annihilation (creation) operator for an electron at
site n (m). This quantity was obtained from Fourier transform
to real space of the quantity G~ (k, t) [see Eq. (18)] and can be

214312-6



VERTEX CORRECTIONS TO CONDUCTIVITY IN THE ...

PHYSICAL REVIEW B 109, 214312 (2024)

—— QMC E
—e— QMC bubble 08;
0.6F

—%— analytic
T =10 E 0.4

al}] 0.2F

| ()]

T = 100 E

1
|Snm(£)]
=]
D
1

I
|3um (t) |
o
D
T
1

T = 1000 E 0.4F T=1000 7
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¢ t

FIG. 3. (al)—(c1) Real part of the real-time current-current cor-
relation function for the Holstein model for different values of the
temperature 7. Other parameters are set to g =1, wp =1, tp = 1.
The results labeled as “QMC” were obtained using QMC simu-
lations, the results labeled as “QMC bubble” were obtained from
QMC simulations within the bubble approximation, while the results
labeled as “analytic” were obtained using Eq. (26). (a2)—(c2) Time
dependence of the absolute value of the quantity s,,,(t) (defined in
the text) that describes correlations between annihilation and creation
operators at lattice sites n and m. The results are presented for the
same model parameters as in (al)—(cl).

used as a measure of spatial correlations in the system. It can
be seen from Figs. 3(a2)-3(c2) that at higher temperatures, the
spatial correlations for n — m # 0 become smaller and even-
tually practically negligible. This confirms the assumption of
locality of the correlations used in our analytical derivation.
One should nevertheless note that unrealistically high tem-
peratures (which would be certainly above the melting point
in a real material) are needed for full vanishing of spatial
correlations.

IV. IMPORTANCE OF VERTEX CORRECTIONS:
ANALYSIS OF NUMERICAL RESULTS

Having identified the limiting cases in which the ver-
tex corrections vanish, here we combine numerical results
emerging from different methods at our disposal to an-
alyze the importance of vertex corrections in parameter
regimes between these limits. A detailed summary of the
parameter regimes examined is provided in Table S1 of
Ref. [70].

The numerically exact dynamics on short time scales can
be computed using QMC in essentially any parameter regime.
On the other hand, the crossover from the short-time ballistic
to the long-time diffusive dynamics, and thus the dynamical-
mobility profile down to w = 0, can be captured using the
HEOM method, which in practice works best when the

hierarchy closing strategy developed in Ref. [57] is effective.
This is the case for not too strong interaction (A < 1), at
moderate temperatures (1 < T/tg < 10), and for wy /1y < 2.
The results of the two numerically exact methods (HEOM
and QMC) will be compared to the results stemming from
the bubble approximation, which, in principle, needs nu-
merically exact single-particle properties. While these are
available from appropriate HEOM-method computations [56],
we have recently demonstrated that the DMFT, which is
formulated directly in the thermodynamic limit, provides
close-to-exact single-particle properties of the Holstein model
in the whole parameter space at a much smaller computational
cost [39]. The very good agreement between HEOM and
DMEFT spectral functions translates into the very good agree-
ment between the current-current correlation functions and
dynamical-mobility profiles computed using HEOM (within
bubble approximation) and DMFT, as shown in Figs. 4(a)—
4(c) for different phonon frequencies wy. We have checked
that a similar level of agreement persists for all parameters
where HEOM bubble computations are performed. We thus
conclude that the DMFT results can be practically taken as
the exact bubble-approximation results, which are available in
the whole parameter space.

A. Comparison of typical features of numerically exact and
bubble-approximation results in time and frequency domains

In Figs. 5(al)-5(c3) we compare the numerically exact and
bubble-approximation dynamics of Re C;;, the carrier spread
Ax, and the diffusion constant D, as well as the correspond-
ing dynamical-mobility profiles. We perform the comparison
in three representative cases spanning the range from slow-
phonon [wy/fg = 1/3 in (bl)—(b3)] to intermediate-phonon
[wo/to = 1 in (al)—(a3)] and fast-phonon [wy/f) = 3 in (c1)-
(c3)] regimes. We choose the intermediate electron-phonon
interaction (A = 1/2), which unveils the most commonly
observed differences between the numerically exact and
bubble-approximation results. Figures S1-S3 of Ref. [70]
summarize similar comparisons in other parameter regimes
examined (see also Table S1).

In Appendix A, we prove that the exact and bubble-
approximation current-current correlation functions are iden-
tical at + = 0 in all parameter regimes. Figures 5(al)-5(cl)
additionally demonstrate that their short-time dynamics are
also identical. The very good agreement between the two
dynamics persists beyond the very initial time scales, when
the dynamics is ballistic so that C;; pa(t) = C;;(0), Axpa(t) =
VCjj0)t, and Dy (t) = C;;(0)t. Figures 5(a2)-5(c2) suggest
that the numerically exact and bubble-approximation dynam-
ics closely follow one another as long as Ax(¢) < 1, i.e., the
carrier spread is smaller than the lattice constant. In parameter
regimes analyzed in Fig. 5, the agreement is good for #or < 1,
which is the timescale characteristic for the transfer of a free
electron between neighboring sites. This translates into the
very good agreement between the two dynamical-mobility
profiles in the high-frequency region w/ty 2 27; see the insets
of Figs. 5(al)-5(cl).

On intermediate time scales, the numerically exact results
in Figs. 5(a) and 5(b) predict a time-limited slowdown of
the carrier [negative values of Re C;;(t), decrease of D(z)]
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FIG. 4. Time dependence of Re C;; computed within the bubble approximation using numerically exact HEOM spectral functions (solid
blue lines) and approximate DMFT spectral functions (dashed brown lines) forzy = 1 and (a) wo = 1, T = 1; (b) wy = 1/3, T = 1; (c) wy =
3, T = 5. The electron-phonon interaction strength in all three panels is A = 1/2. The insets display the corresponding dynamical-mobility
profiles computed within the bubble approximation using HEOM and DMFT spectral functions. HEOM spectral functions are computed using

(@N=10,D=6;(b)N=10,D=8;and (c)N =7,D = 12.

that is followed by a steady increase in the diffusion con-
stant until it saturates to its long-time limit. On the other
hand, in the regimes analyzed here, the results in the bub-
ble approximation do not display any transient slowdown
of the carrier, and the diffusion constant is a monotonically
increasing function of time. As a consequence, the dynamical-
mobility profile in the bubble approximation has only the

Drude-like peak centered at w = 0 (qualitatively similar to
that in the g — O limit analyzed in Sec. III A), while the
numerically exact dynamical-mobility profile additionally de-
velops a finite-frequency peak. In the regimes analyzed here,
the numerically exact dynamical-mobility profile still has
a local maximum at w = 0. Namely, rewriting Eq. (11) as
Re p(w) = ZM f0+°° dt cos(wt)Re Cj;(t), one realizes

to=luw=3A=1/2T=5
P02

10t

=100

Ax

107!

10—2 I i L L

100

f(t) =ayp— aje” "
T T

ap = 0.895 _ :
Duron = 0.883 1071 1

1[‘)[] 2(|]() 300 | :
;107 107 107 10, 10! 107

107!

10T 107

0T 100,10 07

FIG. 5. Comparison of numerically exact (labels “HEOM” and “QMC”) and bubble-approximation (label “DMFT"”) results for time
evolution of (al)-(cl) Re Cj;, (a2)-(c2) Ax, and (a3)—(c3) D(¢). In all panels, t, = 1, A = 1/2, while the remaining model parameters are
@l)-@3) wo=1,T =1; (bl)=(b3) wy =1/3, T = 1; and (c1)—(c3) wy = 3, T = 5. Vertical dotted lines indicate time ¢ = 1. The insets
of (al)-(cl) compare dynamical-mobility profiles in the numerically exact approach and in the bubble approximation. Dotted lines in
(a2)—(c2) show the carrier spread in the short-time ballistic [Axy.(f) = /C;;(0)t] and long-time diffusive [Axgi (t) = ,/ZMdHcEOMTt] regimes,
while double dash-dotted lines show Ax(z) = 1. The inset of panel (b3) shows the fit of Dygom(?) to the exponentially decaying function
f(t) = ay — a;e"/ (magenta dots) for 50 < ¢ < 300. Fitting parameters are ay = 0.895, a; = 0.251, a, = 97.1. HEOM results in (al)—(a3)
are obtained using N = 13, D = 6, while the results displayed in (b1)—(b3) [(c1)—(c3)] are obtained by performing the arithmetic average of
HEOM results for N =10,D=7and N =10,D =8 [N=7,D=11and N =7, D = 12]. QMC results are displayed with the associated
statistical error bars and are obtained using N = 10in (al), N = 7 in (bl), and N = 10 in (c1).
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that w = 0 is a stationary point of the dynamical-mobility
profile [Re p(w) o w* as w — 0]. The convexity of Re u(w)
around w = 0 then follows from the sign of the corresponding
second derivative that reads [79]

d2
(mRe““”)w_o

[ Dup?
LS

+oo
+2/ dt t[Deo —D(t)]}. (28)
0

In Figs. 5(a) and 5(b), the function Do, — D(t) is non-negative
for t > 0, and w =0 is a local maximum. In general, the
sign of Do, — D(t) can change with ¢, and direct analyt-
ical arguments based on Eq. (28) cannot be developed. It
is then notable that our HEOM results suggest that w =
0 remains a local maximum of Re pu(w) in all parameter
regimes amenable to HEOM computations; see Figs. S1-S3 of
Ref. [70].

While the long-time saturation of Dygowm (f) is apparent in
Fig. 5(a3), Fig. 5(b3) might suggest that the corresponding
max 18 not sufficiently long to guarantee that the relative un-
certainty of Dugom (or uEOM = Dyrom/T) is below or of
the order of the target 10% accuracy (Sec. II C). To exclude
this possibility, we fit Dygom(¢) in Fig. 5(b3) for ¢ > 50
(when all the transients have certainly vanished) to the expo-
nentially saturating function f(¢) = ayp — a; e'/®. The high
quality of the fit is apparent from the inset of Fig. 5(b3), and
the relative difference between Dygom and ag is well below
10%.

Differently from the situation in Figs. 5(a) and 5(b), in
Fig. 5(c) the bubble-approximation dynamical-mobility pro-
file qualitatively resembles its numerically exact counterpart.
Both profiles display relatively broad peaks at integer mul-
tiples of wy that originate from peaks in Re Cj;(¢) at integer
multiples of 277 /wy. The bubble approximation predicts peaks
without internal structure, whereas numerically exact results
predict structured peaks. Such peaks may be ascribed to a
more complicated dynamics of Re C;;, which becomes neg-
ative after the first peak. A word of caution is in order here as
we have established [57] that our HEOM results for wy /) = 3
may not be entirely reliable due to possible problems with the
HEOM closing strategy for wq/ty > 2.

Finally, in contrast to the regimes studied in Figs. 5(a) and
5(b), there are situations in which the bubble approximation
partially captures the time-limited slowdown of the carrier.
This typically happens for strong interaction and at not too
high temperatures. One example (wo/fo = 1,2 =2,T/tg =
1) is analyzed in Fig. 6, whose inset shows the short-time
dynamics of the carrier spread. While in Figs. 5(a) and 5(b)
the carrier slows down having covered more than a lattice
constant, the slowdown in Fig. 6 happens over the time inter-
val in which Ax remains well below a single lattice constant.
This suggests that the dynamics shown in Fig. 6 predomi-
nantly reflects on-site phonon-assisted processes. It is thus not
surprising that the short-time bubble-approximation dynamics
can be qualitatively (and to a large extent quantitatively) re-
produced by the atomic-limit formula [Eq. (25)] corrected so

20 T T — \|||I\.‘I‘|“ ‘.“||.‘ ‘!I T T I T T TTT
0.6F ,¢*: - HEOM 4
L5 o === 1 ---- DMFT  _
T 04F 1t Que ]
1.0 0.2F 4 —— atomic limit |

FTETANEN IR RTAVANE RANANATE AR
O'%.O 0.5 1.0 15 20
t

e pu s

1]
0.0_ T
i AN ]
—0.5F N2 toil,WoZl,)\ZQ,Til L
T RATI N I [ R
0.0 0.5 1.0 1.5 2.0

FIG. 6. Comparison of numerically exact (labels “HEOM” and
“QMC”) and bubble-approximation (label “DMFT”) dynamics of
ReCj; for tp=1,wy =1,A =2, and T = 1. The results labeled
“atomic limit” are obtained using Eq. (29). The inset shows time-
dependent carrier spread Ax(f) computed numerically exactly and
within the bubble approximation. HEOM computations use N =
10, D = 8. QMC results are displayed with the associated statistical
error bars and are obtained for N = 10.

that it reproduces the value of C;;(z = 0):

Cjj(t) =C;;(0)exp { - 2%[(2% + 1) — (nph + e~
0

— npne’”'] } (29)

compare the lines labeled “DMFT” and “atomic limit” in
Fig. 6. [We have checked that, on timescales analyzed in
Fig. 6, the attenuating time-dependent prefactor entering
Eq. (25) does not introduce any quantitative changes to the
result of Eq. (29).] The numerically exact dynamics shows
that the slowdown is prolonged with respect to the bubble-
approximation results, meaning that the latter captures the
temporal slowdown only partially.

B. Vertex corrections to the dc mobility

The importance of vertex corrections to the dc mobility will
be quantified by the relative deviation of the dc mobility in
the bubble approximation from the numerically exact result,
i.e.,

HEOM DMFT
Hq — Mg
SMXZX = CMHTOMC (30)
dc

The results in the bubble approximation can be considered to
carry no intrinsic numerical error because they follow from
the DMFT equations formulated directly in the thermody-
namic limit; see also Fig. 4. On the other hand, the relative
uncertainty that should accompany HEOM results for the dc
mobility does not surpass 10%, as discussed in Sec. II C and
Ref. [57]. In other words, whenever |§u}| < 0.1, one can re-
gard the vertex corrections to the dc mobility as unimportant.

Figures 7(al)-7(c2) provide an overall picture of the im-
portance of the vertex corrections to the dc mobility for
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FIG. 7. (al)—(cl) Temperature dependence of the dc mobility computed using the HEOM (full symbols connected by dashed lines) and
DMFT (empty symbols connected by dotted lines) for different strengths of the electron-phonon interaction A and fixed phonon frequency wy.
(a2)—(c2) Temperature dependence of the quantity s> [Eq. (30)], which quantifies the importance of vertex corrections to the dc mobility,
for different values of A and fixed wy. Gray regions in (a2)—(c2) delimit the range Sy € [—0.1, 0.1] in which the vertex corrections to the
dc mobility can be considered as vanishing. wy is equal to 1 in (al) and (a2), 1/3 in (b1) and (b2), and 3 in (c1) and (c2), while #, = 1 in all

panels.

different values of wy/fg, A, and T /1. Interestingly, in most of
the parameter regimes examined for wy/fo = 1 and 1/3, Sy
falls in the gray-shaded regions delimiting the aforementioned
range [Suj¥| < 0.1, in which the vertex corrections to the
dc mobility can be regarded as vanishing. Our scarce results
for wy/ty = 3 might suggest that the vertex corrections to the
dc mobility are more important than in the other two cases
analyzed in Fig. 7. However, possible problems with HEOM
results for wy/fy = 2 [57] prevent us from giving a definite
statement on the importance of the vertex corrections to the
dc mobility in the case of fast phonons.

In the parameter regimes analyzed in Figs. 5(a) and 5(b),
the vertex corrections to the dc mobility can be deemed impor-
tant as $p 3 is around 0.5 and 0.2, respectively. On the other
hand, while §uj* ~ —0.4 points towards significant vertex
corrections to the dc mobility for parameters in Fig. 5(c), the
overall shape of the dynamical-mobility profile suggests that
their importance may be much smaller for the ac mobility.
The vertex corrections in Figs. 5(a) and 5(b) are positive,
ie., ;,LEICEOM > /LdDCMFT. The dominant contribution to M(?CMFT
comes from the dynamics on short time scales ot < 1, on
which the approximate and numerically exact results agree
quite well [see also Eq. (12)]. This is most conveniently seen
from Figs. 5(a3)-5(c3) showing the dynamics of D. The sub-
sequent slowdown of the carrier is fully compensated by the
speedup of the carrier [Re C;;(¢) > 0, D(¢) increases with 7]
on somewhat longer time scales. Ultimately, the effects of the
transient slowdown are overpowered by the speedup, so that
the numerically exact dc mobility becomes larger than the
approximate one.

Our results for A =1/2 in Fig. 7(a2) and for A =1
in Fig. 7(b2) suggest that the vertex corrections to the dc
mobility decrease with temperature for the parameters stud-
ied. However, even at the highest temperatures accessible
in these two cases, the numerically exact results (and the
bubble-approximation results, too) are not close to the re-
sults in the infinite-temperature limit analyzed in Sec. III C.
Also, one should keep in mind that even when the vertex
corrections to the dc mobility can be considered as vanish-
ing [e.g., for A = 1/8 in Figs. 7(a2) and 7(b2)], there may
be important differences between the numerically exact and
bubble-approximation dynamical-mobility profiles (see also
Figs. S1 and S2 of Ref. [70]).

Considering all these things, in the following three sec-
tions we discuss in more detail specific results related to the
importance of vertex corrections for the three values of wq /g
studied.

C. Intermediate-frequency phonons (wy/fy = 1)

For A = 1/100 and at all temperatures examined, our nu-
merical results show vanishing vertex corrections to the dc
mobility, as demonstrated both numerically in Fig. 7(a2) and
analytically in Sec. III A. The small nonzero values of 8y
can be attributed to the weakly pronounced finite-size effects
in the HEOM results; see also Fig. 1. The vertex corrections to
dc mobility are also small for A = 1/8. However, as the tem-
perature is increased, the dynamical-mobility profile develops
a finite-frequency peak qualitatively similar to that discussed
in Fig. 5(a); see Fig. S1 of Ref. [70].
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FIG. 8. Dynamical-mobility profile computed using HEOM and
DMEFT for tp =wy =1, A =1/2, and T = 0.4. HEOM computa-
tionsuse N =29, D = 4.

Although the vertex corrections to the dc mobility for
A = 1/2 become insignificant at the highest temperatures
considered, see Fig. 7(a2), the differences between the numer-
ically exact and bubble-approximation dynamics of Re Cj;
and dynamical-mobility profiles persist, as shown in Fig. 5(a)
and Fig. S1 of Ref. [70]. Figure S1 additionally suggests
that the carrier slowdown becomes less pronounced and shifts
towards later times as the temperature is decreased, mean-
ing that the finite-frequency peak in the numerically exact
Re w(w) then shifts towards lower frequencies. Also, in the
inset of Fig. 4(a), we observe a nascent atomic-limit-like peak
in the bubble-approximation optical response at wy, indicat-
ing the presence of a more pronounced peak at wq at even
lower temperatures (7 /fy < 1). These expectations are con-
firmed in Fig. 8, which compares the numerically exact and
bubble-approximation dynamical-mobility profiles at T /ty =
0.4. Both HEOM and DMFT results show that the finite-
frequency peak is centered exactly around wy. This peak can
be associated with the transitions between the quasiparticle
and the satellite peak in the single-particle spectral function.
While Fig. 8 indicates that the vertex corrections to the dc
mobility remain important at lower temperatures, we note that
reaching lower temperatures is problematic for the HEOM
method here, mainly because of the system size necessary to
minimize finite-size effects.

Figure 7(a2) suggests that the vertex corrections to the
dc mobility for A = 1 are overall smaller than for A = 1/2.
The numerically exact dynamics of Re C;; displays similar
features to those in Figs. 5(al) (A = 1/2) and 6 (A = 2); see
also Fig. S1 of Ref. [70]. Setting A = 1 and increasing 7', the
overall decrease of Re C;; towards zero becomes generally
faster, so that the difference between g, and uchMFT stem-
ming from the carrier slowdown becomes more pronounced
than that caused by the subsequent speedup. This argument
can explain positive (negative) vertex corrections at the lower
(upper) end of the temperature range considered for A = 1
in Fig. 7(a2). In a similar vein, we argue that the vertex
corrections to the dc mobility are not substantial for A = 2.
Namely, at a fixed temperature 7', the overall decrease of
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FIG. 9. Time dependence of Re C;; computed within the HEOM,
DMFT, and QMC for tp =1, wo=1/3, A =1, and T = 1. The
QMC results are displayed without the associated statistical er-
ror bars for visual clarity. The inset compares the corresponding
dynamical-mobility profiles computed within HEOM and DMFT.
HEOM computations use N =7, D = 11 and 12 (arithmetic aver-
age). QMC simulations use N = 7.

Re C;; towards zero is faster for stronger interaction. There-
fore, for sufficiently strong g, we may expect that the features
specific to the numerically exact result will not appreciably
affect pqc, which is then primarily determined by Re C;;(¢)
up to times at which the corresponding bubble-approximation
and numerically exact results agree well; see also Fig. 6.

D. Slow phonons (wy/ty = 1/3)

For A = 1/100, the vertex corrections are negligible. For
A = 1/8, the vertex corrections are very small at T /ty = 1, but
with increasing temperature, a characteristic two-peak struc-
ture emerges in the numerically exact dynamical-mobility
profile; see Fig. S2 of Ref. [70]. Intermediate interactions
A =1/2 [Fig. 5(b1)] and A =1 (Fig. 9) bring about the
appearance of the two-peak structure also at 7 /¢ty = 1. For
A =1, the finite-frequency peak is centered around w =
2tp, in agreement with earlier numerically exact studies in
the slow-phonon regime [80]. While the bubble approxima-
tion partially captures the time-limited carrier slowdown at
T/ty =1, compare Fig. 9 with Fig. 6, it does not capture
the finite-frequency absorption feature; see the inset of Fig. 9
and Sec. IV C of Ref. [15]. To elucidate the origin of this
feature, the assumption of strictly on-site phonon dynamics
underlying the atomic-limit-like Eq. (29) (which reproduces
the bubble-approximation result reasonably well, similarly to
Fig. 6) has to be relaxed, as has been done by Schubert et al.
[80]. Their analysis attributes the 2¢, absorption feature to the
optical transition between the symmetric and antisymmetric
states of the electron residing on two neighboring sites, over
which phonon dynamics is considered. Figure S2 of Ref. [70]
shows that the finite-frequency peak remains around 2#, also
at higher temperatures, in agreement with earlier results [80].

Despite important differences in the overall dynamics of
Cj;, see Fig. 9, the results summarized in Fig. 7 show that
the bubble approximation correctly predicts the order of
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magnitude of the dc mobility. However, as we approach the
adiabatic limit wy — 0, the exact result for the dc mobility
tends to zero (phonon motion is effectively frozen and an
electron experiences a random potential in one dimension
where it cannot move over a large distance due to the effect
of Anderson localization), while the bubble-approximation
result keeps a finite value [18]. Therefore, in this limit, ver-
tex corrections are most pronounced. They give a negative
contribution to dc mobility, which completely cancels out the
bubble-approximation result (so that §u§* — —o0). The fact
that the results presented in Fig. 7 show positive or somewhat
negative vertex corrections implies that the system is still rel-
atively far from the adiabatic limit in these cases. We illustrate
this in Fig. S4 of Ref. [70], where we compare C;;(¢) and D(¢)
for certain parameter values with the adiabatic-limit result for
these quantities. The figure confirms that these quantities are
far from their adiabatic-limit values. Adiabatic-limit results
are obtained using a very computationally efficient Monte
Carlo procedure that exploits the fact that phonon momentum
is negligible in the adiabatic limit. This procedure is described
in detail in Sec. SV of Ref. [70].

In the strong-interaction regime A = 2,and at 7' /ty = 1, the
DMFT captures the time-limited slowdown observed in QMC
data quite well; see Fig. 10(a) and compare to Fig. 9. The
short-time dynamics of Re Cj; is also very well reproduced
by the atomic-limit-like Eq. (29). The DMFT dynamical-
mobility profile displays atomic-limit-like peaks at integer
multiples of wy. As the temperature is increased from 7T /1) =
1 to 10, the peaks become smoothed out, and their envelope
changes from a function displaying a finite-frequency local
maximum and a zero-frequency local minimum to a function
displaying only a zero-frequency local maximum; see the
insets of Figs. 10(a) and 10(b). This finite-frequency peak of
the envelope, appearing at sufficiently low temperatures, is the
well-known polaron peak because the shape of the envelope
of the dynamical-mobility profile compares reasonably well
with the high-temperature (small-wg) limit of the Reik for-
mula [Eq. (29) of Ref. [77] in which sinh x & tanh x ~ x, with
x = const X Bwy <K 1], which reads

2 _ 2
Re u(w) = % |:exp (_M)

402

2
— exp <_%)i|' (31)

Here, €01 = g*/wy is the polaron binding energy, and o is
defined in Eq. (27). Even at the highest temperatures studied,
QMC results predict a protracted temporally limited slow-
down of the electron, pointing towards possibly nontrivial
negative vertex corrections to the dc mobility (because the
intensity of the possible atomic-limit-like features appearing
at integer multiples of 27 /wy decreases quickly with time,
which is compatible with the rather wide DMFT optical re-
sponse).

E. Fast phonons (wy/ty = 3)

HEOM results are available only in a limited portion of the
parameter space, characterized by sufficiently but not exces-
sively high temperatures and interaction strengths.
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FIG. 10. Time dependence of Re C;; computed within DMFT
and QMC forty =1, wy=1/3, A=2,and (@) T =1, (b) T = 10.
Solid brown lines represent the results of the atomic-limit Eq. (29).
The insets compare the corresponding dynamical-mobility profiles
with those evaluated using the Reik formula [Eq. (31)]. QMC simu-
lations use N = 7.

We first compare numerically exact and bubble-
approximation results in the weak-coupling regime
A=1/8 and T/ty =10; see Fig. 11(a). While the
bubble-approximation result predicts a monotonically
increasing diffusion constant [Re C;;(t) > 0], the numerically
exact result predicts a time-limited slowdown of the carrier
motion after it has covered a single lattice constant (for
1 < tot < 2, when Ax 2 1), similarly to what we observed in
Figs. 5(a) and 5(b) for smaller values of wy/fy. Interestingly,
both numerically exact and approximate results predict a
local maximum in Re C;;(¢) around 27 /wo, which is typical
for the atomic limit. With this in mind, the reasonable overall
agreement between the numerically exact and approximate
dynamical-mobility profiles, similar to our observations in
Fig. 5(c), is not surprising; see Fig. S3 of Ref. [70]. The vertex
corrections to the dc mobility may be considered as vanishing,
see Fig. 7(c), as expected in the limit of weak electron-phonon
coupling. The potential problems with our HEOM closing
are exacerbated at a lower temperature (7 /fo = 5), where
our results predict significant vertex corrections, contrary to
expectations for small X.
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FIG. 11. Time dependence of Re C;; computed using HEOM
(solid black lines), DMFT (dashed red lines), and QMC (full cir-
cles) for tp=1,wy =3 and (a) A =1/8, T =10, and (b) A =
1, T =5. QMC results are accompanied with their statistical er-
ror bars. The insets show (a) the carrier spread and (b) the
dynamical-mobility profile computed using HEOM and DMFT.
HEOM computations use (a) N =10,D=8; (b) N=5, D=20
and 21 (arithmetic average). QMC simulations use (a) N = 10,
(b)N =17.

For A =1 and T/fy =5, see Fig. 11(b), the bubble ap-
proximation again predicts strictly non-negative Re C;;(?)
with peaks at integer multiples of 2w /wy. On the other
hand, numerically exact results show that the peaks’ cen-
ters are generally shifted towards somewhat earlier times,
while Re C;;(t) may assume negative values. This is clearly
observed for the first peak, whose intensity within the nu-
merically exact framework is smaller than the intensity of its
bubble-approximation counterpart. As a consequence, the nu-
merically exact dynamical-mobility spectrum is qualitatively
different from its bubble-approximation counterpart, which
has equidistant peaks at integer multiples of wy.

F. Insights from the imaginary-time domain

It is known that the extraction of transport properties
from imaginary-axis data for the current-current correlation
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FIG. 12. Imaginary-time current-current correlation function for
to=1, wp=1/3, and L = 1/2 at temperatures (a) 7 = 0.1 and
(b) T = 1. The QMC results obtained from a full calculation and
by making use of the bubble approximation are presented. The inset
of the top panel shows a zoom to the region where the difference
between numerically exact and bubble approximation results is most
pronounced.

function can often be unreliable as it relies on procedures
for numerical analytical continuation. In Fig. S5 of Ref. [70],
we compare some of our results for dc mobility, which en-
tirely follow from real-axis data, to the corresponding results
of Ref. [41], which follow from imaginary-axis QMC data.
Nevertheless, one may hope to gain insights into the impor-
tance of vertex corrections by comparing the imaginary-time
current-current correlation functions computed numerically
exactly and within the bubble approximation. We have done
this by computing, on the one hand, the quantity C;;(—it) [see
Eq. (3)] for 0 < t < B, and, on the other hand, the quantities
G~ (k, —it) [see Eq. (18)] and G=<(k, —it) [see Eq. (19)],
which are needed to obtain C_']?_}’l(—ir) in accordance with
Eq. (17). The computations were performed using QMC. It
is easier to obtain these quantities in imaginary time than in
real time because the dynamical sign problem occurs only for
real times.

For the investigated values of parameters when T/t > 1
we find that the differences between C;;(—it) and C?}'(—it)
are very small. They typically differ by less than 1%, and
this difference is typically below or comparable to the statis-
tical error of QMC results. One such example is presented
in Fig. 12(b). These results should be contrasted with our
conclusions reached by analyzing real-time results in the very
same parameter regime; see Figs. 5(b) and 7(b2). We can
thus conclude that good agreement between numerically exact
and bubble approximation results in imaginary time does not
imply that the same level of agreement will be present in real
time.
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When the temperature is lowered to T /ty = 0.1, the differ-
ences between numerically exact and bubble approximation
results become noticeable; see Fig. 12(a). The inset of that
panel shows a zoom to the region where this difference is
most significant. In this region, the difference is above 5%,
while the statistical error of QMC results is on the order
of 0.5%, hence we are confident that the difference ob-
served is above the level of statistical noise. While these data
point towards non-negligible vertex corrections, a definitive
conclusion could be reached only if we had access to the
corresponding real-time data.

V. SUMMARY AND OUTLOOK

In summary, we presented a detailed analysis of the
importance of vertex corrections for charge transport in
the one-dimensional Holstein model. Our analytical results
demonstrate that the vertex corrections vanish in the weak-
interaction, atomic, and infinite-temperature limits, which is
supported by numerical results. The numerically exact HEOM
calculations were performed for three phonon frequencies: in-
termediate wy/fg = 1, low wy/fy = 1/3, and high wy/ty = 3.

For wy/ty =1, as the electron-phonon coupling is in-
creased, a characteristic two-peak profile of the numerically
exact optical conductivity emerges instead of a single Drude
peak. At low temperatures, the other peak is centered precisely
at w = wp and is also captured within the bubble approxi-
mation because it corresponds to the transitions between the
quasiparticle and the first satellite peak in the single-particle
spectral density. At higher temperatures, the peak shifts to
o > wy. Then, the two-peak structure in optical conductivity,
which cannot be reproduced in the bubble approximation,
is traced back to a downturn in the time-dependent diffu-
sion constant D(¢) at intermediate timescales. Interestingly,
for strong interactions, such a slowdown of charge carrier
is observed also in the bubble approximation, but at shorter
times. In this case, it is primarily governed by the on-site
phonon-assisted processes and not by the vertex corrections.
This observation is compatible with the absence of vertex
corrections in the atomic limit. Both at low and high tem-
peratures, we find that the vertex corrections either do not
affect or increase the dc mobility by a few tens of percent in
comparison to the bubble term.

Interestingly, for wg/ty = 1/3 and for moderate electron-
phonon interaction, the optical-conductivity profile looks
qualitatively similar to that for wy/fo = 1. We find that the
peak at zero frequency persists, giving the dc mobility that is
somewhat smaller, but still comparable to the one obtained in
the bubble approximation. The height of this peak is expected
to diminish as the frequency is lowered further, approaching
the adiabatic limit. However, this calculation is not feasible
within our implementation of the HEOM method, and is
generally challenging for numerically exact methods on the
market.

The HEOM solution in the bubble approximation almost
coincides with the DMFT solution for optical conductivity for
all available parameter values. Hence, our results demonstrate
that the vertex corrections can be substantial also in the cases
in which the single-particle correlations are almost local, in
agreement with previous findings on the Hubbard model [49].

Our results also illustrate the challenges in numerical analyt-
ical continuation of the imaginary axis data: in all parameter
regimes, the difference between the full and bubble correlation
functions in imaginary time is minuscule, and yet the differ-
ence in optical conductivity can be large.

To our knowledge, in this work we have presented the
most comprehensive study so far of vertex corrections to
conductivity on a specific model of the electron-phonon
interaction. However, there are several challenges left for
future work. It would be interesting to calculate the charge
transport in higher dimensions and make a comparison to
the one-dimensional case. Also, microscopic calculations for
lower phonon frequencies and for models with nonlocal
electron-phonon interactions are highly desirable, especially
in connection with real-world materials.

ACKNOWLEDGMENTS

This research was supported by the Science Fund of the
Republic of Serbia, Grant No. 5468, Polaron Mobility in
Model Systems and Real Materials—PolMoReMa. The authors
acknowledge funding provided by the Institute of Physics
Belgrade through a grant from the Ministry of Science,
Technological Development, and Innovation of the Repub-
lic of Serbia. Numerical computations were performed on
the PARADOX-IV supercomputing facility at the Scientific
Computing Laboratory, National Center of Excellence for the
Study of Complex Systems, Institute of Physics Belgrade. V.J.
and N.V. also acknowledge computational time on the ARIS
supercomputing facility (GRNET, Athens, Greece) that was
granted by the NI4OS-Europe network under the CoNTraSt
project (Open Call 2022, Project No. ni40s002).

V.J. and N.V. performed analytical work. V.J. performed
HEOM calculations. PM. performed DMFT calculations with
guidance of D.T. QMC calculations were performed by N.V.
The first version of the manuscript was prepared by V.J.
All authors discussed the results and contributed to the final
manuscript.

APPENDIX A: FORMALLY EXACT EXPRESSIONS
FOR THE ELECTRONIC DYNAMICS

It is convenient to switch from the electronic creation and
annihilation operators, which act in the Fock space for the
electrons, to their counterparts acting in the subspaces con-
taining at most one electron. The corresponding replacements
cll' — |k)(vac| and ¢, — |vac)(k|, where the state |vac) con-
tains no electrons, are appropriate in the limit of low carrier
concentration in which we are interested.

We first summarize the formally exact result for the dy-
namics of the current-current correlation function in Eq. (10),
which can be expressed as

Cij(1) = Trielju@)} = Y stk P @)lk), (A1)

k

where

1 . ‘
Wr) = ZTrph{e—'”f jePH it (A2)
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In Ref. [57], we derived that the interaction-picture counter-
part of the purely electronic operator ¢(¢) reads

I ) 5y > e_ﬁHe
(D (1) = Te P O+RB+OP)] '

e

(A3)

The corresponding influence phases are given as

t 52
D(1) = Zf dszf ds) Vq(’)(sz)X g~ Hn(s2=51)
0 0

qm

Cm + Cm x , Cm — Cm o
. [T Vs Py, }
(A4)
B 2 o
o)== [ du [ an V@)
p 0
x etnm=te, CV (1), (AS)
4 B
d>3(t,,3)=—i2/ dsf dt V,D(s)"
0 0
gm
% e*anseium(ﬂ*t)cm Cv_q(.()7 (A6)
where the purely electronic operator V,, reads
Vo= lk+ gk, (A7)
k
while the coefficients c,, and w,, (m = 0, 1) are
_(2\a L 1
o= ﬁ (I +npn),  mo= +iwy, npp = o 1’
(A8)
g \2
¢ = <ﬁ) Mph, M1 = —iwp. (A9)

For later use, we introduce the index 7 defined by uwm = .
In other words, 0 = 1 and vice versa. The hyperoperators
entering Eqs. (A4)—(A6) are defined by their action on an
arbitrary operator O, which is as follows:

veo=vo, (A10a)
‘v o=ov, (A10b)
VX0 =V0 -0V, (A10c)
VO =VO0+OV. (A10d)

The operators V, in the real-time and imaginary-time inter-
action picture are defined as

Vq(l)(t) — engtVl]e—iHs[’ vq(f) — eHeTqu_Her. (Al l)

The time-ordering sign 7 in Eq. (A3) orders the hyperop-
erators so that one first applies imaginary time-dependent
hyperoperators that are mutually antichronologically ordered
(descending imaginary-time instants) and subsequently ap-
plies real time-dependent hyperoperators that are mutually
chronologically ordered (ascending real-time instants). The
so-called electronic partition sum entering Eq. (A3) is defined
as

V4
Ze=—= Trie{Te ®2PePHe), (A12)

ph

where Zy, = Trpne #Hm is the free-phonon partition sum.

Concerning single-particle quantities, it is convenient to
redefine them as follows:

G (k,t) =G (k, t)e !
Troe{e™"" |vac) (kle~"™"|k) (vac|e P!}

i 7
Trpnfe™ (k|e™ ™" |k)e P}

i 7

= —ie”" (k| Te "V 1|k),

(A13)

G=(k, 1)e k!
(Ne)k
Tric{|k) (vac|e™ |vac) (k|e~H!e=PH
= -
_ iTrph{eiHP“’ (k|e~H!e=PH |[)}
Z

G=(k,t) =

— l.e_iskl<k|7—€_[(ﬂl(t)+(p2(ﬁ)+w3(l’ﬂ)]ezﬁ“d. (Al14)
€

The redefinition embodied in the first equalities of Egs. (A13)
and (A14) is fully compatible with the frequency shift used
to transform Egs. (18) and (19) into Egs. (20) and (21),
respectively. It also introduces a different normalization for
G=, —i) , G=(k,t = 0) = 1, which explicitly shows that we
consider a single electron, while the current-current correla-
tion function in the bubble approximation is expressed as [cf.
Eq. (17)]

Colty = =) jiG™ (k, NG (k, )", (A15)
k

In Ref. [56], we derived that the influence phases for single-
particle quantities read

t 52
(Pl(t)ZZ/ dSz/ ds1V, " (s) e e, V(s
0 0
qm

(A16)
¥2(B) = Pa2(B), (A17)
‘ B
cos(t,ﬁ):—iZ/ ds/ dt VD ()
qm 0 0
X e—/tmseium(ﬁ—r)cm CV,q(r). (A18)

As the first illustration of the utility of these formally
exact results, we prove the equality C;;(t = 0) = C}’}’l(t = 0).
Because of & (r = 0) = &3(r =0, B) = 0, see Egs. (A4) and
(A6), Egs. (A1) and (A3) imply that

3 il Te®®) e P
Ciit=0)= o (k| Te ™2 j
]]( ) - Jk( | e J 7 |

e

k)

efﬂHe

=Y jelkljTe P ——]k)
k

e

(A19)

e

P —dy( )g_/SHe
= ij(kITe 2B Z—|k).
k
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Since the hyperoperators in ®,(8) act on the operator
je PHe /7, from the right-hand side, see Eq. (A5), the cur-
rent operator can be moved in front of Te~®>(®). Because
of 1(t =0) = ¢3(t =0, B) = 0 [see Egs. (A16) and (A18)],
Egs. (A15), (A13), and (A14) imply that

Pt =0) = Z, (k| Te®

). (A20)

The right-hand sides of Egs. (A19) and (A20) are identical
because of Eq. (A17).

APPENDIX B: EVALUATION OF Cj;(¢) AND C?P'(t)
IN THE g — 0 LIMIT

1. Equality of the lowest-order terms

Let us start from the lowest-order term in the bubble re-
sult [Eq. (A15)], which we derive by separately considering
G~ (k,t) [Eq. (A13)] and G=(k,t) [Eq. (A14)] in the lowest-
order approximation. Up to the second order in g, we have

[G™(k, )], = —ie”™[1 = (klgi(1)L[k)],  (B1)

—Bex

[G=(k, 1)], = ie—ff”ez—[l — (k|1 (£)Le k)

— (klps(t, Be PH= k)],

where we have used the relation
(klp2(Bre PH= k) = (k|pa(B)1Lelk) (B3)

and a similar relation for (k|g;(t)e P#=2)|k). The time-
ordering sign can be safely omitted because the hyperopera-
tors entering Eqs. (B1) and (B2) are already properly ordered.
Therefore, up to the second order in g, the current-current
correlation function in the bubble approximation reads

ij

— 2Re (k|1 (t)Le k)
— (klgs(t, B)e PH0 k)], (B4)

Cbbl (I)

)

where we have observed that the matrix element

(kl@2(B)1|k) is purely real.

We proceed to find the expression for the full current-
current correlation function [Eq. (A1)] up to the second order
in g. Because of Egs. (A17) and (B3), together with [j, H.] =
0, we can start from

[Cjj(1)]a = ka

— (k|1 ()i je P H k)
— (k| ®@3(t, B je PHT k). (B5)

[1 = (klga(B)1Le|k)

In the following two paragraphs, we demonstrate that

Ak, t) = (kI (1) je PH)1k) — 2 Re (k| () 1e|k)

— (klg2(B)Le k) -0 (B6)
(B2) and
|
As(k, 1) = (k|®5(t, B)ji ' je P 1ky — (klgs(t, Be PP |k)* = 0. (B7)

Collectively, Egs. (B4), (B5), (B6), and (B7) show that, in the lowest order in the electron-phonon coupling g, the expressions
for the full and bubble current-current correlation function coincide. Since these terms are the most important ones in the limit
g — 0, we can conclude that there are no vertex corrections in the limit of vanishing g.

We first prove that A (k,t) = 0. We start from

t 52
(klP1 () je PPy = ) f ds / dsy e [ (k IV, (V) (s1)IK) + e kIVE) sV, (52) k)
0

— em(kVE) (s1)j e POV D (sy) k)

— eatk[V D (52)jig e PHOV D) k)] (BS)

Since VqT = V_, [see Eq. (A7)], one observes that the first two summands within the square brackets in Eq. (B8) are complex
conjugates of one another, and the same applies to the last two summands. On the other hand,

t 52
W01k = 3 [y [ dsy cpe DV GV o0 lb, (BY)
o J 0

so that the following equation holds:

A](k, t) = <k|cD]([)jkiljefﬁ(He*Ek)'k)

= —2Re Z/ dSz/ dsy ce™ "D K|V D (7). je PHV ) (sp)lk).

qm

— 2Re (klg1(t)1e|k) =

(B10)
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An explicit calculation of the matrix element in Eq. (B10) gives

t 52 .
Ak, t) = —2Re Z/ dS2f ds coe'EkEg i) (s2—51) ]k._*qe*ﬁ(&k—rak). (B11)
' 0 0 Jk

The following sum over ¢ should be performed (with ¢' = k — ¢):
D Jiege B = N7 e Brie (B12)
q q

The second sum in Eq. (B12) is equal to zero because j_, = —j,, while e_, = &,. This proves Eq. (B6).
Let us now prove that As(k, t) = 0. We start from

t B )
(kl®s(t, B)ji; ' je P I lk) =iy / ds / dt cpe s ettn =0
0 0

qm

X [(kIV_g (@), P($)Ik) — kIV,D(5)ji " je PV ()lk) ] (B13)
On the other hand, using Eq. (A18), we find that

t B ) o
Kleatr pre Py =i 3 [ s [ dr e e 0D T, (e MV sy
0 0
qm
t B ) o
= iz / ds / dt cge e M PO (kV_y (B — 1)V (5)]k)
0 0
qm
‘ B . _
= iZ / ds / dt cge e M (k|V _ o (0)V, P (9)]k)
qm 0 0

t B A _
= iZ ds | dtcpe et Pk V_ (1)V D (s)[k). (B14)
qm 0 0 !

Writing the first equality in Eq. (B14), we used u), = um, as well as V_q(t) = Vq(—r). In going from the first to the
second equality in Eq. (B14), we performed the dummy-index change ¢ — —¢q, m — m, and observed that V_q(—t)e‘ﬂH =
e’ﬂHEV_q (B — 1). The third equality is obtained from the second by the integral variable change § — v — 1. The last equality
in Eq. (B14) follows from the identity c;e~#*"* = ¢,,e*»#=7) which can be checked by direct inspection. Equations (B13) and
(B14) imply that

As(k,1) = (k|D3(t, B je P IK) — (klos(e, e PHTo k)0
d p ‘ —_
= —i Z f) ds /0 dt cpe et Bk VD (5)j ! je PHIV_ (1)]k). (B15)
(
gm
An explicit calculation of the matrix element in Eq. (B15) leads to

t B .
Ask, 1) = _iZ/ dsf dt Cmei(gk_Sk—q"’il’«m)Seiﬂmﬁe(gk—q_gk_i/‘vm)f Jk._—‘le—ﬁ(sm—e?k). (B16)
qm 70 0 Jk

The same reasoning as in Eq. (B12) proves that A3(k,t) = 0.

2. Second-order cumulant expansion

Still, Egs. (B4) or (B5) do not suffice to obtain an expression for C;;(¢) in the weak-coupling limit. To that end, the perturbation
series for C;;(¢) in powers of g has to be (at least partially) resummed. We [17] and other groups [37] have recently promoted
the second-order cumulant expansion as a computationally viable and accurate approach to resum the perturbation series for
time-dependent quantities in the limit g — 0. The second-order cumulant expansion starts from Eq. (B4) and produces the
following expression for C;;(z):

—Bek
bl A 2 € —(klo2(B)Lelk) —2Re (klor (1) Lo k) — (k@3 (t, B)ePHe=e0) oy
C;i(t) :ij @)~ E ji Z e~ klo2(B)Lelk) ,—2Re (ki) (1) Lelk)—(Kls(t. B)e Kk (B17)
k
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Up to now, we have not discussed the electronic partition sum Z., which has its own perturbation expansion in g that up to

second order reads

Ze=Y e "1 — (klga(B)Lelk)].
k

(B18)

Performing the second-order cumulant resummation in Eq. (B18), we obtain the following expression for Z:

Ze=Y e Pre e,

k

(B19)

We note that Eq. (B17) suggests that the unnormalized equilibrium occupation of state |k) is proportional to e~#& e~ *lg2(B)1elk)
so that Z. given in Eq. (B19) ensures the correct normalization of equilibrium occupations.
We finally list the explicit expressions for the matrix elements needed to evaluate Eqs. (B17) and (B19):

& —ele-ha 1 jNe_(k, q)t + 1 —el b 4 jNe (k, gt + 1
klgi(t)1e|k) = =~ 1 , B20
(k|1 (£)Le k) N; (1+ npn) Ao 2 Mph Aotk a) (B20)
g —efre- D 4 BAg (K, q) + 1 —ePre b 4 BAe (k, q) + 1
k Lek) = & 1 , B21
(Kloa(B)Lelk) = ; (1 + ) e 0y + Mg Ao o) (B21)
—Ber—y iNe_(k,q) __ —BAs_(k,q) _ iNey (k) _ —BAe(k,q) _
(klps(t, pre PH=) k) = g_ZZe i n h[e SR le R - 1) +(l+nh)[e = et — 1]
’ N et T Ae_(k.q7 P e (k. qP ’
(B22)
|
where while its action on the phonon operators is
Aes(k,q) = & — &g £ wo. (B23) Shpe™S = b, — icch. (C8)
o

APPENDIX C: EVALUATION OF Cj;(t) AND CJ‘?}" @)
IN THE ¢, — 0 LIMIT

Here, we rewrite the Holstein Hamiltonian in the site rep-
resentation and partition it into the zeroth-order term and the
perturbation term as appropriate in the limit zy — 0:

H = Hy + Hy, (ChH

where (p enumerates lattice sites)

Hy=wo Y bib,+8Y chep(b,+b),  (C2)
P P

while

Hi=—1t0) Y chi,cp (C3)

p y==£l
We perform a unitary transformation of the Hamiltonian
H=¢He™s (C4)
with
S = —wio 3 clep(b, — b). (C5)
P
The action of the unitary transformation on the electron oper-
ators is
esc,,675 = cpX), (Co6)

with

X, = exp [wio(bp - b},)], (C7)

Limiting the discussion on the Hilbert space of states that
contain one electron, the transformed Hamiltonian takes the
form H = Hy + H;, with

~ g .
fy == -+ Xp:bpb,,, (C9)
Hy =10 Xpiy pChiyCp- (C10)
Py
We introduced the notation
. g B
Xptyp = X;l+yXp = exp [w—o(bp - b; —bpyy + bip+y )i|-

(C11)

The transformed current operator reads
7: SjeS = —ity Z )/CIT,HCI,X,,H,,,. (C12)

124

We denote by z the (real or imaginary) time (where z = ¢ for

real time and z = —it for imaginary time). We make use of
the identity
(@O = (j)jONz (C13)
and we use Eq. (C12) to obtain
1
Cjj(2) = — Y v8leh(@epy @)
(Ne>1? s
y.6==%1
X Xp piy (D)l (0)csy5(0)X; 54505 (C14)

All the averages and time evolutions in Eq. (C14) should in
principle be taken with respect to the operator K. We are,
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however, interested in the limit of small ), and we would
like to obtain the first nonzero term with respect to ). We
note that the factor in front of the sum gives us the ~#Z term.
The expansion of the time evolution operator for real z (the
situation is similar in other cases) is of the form

e KT = KT exp |:—i/ ds e’K"SHle_’K‘”]
0

= ¢ 1 1 0(1y)].,

that is, its first nonzero term is of order ~1 and the remaining
terms are of order ~f; and smaller. The same is true for the
e FK operator. Therefore, to obtain the first nonzero term in
Eq. (C14), it is sufficient to take the terms of order ~1 in the
expansion of all operators e*iK and e ~BK This is equivalent
to replacing the K operator with the Ko operator. All the av-
erages in Eq. (C14) can then be obtained by applying Wick’s
theorem. We thus obtain

(€1 (@)Cpry (D Xp pry ()l (0)cs15(0)Xs 515 (0)) &
~ () (@)Cpy (DXppry ()] (0)cy5(0)Xs 545 (0)),

(C (@)Cpay (@] (0)cs15(0)) &, (Xp. pty (2D X5, 545 (0)) &, -
(C16)

(C15)

By applying Wick’s theorem to the term with electronic oper-
ators, we obtain

(eh(@cpty (Dl (0)es1s0))z,
= (ch(@)ests (0N g, (cpry (D)l (0,
+ () @epry (D)5, (cl 050N,
R 8p 685,y (Ch(D)CpON 7 (Cpiy (DDchy, (O, (C17)

The first term on the right-hand side of the first equality is
proportional to the number of carriers, while the second term
is proportional to the square of the number of carriers. Hence,
in the limit of small carrier concentration, it is the first term
that dominates. Eventually,

Cjj(2) = 1§ > {ch@epO) g, (epry @)chs, Oz,
py

(Ne) i,

X (Xp, pry (Z)Xpﬂ/,p(o))[?() .

We now show that the result of Eq. (C18) is recovered in
the bubble approximation in which, upon neglecting the term
proportional to the square of carrier density, one obtains

(C18)

CM(z) =— i )Nré > y8lel@)es 50Nk (cpy (2)cl (0)k
e/K ps

y.6==%1

1 .
=‘<N>f°2 D v8(ch@ess (X (X3 (0) g
e/K ps

y,8=+1
X {Cpiy (D) (0)X 1y (D)X (0)) 2.

Following the same reasoning as above, the leading term in
the expansion of C}'(z) in powers of 7 — 0 is obtained by

(C19)

replacing all averages and time evolutions with respect to K
with those with respect to K. Similarly as in Eq. (C17), we

obtain
CPl(2) = P 1§ ) (b @0z, (cpry (RDchy, Oz,
ek py

X (X;(Z)Xp(()))KO( Xp+y (D)X +y(0)) (C20)

We finally note that
(Xp Pty (Z)X[H—y p(O)) K
= (X} (2)Xps, (DX, (0X, (0)>,;0
(XT(Z)X O g, (Xp+y (X, iy ()R, (C21)

where the first equality stems from Eq. (C11), while the
second equality follows from the fact that phonon opera-
tors acting on different sites p and p 4+ y commute. From
Egs. (C18), (C20), and (C21), we conclude that C;;(z) =
CPM(z)as 19 — 0.

In the remainder of this Appendix, we provide explicit
expressions for C}’;’l(z) to show that the corresponding dc
mobility is finite. The phonon term from Eq. (C21) is given
as

(Xp.pry (Z)X11+y$p(0)>1?0 = exp { - 2;%[zrlph +1
0

— (npn + 1)e @0z — npheiwoz] }
(C22)

In the limit of low carrier density, the electronic term from
Eq. (C20) reads

(ch e g, (Cpiy (DDchi, (O,

where np is the occupation of single-particle electronic state
given by the Fermi-Dirac function. It follows from Eqgs. (C20),
(C22), and (C23) that C}’}?l(z) does not decay to zero as real
time goes to infinity. Hence, one would obtain infinite dc
mobility by integrating C®!(z). To circumvent this issue, we
make use again of the fact that the leading term in the limit of
small ) is approximately the same when all averages and time
evolutions are taken either with respect to K or K. Therefore,

we now make use of

(el @)ep)g, ~ (ch(@)ep (0N,
(epRcHO) g, ~ (cp(2)ch (0.

To evaluate the terms (cJf (2)cp(0))g and (cp(z)c;(O)) for
the Hamiltonian given by Egs. (C9) and (C10) (where the
irrelevant shift —g?/w, in Hy is neglected), we make use of
the Matsubara Green’s function formalism to evaluate the self-
energy stemming from the perturbation H, to the Hamiltonian
Hy. The overall approach is very similar to that developed in
Ref. [33], see in particular its Appendix B. To first order in
interaction, we obtain the self-energy

(C23)

= Nf,

(C24)

2
£ 2npn+1)

B0, (@) = —te , (C25)
which in the momentum representation reads
2 (w) = 2t cos(k) (C26)
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with

2
&
5 Q).

tett = g€ (C27)

It can be seen from Eq. (C26) that first-order self-energy
describes the formation of bands due to renormalized elec-
tronic coupling z.¢. This term, however, does not have an
imaginary part and therefore it does not lead to energy level
broadening. Hence it is not expected that it will provide energy
dissipation of electronic system, which is a requirement for
finite dc mobility to occur. For this reason, we proceed to
evaluate the self-energy term arising from second-order terms
in interaction. We obtain that the dominant second-order term
is the local term

. +o00
2P (w) = 2;32L / dwi X” ()G (w — wy), (C28)
T J-0

where G® is the retarded Green’s function, and X~ (w) =
[ dt &' X>(t) with

X~(@t)= — iexp{ - 252[2% + 1 — (npn + 1)e ot
@

— nphe™ '] } (C29)

We can further transform Eq. (C28) into the form (we now
omit superscripts R, 2 for brevity)

i +00
S(w) = 2¢3§/ do X (01)G(w — @) (C30)

that is amenable to the self-consistent treatment in conjunction
with the Dyson equation

[0 — Z(w)]G(w) = 1. (C31)
Making use of the identities
+00
eaCOSO — Z Il(a)eile, (C32)
l=—00

where [; is the modified Bessel function of the first kind of
order [ and

(nph + l)e—lwot + nphelwot

=2 nph(nph + 1)cos |:C()() <t + lg):|, (C33)
we recast Eq. (C30) as
+00
(@)= Y aGlo+ lw), (C34)

[=—00

with ¢; given by

22 Onptl o
o =2t A )e—f"z“h[4§,/nph(nph+1)]. (C35)
0

Equations (C31) and (C34) can be solved using a self-
consistent procedure. Alternatively, these equations can be
solved analytically by introducing an additional approxima-
tion that the dominant term in the sum in Eq. (C34)isthel = 0
term. This is a reasonable assumption as one might expect
that both G(w) and X(w) should have maximal values in the

region around w = 0. This assumption can always be checked
by comparing the result with the self-consistent solution of
Egs. (C31) and (C34). Under this assumption, Egs. (C31) and
(C34) reduce to a single quadratic equation for G(w) and we
obtain the corresponding spectral function as

vV 4C0 -

1 2

Alw) = ——ImG(w) = @ 0(4cy — ?).  (C36)
T 27 o

From the relation between the spectral function and the cor-

relation functions of creation and annihilation operators, we

obtain

Nz (c;(Z)CP(O)),;(cpH (Z)C;ﬂ, )z

B [dw e PO RA(w)
 [dwePA(w)

dw e " A(w). (C37)

The integrals in the previous equation are all of the form

2
dew e—zw\/m = —Ell(—az), (C38)

2 a
f@=—>
wa* J_,
with a =2,/cg. The integral is solved by introducing
the substitution w = acost, by making use of I,(u) =
L [7do "% cos(nf), and by using the identity I,(z) —
I, 0(2) = 2“7“Iv+1(z). Combining Egs. (C18), (C24), (C22),
(C36), and (C37), we finally obtain the expression given in
Eq. (25), where J,, denotes the Bessel function of the first kind
of order n.

It is worth investigating the asymptotic behavior of the
prefactor in front of the exponential term in Eq. (25) when real
time ¢ tends to infinity z =t — +o0. The time dependence of
this prefactor is determined by the term

L[=2(B — it)\/colJ1 (2t /<o)

g(r) = B —in) (C39)
Ast — +o00, making use of J|(x) = —il;(—ix), we have
g(t) ~ J'(_zt‘/iﬂ‘ CAVED (C40)

The asymptotic behavior of the Bessel function when x —

+00is
2 3
Ji(x) N,/—cos( - —n)
TX 4

Consequently, g(¢) ~ ¢t~ ast — +oo. This is sufficiently fast
convergence to make the time integral of the C;;(¢) finite,
which then leads to finite dc mobility.

(C41)

APPENDIX D: EVALUATION OF Cj;(t) AND CJ‘?J‘." @)
IN THE 8 — 0 LIMIT

To prove that there are no vertex corrections in the infinite-
temperature limit, it is instrumental to first analyze in more
detail the single-site limit of the Holstein Hamiltonian in
which phonons can be treated as classical harmonic oscilla-
tors. The appropriate Hamiltonian reads (the oscillator mass
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is set to unity)

2 2
h= % + %f +Cxce,
———

hpn (x, p)

(D)

where x and p are, respectively, the classical coordinate and
momentum of the oscillator, while C = g+/2wy. The greater
Green’s function can be expressed as [see also Eq. (A13)]

f dx dp e—ﬁhph(x,p)e—iCxl

> s iuEt
G () = —ie [ dx dp e Pt

2
—BN _icxt
) iMF,fdx e Pz

. 22
= —ie = —je'"le™ 2.

(D2)

2.2
X

[dxe P

In the same vein, the lesser Green’s function can be expressed
as [see also Eq. (A14)]

f dx dp e—ﬂhphe—ﬂCxe—iCxl
[dxdp e Phm

G(t) = e/t pPiE

7;3@ —BCx ,—iCxt
fdxe T e e

— jeiHFt pPLE —
e
[dxe P

Let us now consider an N-site chain and start from Eq. (17)
determining C?®(¢). Because of the locality of single-particle
correlation functions at high temperatures, we can replace
G~ (k,t) and G=(k,t) by the single-site expressions derived
in Egs. (D2) and (D3), respectively. The remaining sum in
the numerator of Eq. (17) is readily evaluated using Eq. (6),
> j,f = 2t§N . The total electron number (N.)x is N times
the electron number per site, which is derived in Eq. (D4).
Collecting all pieces together, we obtain the result embodied
in Eq. (26).

We continue by applying the same approximations to
Eq. (10) defining C;;(¢). Because of the assumed locality and
classicality of phonons, we can approximate the Hamiltonian
[Eq. ()] as

H~Y" p—%+w—‘2’2 +C Y xcf (D5)
~ 5 > X, XpC).Cry

Hpn (x,p)

where x and p, respectively, denote (classical) coordinates and
momenta of oscillators. Since the traces in Eq. (10) are to be
evaluated over the single-electron subspace, we can replace
ch, — |r){r|, so that

— el e o5 (I, (D3) e o A et Z e ) (r. (D6)
r
The electron number is ) ) )
2 Inserting Eq. (D6) (with o = B, %it) into Eq. (10), one ob-
(cTeyg = ePrre . (D4) tains
|
dx dp e PHm(x.p) il 2 e itCan g=(B—it)Cx;
S L, Lo Il -
f dx dp Zr efﬁ ph(x’p)e_ﬂcxr
Because the current operator in the real-space representation is j = —ify Zry |r + y)(r|, we have r, =r + y, where y = %1,
and Eq. (D7) is recast as
2 BT —(p-inC pEr ic pes
—B—5— ,—(B—it)Cx, - —itCx, —B—5=
Cjit) = 1§30 Xymar [fdxr e e IS oy e e " | [y S s P . (D8)

w22
Zr [./d'xr eiﬂOT

e—ﬁCx,-] Hs;ér fd‘xf eiﬁ 2

27

The integrals in the numerator have been evaluated in the single-site limit; see Eqgs. (D2) and (D3). Upon inserting the
corresponding results in Eq. (D8), and performing the remaining sums (which produce the factor of 2N in the numerator and N

in the denominator), one immediately obtains Eq. (26).
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ABSTRACT

Numerically “exact” methods addressing the dynamics of coupled electron-phonon systems have been intensively developed. Nevertheless,
the corresponding results for the electron mobility y,_are scarce, even for the one-dimensional (1d) Holstein model. Building on our recent
progress on single-particle properties, here we develop the momentum-space hierarchical equations of motion (HEOM) method to evaluate
real-time two-particle correlation functions of the 1d Holstein model at a finite temperature. We compute numerically “exact” dynamics of the
current—current correlation function up to real times sufficiently long to capture the electron’s diffusive motion and provide reliable results
for p,_ in a wide range of model parameters. In contrast to the smooth ballistic-to-diffusive crossover in the weak-coupling regime, we observe
a temporally limited slow-down of the electron on intermediate time scales already in the intermediate-coupling regime, which translates to a
finite-frequency peak in the optical response. Our momentum-space formulation lowers the numerical effort with respect to existing HEOM-
method implementations, while we remove the numerical instabilities inherent to the undamped-mode HEOM by devising an appropriate
hierarchy closing scheme. Still, our HEOM remains unstable at too low temperatures, for too strong electron-phonon coupling, and for too

fast phonons.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0165532

I. INTRODUCTION

The electron-phonon interaction governs the transport of
charge (and energy) in systems ranging from semiconductors,' °
organic molecular crystals, and polymers’’ to molecular aggre-
gates relevant for photosynthesis.'”'* The simplest model of such
diverse systems is the Holstein model,'” in which an electron is
locally and linearly coupled to phonons. Well-established trans-
port theories are formulated as perturbative expansions from either
the limit of vanishing coupling (Boltzmann-like"'* or Redfield-
like' "' theories) or vanishing electronic bandwidth (small-
polaron/Lang-Firsov,'* Marcus, ' or Férster' ' *” theories).
However, in many instances, the energy scales representative of
electron motion, phonons, electron-phonon interaction, and ther-
mal fluctuations are all comparable to one another."”' >’ This cir-
cumstance calls for the development of methods beyond standard
transport theories.

Such methods are typically formulated under physically
motivated approximations. Examples include the cumulant
expansion,” *°  dynamical mean-field theory,” ™  polaron

transformation-based approaches,”
approximation,”*° and kinetic Monte Carlo approaches.
The approximate methods are generally computationally efficient
and can thus be combined with electronic-structure methods
to provide first-principles results on systems large enough that
a direct comparison with experimental results is sensible.””
While the agreement between numerical and experimental results
justifies the approximations introduced, it does not fully reveal their
domain of validity. This can be unveiled by comparison to results
produced by numerically “exact” methods, which do not lean on
any approximation beyond those in the Hamiltonian. Since they are
computationally intensive, numerically “exact” methods are usually
applied to model Hamiltonians only.

The numerically “exact” approaches used to study interacting
electron-phonon models may be roughly divided into the following:
(i) quantum Monte Carlo (QMC) methods;”** (ii) wavefunction-
based methods considering the electron and phonons as a closed
system, such as exact diagonalization (ED)-based techniques,”"*’
the density-matrix renormalization group (DMRG),” "’

thermo-field dynamics,””* and the hierarchy of Davydov’s

momentum-average
17,48
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Ansitze; ™ (iii) methods leaning on the theory of open quantum
systems, such as the hierarchical equations of motion (HEOM),"*"
its generalizations,‘“"‘H and hybridizations””* with the stochastic
Schrédinger equation.””

Many of the above-mentioned methods deliver practi-
cally exact results on the ground-state or equilibrium finite-
temperature properties of the Holstein model.”**"*”® Some of
them have recently been used to examine the model’s single-
particle properties (the electronic spectral function or linear absorp-
tion spectra),”’ 0%/ 17376779295:9 However, much more demanding
numerically “exact” evaluations of two-particle correlation functions
at finite temperatures, such as the ac and dc electrical conductiv-
ity, have started only recently.””*'"**"*">77797%% Each class of the
above-mentioned numerically “exact” methods encounters certain
issues in computations of two-particle quantities. (i) QMC meth-
ods are usually formulated directly in the thermodynamic limit
but require numerical analytical continuation to reconstruct real-
frequency spectra. A combination of statistical errors and uncer-
tainties in the analytical continuation may lead to final results
whose errors are comparable to the results themselves. Real-time
QMC simulations witness a progressive development of the infa-
mous sign (or phase) problem, which limits their applicability to
relatively short-time dynamics. (ii) ED-based methods are applied
to small clusters and typically require artificial broadening para-
meters to construct real-frequency spectra. The DMRG equations
can be propagated only for relatively short times,””” which may
not be long enough to reliably estimate the dc mobility.”” (iii) The
HEOM method treats small clusters but can, in principle, capture
the full decay of correlation functions.”” """’ Being based on a for-
mally exact expression for the electronic reduced density matrix
(RDM), the HEOM method is undoubtedly numerically “exact.”
However, when employed on a finite system and truncated at a
finite depth, the HEOM with undamped phonon modes suffers
from numerical instabilities,'”! which practically limit the maxi-
mum propagation time'”” and whose overcoming requires further
algorithmic developments.'’"'"

In this study, we provide numerically “exact” results for the
electron mobility within the 1d Holstein model. In contrast to the
best currently available results, which are obtained by perform-
ing the numerical analytical continuation of imaginary-axis QMC
data® (possibly combined with real-time QMC data on rather short
time scales®), our results entirely follow from real-time compu-
tations. We extend the momentum-space HEOM we developed
in Ref. 96 to follow the time evolution of finite-temperature two-
particle correlation functions up to very long (practically infinite)
real times. In addition, our momentum-space HEOM also enables
us to obtain highly accurate results for imaginary-time correlation
functions, which are the central quantities in QMC simulations.
Our imaginary-axis results help us establish the minimum chain
length and hierarchy depth needed to obtain results representa-
tive of the thermodynamic limit. The high quality of our real-time
results is ensured by checking that different sum rules (e.g., the
optical sum rule—OSR) are satisfied with high accuracy. We lower
the numerical effort with respect to existing HEOM implementa-
tions by exploiting the translational symmetry, which reduces the
number of independent dynamical variables in the formalism, and
noting that the totally symmetric phonon mode does not contribute
to the time evolution of correlation functions. We avoid numerical

ARTICLE pubs.aip.org/aip/jcp

instabilities in a wide range of parameter spaces by devising a specific
closing of the hierarchy. Still, the numerical instabilities inherent to
the undamped-mode HEOM prevent us from obtaining results at
low temperatures, for strong electron-phonon coupling, and when
electronic dynamics is much slower than phonon dynamics (the
so-called antiadiabatic regime).

The paper is organized as follows. Section II specifies the
model and introduces our momentum-space HEOM method for
the current-current correlation function. Technical details are pre-
sented in Appendixes A-D. In Sec. III, we provide a number of
numerical examples testing critical points of our methodology and
present our main results concerning temperature-dependent dc
mobility. Section IV is devoted to a summary and prospects for
future work.

Il. THEORETICAL FRAMEWORK
A. Model and definitions

We consider the Holstein model on the 1d lattice comprising
N sites with periodic boundary conditions. In the momentum space,
its Hamiltonian reads as

H = He + Hpp + He—ph
=5 ek} (K + > wgblby + > VB, (1)
k q q

The electronic and phononic wave numbers k and g may assume
any of the N allowed values in the first Brillouin zone —m <k,
q <n. The Hamiltonian H. describes an electron in a free-
electron band whose dispersion &, = —2] cos(k) originates from the
nearest-neighbor electronic hopping of amplitude J. The Hamil-
tonian Hpp, describes an optical-phonon branch with dispersion
wy such that wy=o # 0. The interaction term He py is character-
ized by its strength ¢ and contains the purely electronic operator
Vg = 2k [k +q)(k|, which increases the electronic momentum by
g> and the purely phononic operator B, = %(bq + biq), which
decreases the phononic momentum by g. In the following, we set
the lattice constant g; and the elementary charge ey, and the physical
constants 72 and kp to unity.

We focus on the dynamics of the current-current correlation
function

1 N -
Ci(1) = -, Tr{j(j(0)e ™}, @)
where the current operator reads as

j==21), sin(k)lk){K], ©)
k

where j(t) = ¢je™ ™, while Z = Tr e P is the partition sum at tem-

perature T = f7". Its Fourier transform Cjj(w) = [*°dt ¢“'Cj(t)
[with Cj(-t) = C;j(t)*] determines the frequency-dependent (or
dynamical) mobility,

1—ePo
Re plac(w) = Tcﬁ(w)
_ Gi(@) - Cji(-w)
2w ’

4
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where the second equality follows from the fluctuation-dissipation
theorem for equilibrium correlation functions, Cj(-w)
=eCj(w). The dc mobility is fy = limy—oRe g, (w) and
may be computed using only the real or only the imaginary part of
Gy,

1 +o0
a = ?fo dt Re Cj(t)
+o0o
= —2] dt t Im Cji(t). (5)
0

Cjj(t) (for t>0) carries information on the carrier’s
dynamics resulting from a sudden (8-like) perturbation of the
electron-phonon equilibrium. Its real part is proportional to the
velocity-velocity anticommutator correlation function, which is the
quantum counterpart of the velocity-velocity correlation function
used, e.g., to study Brownian motion. The mean-square displace-
ment (MSD) of the carrier’s position, Ax*(t) = ([x(t) — x(0)]?),
where (- --) denotes averaging with respect to e #7/Z, grows at a
rate determined by the time-dependent diffusion constant,'”

D(t) = %%sz(t) - [ ds Re C;(s). ©)

Within the model considered here, Re Cj(t) decays to zero in the
long-time limit, so that D(t) varies from 0 at short times to Deo
= [, "dsRe Cji(s) at long times, where Do, is the diffusion
constant related to the dc mobility by the Einstein relation (in
the units we use, pac = Doo/T). The electron’s dynamics then
exhibits a crossover from short-time ballistic dynamics, when Ax*(¢)
= C;j(0)t* and D(t) = C;;(0)t, to long-time diffusive dynamics,
when Ax*(t) = 2Deot and D(t) = Deo. Inaddition to D(t), another
quantity useful to describe this crossover is the diffusion exponent
a(t) > 0 defined by assuming that the power-law scaling Ax*(t) o
%9 holds locally around instant ¢,'° so that

2t D(¢)

a(t) = A (1)

)

At short times, a(t) is close to 2, while it reaches the value of unity
in the long-time diffusive limit.

B. HEOM for the real-time current-current correlation
function

We formulate the HEOM method for the purely electronic
operator

l(t) _ Trp { —lHtje—ﬂHeth}’ (8)

while Cj(f) = Tre{ji(t) }. Since the totally symmetric phonon mode
(g =0 mode) couples to the unit operator in the electronic sub-
space, it does not affect the dynamics of i(¢), while its contributions
to Z and e P cancel out after performing the partial trace over
phonons. This decoupling of the g = 0 phonon mode from the rest
of the phonon modes and the electronic states'’” somewhat lowers
the number of auxiliary density operators (ADOs) tf,")(t), which
are characterized by the vector n = {ngm|q # 0,m = 0,1} contain-
ing 2(N - 1) non-negative integers ng, counting individual phonon
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absorption and emission events whose total number is n = Z;m Hgm.
The prime on the sum indicates the omission of the g =0 term.
The momentum conservation implies that the ADO i (t) changes
the electronic momentum by k, = Z;m qNgm, so that only N of its
N? matrix elements are nonzero. The only nonzero matrix ele-
ments of (" (t) are the ones connecting the states whose momenta
differ by kn. This requirement leads to a drastic reduction in the
number of equatlons with respect to existing real-space HEOM
formulations.””””'"” A more detailed discussion in this direction is
deferred to the last paragraph of Sec. 111 B.
The dynamics of ((t) follows from the real-time HEOM

A (KIiS™ (£) |k + kn)
= ~i(ex — ity + i) (KIS (D) K + Kn)

+ iZ’ V O+ ngm)eqn (k= g () |k + ka)
’Z /(1 + ngm ) cgm ( k|t("+1)(t)|k +ka+q)
+z‘Z rgmgm (k+ gl (0)]k + k)
o

zZ Ff’"_m D (ke + kn = ), )

where pn = 37 wq(ng0 — ng1). The ADO i (t) couples to ADOs at
depths # + 1, which are characterized by vectors n;m whose compo-
nents are [ qm]q = Mt £ Ot g Ot
are defined in Egs. (A2) and (A3) of Appendix A, where we provide
a detailed derivation of Eq. (9).

The initial condition for Eq. (9) is set by the equilibrium state
of the interacting electron-phonon system [see also Eq. (8)]. In our
previous publication,”® we derived that the hierarchical representa-
tion of that equilibrium state can be obtained from the following
imaginary-time HEOM:

. The coefficients cgm and c

Oe(K|o$" (1) |k + kn)
= (e + pn) (Ko (1)K + Kn)

+Z VU + 1gm)cqm{k - glo <”+1)(T)|k+kn)
+Z TgmCan k+q|a(” D (1) [k + ka). (10)

Equation (10) is propagated in imaginary time 7 from 0 to 3 with the
infinite-temperature initial condition (k|a,(1") (0)]k + kn) = 8up. The
initial condition for Eq. (9) is finally

(KIS (0) [k + ka) = Z2' (=27) sin (k) (koS (B) |k + ka),  (11)

where the so-called electronic partition sum reads as
2= 3 {plos” (B)p) (12)

A more detailed derlvatlon is provided in Appendix A. Here, let
us emphasize that the structure of the imaginary-time HEOM in
Eq. (10) is fully compatible with the structure of the real-time HEOM
in Eq. (9). This is different from existing approaches, in which the
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structures of the imaginary-time and real-time HEOMs are not man-
ifestly identical”'"* and may require appropriate rearrangement
steps to obtain the initial condition for the real-time HEOM.'%

C. Closing the HEOM for the real-time current-current
correlation function

When truncated at a finite maximum depth D, the real-time
HEOM in Eq. (9) suffers from numerical instabilities appearing at
sufficiently long times, which are commonly ascribed to the dis-
crete and undamped nature of phonons.!’! Such instabilities have
been observed even for not-too-strong couplings and at not-too-low
temperatures. The instabilities are particularly detrimental to eval-
uations of p, , for which we need Cjj(t) up to times so long that
it has decayed almost to zero [Eq. (5)]. They may be eliminated by
projecting out the unstable eigenmodes of the truncated HEOM,'"!
which requires numerically complicated filtration algorithms, or by
deriving a new hierarchy of equations,'”” whose generally nontriv-
ial relation to the original hierarchy may complicate evaluations of
physically relevant quantities. The numerical instabilities reported
in Ref. 101 were observed under the so-called time-nonlocal (TNL)
truncation scheme, which sets all ADOs at depths n > D to zero.
One may thus hope that an appropriate closing of the HEOM at
the maximum depth could eliminate numerical instabilities. While a
number of closing schemes have been proposed recently,”'"'"? we
find that none of them stabilizes Eq. (9). A possible reason behind
our observation is that these schemes were tried and tested for the
electron coupled to a phonon bath, i.e., when the spectral density
of the electron-phonon interaction is a continuous function of the
energy exchanged. On the other hand, here we deal with a discrete
spectral density consisting of a finite number § peaks at +w,. In
Appendix B, we build on previous density-matrix studies'''~'"” and
derive in detail a specific closing of Eq. (9) that permits us to over-
come the instabilities in many (but not all) parameter regimes. Here,
let us only mention that we eliminate the ADOs at depth D + 1 from
the equations at the maximum depth D by (i) setting the ADOs with
n>D+2 to zero and (ii) solving the resulting equations at depth
D + 1, which then contain only the ADOs at depth D in the Markov
and adiabatic approximations. The structure of the resulting equa-
tions at depth D is, however, more involved than the structure of
Eq. (9) because the ADOs at depth D become mutually coupled. We
eliminate these equal-depth couplings by resorting to the random
phase approximation, which neglects momentum-averaged matrix
elements of the ADOs at depth D due to random phases at different
momenta. The above-described procedure for closing the HEOM
results in equations for maximum-depth ADOs (n = D) that feature
exponential damping terms

[0k () k+ k)] = —5%0%(1;1 F 1)

close
s (K|S () |k + ka), (13)

where 7, is the carrier scattering time in the second-order per-
turbation theory and the long-chain limit [see Eq. (B7) and
Ref. 42].

In our numerical computations, we assume that phonons are
dispersionless, wg = wo. For wo/] > 2, the closing scheme in Eq. (13)
cannot fully remove the numerical instabilities inherent to the
undamped-mode HEOM because the carrier scattering times then
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become infinite for k states in the vicinity of +7/2.”"" We thus
obtain HEOM results for wo/J > 2 only at sufficiently high temper-
atures and for sufficiently (but not excessively) strong interactions.
For wy/] < 2, our results summarized in Secs. [1I A and I1I E show
that the closing scheme in Eq. (13) removes the instabilities of Eq. (9)
for not too strong g or at not too low T. The instabilities remain for
strong ¢ and at low T, while their relatively early appearance pre-
vents us from reliably computing y,_in such parameter regimes (see
Sec. 111 F).

D. HEOM for the imaginary-time current-current
correlation function

In order for Cji(t) to be representative of the long-chain limit
and take all relevant phonon-assisted processes into account, both
N and D should be sufficiently large. The first proxy for how large
N and D should be follows from analyzing the current-current
correlation function Cjj(7) in imaginary time.

While Cj(7) is directly accessible in QMC simulations,
its evaluation using the HEOM method has not been considered
so far, to the best of our knowledge. The appropriate imaginary-
time HEOM is obtained from Eq. (9) by performing Wick’s rotation
t - —it. We employ the TNL truncation of the HEOM thus
obtained, i.e., we simply set all the ADOs with n > D to zero. Cj(7)
is to be determined on the interval [0, 8], on which it is symmetric
with respect to /2. To enable as accurate an evaluation of Cj(7) as
possible, we find it useful to consider the symmetrized correlation
function

61,63,100

sym 1 _BH/2 Ht . —Ht —fH/2 .
Cj}’ (T):ZTr{e/j 2, " je TP /2]}, (14)

on the interval [-f/2, /2], which is related to Cjj(7) via Cj(7)
= Cj.;m(‘r—ﬁ/z) for 0 <7 <. We note that the use of the sym-
metrized correlation function instead of the standard one is advan-
tageous in real-time QMC simulations''* and is also reported to be
useful in real-time HEOM computations.”*”” Nevertheless, we find
that the numerical instabilities of the real-time HEOM [Egs. (9) and
(13)] are reflected on both Cj;(t) and Cj;’m(t) in the same man-
ner, which is the reason why we consider the non-symmetrized
correlation function [Eq. (2)] in all our real-time computations.

We determine Cj.]}.'m(‘r) by two independent imaginary-time
propagations: one forward from 0 to $/2 and the other backward
from 0 to —f/2. The initial condition (at 7 = 0) for both propagations
is obtained from the imaginary-time HEOM for the equilibrium
state of the coupled electron-phonon system [Eq. (10)], which we
(i) propagate from 0 to f/2, (ii) multiply by j from the left, and
(iii) propagate once again from 0 to /2. Since C"(7) is symmet-
ric around 0, the results of the forward and backward propagations
in imaginary time should coincide. We use this fact to gain insight
into the maximum hierarchy depth D that is needed to obtain con-
verged results. In more detail, we find that the relative deviation

(=Bl2<7<pB[2)

€™ (1) - € ()|
Sym Sym >
() +C(-1)

(15)

sym o\ _
617 (r)=2
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decreases with increasing D. Furthermore, following how Cj(7)
= [Cj-}'m(r -B/2) + C}Ym(ﬁﬁ —-1)]/2 (0 < 7<) changes with the
chain length N provides information about the minimum chain
length N needed to obtain results representative of the thermody-
namic limit. We, however, emphasize that the estimates for D and
N that stem from imaginary-axis data may differ from the cor-
responding estimates originating from real-time data. Whenever
possible, we also perform real-time simulations for multiple N and
D to ensure that our real-time results are also representative of the
thermodynamic limit.

E. Sum rules

To gain additional confidence in our HEOM results, we check
that certain sum rules for frequency-resolved quantities are sat-
isfied with sufficient accuracy.””'"” We compare the moments of
frequency-dependent quantities evaluated by (i) numerical integra-
tion over frequency and (ii) averaging an appropriate operator in the
equilibrium state of the coupled electron and phonon. We consider

the OSR

,115

+oo Vid
f dw Re pac(w) = 7E(He), (16)
0
and the sum rules
+ oo
i‘; " Ci(@) = My (17)

for the first three moments (n=0,1,2) of the real-frequency
current—current correlation function. In Eq. (16), we use the dynam-
ical mobility computed using the first equalities in Eqgs. (4) (for
w+# 0) and (5) (for w = 0). The electron’s kinetic energy entering
Eq. (16) is evaluated using the quantities defined in Egs. (10) and
(12),‘)(7

(H) = 53l (B (18)

¢ k

We note that the initial conditions 1" (t =0) [Eq. (11)] for the real-
time HEOM [Eq. (9)] do not enter Eq. (18). On the other hand, the
quantities M, entering Eq. (17) are expressed in terms of the initial

conditions 1" (t =0) for the real-time HEOM, and we derive the
corresponding relations in Appendix C. Strictly speaking, Eq. (16)
holds only in the long-chain limit, and in Appendix D, we demon-
strate that the corresponding finite-size corrections decrease with
increasing N. On the contrary, for any given N and D, Eq. (17)
(with the expressions obtained in Appendix C) is exact. Having all
these things considered, we conclude that checking the sum rules
in Eq. (17) provides an important self-consistency check that all
the numerical procedures (e.g., the numerical Fourier transforma-
tion) are properly implemented while providing limited information
on the adequacy of N and D employed. In addition to a test for
numerical implementation procedures, checking the OSR consti-
tutes a nontrivial test for the adequacy of both D and N employed,
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which is in line with previous studies.!'” It is for this reason that we
focus our discussion in Sec. III on the OSR. As a general trend, we
observe that the sum rules in Eq. (17) are satisfied with better relative
accuracy than the OSR.

Ill. NUMERICAL RESULTS

We limit ourselves to dispersionless optical phonons, w, = wo,
and perform HEOM computations for three different values of wo/J
spanning the range from the adiabatic regime of slow phonons
(wo/J = 1/3) to the extreme quantum regime (wo/J = 1) and the
antiadiabatic regime of fast phonons (wo/J =3). Since most of
our results are obtained for wo/] <1, we use the dimensionless
interaction parameter,

2

_ &
T 2wy’ (19)

that is appropriate to describe the zero-temperature transition
from free electrons (A < 1) to polarons (A >1) at such phonon
frequencies.

We devote Secs. 111 A-III C to discussing the performance
of the closing strategy embodied in Eq. (13) (Sec. III A) and the
effects of finite N and D on the HEOM results in imaginary and
real time (Sec. III B), as well as the accuracy with which the OSR
is satisfied (Sec. III C). Section III D summarizes the most rep-
resentative HEOM results for the time evolution of Cj and the
dynamical-mobility profile. Our most significant results, which con-
cern the temperature dependence of y,_ for different values of wo/J,
are presented in Sec. III E. To further illustrate the capabilities and
limitations of our approach, we present HEOM results for Cj;(t) for
strong electron-phonon couplings and at different temperatures in
Sec. IIT F.

We provide HEOM data on Cj;(¢t), its Fourier transformation
Cij(w) computed using the FFTW3 software package,''® as well
as Re p, (w), in different parameter regimes, as a freely available
dataset. For more details, see Ref. 117, which contains all our numer-
ical data, and the supplementary material of this manuscript, which
contains their detailed description. Here, let us only mention that the
HEOM in Eq. (9) supplemented with the closing in Eq. (13) is prop-
agated using the algorithm proposed in Ref. 118 with the time step
woAt = (1-2) x 1072, While the maximum propagation time #may
generally shortens with increasing g and/or T, it is a highly non-
trivial task to give its a priori estimate based only on the values of
model parameters. Fortunately, in contrast to some other numeri-
cally “exact” methods, such as the DMRG’” or real-time QMC," the
computational demands of the HEOM method do not increase with
time ¢ and are completely determined by N, D, At, and the propa-
gation algorithm. We thus propagate the HEOM up to real times
that are sufficiently long so that the integral ]Otds Re Cji(s)/T [see
Eq. (5)] as a function of ¢ enters saturation [see, e.g., Figs. 3(b) and
3(c)]. The frequency resolution in the optical response is increased
by continuing C;;(t) symmetrically for negative times —fmax <t <0
using Cji(—t) = Cjj(t)*, which results in the frequency step Aw/wo
= 7/ (wotmax ). Therefore, if one wants both a reliable result for Pae
and a finely resolved optical response, the maximum propagation
time should be sufficiently long. In practice, we used wofmax 2 500
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for small g and at relatively low T, wofmax ~ 300 at intermediate
values of g and T, and wotmax $ 100 for large g or at high T.

A. Effectiveness and reliability of our closing strategy

We offer numerical examples demonstrating that the closing
in Eq. (13) actually stabilizes the real-time HEOM [Eq. (9)] without
compromising the results for ;.

Figure 1(a) (its inset) shows the evolution of Re Cjj (Im Cj)
with the closing in Eq. (13) and the TNL truncation in the weak-
coupling regime and at a relatively low temperature. The benefi-
cial effects of our closing strategy on HEOM stability are appar-
ent. Moreover, the HEOM [with closing in Eq. (13)] estimate for
UHEOM — 68,0 using Jty = 800 agrees well with the estimate g =
72.5 emerging from the weak-coupling limit [see Eq. (49) in Ref. 42].
The relative difference between the two results is under 10%, which
eventually emerges as the relative error that is to be associated with
/,tfj{CEOM (see Sec. 111 B). With TNL truncation, it is much more diffi-
cult to obtain a reliable estimate of y; . This is evident when y,_ is
computed using only Re Cj(t) [the first equality in Eq. (5)], which
under TNL truncation develops a pronounced hump for Jt > 100.
The same applies to the computation using only Im Cj;(t) [the

(a) 1.5 T T T I T T T T T T
— 1 .
= — this work
o - - TNL 1A
[)
o
0.5 I 1
400 600
0 I I 1 1 L
400 600
(b) 2 R
T -] |
150 £ 06 - ol 3 -
o 1 1
() i
o 4 -
0.5 | . 1
50 100
0 T~ oot

60 80 100

FIG. 1. Time dependence of Re Cj (in units of J?) employing the closing in
Eq. (13) (full black line, label “this work”) or the time-nonlocal truncation (dashed
red line, label “TNL”). The values of model parameters are wp/J = 1, A = 0.01,
and (a) T/J =1, N =160, D = 2 (in units of J?), (b) T/J =10, N =40, D = 3.
The insets show the time dependence of (a) Im Cj, (in units of J?) (b) the quantity
Jds Re Cj;(s)/T, which tends to 1y, as t — +oo.
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second equality in Eq. (5)], when the small-amplitude long-time
oscillations of Im Cj; around zero are amplified by multiplication
with time.

One may still argue that at higher temperatures, when carrier
scattering rates entering Eq. (13) become large, our hierarchy closing
may underestimate y, . Such an effect may be particularly pro-
nounced for not too strong coupling when the maximum depth D
is not very large so that the exponentially damping terms in Eq. (13)
may appreciably affect the quantity at the hierarchy root, i.e., Cjj(t).
The inset of Fig. 1(b) shows that the estimate for ¢, using the closing
in Eq. (13) and propagating the HEOM to sufficiently long times (we
took Jt . = 100) is approximately the same as the one using the TNL
truncation and propagating the HEOM to times before the insta-
bilities arise (up to Jt ~ 20). Both of these estimates (u'-™ = 0.53)
agree reasonably well with the estimate u}}<' = 0.61 emerging from
the weak-coupling limit.

B. Effects of finite N and D on the current-current
correlation function and dc mobility

We first analyze C;i(7). We fix g/J = wo/] = T/J = 1 and dis-
cuss the importance of finite-size effects for maximum hierarchy
depth D = 6. Figure 2(a) shows that Cjj(7) steadily approaches its
long-chain limit with increasing N. The approach to that limit is
quite fast because the relative deviation with respect to the results
for the longest chain studied (N =13) decreases by almost three
orders of magnitude upon increasing N from 7 to 10 [see the inset
of Fig. 2(a)]. Therefore, already, N = 10 should be sufficiently large
to obtain results representative of the long-chain limit. Figure 2(b)
shows that the quality of our imaginary-time data, quantified by
the relative difference Sj;m(r) [Eq. (15)], steadily increases with
increasing D.

While Figs. 2(a) and 2(b) demonstrate a steady convergence of
the imaginary-time data toward the large-N and large-D limit as N
and D are increased, the situation on the real axis is somewhat more
complicated, which is summarized in Figs. 3(a)-3(c). Fixing D to 6,
Fig. 3(a) [Fig. 3(b)] shows that Re C;(¢) [Im Cjj(t)] is virtually the
same for N =10, 13, and 15. For N = 7,10, and 13, we propagated
HEOM up to Jt . = 400, while we used Jt,,, = 300 for N = 15. At
longer times (not shown here), both Re Cj;(t) and Im Cj;(t) exhibit
small-amplitude oscillations around zero. The agreement between
the results for different N in the real-time domain translates to the
overall profile of Rey, (w) [see the inset of Fig. 3(a)]. However, the
dc mobility somewhat decreases upon increasing N from 7 to 10 and
13, while its values for N = 13 and 15 are virtually the same [see the
full dots in the inset of Fig. 3(a) and Table I]. The relative differ-
ences between y,_ for different values of N considered are of the
order of percent, which is also evident from the inset of Fig. 3(b)
displaying the convergence to the dc limit when only Im Cj(t) is
used to evaluate y, [the second equality in Eq. (5)]. The integral
-2 [/dssIm Cji(s) is expected to display long-time oscillations origi-
nating from the corresponding oscillations of Im Cj;(s) around zero.
The inset of Fig. 3(b) thus shows the smoothed data obtained using
the moving-average procedure, which is employed at sufficiently
long times to reliably compute p, . In more detail, the moving aver-
age of the quantity -2 fotdsslm Cji(s) at instant ¢ is computed as
the arithmetic average of its Nmove values right after t and its Nmove
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FIG. 2. (a) Current—current correlation function (in units of J2) in imaginary time
Jr € [0, 8J] for D = 6 and different chain lengths N. The inset shows the quantity
|C’]‘§-(r) - C’}’j:“3(r)|/C’j‘§=13(r) for N'= 7 and 10. (b) The quantity 83" [Eq. (1)]
as a function of imaginary time Jr € [-fJ/2, J/2] for a 10-site chain and differ-
ent maximum hierarchy depths D. Note the logarithmic scale on the vertical axis in
the insets of (a) and (b). The model parameters are g/J = wo/J = T/J = 1.

values right before t. We take Nmove to be 10% of the total number
of points for which we have HEOM data. Figure 4(a) shows that the
moving-average procedure indeed smooths out the long-time oscil-
lations of the quantity —2 f;/dssIm Cj(s), while the dependence of
the final result for y,_on the averaging window is much less pro-
nounced than, e.g., its dependence on the parity of D, vide infra.
The p,. estimates using the two equalities in Eq. (5) agree up to a
couple of percent (see Table I). The relative difference of the same
order of magnitude is obtained when D is increased from 6 to 8
when N = 10, while decreasing D from 6 to 5 leads to a decrease
in p,. of around 10% [see Fig. 3(c) and Table I]. For N = 10 and
D =7, Re Cj;(t) becomes negative at long times, which may prevent
us from reliably estimating y, . Nevertheless, we see that follow-
ing the time evolution up to Jt,,,, = 70 provides an estimate of y,_
that differs from the estimate for N = 10, D = 5, by a couple of per-
cent. We thus conclude that y;_ estimates may depend on the parity
of the maximum hierarchy depth D. For sufficiently large D, the
estimates for D and D + 2 differ by a couple of percent, and those
for D and D + 1 differ by around 10%. While we find that such
a behavior of y,_ as a function of D (for fixed N) is generic, the
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FIG. 3. Time dependence of (a) Re Cj and (b) Im C; (both in units of J?) for
D = 6 and different chain lengths N. (c) Time dependence of Re Cj (in units of
J?) for N = 10 and different maximum hierarchy depths D. The inset in (a) shows
the frequency profile of the dynamic mobility for D = 6 and different N. Full dots
at w = 0 represent the results for u,. using the first equality in Eq. (5) (see also
Table |). The inset in (b) shows how the result of the integration in Eq. (5) converges
toward p as we increase the upper integration limit. To obtain smooth curves, we
perform the moving average procedure described in the text. The inset in (c) shows
how the result of the integration in Eq. (5) converges toward . as we increase
the upper integration limit. The model parameters are g/J = wo/J = T/J = 1.

magnitudes of the above-mentioned relative differences generally
decrease with temperature. The preceding discussion implies that
HEOM estimates for p,_ should be taken with relative uncertainties
not surpassing 10%.
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TABLE |. Effects of finite N and D on HEOM results for the dc mobility. The HEOM is
propagated up to time Jfmax. Model parameters are g/J = wy/J = T/J = 1.

(N,D) ty from Re Cji(t) thy from Im Cj(t) Tt max
(10,5) 1.327 1.308 400
(10,6) 1.493 1.484 400
(10,7) 1.336 1.325 70
(10,8) 1.548 1.537 200
(7,6) 1.520 1.513 400
(13,6) 1.472 1.459 400
(15,6) 1.473 1.452 300

Without the specific HEOM closing [Eq. (13)], it would be
nearly impossible to obtain meaningful results for the dc or ac
mobility, which is apparent from Fig. 4(b) showing HEOM data for
Re Cj(t) that use the TNL truncation. Model parameters are the
same as in Fig. 3(c), to which the results in Fig. 4(b) are to be com-
pared. Our closing smooths the local maximum in Re Cj(t) around
Jt ~ 4 and stabilizes the subsequent time evolution, whose oscil-
latory features under TNL truncation become more pronounced
with increasing D. In addition to Re Cj(t), in Fig. 4(c), we show
the quantity fotds Re Cji(s)/T [see Eq. (5)] under TNL truncation
(dashed lines) and our closing scheme (solid lines). While the agree-
ment between the dashed and solid lines in Fig. 4(c) is good for
Jt < 10, the results obtained under TNL truncation do not show any
sign of reaching a long-time limit with increasing t. One could use
the HEOM data with TNL truncation up to Jt,,,, ~ 20 (before the
instabilities become more pronounced) to extract the dc mobility
of around 1.25, and virtually the same estimate would be obtained
using the HEOM data with our closing scheme up to Jt,,, =~ 20 [see
Fig. 4(c)]. Nevertheless, if one is to obtain the optical response with
a decent frequency resolution using the HEOM data in Fig. 4(b)
up to Jt,.. ~ 20, one should probably perform additional numerical
procedures, such as the zero-padding (to effectively increase fmax),
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however, may affect the intensities (and to some extent the posi-
tions) of the optical-response features, mainly in the low-frequency
part that corresponds to the most challenging long-time dynamics.
On the other hand, when we propagate our stabilized HEOM up to
long real times, no additional numerical procedures on the HEOM
data for Cjj(t) are required to compute the optical response. While
the observed dependence of our HEOM results on the parity of D
could be attributed to our closing scheme, we believe that we handle
this effect in an appropriate manner because we use it to estimate
the relative error of our results for y; . While a detailed explana-
tion of our observations is beyond the scope of this investigation,
we speculate about their possible origin as follows. In Eq. (9), u, is
the change in energy of the phononic subsystem due to the sequence
of electron-phonon interaction events described by n. At depth n,
t,/wo can assume values +n,+(n —2),..., while at odd depths #,
all u s are nonzero, even depths feature some vectors n for which
t, = 0. At even depths, there are thus ADOs having both y =0
and k, = 0, meaning that the resonance condition & — g, + ftn = 0
emerging from the free-rotation term in Eq. (9) is perfectly satis-
fied. On the other hand, at odd depths, the resonance condition
is almost never perfectly met: even if k, =0 for a particular n,
f, is certainly nonzero. When the closing scheme in Eq. (13) is
applied, the behavior of all ADOs at an odd maximum depth can
be described by damped oscillations (in the lowest approximation
that neglects links to other ADOs). In the same approximation, at
an even maximum depth, there are ADOs that are exponentially
suppressed with time without displaying any oscillatory behavior.
The influence of such ADOs on the overall HEOM dynamics might
be less pronounced than the influence of ADOs exhibiting damped
oscillations.

We finish this section by briefly discussing the decrease in the
number of active variables in our momentum-space HEOM with
respect to existing real-space formulations. Namely, for an N-site
chain, the number of ADOs upon hierarchy truncation at depth D
(ZNg b ) when working in real space (g = 0 phonon mode
( 2(N—D1)+D

is nypo =
is considered) and nipo = ) when working in momen-

tum space (g = 0 phonon mode is not considered). As the num-

possibly combined with signal windowing.”””® Such procedures, ber of entries in each ADO is at the same time reduced by a
(@) 1.5 ; O y s T 1 —
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Z 149 — D=6
o 7 | . 11 — D=7
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FIG. 4. (a) Long-time evolution of the quantity —2 [O'dsslm Cji(s) [black solid line, label “non-smoothed,” see Eq. (5)] and its moving averages computed for different sizes
(determined by Nmove defined in the text) of the averaging window. Percentages are to be taken from the total number of points for which HEOM data are available. (b) Time
dependence of Re Cj (in units of J?) under the TNL truncation for different values of D. (c) Time dependence of the quantity fotds Re Cj;(8)/T [see Eq. (5)] under the TNL
truncation (dashed lines) and our closing in Eq. (13) (solid lines). The values of the model parameters and the color code are the same as in (b). The model parameters are

9/J =wy/J=T/J=1,N=10inall three panels, and D = 6 in panel (a).
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factor of N, the relative decrease in the number of variables that
have to be propagated upon transferring from real to momentum
space is

22N -1)

N’niipo — Nnibo _1_
(2N+D)(2N+D-1)’

20
N’ HaDO 20

For a fixed N, the savings in computer memory increase with D.
While the savings in computer memory for fixed D decrease with
N, they can be substantial on relatively short chains that are still suf-
ficiently long so that the corresponding results are representative of
the long-chain limit. For example, for N = 10 and D = 6 (asin Fig. 3),
the relative decrease in the number of active variables with respect to
HEOM formulations in real space is around 40%.

C. Numerical examples concerning sum rules

Figure 5(a) summarizes how the relative accuracy

|fo" dw Reptac (@) — F|(He )|
5I(He)l

S0osR = , (21)

with which the OSR is satisfied depends on N and D for the same
values of model parameters as in Figs. 2-4. We observe that, in the
ranges of N and D considered, dosr generally decreases with both N
[assuming fixed D; see black circles, right vertical and top horizon-
tal axes in Fig. 5(a)] and D [assuming fixed N; see red squares, left
vertical and bottom horizontal axes in Fig. 5(a)].

Fixing D to 6 and varying N from 7 to 15, we observe the steep-
est decrease in Josr upon increasing N from 7 to 10, while further
increases in N from 10 to 13 and 15 result in a much milder decrease
in dosr. This observation is consistent with both the imaginary-axis
data shown in Fig. 2(a) and the real-time data presented in Figs. 3(a)
and 3(b) and Table I. Namely, the largest (and smallest) variation
in Cj(1), Cji(t), and p,. upon increasing N € {7,10, 13} to the sub-
sequent value from the sequence [7,10,13,15] is observed for N = 7
(N =13). The decrease in dosr with increasing N is, however, ulti-
mately limited by the fact that Josr depends on quantities that are
themselves calculated numerically and thus bring their own numer-
ical errors into the final expression. The integral over frequencies
is computed using the trapezoidal rule, while (H.) is computed for
finite values of N and D (we do not use its “exact” value in the
limit N, D — oo that could be obtained using our” or some other’®
method). The error incurred when the integral f0+°°dw Repac(w) is
evaluated using the trapezoidal rule is of the order of (Aw/J)?, '
where the frequency step Aw is related to the maximum propaga-
tion time fmax by Aw/J = m/(Jtya ). Fixing D and varying N, we
use Jt.c = 300, meaning that the numerical error of the integral
Jo7°° dw Repiac () is of the order of (7/300)* ~ 107°. In other words,
N =15 is sufficiently large that dosr is most probably not domi-
nated by finite-size effects in N but rather by the error of numerical
integration. This is further corroborated by the fact that the kinetic
energies for N = 13 and N = 15 differ on the seventh decimal place
(see Table IT), meaning that the error of the kinetic energy for N = 15
is at least an order of magnitude below the numerical integration
error. On the other hand, for N = 7, §osr is most probably limited
by the finite-size effects in (H.). The data in Table II suggest that
the error of |(He)|n=7,0=6, Which can be inferred from its deviation
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FIG. 5. (a) Relative accuracy dosr [Eq. (21)] as a function of D for N = 10 (red
squares, left vertical and bottom horizontal axes) and as a function of N for D = 6
(black circles, right vertical and top horizontal axes). The dashed lines connecting
the symbols serve as guides for the eye. The model parameters are g/J = wy/J
=T/J=1 (A=05). For N=10, we use C;(t) up to Jimax =200 for
D=5,6, and 8, while for D=7, we take Jfmax =70 (see also Table I).
For D=6, we use Cj(t) up to Jfmax =300 for N=7,10,13, and 15.
(b) Comparison of HEOM (lines) and QMC (symbols with error bars)
results for Re C;(t) (in units of J2) for N'=10, g/J = 1/v/3, wo/d = 1/3,
T/J=1 (A=05), and different values of D. Solid lines (label “‘w c")
employ our closing [Eq. (13)], while dashed lines (label “TNL") use the TNL trun-
cation. (c) Comparison of HEOM results averaged over depths D — 1 and D (solid
lines) with QMC results (symbols with error bars) for D = 6,7, and 8, while other
parameters assume the same values as in (b). QMC data are the courtesy of N.
Vukmirovi¢.

from |[(He)|n=10,0=6, is of the order of 1073, This is consistent with
the value of dosr reported in Fig. 5(a).

A similar analysis can be repeated by fixing N and varying D. In
practice, our criterion for choosing N and D is that dosr $ 1074 As
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TABLE II. Kinetic energy of the electron as a function of N and D for g/J = wy/J
=T/ =1.

(N, D) [(He)/T

(7,6) 1.155308279 5
(10,6) 1.154623 9955
(13,6) 1.1546229149
(15.,6) 1.154 623007 8

mentioned in Sec. II E and as can be seen from the supplementary
material, the relative accuracy with which the sum rules in Eq. (17)
are satisfied is generally better than Sosr.

At higher temperatures (T/wo 2 3), we find that HEOM data
for fixed N and two sufficiently large consecutive depths D — 1 and
D generally have almost the same dosr [as in Fig. 5(a)], while there
are some differences between them already at relatively short times.
For example, for g/J = 1/3/3, wo/J = 1/3,and T/J =1 (A = 0.5), we
find that the differences between HEOM results for different val-
ues of D (we fix N = 10) appear already for Jt ~ 2 or wot ~ 2/3 [see
Fig. 5(b)], in contrast to the situation in Figs. 3(c) and 4(c), where the
differences appear at somewhat longer times. We perform HEOM
computations with TNL truncation and our specific closing and find
that the short-time differences observed in Fig. 5(b) cannot be exclu-
sively attributed to our closing scheme as they are also present under
the TNL truncation. Actually, our closing stabilizes the evolution of
Re Cji(t) and lowers the differences between HEOM results for dif-
ferent values of D (with respect to the TNL truncation). To reveal
whether our HEOM results are reliable, we compare them with
QMC data obtained using the methodology developed in Ref. 63.
QMC results are numerically “exact,” as their convergence with
respect to all control parameters of the simulation has been carefully
checked. In Figs. 5(b) and 5(c), we show QMC results with their sta-
tistical error bars. Figure 5(b) suggests that the difference between
HEOM (with our closing) and QMC results decreases relatively
slowly with increasing D, while HEOM dynamics for Ds of the same
parity (D = 5,7 and D = 6, 8) deviate from the QMC results in a sim-
ilar manner (both deviations are positive/negative). It is known that
the convergence of a slowly converging sequence can be improved
by performing an appropriate sequence transformation, such as the
Shanks or Richardson transformation.'”’ Here, inspired by the rea-
soning behind the Shanks transformation, we want to improve the
convergence of the sequence C;;(D; t) in D (for fixed N and at each
instant t) by handling the term whose decay (as a function of D)
toward zero is the slowest. Based on Fig. 5(b), one may imagine that
the dependence of Cjj(D; t) on D can be represented as

)P

(-
g (22)

Cj(Dst) = Cj (1) + (1)

where a >0, a(t) is a complex number, Czﬂ‘x’ (t) is the sought
large-D limit, while the alternating term (-1)” mimics the observed
alternation of HEOM results with respect to QMC results with the
parity of D. We use Eq. (22) to arrive at

Ci(D-1;1) = Cj~= () _(D_l)a -

Cji(Dst) = Cj~= (1) D

(23)
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where the last approximate equality holds for sufficiently large D
(the smaller a, the smaller the minimum value of D for which the
approximation is good). Equation (23) implies that

L Ci(Dst) + Ci(D - 1)

2 (29)

Cj (1)

which suggests that the large-D limit of Cjj(D; t) can be approached
more rapidly by considering the transformed sequence [C;i(D; t)
+ Cjj(D - 1; t)]/2 instead of the original sequence Cjj(D; t). While
our arguments are not fully mathematically rigorous, they produce
plausible results, as revealed in Fig. 5(c), showing how the HEOM
data averaged over two consecutive depths (5 and 6, 6 and 7, 7 and
8) compare to the QMC data. We observe that the agreement with
the QMC data improves with increasing the depths over which the
averaging is performed. As a result, when averaging over depths 7
and 8, HEOM results are within the QMC error bars in the largest
portion of the time window displayed. It then seems reasonable that
our final HEOM result in this parameter regime be the average of
the results for D = 7 and 8. Finally, whenever our dataset'!” provides
raw data for Cjj(t) for two consecutive depths, we use the average
Cji(t) when computing physical quantities.

D. Signatures of the electron-phonon interaction
in time and frequency domains

Figures 6(al)-6(c3) present selected results concerning the
dynamics of the j—j correlation function, diffusion constant,
and diffusion exponent, together with the frequency profile of
the dynamical mobility. Our analysis of the parameter regimes
in which HEOM computations are free of numerical instabili-
ties [see Figs. 7(a)-7(c)] identifies three typical behaviors of the
aforementioned quantities.

In the weak-coupling regime (A = 0.01) for wo/J =1/3 and 1,
we find a smooth crossover from the ballistic electronic motion at
short times toward the diffusive motion at long times. The rep-
resentative results for wo/J =1 are shown in Figs. 1(a) and 1(b),
while Figs. 6(al)-6(a3) show representative results for wo/J = 1/3.
Re Cji(t), D(t), and a(t) are all monotonic functions of time, while
the dynamical-mobility profile has only the Drude peak at w = 0 and
bears an overall resemblance to the Drude model.

Already in the intermediate-coupling regime (A=0.5) for
wo/] =1/3 and 1, the ballistic-to-diffusive crossover is not
smooth. The representative results for wo/J =1 are presented in
Figs. 3(a)-3(c), whereas Figs. 6(b1)-6(b3) show representative
results for wo/J = 1/3. Re Cjj(t), D(t), and a(t) are non-monotonic
functions of time. We observe that Re Cj(¢) <0 on intermediate
time scales, on which the diffusion constant decreases with time.
This is clear from Eq. (6), which establishes a connection between
the sign of Re Cj;i(t) and the intervals of monotonicity of D(t).
a(t) reaches a pronounced local minimum on the very same time
scale. In other words, intermediate time scales in the intermediate-
interaction regime witness a temporally limited slow-down of the
electronic motion. Depending on the parameter regime (typically
for strong g and at high T), that slow-down may be so pronounced
that the electronic motion changes its character from superdiffusive
(& > 1) to subdiffusive (« < 1) over alimited time frame. While such
a change occurs for model parameters studied in Figs. 6(b1)-6(b3),
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FIG. 7. HEOM-method results for the temperature-dependent dc mobility for different interaction strengths (different values of parameter A) and (a) wo/J = 1/3, (b) wo/J = 1,
and (c) wp/J = 3. Full symbols are HEOM-method results, while dashed lines connecting them serve as guides to the eye. Double dashed-dotted lines show the theoretically
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it is absent for model parameters studied in Figs. 3(a)-3(c) [see the
dashed line in the inset of Fig. 6(b3)]. Apart from the Drude peak at
w = 0, the dynamical mobility features a prominent finite-frequency

peak.

The available results for wo/J = 3, which are obtained for

while subsequent peaks are somewhat displaced toward earlier times
[see Fig. 6(c1)]. The dynamic-mobility profile is characterized by rel-
atively broad peaks centered around integer multiples of wo. These

features suggest that we are close to the genuine small-polaron

.. 1832
limit."

sufficiently strong interactions and at sufficiently high tempera-

tures, also display a non-monotonic behavior of Re Cj(t), D(t),
and «a(t). In contrast to the results for wo/J =1/3 and 1, D(t)
increases in almost regular steps centered around integer multiples
of 27m/wy. The first peak of Re Cjj(t) is indeed centered at 27/w,

E. Temperature dependence of the dc mobility

Figures 7(a)-7(c) present the central result of our study, the
HEOM-method results for the temperature dependence of y,_ for
three different values of wo/J. As discussed in Sec. I11 B, our results
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for p,. should be assigned relative errors not surpassing 10%. The
values reported in Figs. 7(a)-7(c) are obtained by averaging u,. com-
puted using only Re Cj(t) or only Im Cj;(t) [Eq. (5)]. The smoothing
procedure described in Sec. I1I B is applied when considering only
Im Cj(t). At elevated temperatures (T/wo 2 3), we additionally
average HEOM results for two consecutive depths, as discussed in
Sec. [11 C.

Section II1 F gives an example of numerical instabilities appear-
ing for sufficiently strong g or at sufficiently low T, which prevent
us from obtaining reliable HEOM results, e.g., when A > 1 or when
T/] <2and A =1 in Fig. 7(b). Our data for A =1 in Figs. 7(a) and
7(b) suggest that u,_ enters saturation on the low-temperature side.
If we could lower the temperature further, we would enter the regime
of thermally activated transport, in which g, grows with T, while
we obtain HEOM results only in regimes where 4, decreases with
T. Concerning the temperature dependence of u,_, we find that the
HEOM mobilities at low g and for wo/J = 1/3 and 1 are consistent
with the recently found scaling y,_ o< T72,° which is shown as a
double dashed-dotted line. For stronger coupling and at sufficiently
high temperatures, the HEOM mobilities are consistent with the
scaling yy_ o< T2, which is again shown as a double dashed—dotted
line.

F. Numerical instabilities for strong electron-phonon
interactions and at low temperatures

For stronger interactions, at lower temperatures, and for larger
wo/J, the numerical instabilities appearing already at relatively short
real times (despite employing our specific closing strategy) prevent
us from computing the long-time dynamics of Cj;(t) and thus 4.
As an example, in Figs. 8(a) and 8(b), we present our HEOM results
in the strong-coupling regime (A = 2) for wo/J = 1 at a relatively low
temperature T/J = 1 [Fig. 8(a)] and at an elevated temperature T/J
= 5 [Fig. 8(b)].

For T/J = 1, numerical instabilities appear already for Jt 2 3
and become more pronounced at longer times. The maximum time
up to which reliable HEOM results for Cj(¢) can be obtained is
thus of the same order of magnitude as the maximum time that can
be reached in real-time QMC simulations, whose results are shown
as full symbols (QMC error bars are omitted here for visual clar-
ity). The inset of Fig. 8(a) shows how the integrals fotdsReij(s)/T

and -2 f;dssIm Cji(s), whose t — +oo limit determines y,_, evolve
as functions of their upper limit ¢£. While the numerical instabili-
ties become amplified when g, is computed using only Im Cj;(t),
the data using only Re Cj(t) may suggest that the maximum
time Jt,., = 3 is sufficiently long to capture the electron’s diffusive
motion [fotds Re Cji(s)/T reaches a plateau for 2 < Jt < 3]. Nev-
ertheless, the corresponding mobility estimate may be unreliable.
Namely, as discussed in Ref. 42, for strong interactions and at not
too high temperatures, Re Cj(t) exhibits a series of peaks whose
envelope decays over many phonon periods. Our HEOM computa-
tions do capture the most prominent peak centered at ¢ = 0. Still, the
numerical instabilities arise well before the completion of the first
phonon period 271/wy, meaning that the HEOM results fully miss
the contributions to y,_ from the peaks at later times. Such contri-
butions may be appreciable because of the slowly decaying envelope,
and one may thus expect that the HEOM result underestimates the
dc mobility.
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FIG. 8. Time dependence of Cj; (in units of J,) computed using the HEOM method
(lines) and the real-time QMC method developed in Ref. 63 (symbols) for wy/
J=1,1=2,and (a) T/J =1, (b) T/J = 5. Solid (dashed) lines display Re C;(t)
[Im Cj(t)]. The insets display time evolution of fo’ds Re Cjj(8)/T (solid lines)
and -2 [O'dsslm Cji(s) (dashed lines). The HEOM computations in (a) use
N =10 and D =8, while (b) shows the arithmetic average of HEOM results

obtained for N =7,D =10 and N = 7, D = 11. QMC simulations in both (a) and
(b) use N = 10, and the respective data are the courtesy of N. Vukmirovic.

For strong interactions and at higher temperatures, we do
not observe numerical instabilities [see Fig. 8(b)], and our HEOM
method can again reach much longer times than real-time QMC
methods. Higher temperatures, in combination with our closing
strategy, generally stabilize the HEOM. Since the amplitude of the
aforementioned later-time peaks is strongly suppressed at higher
temperatures,”” the HEOM method may provide reliable results
for p,.. The inset of Fig. 8(b) shows that mobility computations
using either ReCjj(t) or ImCj;(¢) [the latter in conjunction with the
moving-average procedure, see the discussion of Fig. 3(b)] lead to
virtually the same HEOM result, 5™ = 0.0375.

Finally, the very good agreement between the HEOM and QMC
results in Figs. 8(a) and 8(b) strongly suggests that the values of
D employed in the corresponding HEOM computations are suffi-
ciently large. One may ask themselves whether a larger value of D
could mitigate the instabilities observed in Fig. 8(a). Unfortunately,
the results of Ref. 101 show that the undamped-mode HEOM cannot
be stabilized by further increasing D.
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IV. CONCLUSION AND OUTLOOK

We develop the momentum-space HEOM method to compute
the real-time current-current correlation function at finite tempera-
ture for the 1d Holstein model, which provides us with direct access
to its transport properties. By exploiting the decoupling of the g = 0
phonon mode and formulating the HEOM in the momentum rep-
resentation, we greatly reduce the number of variables with respect
to existing real-space HEOM implementations. This circumstance
has enabled us to obtain results that take into account all important
phonon-assisted processes (i.e., D is sufficiently large) on chains that
are sufficiently long (i.e., N is sufficiently large) so that the finite-size
effects are minimized. Another distinctive feature of our formal-
ism is its specific hierarchy closing strategy [Eq. (13)], which has
enabled us to overcome the numerical instabilities inherent to the
undamped-mode HEOM formulated on a finite chain and truncated
at a finite maximum hierarchy depth. We are thus in a position to
provide reliable results for the dc mobility by computing C;;(t) up
to quite long real times by which it has almost decayed to zero, i.e.,
the electronic motion has become diffusive. A detailed analysis of
how Cj;(t) and, therefore, 4, depend on N and D suggests that our
results for temperature-dependent mobility should be considered
with uncertainties typically below 10%. Still, the instabilities remain
for strong couplings, at low temperatures, and for large phonon fre-
quencies. In such parameter regimes, we can obtain C;;(t) only up
to relatively short real times.

Our momentum-space HEOM method, which has already
achieved substantial memory savings with respect to existing real-
space HEOM implementations (see Sec. III B), may be com-
bined with advanced propagation techniques based on the tensor
formalism™'**'*'"'** or with on-the-fly filtering techniques'?* to
treat longer chains or larger maximum depths. This could pave the
way toward HEOM computations at lower temperatures or stronger
interactions. In such parameter regimes, accurate results for elec-
tronic dynamics can be obtained using the hierarchy of Davydov’s
Ansitze.""*> However, its current implementations assume that the
initial state of the electron-phonon system is factorized and that
phonons are in thermal equilibrium with the system with no elec-
trons. While following the electron’s dynamics from such a state can
provide information on the dc mobility,"”**”” it provides no infor-
mation on the frequency-dependent mobility, which follows from
the current-current correlation function (see Sec. 1T A). Its com-
putation, in turn, necessitates an appropriate representation of the
thermal equilibrium state of the interacting electrons and phonons
(see Sec. 11 B), which has still not been addressed using the hierarchy
of Davydov’s Ansiitze, to the best of our knowledge. Our study may
motivate an extension of Davydov’s Ansditze approach to compute
equilibrium correlation functions in parameter regimes that are the
most challenging for the HEOM method.

We also note that, at least in the limiting case of slow phonons,
an interesting physical picture for the finite-frequency peak we
observe in the optical response may be constructed based on the
transient localization scenario.'*> While this approach was originally
devised to study transport limited by intermolecular vibrations mod-
ulating the hopping amplitude, its more recent refinements'’® and
applications'”” have considered the Holstein model in the limit of
vanishing carrier density. A more detailed study in this direction
might be the subject of future work. We finally note that the method

ARTICLE pubs.aip.org/aip/jcp

proposed in this manuscript cannot be directly applied to study car-
rier transport limited by the nonlocal electron-phonon interaction
(e.g., the Peierls model).'”® The developments reported here cru-
cially lean on the fact that the current operator j is a purely electronic
operator [see Eq. (3)]. In other words, the current-current corre-
lation function Cj(t) can be computed using only the electronic
RDM (see Sec. II B). On the other hand, when the electron interacts
linearly with intermolecular phonons modulating the hopping inte-
gral, the current operator is a mixed electron-phonon operator.””'"’
This means that Cj;(t) cannot be computed using only the electronic
RDM. One should thus devise a procedure to retrieve correlation
functions involving phonon operators from the HEOM formalism.
While this complex issue is well beyond the scope of this study, the
herein developed momentum-space representation of the HEOM
will remain beneficial to the overall computational performance of
such a procedure.

SUPPLEMENTARY MATERIAL

See the supplementary material for the details of HEOM com-
putations [values of N and D employed, reference HEOM results for
the electron’s kinetic energy and moments of Cjj(w), as well as the
relative accuracy with which different sum rules are satisfied]. The
supplementary material contains all the information needed to use
our numerical data that are deposited on the Zenodo platform (see
Ref. 117).
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APPENDIX A: DERIVATION OF THE HEOM
FOR THE REAL-TIME CURRENT-CURRENT
CORRELATION FUNCTION

The decoupling of the g = 0 phonon mode from the rest of
Hy, = X wqbjby
and Hé_Ph = Z; V4B, without the g =0 term, which is signaled

the system permits us to consider Hamiltonians

by primes. The Feynman-Vernon influence functional theory'”
implies that the only phonon quantity that determines the dynam-
ics of 1(t) is the equilibrium free-phonon correlation function (we
assume ¢ > 0 and g,, 4, # 0),

5H'h
/ () ’

quql(t) = Trph B (t)Bql 7
th

1
= 8@1,—42 Z qume—ﬂqsz' (Al)

m=0

The time dependence in Eq. (Al) is in the interaction pic-

ture [signaled by the superscript (I)], Bgl)(t) ¢ PhtB et 7/

h

= Trl',}l ¢ P is the free-phonon partition sum, while '
g P

Cq0 = (ﬁ) 1= P Hqo = +iwg, (A2)
g\ 1

cq = (ﬁ) For T Uq1 = —iwy. (A3)

The partial trace over phonons in Eq. (8) is performed in the same
manner as in Refs. 96, 98, 99, and 108, and the final result for  in the
interaction picture reads as

—pH.
I(I)(t) _ Te—[CDl(t)+d>z(ﬁ)+d>3(t,ﬁ)]jeZ ) (A4)
Here, Z. = Z| Z;,h is the electronic partition sum [Eq. (12)], while the

influence phases are given as

(1) =Y ‘ds, [ Zds VD (55) g Ham(s2ms0)
1 L 42 ) ds V(s
qm

x [7&%"’ * Cqm Vf;)(n)x L

(1)
: ] @)

O, (B) = —qzmjl /O‘ﬂdefO’Zdch_q(Tl)

x gt (2=1) cqmcvq (12), (A6)

t B
®3(t,) = =iy [ ds [ dr v{D(s)*
) ==i% [ s [ drvP(o)

x e_”q'”sei”“m(ﬁ_r)cqmcv_q(r). (A7)

The influence phase ®;(t) describes the pure real-time evolution,
and the hyperoperators V™ and V° entering Eq. (A5) act on an arbi-
trary operator O as V*O = [V, O] (commutator) and V°O = {V, 0}
(anticommutator), respectively. We define m = 1 for m = 0 and vice
versa. The influence phase ®,(f8) represents the pure imaginary-
time evolution, while @3 (#, ) takes into account the contributions
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mixing the real-time and imaginary-time evolutions. The imagi-
nary time-dependent operator in the interaction picture is defined
as V(1) = e"Ve ™7, while the hyperoperator “V appearing in
Eqgs. (A6) and (A7) acts on an arbitrary operator O as “VO = OV.
The time ordering symbol 7 imposes the following hyperopera-
tor ordering: the hyperoperators depending on real time act after
the imaginary time-dependent hyperoperators; the arguments of
real time-dependent hyperoperators are chronologically ordered,
while the arguments of imaginary time-dependent hyperoperators
are anti-chronologically ordered. This ensures that the general term
in the expansion of Eq. (A4) is of the form

VD ()™ ... v (s )"1] vpm(rm) Vo (1),
where n+m is even, mi,...,mp€{x,0}, t2s,>---25 20,
B2tm2---21120,andg, +---+¢g, +p,, +---+p, =0.

Starting from Eq. (A4), the HEOM [Eq. (9)] is formulated in

the standard manner.**”° The ADO 1,(l") is defined (in the interaction
picture) as

t
(1) = ) TTT' {i [asenmce s>[7%m;%m v ()"
gm

4 am = Cqm VEIq)(S)O] + e_“qmt/ﬁdr etam (B=0)
0

2
e OV (T)}”q’”e—[wmowz(ﬂ)ma(rﬁn e (A8)
qm V' —q J 7.
The rescaling factor f(n) reads as'**
Nam 1/2
f(n) = H [cqﬁn nqm] /. (A9)

Equation (A8) explicitly shows that 1" decreases the momentum
of the electronic subsystem by k, = Z;m qhgm» meaning that only
N matrix elements (k|{") |k + kn) connecting the free-electron states
whose momenta differ by k, assume nonzero values.

Setting ¢ = 0 in Eq. (A8) gives the following initial condition for
the real-time HEOM:

nqm

! B [ —T X7
zf,")(O):jf(n)'TH {[0 dr ¢ )cq v

Ze'

fq(T)}

—CDz(ﬁ) e (A10)

In Eq. (A10), we may move the current operator to the left-most
position because all the hyperoperators act on the operator je ™ /Z,
from the right. Similarly to Ref. 96, one may now recognize that
i )(0) is the product of operator j and the ADO g, ")(ﬁ) which
is one of the components in the hierarchical representation of the
(unnormalized) reduced density operator,

Uéo) B) = Te P g FHe, (A11)
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To actually evaluate U,S")(ﬁ) and the normalization constant Z,

= Treaéo) (), we consider the imaginary time-dependent analog of
Eq (1\ 11 ),

Uéo)(r) = Te gt (A12)

where 0 < 7 < f3. As discussed in detail in Ref. 96, Eq. (A12) can be
transformed into the imaginary-time HEOM given in Eq. (10).

APPENDIX B: DERIVATION OF THE CLOSING SCHEME
IN EQ. (13)

Here, we provide a detailed derivation of our strategy for
hierarchy closing that is embodied in Eq. (13).

Let us consider the equation for (k|t]()D) (t)|k + kp) at the maxi-
mum depth D, which contains the ADOs tl()lzﬂ) at depth D + 1. The

p
equation of motion for 1]()13“) contains ADOs at depth D + 2, which
p

will be set to zero. Moreover, its coupling with the ADOs at depth
D will be restricted by assuming it couples back only to the original

ADO zE,D) we are considering. With these assumptions, the equation
at depth D + 1 reads as

Outklap " (Dlk-+ ko + q)
= (e = iy o + g, ) (Rl (Dl + ko + )
+i\/(1+ Dgm) cgm (k + gt (£) |k + ko + q)
_i/Tr qucq% (KD () [k + ko). (B1)

qm

Using the initial condition (k|11()]2+1)(0)|k+ kp + q) = 0, which is
p
appropriate because the imaginary-time HEOM in Eq. (10) is trun-
cated at the maximum depth D, Eq. (B1) can be formally integrated
to yield
(K (1)K + ko + )
i

¢ —i(e— + ) (it
T D [y e )
0
« I:\/Cq_m e*f(€k+r£k+kb+qﬂ4b)t1ﬁ(tl)

_ Cqm e—i(sk—8k+kn+ﬂn)f1f2(tl) ) (B2)
Cqm

We have introduced the auxiliary function fi(t) representing the
slowly changing part of the ADO at depth D by factoring out the
oscillating (rapidly changing) part as follows:

(k+ q|t]()D)(t)|k+ kp +q) = e*l'(fmffmkmqﬂln)fﬁ(t), (B3)

ARTICLE pubs.aip.org/aip/jcp

and similarly for f,(#). Under the integral entering Eq. (B2), we
introduce the variable change s=1t—t; and subsequently apply
the Markovian approximation fi,,(t—s) ~ fi2(f) to the slowly
changing part. As a result, we obtain

(Kl (Dlk+ ko + q)

t .
=i 1+D C / ds 67’[£k75k+q+(6m076m1)wq]s
VD) { Ve |

% (k+ gl (£)k+ kp + g) - %

X ftds eii[sk*"D —ektkp+gT (Omo—Om1 ) wq]s
0
P (- kD)}, (50

Using the last result, we write one of the terms that couple the equa-
tions at depths D and D + 1 [the third term on the RHS of Eq. (9)] as
follows:

— i3 \/(U+ Dgm)egm (K20 (8) [k + ko + q)
gm !

m

t .
_ Z’ (1 +qu)cqu ds e—’[fk—€k+q+(5mo—5m1)wq]f
0

qm
x (k+ gl (£)[k + kp + q)

t
’ —i —&p 00— O
_ Z (1 +qu)ch[)\ ds e 1[“3k+kD £k+kD+q+( 0 l)wq]s

qm

x (kK (0) [k + kp). (B5)

The second term on the RHS of Eq. (9) can be written and analyzed
in an analogous manner.

To evaluate Eq. (B5), we have to know the detailed structure
of the vector D that characterizes the ADOs at the maximum depth
D. We also observe that the second term on the RHS of Eq. (B5)
depends only on the quantity (k|t]()D) (t)|k + kp) whose differential
equation we are considering. On the other hand, the matrix elements
of IBD) entering the first term on the RHS of Eq. (B5) depend on
g. This term may be neglected by invoking a sort of random phase
approximation: the matrix elements (k + q|t]()D) (t)|k + kp + q) are
typically oscillatory functions of ¢, and one may then argue that their
average over all momenta q is close to zero. A similar approximation
is also at the heart of the momentum-average approximation.***’
In the remaining terms, we (i) exploit that for dispersionless optical
phonons (wy = wo), ¢gm does not depend on g, (ii) neglect the contri-
butions containing Dy, and (iii) evaluate the remaining integral in
Eq. (B5) by invoking the so-called adiabatic approximation, in which
the upper limit ¢ of the integral is replaced by +oco. We furthermore
keep only the real part of the integral evaluated so that

t . +oo ,
f dse” ™ w / ds e ~ 18(Q). (B6)
0 0

This way, we introduce physically motivated damping of the ADOs
at the terminal level of the hierarchy. The damping effectively
replaces higher-order phonon-assisted processes that are not explic-
itly taken into account, while phonon-assisted processes involving

J. Chem. Phys. 159, 094113 (2023); doi: 10.1063/5.0165532
Published under an exclusive license by AIP Publishing

159, 094113-15

12:9€:.0 €202 Joquisydes ||



The Journal
of Chemical Physics

at most D phonons are completely taken into account through the
HEOM. In the resulting expressions, we recognize the second-order
approximation for carrier scattering time out of the free-electron
state |k),

2
Tik ) Zﬂgﬁzq:, (=) 56— ey = wn)
H (@ -1) 06— ey + w0), (B7)

for which an analytical expression in the limit of infinite N has been
derived in Refs. 42 and 26. Even though we perform HEOM compu-
tations on finite chains, in Eq. (13) we use the value of 7; obtained in
the infinite-chain limit. We believe that such a procedure is appro-
priate because we invested great effort to perform computations with
a sufficiently large N.

Instead of neglecting the term containing Dy, in Eq. (B5),
we may have replaced Dy, by its average value D/[2(N —1)] at
depth D [the sum Y7, Dgm, which is equal to D, contains 2(N — 1)
terms]. Such a replacement would lead to larger damping factors
at depth D, which may have already been overestimated by using
the value of 74 in the infinite-chain limit. Since the substitution
Dgm — D/[2(N —1)] does not improve the stability of the hierarchy
at low temperatures, for strong interactions, and for fast phonons,
we decided not to use it in our computations.

APPENDIX C: SUM RULES

The zeroth-moment sum rule states that
+o0 do >
M= [T Cy@) = () )
Since j is a purely electronic operator, the evaluation of M,
necessitates only the operator l(()o) (t=0),

Mo = -2] sin (k) (kli§” (£ = 0)[k) = Cj(t = 0).  (C2)
k

On the other hand, to evaluate M,, for n > 1, we need all ADOs
i (t = 0) at depths starting from 0 and concluding with n. The first-
moment sum rule is
+o0 dw . .
M, = 5, @ Cii(@) = {[j: H]j). (C3)

—oo

It can be shown that

[ H] = [j» He-pn] = =2J 37 [sin (p +4q) = sin (p)]lp + q){plBy-

9#0,p
(C4)
Therefore,
M, =-2] Z [sin(p + q) —sin(p)]
9#0,p
e P
x <p Trph{quZ} p+ q), (C5)

The second-moment sum rule is somewhat more cumbersome to
evaluate

M= [T oy = (HL .
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We separately evaluate the three contributions to the double
commutator

(Ui H],H] = [[j, H], He] +[[j,H], Hpn] + [[js H], He-pn] » (C7)
K; K, K;

starting from the result for [j, H] embodied in Eq. (C4). We obtain

Ki=-2] " [sin(p+q) —sin(p)](ep — &+g)lp + 9){p|Bg»  (C8)

q#0,p

Ke=-2] 3 [sin(p+q) = sin(p)Jey

q#0.p
< (Ip+ ) plbs - o + @) (pleT, ), (C9)
Ks=-2]) > lp+qi+q){plBy,By,
Q#0 p
4 #0
x[sin(p+q1+q2) —sin(p+qi) —sin(p+qz) +sin(p)].

(C10)

In addition to the single-phonon-assisted ADO Trph{Bq j#},

the evaluation of (Kij), (K»j), and (K3j) necessitates their contri-
butions describing phonon absorption and emission, which stem
from the definition B, = ﬁ (bq + biq), as well as the two-phonon-

assisted ADO Trph{quBql ]¥} In the following, we compute

these (electronic) operators using the ideas developed in Refs. 130
and 131.
D . e PH _ eq .
enoting —— = p;, we can write

jp = Texp [—/OﬂdT Z’ ch(T)CBq(T)]
q

_ﬁHs _;Bth
xje " (C11)
Ze 7

To evaluate phonon-assisted contributions, we introduce auxiliary
fields f;(7) and consider their functional

0 q

Pty = Te"p[‘f Sy ) +fq(f)]CBq(T)]

e_ﬂHe e’ﬂH;h

x j 7 T,h (C12)
¢ P
Defining
JP = iTtept (C13)
one can show that
jt|  =-Tren{Bqejr}} (C14)
B,
62Peq :|
. f _ . eq
Jer e | = Tron{BaBa jpy - (C15)
[ TRODAGY
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On the other hand,

e

ijq — Te—q)z,f(ﬁ) eZ R (C16)

where the influence phase @, ¢(8) is a functional of auxiliary fields
fq(7) [cf. Eq. (A6)],

0o (B) =~ [an ["dn T [Toa(m) + fo(m)]
qm

x ei""'"(rrn)cqmc[vq(n) + fy(m2)]. (C17)
It then follows that
Syt {_5<1>z,f(ﬁ) mﬂﬁ)}em
F® U 5P z> W
52pefq
8fe. (B)ofa, (B)
. {[_ FDop(B) 0Py () 00, f(ﬁ)] _@,,(m}
8fe. (B)ofa (B)  0fe(B) Ofa(B)
x e;j (C19)

The explicit evaluation of the functional derivatives produces

5®z)f(ﬁ) B B wlm( e
B "y X cam Y ql(f>+fql<r)(]c )
P (B o (20

Using the definition of ADOs t(") at t = 0 [Eq. (A8)] and rescaling
factors f(n) [Eq. (A9)], we finally obtain

. 1
Tegn {Bajo'} = =2 o ):(,R(th) (C22)

TrPh{B‘ZzB'ZlPeTq} = 8%*111 (Z C‘Il’”)l(()())(t = 0) + Z
1 @)

[ — (t=0). (C23)
f(o(‘hml) (5127"2)) (‘“ml)(gzmz)

The contributions that differentiate between absorption and emis-
sion of a single phonon are most straightforwardly obtained by
explicitly setting up an equation of motion for such processes and
comparing the kinetic term in the equation thus obtained with the
kinetic term in Eq. (9). This procedure yields

1

ﬁTrPh{qupT} =~ o) ty (£=0), (C24)
. 1

%Trph{biq i} = NGH) (();)(t =0). (C25)
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The final result for the first-moment sum rule reads as

B sin (p +q) —sin (p)
DI O
x (pligy) (1= 0)lp + q). (C26)

The final result for the second-moment sum rule reads as

M, = (Kyj) + (Kj) + (Ksj), (C27)
where
Kl] 2]2 Z sin (p+q) Sln(p) (SP 5p+q)
q#0,p m f(O
x (plgy) (= 0)lp +q), (C28)
(K2 j) 2]2 Z (- l)mSin(P+‘1)+_ Sin(P)wq
q#0,p m f(oqm
x {pligy) (£ = 0)lp + ), (C29)
and
(Ksj) = —2]20 S 4 sin (p)sin’(q/2) cgm (Pl (£ = 0)|p)
q#0,p m
(i) (t=0)p+q+q2)

('i1m1) ('izmz)

f( (111"11 )(q2mz) )

SN

q2,q1#0 mym

x[sin(p+q1+qz2)—sin(p+q1) —sin(p+qz) +sin(p)].
(C30)

APPENDIX D: OPTICAL SUM RULE AND FINITE-SIZE
EFFECTS

We find that the relative accuracy with which the OSR is sat-
isfied increases with increasing N, see Sec. I1I C. This observation
suggests that the OSR formulated in Eq. (16) is strictly valid only
in the long-chain limit, while on finite chains there are finite-size
corrections that vanish as N — +oco. In the following, we provide a
derivation of the OSR for finite N, identify the finite-size corrections,
and demonstrate that they vanish in the long-chain limit.

Let us start by noting that the current operator on an N-site
chain, defined in Eq. (3), may be expressed in the site basis as

N-1
=Y (Im)(m® 1|~ m e 1)(m). (oD

m=0

The cyclic addition @ [a ® b = (a+ b) mod N] takes into account
that sites 0 and N — 1 are first neighbors because of the periodic
boundary conditions. Our derivation of the OSR makes use of the
continuity equation

= —i[P,H], (D2)
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where the polarization operator (in the site basis) is given as

N-1

P=->" mim)(m| (D3)

m=0

While the current operators j and j are identical in the infinite-chain
limit, their difference on a finite chain reads as

j-Jj=-ilPx-10, (D4)
where
Py-10 = N(JN = 1)(0] = |0)}{N - 1|). (D5)

Our derivation starts from the integral I = [~ dwRepac(w),
whose integrand is expressed using the first equality in Eq. (4). Sub-
stituting C;i(w) in terms of Cjj(t), writing the resulting expression in
the eigenbasis {|a)} of the full Hamiltonian H (H|a) = Eq|a)), and
performing the integrations over time and frequency, we obtain

o |l (] jla’y e PEe — BB
-y, (liolali) 7~ F )
7 a — Ly

o o

We can eliminate the energy difference Eq — E, in the denomina-
tor of each term by expressing one of the current operators using
the continuity equation [Eq. (D2)]. We should, however, take into
account the finite-size correction entering Eq. (D4). We then obtain

P PE.
= —znz o [Pla){aljlo ) ~
P ~BE,s _ ,~PEa
*’”]Z (o' [Py- 10|“)(0¢|J|“) e
“E, Z

:h+h (D7)
The term I; can then be written as
e PH
Il = —lT[Tr{[P,]]Z} (DS)

The commutator [P, j], where both operators are defined on a finite
chain, is equal to

[P, j] = —iHe = iJPn-10, (D9)
so that
(0) (0)
I = —nTr. HQL(/))) — aJTre ?N—I,OL(/)))
Ze Ze
= 11)1 + Il,z. (DIO)

While the term I, alone gives the desired result for the OSR
(I = -n(He)), the terms I, and I, are finite-size corrections. The

ARTICLE pubs.aip.org/aip/jcp

term I, can be transformed by applying the steps that led to Eq. (D6)
in the reverse order, which gives

400 1o PO rioo
L= da)ie[ dt
2w —oo

—oo

e . —fH
< Tr {elHtPNl,Oe_th]‘eZ}

+o00o
= / dw

Both I1; and I, reduce to expectation values of the purely electronic
operator Py_1, with respect to the reduced (purely electronic) den-

sity matrix 000) (B)/Ze (for I.2) or i(t) (for I,) that is diagonal in the
momentum representation. For example,

1-e o proo 5
Tf dte Tre{PN_l,ol(t)}. (Dll)

Tre{Pn-10:(t) } = -2iy. (k|1(t)|k))sin(27mkN_1), (D12)
k

where the sum is over N allowed values of the wave number
k = 2nn /N, with n; being N consecutive integers. As N — +oo,
(N-1)/N — 1, and each term entering Eq. (D12) tends to zero.
In other words, the finite-size correction I, vanishes in the infinite-
chain limit. The same reasoning may be applied to show that I,
vanishes in the infinite-chain limit.
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ABSTRACT

Ultracold-atom simulations of the Hubbard model provide insights into the character of charge and spin correlations in and out of equi-
librium. The corresponding numerical simulations, on the other hand, remain a significant challenge. We build on recent progress in the
quantum Monte Carlo (QMC) simulation of electrons in continuous space and apply similar ideas to the square-lattice Hubbard model. We
devise and benchmark two discrete-time QMC methods, namely the fermionic-propagator QMC (FPQMC) and the alternating-basis QMC
(ABQMC). In FPQMC, the time evolution is represented by snapshots in real space, whereas the snapshots in ABQMC alternate between
real and reciprocal space. The methods may be applied to study equilibrium properties within the grand-canonical or canonical ensemble,
external field quenches, and even the evolution of pure states. Various real-space/reciprocal-space correlation functions are also within their
reach. Both methods deal with matrices of size equal to the number of particles (thus independent of the number of orbitals or time slices),
which allows for cheap updates. We benchmark the methods in relevant setups. In equilibrium, the FPQMC method is found to have an excel-
lent average sign and, in some cases, yields correct results even with poor imaginary-time discretization. ABQMC has a significantly worse
average sign, but also produces good results. Out of equilibrium, FPQMC suffers from a strong dynamical sign problem. On the contrary,
in ABQMC, the sign problem is not time-dependent. Using ABQMC, we compute survival probabilities for several experimentally relevant
pure states.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0133597

. INTRODUCTION

The last two decades have witnessed remarkable develop-
ments in laser and ultracold-atom technologies that have enabled
experimental studies of strongly correlated electrons in and out
of equilibrium."” Ultracold atoms in optical lattices™” and opti-
cal tweezers arrays’ ° have been used as quantum simulators for
paradigmatic models of condensed-matter physics, such as the Hub-
bard model.”* Recent experiments with fermionic ultracold atoms
have probed the equation of state,” charge, and spin correlation
functions,'”"” as well as transport properties (by monitoring charge
and spin diffusion' ™).

These experimental achievements pose a significant challenge
for the theory. The level of difficulty, however, greatly depends
on whether one computes instantaneous (equal-time) correlations

or the full time/frequency dependence of dynamical correlators.
The other factor is whether one considers thermal equilibrium or
out-of-equilibrium setups.

Instantaneous correlators in equilibrium are the best-case
scenario. The average density, double occupancy, and correla-
tions between particle or spin densities on adjacent sites are still
very important. They serve as a thermometer: the temperature in
cold-atom experiments cannot be measured directly and is often
gauged in comparison with numerical simulations.'"'* For this
kind of application, current state-of-the-art methods'“" are often
sufficient. Equal-time multipoint density correlations are also of
interest, as they hold information, e.g., about the emergence of
string patterns' "*“"" or the effect of holes on antiferromagnetic
correlations."”"* However, measuring density at a larger number
of points simultaneously is more difficult in many algorithms. For
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example, in the Hirsch-Fye (HF) algorithm,”** one cannot do
this straight-forwardly, as the auxiliary Ising spins only distinguish
between singly occupied and doubly occupied/empty sites.

Of even greater interest and much greater difficulty are the
time-dependent correlations in equilibrium. These pertain to stud-
ies of transport and hydrodynamics at the level of linear response
theory.””*” The limitations of current state-of-the-art methods here
become starkly apparent. If one is interested in long-wavelength
behavior (as is precisely the case in the study of hydrodynamic
properties™), the lattices treated in the simulation need to be suffi-
ciently large. The finite-temperature Lanczos method™”* can only
treat up to 20 lattice sites’””’ and is unsuitable for such appli-
cations. Quantum Monte Carlo (QMC) methods can treat up to
300 sites,””” but only under certain conditions: doping away from
half-filling leads to a significant sign problem, which becomes
more severe as the lattice size, inverse temperature, and coupling
constant are increased. Moreover, QMC methods are formulated
in imaginary time and require ill-defined analytical continuation
to reconstruct optical conductivity or any other real-frequency
spectrum.”!

Direct real-time calculations, regardless of proximity to the
equilibrium, are the most difficult.”"***’ These present an alterna-
tive to analytical continuation in equilibrium calculations but are
necessary to describe non-equilibrium regimes, e.g., in external field
quenches.’ In the corresponding Kadanoff-Baym-Keldysh three-
or two-piece contour formalism, QMC computations are plagued
by the dynamical sign problem, which has so far been overcome
in only the smallest systems.’’ The time-dependent density matrix
renormalization group’’’* produces practically exact results, how-
ever, only in one-dimensional®”®" or ladder systems.”* Simulations
based on the nonequilibrium Green’s functions formalism”* are also
possible but not numerically exact. They can, however, treat much
larger systems over much longer time scales than other real-time
approaches.”"”””"’

The main goal of this work is to construct a numerically exact
way to compute spatially resolved densities in setups relevant for
optical lattice experiments. This includes general multipoint corre-
lators in real space and momentum space, and we focus on densities
of charge and spin. We are interested in both the equilibrium
expectation values and their time dependence in transient regimes.
(The latter can formally be used to access temporal correlations in
equilibrium as well.)

We take a largely unexplored QMC route toward the com-
putation of correlation functions in the square-lattice Hubbard
model. Current state-of-the-art methods, such as the continuous-
time interaction-expansion (CT-INT),” ™ the continuous-time
auxiliary field (CT-AUX),”‘” and HF,”*" rely on the computa-
tion of large matrix determinants, which, in many cases, presents
the bottleneck of the algorithm. In CT-INT and CT-AUX, the size
of the matrices generally grows with coupling, inverse temperature,
and lattice size. In the HF, which is based on the Suzuki-Trotter
decomposition (STD), the matrix size is fixed, yet presents a mea-
sure of the systematic error: the size of the matrix scales with
both the number of time slices and the number of lattice sites. A
rather separate approach is possible, where the size of the matri-
ces scales only with the total number of electrons. This approach
builds on the path-integral MC (PIMC).*""* In PIMC, the trajecto-
ries of individual electrons are tracked. In continuous-space models,
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PIMC was used successfully even in the calculation of dynamical
response functions.”””" The downside is that the antisymmetry of
electrons feeds into the overall sign of a given configuration, thus
contributing to the sign problem. A more sophisticated idea was
put forward in Refs. 85-87. Namely, the propagation between two
time slices can be described by a single many-fermion propagator,
which groups (blocks) all possible ways the electrons can go from
one set of positions to another—including all possible exchanges.
The many-fermion propagator is evaluated as a determinant of a
matrix of size equal to the total number of electrons. This scheme
automatically eliminates one important source of the sign problem
and improves the average sign drastically. Such permutation blocking
algorithms have been utilized with great success to compute ther-
modynamic quantities in continuous-space fermionic models.”*”°
Here, we investigate and test analogous formulations in the lattice
models of interest and try generalizing the approach to real-time
dynamics.

We develop and test two slightly different QMC methods. The
Fermionic-propagator QMC (FPQMC) is a real-space method sim-
ilar to the permutation-blocking and fermionic-propagator PIMC,
respectively, developed by Dornheim et al.”’ and Filinov et al.”® for
continuous models. On the other hand, the alternating-basis QMC
(ABQMC) method is formulated simultaneously in both real and
reciprocal space, which makes measuring distance- and momentum-
resolved quantities equally simple. The motion of electrons and their
interactions are treated on an equal footing. Both methods are based
on the STD and are straight-forwardly formulated along any part
of or the entire Kadanoff-Baym-Keldysh three-piece contour. This
allows access to both real- and imaginary-time correlation functions
in and out of equilibrium. Unlike CT-INT, CT-AUX, and HF, our
methods can also be used to treat canonical ensembles as well as
the time evolution of pure states. Our formulation ensures that the
measurement of an arbitrary multipoint charge or spin correlation
function is algorithmically trivial and cheap.

We perform benchmarks on several examples where numeri-
cally exact results are available.

In calculations of instantaneous correlators for the 2D Hub-
bard model in equilibrium, our main finding is that the FPQMC
method has a rather manageable sign problem. The average sign is
anti-correlated with coupling strength, which is in sharp contrast
with some of the standard QMC methods. More importantly, we
find that the average sign drops off relatively slowly with the lattice
size and the number of time slices—we have been able to con-
verge results with as many as eight time slices, or as many as 80
lattice sites. At strong coupling and at half-filling, we find the aver-
age sign to be very close to 1. In the temperature range relevant
for optical-lattice experiments, we find that the average occupancy
can be computed to a high accuracy with as few as two time slices;
the double occupancy and the instantaneous spin-spin correlations
require somewhat finer time discretization, but often not more than
six time-slices in total. We also document that FPQMC appears to
be sign-problem-free for Hubbard chains.

However, in calculations of the time-evolving and spatially
resolved density, we find that the FPQMC sign problem is
mostly prohibitive of obtaining results. Nevertheless, employing the
ABQMC algorithm, we are able to compute survival probabilities of
various pure states on 4 x 4 clusters—in the ABQMC formulation,
the sign-problem is manifestly independent of time and interaction
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strength, and one can scan the entire time evolution for multiple
strengths of interaction in a single run. The numerical results reveal
several interesting trends. Similarly to observations made in Ref. 97,
we find in general that the survival probability decays over longer
times when interactions are stronger. At shorter times, we observe
that the behavior depends strongly on the type of the initial state,
likely related to the average density.

The paper is organized as follows: The FPQMC and ABQMC
methods are developed in Sec. IT and applied to equilibrium and
out-of-equilibrium setups in Sec. III. Section [V discusses the
FPQMC and ABQMC methods in light of other widely used QMC
algorithms. Section V summarizes our main findings and their
implications, and discusses prospects for further work.

Il. MODEL AND METHOD
A. Hubbard Hamiltonian

We study the Hubbard model on a square-lattice cluster con-
taining N = NN}, sites under periodic boundary conditions (PBC).
The Hamiltonian reads as

H = Hy + Hint. (1)

The noninteracting (single-particle) part Hy of the Hamiltonian
describes a band of itinerant electrons

Ho=-J Z Cza Crig = Zek Nko» (2)

(r,r')o ko

where ] is the hopping amplitude between the nearest-neighboring
lattice sites r and r’, while the operators ¢}, (cr) create (destroy) an
electron of spin ¢ on lattice site r. Under PBC, Hj is diagonal in the
momentum representation; the wave vector k may assume any of the
N, allowed values in the first Brillouin zone of the lattice. The free-
electron dispersion is given by e = —2J(cos kx + cos k; ). The density
operator is 1y = CLT ko With ¢y = 3, (k|r)crs. The Hamiltonian of
the on-site Hubbard interaction (two-particle part) reads as

Hint = UZ et Ny (3)
r

where U is the interaction strength, while 71 = ¢ly cro.

If the number of particles is not fixed, Eq. (1) additionally
features the chemical-potential term —u Y. nre = —p 3, nis that
can be added to either Hy or Hin. Here, since we develop a
coordinate-space QMC method, we add it to Hin;.

B. FPQMC method

Finding viable approximations to the exponential of the form
e ™" is crucial to many QMC methods. With a = 1/T (T denotes
temperature), this is the Boltzmann operator, which will play a role
whenever the system is in thermal equilibrium. In the formulation
of dynamical responses, the time-evolution operator will also have
this form, with « = it, where ¢ is the (real) time. One possible way to
deal with these is the lowest-order STD”

H

N
—aH —AaHy —AaHi \Ne
e " m(e HHogm A “‘) , (4)
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where the interval of length || is divided into N, subintervals of
length |Aa| each, where Aa = a/N,. The error of the approximation
is of the order of |Aa|*|[Ho, Hint] |, where the norm || [ Ho, Hin¢] | may
be defined as the largest (in modulus) eigenvalue of the commutator
[Ho, Hint].° The error can in principle be made arbitrarily small by
choosing N, large enough. However, the situation is complicated by
the fact that the RHS of Eq. (4) contains both single-particle and
two-particle contributions. The latter are diagonal in the coordinate
representation, so that the spectral decomposition of e™** is per-
formed in terms of totally antisymmetric states in the coordinate
representation, aka the Fock states,

N
) = TTT1 clol9) %)

o j=1

that contain N, electrons of spin ¢ whose positions rf,. ..,rj'\,a
are ordered according to a certain rule. We define &inc(\Vi)
= (¥i|Hint|¥;). On the other hand, the matrix element of e %
between many-body states [¥}) and |¥;) can be expressed in terms
of determinants of single-electron propagators

(Wile " 1yy) = TT detS(¥), ¥, Aa, o), (6)
[

[S(¥L¥i A0, 0)] = (| el )

i j2
We provide a formal proof of Egs. (6) and (7) in Appendix A. The
same equations lie at the crux of conceptually similar permutation-
blocking™ and fermionic-propagator”® PIMC methods, which are
formulated for continuous-space models. When A« is purely real
(purely imaginary), the quantity on the right-hand side of Eq. (7)
is the imaginary-time (real-time) lattice propagator of a free particle
in the coordinate representation.” Its explicit expressions are given
in Appendix B.

Further developments of the method somewhat depend on
the physical situation of interest. We formulate the method first
in equilibrium and then in out-of-equilibrium situations. To facil-
itate discussion, in Figs. 1(a)-1(d), we summarize the contours
appropriate for the different situations we consider.

1. FPQMC method for thermodynamic quantities

The equilibrium properties at temperature T =" follow
from the partition function Z = Tre ", which may be computed
by dividing the imaginary-time interval [0, ] into N, slices of
length A7 = f3/N:, employing Eq. (4), and inserting the spectral

decompositions of e”™, The corresponding approximant for Z
reads as
Zw~ 3 Dg(C, A)e (), ®)
c
The configuration
C={|¥i1)--»|¥in, )} 9

resides on the contour depicted in Fig. 1(a) and consists of N; Fock
states |¥;;) in the coordinate representation. Dg(C,Ar) depends
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FIG. 1. Contours appropriate for computing (a) thermodynamic quantities at tem-
perature T = 1/, (b) time-dependent quantities after quantum quench in which
the Hamiltonian is suddenly changed from H(0) att <0 to H at ¢ > 0, (c) time-
dependent quantities during evolution from a pure state |y(0)) = |¥i4), (d) the
survival probability of the initial pure state |y(0)) = [¥;1). In (a) and (b), the ver-
tical part is divided into N identical slices of length Az. In (b)—(d), each horizontal
line is divided into N; identical slices of length At. Within the FPQMC method, a
many-body state in the coordinate representation |¥;,) [Eq. (5)] is associated with
each slice /. Within the ABQMC method, in addition to |¥;;), each slice / features
a many-body state in the momentum representation [¥,) [Eq. (29)].

on the temperature and imaginary-time discretization through the
imaginary-time step At

Z

T

Dﬁ (C, AT) = <\Pi,le}91 |e_ATH0 |\I/,-,l>

=T

I_I detS(‘PiJ@l, "Iji,[, AT, 0') (10)

o

Il
—_

and is a product of 2N; determinants of imaginary-time single-
particle propagators on a lattice (this is emphasized by adding
the subscript f8). The cyclic addition in Eq. (10) is the standard
addition for /= 1,...,N; — 1, while N; @ 1 = 1. The symbol &in(C)
stands for

N
&nt(C) = Z&m(\l’u)- (11)
=1

By virtue of the cyclic invariance under trace, the ther-
modynamic expectation value of an observable A can be
expressed as

()= o 2 5 Te{(e ) ae ), (12)

The FPQMC method is particularly suitable for observables diago-
nal in the coordinate representation (e.g., the interaction energy Hint
or the real-space charge density 71:5). Such observables will be dis-
tinguished by adding the subscript i. Equation (12), combined with
the lowest-order STD [Eq. (4)], produces the following approximant
for (A;) :

ARTICLE scitation.org/journalljcp

i 5, Dﬂ(c, A7) e—Arsam(C)N%erl Ai(Y;)

(Ai) » e Dp(C, AT) e=bram(€) ’ )
where
Ai(¥ip) = (WilAil ). (14)
Defining the weight w(C, A7) of configuration C as
w(C, A7) = [Dg(C, At)|e (), (15)
Eq. (13) is rewritten as
i)~ (sgn(C)N%ijl Ai(‘lji”)>w (16)

(sgn(C)),, ’

where (- --),, denotes the weighted average over all C with respect
to the weight w(C); sgn(C) = Dp(C, A1) /|Dg(C, At)| is the sign of
configuration C, while [(sgn})| = [(sgn(C))w| is the average sign of the
QMC simulation.

By construction, our FPQMC approach yields exact results for
the noninteracting electrons (ideal gas, U = 0) and in the atomic
limit (J =0). In both limits, due to [Ho, Hint] = 0, the FPQMC
method with arbitrary N; should recover the exact results. How-
ever, the performance of the method, quantified through the average
sign of the simulation, deteriorates with increasing N.. For N; = 1,
the FPQMC algorithm is sign-problem-free because it sums only
diagonal elements (¥;,|e P |¥;,) of the positive operator e ™.
The sign problem is absent also for N; = 2 because Dg(C, /2) is a
square of a real number.

An important feature of the above-presented methodology
is its direct applicability in both the grand-canonical and canon-
ical ensemble. The grand-canonical formulation is essential to
current state-of-the-art approaches® (e.g., CT-INT or CT-AUX)
relying on the thermal Wick’s theorem, which is not valid in
the canonical ensemble.” In the auxiliary-field QM #732728
the Hubbard-Stratonovich transformation'’’ decouples many-body
propagators into sums (or integrals) over one-body operators
whether the particle number is fixed or not. Working in the grand-
canonical ensemble is then analytically and computationally more
convenient because the traces over all possible fermion occupations
result in determinants.”*'’" In the canonical ensemble, the compu-
tation of traces over constrained fermion occupations is facilitated
by observing that the Hubbard-Stratonovich decoupling produces
an ensemble of noninteracting systems'’! to which theories devel-
oped for noninteracting systems in the canonical ensemble, such as
particle projection'”'"” or recursive methods,""'" can be applied.
While such procedures may be numerically costly and/or unsta-
ble,'"" a very recent combination of the auxiliary-field QMC with
the recursive auxiliary partition function formalism'?” is reported
to be stable and scale favorably with the numbers of particles and
available orbitals.!’® In contrast to all these approaches, the for-
mulation of the FPQMC method does not depend on whether the
electron number is fixed or not. However, the selection of MC
updates does depend on the ensemble we work with. In the canonical
ensemble, the updates should conserve the number of electrons; in
the grand-canonical ensemble, we also need to include the updates
that insert/remove electrons. Our MC updates, together with the
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procedure used to extract MC results and estimate their statistical
error, are presented in great detail in Sec. SI of the supplementary
material.

2. FPQMC method for time-dependent quantities

Ideally, numerical simulations of quench experiments such as
those from Refs. 14, 16, and 17 should provide the time-dependent
expectation value (A(t)) of an observable A at times ¢ > 0 after the
Hamiltonian undergoes a sudden change from H(0) for ¢t <0 to H
for t > 0. Again, in many instances,'*'” the experimentally measur-
able observable A is diagonal in the coordinate representation, which
will be emphasized by the subscript i. The computation proceeds
along the three-piece Kadanoff-Baym-Keldysh contour’

Tr((;ﬁH(O) ot A; e—iHr)
{4i(1)) = Tr(e*ﬁH(O) ciHit e*iH‘) >

17)

where one may employ the above-outlined fermionic-propagator
approach after dividing the whole contour into a number of slices,
see Fig. 1(b). While H is the Hubbard Hamiltonian given in
Egs. (1)-(3), H(0) describes correlated electrons whose charge (or
spin) density is spatially modulated by external fields.

The immediate complication (compared to the equilibrium
case) is that there are now three operators (instead of one) that need
to be decomposed via the STD. A preset accuracy determined by the
size of both At and At will, therefore, require a larger number of
time-slices. In turn, this will enlarge the configuration space to be
sampled and potentially worsen the sign problem in the MC summa-
tion. Even worse, the individual terms in the denominator depend
on time, so that the sign problem becomes time-dependent (dynam-
ical). The problem is expected to become worse at long times ¢, yet
vanishes in the ¢ — 0 limit.

To simplify the task and yet keep it relevant, we consider the
evolution from a pure state |y(0)) that is an eigenstate of real-
space density operators #ir4, S0 that its most general form is given by
Eq. (5). Such a setup has been experimentally realized.”'*'” Replac-
ing e P  |y(0))(y(0)| in Eq. (17) leads to the expression for the
time-dependent expectation value of the observable A;

(w(0)]e™ A ™|y (0))
(y(0)e e=Hly(0))

Here, the STD should be applied to both the forward and backward
evolution operators, see Fig. 1(c), which requires a larger number of
time-slices to reach the desired accuracy (in terms of the systematic
error). Nevertheless, Eq. (18) is the simplest example in which the
applicability of the real-time FPQMC method to follow the evolution
of real-space observables may be examined.

Generally speaking, the symmetries of the model should be
exploited to enable as efficient as possible MC evaluation of Eq. (18).
Recent experimental'” and theoretical'’” studies have discussed the
dynamical symmetry of the Hubbard model, according to which the
temporal evolution of certain observables is identical for repulsive
and attractive interactions of the same magnitude. The symmetry
relies on specific transformation laws of the Hamiltonian H, the

(Ai(1)) = (18)
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initial state |/(0)), and the observable of interest A; under the com-
bined action of two symmetry operations. The first is the bipartite
lattice symmetry, or the 7m-boost'” operation, which exploits the
symmetry & = —&k4(rz) Of the free-electron dispersion and is rep-
resented by the unitary operator B. The second is the time reversal
symmetry represented by the antiunitary operator T (TiT = —i)

that reverses electron spin and momentum according to T T

= (=1)% cg) and TC]EZ) T =(-1)% CEL)E. In Appendix C, we formu-
late our FPQMC method to evaluate Eq. (18) in a way that manifestly
respects the dynamical symmetry of the model (each contribution to
the MC sums respects the symmetry). Here, we only cite the final
expression for the time-dependent expectation value of an observ-
able A; that satisfies TBA;BT = A; when the evolution starts from a

state |(0)) satisfying TB|y(0)) = e*|y(0))

X Ai(Yin+1) Re{Dax(C, At) } cos[Aeint (C) At]
b ¢ Re{ Dy (C, At)} cos[ Aeint (C) At]

(A,(l’)) (19)

Here, the configuration resides on the contour depicted in Fig. 1(c),
which is divided into 2N; slices in total, and contains 2N; — 1
independent states. We assume that states |¥;;) for I=1,...,N;
(I=N¢+1,...,2N;) lie on the forward (backward) branch of the
contour, while |¥;1) = |y(0)). Ai(¥in,+1) is defined as in Eq. (14),
while

N
ASim(C) = Z [Sint(\Pi,lJer) - Eint(\yi,l)]- (20

I=1

The symbol D (C,At) stands for the following combination
of forward and backward fermionic propagators (which is also
emphasized by the subscript 2¢):

2N . N »

Dy(C,At) = H <\Yi,l$l|elH0At|\Pi,l>H<\Pi,l@1|e IHDN\\I’:',I)- (21)
I=N;+1 I=1

The bipartite lattice symmetry guarantees that Dy (C,At)

=Dy (C,—At), see Eq. (C9). The numerator and denominator of the
RHS of Eq. (19) are term-by-term invariant under the transforma-
tions At - —At and Agin(C) - —Ac¢ine(C) that respectively reflect
the transformation properties under the time reversal symmetry and
the fact that the dynamics of (A;(¢)) are identical in the repulsive
and the attractive model. Defining w(C) = [Re{Dx(C,At)}| and
sgn(C) = Re{Dy(C, At) }/|[Re{ D~ (C, At)}|, Eq. (19) is recast as

(Ai(Yin+1) sgn(C) cos[Agint(C)At])w

(Al(t)> N <Sgn(c) COS[ASint(C)At])w

(22)

The sign problem in the MC evaluation of Eq. (22) is dynam-
ical. It generally becomes more serious with increasing time ¢ and
interaction strength |U|. Moreover, w(C) also depends on both ¢
and U, meaning that MC evaluations for different ¢s and Us should
be performed separately, using different Markov chains. It is thus
highly desirable to employ further symmetries in order to improve
the performance of the method. Particularly relevant initial states
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[w(0)), from both an experimental'*'” and theoretical** viewpoint,
are pure density-wave-like states. Such states correspond to extreme
spin-density wave (SDW) and charge-density wave (CDW) patterns,
which one obtains by applying strong external density-modulating
fields. The SDW-like state can be written as

=TI, I1 <,19). (23)

r€g reU\G

lyspw (G))

where G denotes the multitude of sites on which the electron spins
are polarized up, while set ¢/ contains all sites of the cluster stud-
ied. The electron spins on sites belonging to U/\G are thus polarized
down. Such states have been experimentally realized in Ref. 17. The
CDW-like states have also been realized in experiment,'* and they
read as

|I//CDW(g) H CrT Cr], (24)

The sites belonging to G are doubly occupied, while the remain-
ing sites are empty. The state |ycpw (G)) can be obtained from the
corresponding |yspw (G)) state by applying the partial particle-hole
transformation that acts on spin-down electrons only

lysow(9)) =TT (eh (1= 1e0) + e e Jlyeow(9)), - (25)

rel

see also Refs. 109 and 110. By combining the partial particle-hole,
time-reversal, and bipartite lattice symmetries, the authors of
Ref. 108 have shown that the time evolution of spatially resolved
charge and spin densities starting from states |ycpw(G)) and
|wspw (G)), respectively, obey

(yeow (9)|e™ (net + ney = 1) Jycpw ()
= (ysow (9)[e"" (11 — ey e [yspw (). (26)

Equation (26) may be used to acquire additional statistics by com-
bining the Markov chains for the two symmetry-related evolutions.
The procedure is briefly described in Appendix C and applied to all
corresponding computations presented in Sec. I1I B.

3. ABQMC method for time-dependent quantities

In this section, we develop the so-called alternating-basis QMC
method, which is aimed at removing the dynamical character of the
sign problem in real-time FPQMC simulations. Moreover, using the
ABQMC method, the results for different real times ¢ and different
interactions U may be obtained using just a single Markov chain, in
contrast to the FPQMC method, which employs separate chains for
each tand U.

Possible advantages of the ABQMC over the FPQMC method
are most easily appreciated on the example of the survival probability
of the initial state |y/(0))

P(1) = [(y(0)]e ™[y (0))[",

which is the probability of finding the system in its initial state after
a time t has passed. Evaluating Eq. (27) by any discrete-time QMC

@7)
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method necessitates only one STD, see Fig. 1(d). The survival prob-
ability is thus the simplest example on which the applicability of
any QMC method to out-of-equilibrium setups can be systematically
studied.

The FPQMC computation of P(¢) may proceed via the ratio

(@)l ™y (0))
R = 19(0) ey (0)) @8

of the survival-probability amplitudes in the presence and absence
of electron-electron interactions. However, the average sign of the
MC simulation of Eq. (28) is proportional to the survival-probability
amplitude of the noninteracting system, which generally decays very
quickly to zero, especially for large clusters.”” This means that the
dynamical sign problem in the FPQMC evaluation of Eq. (28) may
become very severe already at relatively short times ¢.

Instead of expressing the many-body free propagator
(¥/e" ™A W) as a determinant of single-particle free propagators
[Egs. (6) and (7)], we could have introduced the spectral decom-
position of e” ™4 in terms of Fock states |¥,) in the momentum
representation. In analogy with Eq. (5), such states are defined as

[¥y) = ankg |@). (29)

g j=1

The state |¥;) contains N, electrons of spin ¢ whose momenta
ki,...,k{, are ordered according to a certain rule and we define
e0(¥Yx) = (Yx|Ho|¥). In this case, the final expression for the sur-
vival probability of state |y(0)) that satisfies TB|y(0)) = ¢*|y(0))
reads as

Y. Re{D(C)} cos[eo(C)At] cos[em(C)AL]|’
Y Re{D(C)}

A derivation of Eq. (30) is provided in Appendix D. The MC eval-
uation of Eq. (30) should sample a much larger configuration space
than the MC evaluation of Eq. (28). The configuration C in Eq. (30)
also resides on the contour depicted in Fig. 1(d), but comprises
2N; — 1 states in total: Ny Fock states |¥y;) (I=1,...,N;) and N; — 1
Fock states [¥;;) (I=2,...,N;) (again, |¥i1) = [¢(0))). D(C) is the
product of 2N; Slater determinants

P(t) »~ (30)

D(C) = H

Yise1 [P (Wi Pir) (31)

that stem from the sequence of basis alternations between the
momentum and coordinate eigenbasis. Using the notation of
Egs. (5) and (29), the most general Slater determinant (W¥;|¥y)
entering Eq. (10) is given as

(‘I’l\‘l’k) = H detg(Wi,Tk,a), (32)

- exp(ikj, - rj,
= o

where 1 <j;,j, < N,. The symbol & (C) stands for [cf. Eq. (11)]

[SC¥s¥i0)], . = (xflK] (33)
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N
So(C) = ZSO(\Pk,I)- (34)
I=1

We note that each term in Eq. (30) is invariant under transfor-
mations &(C) — —&(C) and At - —At, which reflect the action
of the bipartite lattice symmetry and the time reversal symmetry,
respectively. Being term-by-term invariant under the transforma-
tion &int(C) — —&int(C), Eq. (30) explicitly satisfies the requirement
that the dynamics of P(t) for repulsive and attractive interactions of
the same magnitude are identical. Defining w(C) = [Re{D(C)}| and
sgn(C) = Re{D(C)}/|Re{D(C)}|, Eq. (30) is recast as

(sgn(C) cos[eo(C)At] coslem (C)AL]), |
(sgn(C)),, '

This choice for w is optimal in the sense that it minimizes the vari-
ance of (sgn(C))w,''' whose modulus is the average sign of the
ABQMC simulation. The sign problem encountered in the MC eval-
uation of Eq. (35) does not depend on either time ¢ or interaction
strength U, i.e., it is not dynamical. The weight w(C) in Eq. (35)
does not depend on either At or any other property of configuration
C (&0, €int). Therefore, the MC evaluation of Eq. (35) may be per-
formed simultaneously (using a single Markov chain) for any U and
any t. This presents a technical advantage over the FPQMC method,
which may be outweighed by the huge increase in configuration
space when going from FPQMC to ABQMC. To somewhat reduce
the dimension of the ABQMC configuration space and improve
the sampling efficiency, we design the MC updates so as to respect
the momentum conservation law throughout the real-time evolu-
tion. The momentum conservation poses the restriction that all the
momentum-space states |¥y,;) have the same total electron momen-
tum K = Y k(Wi |te|Px,) [modulo (27,27)]. The MC updates
in the ABQMC method for the evaluation of the survival proba-
bility are presented in great detail in Sec. SII of the supplementary
material.

By relying on the partial particle-hole and bipartite lattice
symmetries, in Appendix D we demonstrate that the dynamics of
the survival probabilities of states [yspw(G)) and |ycow(G)) are
identical, i.e.,

P(t) ~ (35)

|(wsow (G)le™ [ysow (9))]” = [(weow (G)le ™ |yeow (6))[”
(36)

Evaluating Eq. (35), additional statistics can be acquired by
combining the Markov chains for the P(t) calculations starting from
the two symmetry-related states |ycpw(G)) and |yspw(G)). The
procedure is similar to that described in Appendix C, and we apply
it to all corresponding computations presented in Sec. I1I C.

I1l. NUMERICAL RESULTS

We first apply the FPQMC method to equilibrium situations
(the particle number is not fixed), see Sec. III A, and then to time-
dependent local densities during the evolution of pure states, see
Sec. IIT B. Section III C presents our ABQMC results for the sur-
vival probability of pure states. Our implementation of the ABQMC
method on the full Kadanoff-Baym-Keldysh contour [Eq. (17)] is
benchmarked in Sec. SVII of the supplementary material.
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A. Equilibrium results: Equation of state

We start by considering the Hubbard dimer, the minimal
model capturing the subtle interplay between electron delocalization
and electron-electron interaction.''> We opt for moderate temper-
ature T/] = 1 and interaction U/J =4, so that the expected num-
ber of imaginary-time slices needed to obtain convergent FPQMC
results is not very large. Figure 2 presents the equation of state
(i.e., the dependence of the electron density p. = (NT +N l) /Nc on
the chemical potential y) for a range of y below the half-filling.
Here, Ny and N, are the operators of the total number of spin-
up and spin-down electrons, respectively. Figure 2 suggests that
already N, =2 imaginary-time slices suffice to obtain very good
results in the considered range of y, while increasing N; from 2
to 4 somewhat improves the accuracy of the FPQMC results. It
is interesting that, irrespective of the value of N;, FPQMC sim-
ulations on the dimer are manifestly sign-problem-free. First, the
one-dimensional imaginary-time propagator defined in Eq. (B2) is
positive, Z(JAT, 1) = [¢/*7 + (—l)le_]AT]/Z for both /=0 and 1. Sec-
ond, the configuration containing two electrons of the same spin is
of weight cosh®(JAT) — sinh®(JAT) = 1, implying that the weights of
all configurations are positive. Furthermore, our results on longer
chains suggest that FPQMC simulations of one-dimensional lattice
fermions do not display a sign problem. While similar statements
have been repeated for continuum one-dimensional models of both
noninteracting““\’(’ and interacting fermions,®’ there is, to the best
of our knowledge, no rigorous proof that the sign problem is
absent from coordinate-space QMC simulations of one-dimensional
fermionic systems. While we do not provide such a proof either,
Fig. 3 is an illustrative example showing how the FPQMC results
for the double occupancy Y (74 nr) ) /N, of the Hubbard chain at
half-filling approach the reference result (taken from Ref. 113) as the
imaginary-time discretization becomes finer. For all N.s considered,
the average sign of FPQMC simulations is |(sgn)| = 1.

We now apply the FPQMC method to evaluate the equation
of state on larger clusters. We focus on a 4 x 4 cluster, which may
already be representative of the thermodynamic limit at T/J 2 1.7
We compare our p,(u) results with the results of the numerical
linked-cluster expansion (NLCE) method.””*” The NLCE results
are numerically exact and converged with respect to the control
parameter, i.e., the maximal cluster-size used. NLCE is commonly

‘I%
0.9
0.8
CL‘D L
0.7~ FPQMC, N-2| ]
06 = FPQMC, N-4| |
— exact B
0.5 ! \ 1
0 M 2

FIG. 2. Equation of state p, () for the Hubbard dimer with T/J =1, U/J = 4.
Full red circles (green squares) are the results of FPQMC simulations employing
N; =2 (N, = 4) imaginary-time slices, while the solid black line is computed
using the exact diagonalization. The estimated statistical error of the FPQMC data
is in all cases smaller than the symbol size.
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FIG. 3. Double occupancy of the N; = 20-site Hubbard chain at half-filling
(u=U/2, p, = 1) as a function of the number N of imaginary-time slices. The
remaining parameters are U/J = 3 and T/J = 1. The dotted line connecting full
symbols (FPQMC results) serves as a guide to the eye. The reference result is
taken from Ref. 113. The relative deviation of the FPQMC result with N, = 6 from
the reference result is around 2%. The statistical error bars of the FPQMC results
are smaller than the symbol size.

used to benchmark methods and understand experimental data.”"’

Again, we keep U/J = 4, but we take T/J = 1.0408 to be able to
compare results to the data of Ref. 41. Figure 4(a) reveals that the
FPQMC results with only N, = 2 imaginary-time slices agree very
well (within a couple of percent) with the NLCE results over a wide
range of chemical potentials. This is a highly striking observation,
especially keeping in mind that the FPQMC method with N; =2 is
sign-problem-free, see Fig. 4(b). It is unclear whether other STD-
based methods would reach here the same level of accuracy with
only two imaginary-time slices (and without the sign problem). This
may be a specific property of the FPQMC method. Finer imaginary-
time discretization introduces the sign problem, see Fig. 4(b), which
becomes more pronounced as the density is increased and reaches
a plateau for p, > 0.8. Still, the sign problem remains manageable.
Increasing N for 2 to 6 somewhat improves the agreement of the
density p, [the inset of Fig. 4(a)] and considerably improves the
agreement of the double occupancy [Fig. 4(c)] with the referent
NLCE results. Still, comparing the insets of Figs. 4(a) and 4(c), we
observe that the agreement between FPQMC (N- = 6) and NLCE
results for p, is significantly better than for the double occupancy.
The systematic error in FPQMC comes from the time-discretization
and the finite size of the system. At N; = 6, it is not a priori clear
which error contributes more, but it appears most likely that the
time-discretization error is dominant. In any case, the reason why
systematic error is greater for the double occupancy than for the
average density could be that the double occupancy contains more
detailed information about the correlations in the system. This
might be an indication that measurement of multipoint density cor-
relations will generally be more difficult—it may require a finer time
resolution and/or greater lattice size.

The average sign above the half-filling, p, = 1, mirrors that
below the half-filling. The particle-hole symmetry ensures that
p, () =2 - p,(U — ), but that it also governs the average sign is not
immediately obvious from the construction of the method. A formal
demonstration of the electron-doping-hole-doping symmetry of the
average sign is, however, possible (see Appendix E). Note that we
restrict our density calculations to p, , <1 because, in this case, the
numerical effort to manipulate the determinants [Eqs. (7) and (10)]
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FIG. 4. (a) Equation of state p,(u) for the Hubbard model on a 4 x 4 cluster
with the following values of model parameters: U/J = 4, T/J = 1.0408. (b) The
average sign as a function of the FPQMC estimate p, o Of the electron density
for different values of N;. The dashed lines are guides for the eye. (c) The double
occupancy Y{r Ny )/Ne as a function of the FPQMC estimate p, ooy Of the
electron density for different values of N;. In (a) and (c), full symbols represent
FPQMC results, the solid line shows the NLCE data taken from Ref. 41, while
the insets show the relative deviation of FPQMC results from the reference NLCE
results. The estimated statistical error of the FPQMC data is in all cases smaller
than the symbol size.

is lower (size of the corresponding matrices is given by the num-
ber of particles of a given spin). The performance of the FPQMC
algorithm to compute p, (1) (average time needed to propose/accept
an MC update and acceptance rates of individual MC updates) is
discussed in Sec. SIII of the supplementary material.

We further benchmark our method in the case of very strong
coupling, U/J =24 and, again, T/J=1.0408. Figure 5(a) com-
pares the FPQMC results on a 4 x 4 cluster using N; = 2,4, and 6
imaginary-time slices with the NLCE results. At extremely low fill-
ings p, $ 0.1, the relative importance of the interaction term with
respect to the kinetic term is quite small, and taking only N, = 2 suf-
fices to reach a very good agreement between the FPQMC and NLCE
results, see the inset of Fig. 5(a). As the filling is increased, the inter-
action effects become increasingly important, and it is necessary to
increase N in order to accurately describe the competition between
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@ A= At this strong coupling, the dependence of the average sign on
08 B the density is somewhat modified, see Fig. 5(b). The minimal sign is
L no longer reached around half-filling but at quarter-filling, p, ~ 0.5,
0.6 around which |(sgn)| appears to be symmetric. Comparing Fig. 5(b)
< r L T T to Fig. 4(b), we see that the average sign does not become smaller
0.4 B 5o %_//’ S 4 with increasing interaction, in sharp contrast with interaction-
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the kinetic and interaction terms. In the inset of Fig. 5(a), we see that ﬁ 048 0.06 = e "“\\\ 1
N = 6 is sufficient to reach an excellent (within a couple of percent) “leoosl 7 ]
agreement between FPQMC and NLCE results over a broad range of 0218004l L
fillings. At very high fillings p, 2 0.9 and for N, = 6, our MC updates ol z 4 6 8 | i
that insert/remove particles have very low acceptance rates, which 2 4 N 6 8
may lead to a slow sampling of the configuration space. It is for this !
reason that FPQMC results with N; = 6 do not significantly improve FIG. 6. (a) The average sign as a function of the ratio between the typical interac-
over N; = 4 in this parameter regime. For N; = 6, an inefficient sam- tion and kinetic energies. Full symbols are results of FPQMC computations on a
pling near the half-filling also renders the corresponding results for 4 x 4 cluster with N = 6, the temperature is fixed to 7/J = 1.0408, and the chem-

ical potential at each U is chosen such that p, ~ 0.5. (b) The average sign as a
function of the cluster size N; for the values of model parameters summarized in
the figure. The FPQMC results (full symbols) are obtained using N, = 4 and 6. (c)

the nearest-neighbor spin correlations Y ,5(S£S%,5)/Nc inaccurate,
so that they are not displayed in Fig. 5(c). Here, vector § connects

nearest-neighboring sites, while S; = (1 — nr) /2 is the operator of Average sign as a function of N. The FPQMC results (full symbols) are obtained
z projection of the local spin. At lower fillings, p, < 0.8, the agree- on a 4 x 4 cluster for the values of model parameters summarized in the main
ment between our FPQMC results with N = 6 and the NLCE results part of the figure. The inset shows how the FPQMC result for double occupancy

approaches the referent NLCE result as the imaginary-time discretization becomes

is good, while decreasing N; from 6 to 4 severely deteriorates the -
iner.

quality of the FPQMC results.
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increased. Moreover, for weak interactions, the performance of the
FPQMC method deteriorates at high densities, see Fig. 4(b), while
methods such as CT-INT become problematic at low densities. The
FPQMC method could thus become a method of choice to study the
regimes of moderate coupling and temperature, which are highly rel-
evant for optical lattice experiments. Figure 6(b) shows the decrease
of the average sign with the cluster size N in the weak-coupling and
moderate-temperature regime at filling p, ~ 0.8. We observe that for
both N; = 4 and N = 6, the average sign decreases linearly with N..
For N; = 6, we observe that the decrease for N, < 40 is somewhat
faster than the decrease for N, > 40. We, however, note that the
acceptance rates of our MC updates strongly decrease with N. and
that this decrease is more pronounced for finer imaginary-time dis-
cretizations. That is why we were not able to obtain any meaningful
result for the 10 x 10 cluster with N; = 6. At fixed cluster size and
filling, the average sign decreases linearly with N, see the main part
of Fig. 6(c), while the double occupancy tends to the referent NLCE
value, see the inset of Fig. 6(c).

In Sec. SIV of the supplementary material, we provide an
implementation of the ABQMC method in the equilibrium setup.
Figures 7(a) and 7(b), which deal with the same parameter regimes
as Figs. 4 and 5, respectively, clearly illustrate the advantages of the
fermionic-propagator approach with respect to the alternating-basis
approach in equilibrium. The average sign of ABQMC simula-
tions with only two imaginary-time slices is orders of magnitude
smaller than the sign of FPQMC simulations with three times
finer imaginary-time discretization. Since the FPQMC and ABQMC
methods are related by an exact transformation, they should produce
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FIG. 7. Average sign as a function of the electron density in ABQMC simulations
with N; = 2 (open circles) and FPQMC simulations with N; = 6 (full squares) for
T/J =1.0408 and (a) U/J = 4 and (b) U/J = 24. The inset in panel (a) compares
ABQMC (open circles) and FPQMC (full circles) results for the double occupancy
as a function of p, (both methods employ N, = 2). The inset in panel (b) shows
the average sign of ABQMC simulations with N = 2 as a function of cluster size
Ne at low density (p, ~ 0.06, u/J = -5).
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the same results for thermodynamic quantities (assuming that N is
the same in both methods). This is shown in the inset of Fig. 7(2) on
the example of the double occupancy. The inset of Fig. 7(b) suggests
that the average sign decreases exponentially with the cluster size
N¢. Overall, our current implementation of the ABQMC method in
equilibrium cannot be used to simulate larger clusters with a finer
imaginary-time discretization.

B. Time-dependent results using FPQMC method:
Local charge and spin densities

1. Benchmarks on small clusters

In Figs. 8(a) and 8(b), we benchmark our FPQMC method for
time-dependent local densities on the example of the CDW state of
the Hubbard tetramer, see the inset of Fig. 8(b). We follow the evolu-
tion of local charge densities on initially occupied sites for different
ratios U/D, where D is the half-bandwidth of the free-electron band
(D = 2J for the tetramer). For all the interaction strengths consid-
ered, taking N; = 2 real-time slices on each branch (four slices in
total) is sufficient to accurately describe the evolution of local densi-
ties up to times Dt ~ 2, see full symbols in Fig. 8(a). At longer times,
2 < Dt < 4, taking N; = 3 improves results obtained using N; = 2,
compare empty to full symbols in Fig. 8(a). Nevertheless, for the
strongest interaction considered (U/D = 1), 6 real-time slices are
not sufficient to bring the FPQMC result closer to the exact result
at times 3 < Dt < 4. The average sign strongly depends on time, and
it drops by an order of magnitude upon increasing N; from 2 to 3,
see Fig. 8(b). Despite this, the discrepancy between the N; = 3 result
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FIG. 8. (a) Time-dependent population of sites occupied in the initial CDW state
of a tetramer for different interaction strengths. Solid lines represent exact results,
full symbols connected by dashed lines are FPQMC results using N; = 2 real-time
slices, while empty symbols connected by dotted lines are FPQMC results using
N; = 3 real-time slices. The initial CDW state is schematically depicted in panel
(b). (b) Time-dependent average sign of the FPQMC simulation using N; = 2 (full
symbols connected by dashed lines) and Ny = 3 (empty symbols connected by
dotted lines) for different interaction strengths. In (a) and (b), FPQMC simulations
using N; = 3 real-time slices are carried out only for 2 < Dt < 4.
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and the exact result for U/D =1 cannot be ascribed to statistical
errors but rather to the systematic error of the FPQMC method (the
minimum N; needed to obtain results with certain systematic error
increases with both time and interaction strength).

2. Results on larger clusters

Figure 9(a) summarizes the evolution of local charge den-
sities on initially occupied sites of a half-filled 4 x 4 cluster, on
which the electrons are initially arranged as depicted in the inset of
Fig. 9(b). This state is representative of a CDW pattern formed by
applying strong external density-modulating fields with wave vec-
tor q = (71,0). The FPQMC method employs four real-time slices
in total, i.e., the forward and backward branches are divided into
N; =2 identical slices each. On the basis of the N; = 2 results in
Fig. 8(a), we present the FPQMC dynamics up to the maximum
time Dfmax = 2. The extent of the dynamical sign problem is shown
in Fig. 9(b).

At the shortest times, Dt S 1, the results for all the interactions
considered do not significantly differ from the noninteracting result.
The same also holds for the average sign. As expected, the decrease
of |(sgn)| with time becomes more rapid as the interaction U and
time discretization At = t/N; are increased. The oscillatory nature of
(sgn) as a function of time [see Eq. (22)] is correlated with the dis-
continuities in time-dependent populations observed in Fig. 9(a) for
U/D > 0.5. Namely, at the shortest times and for all the interactions
considered, (sgn) is positive, while for sufficiently strong interac-
tions, it becomes negative at longer times. This change is indicated
in Fig. 9(b) by placing the symbols “+” and “~” next to each relevant
point. We now see that the discontinuities in populations occur pre-
cisely around instants at which (sgn) turns from positive to negative
values. Focusing on U/D = 1, in Figs. 9(c1)-9(c3) we show the MC
series for the population of initially occupied sites at instants before
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TABLE 1. Schematic representations of the initial states of small systems on which
the ABQMC method for P(t) is benchmarked.

system | Yepw ) |WSDW )
Dimer ‘ L
Tetramer * * * ¢

[(c1)] and after [(c2), (c3)] (sgn) passes through zero. The corre-
sponding series for (sgn) are presented in Figs. 9(d1)-9(d3). Well
before [Figs. 9(c1) and 9(d1)] and after [Figs. 9(c3) and 9(d3)] (sgn)
changes sign, the convergence with the number of MC steps is excel-
lent, while it is somewhat slower close to the positive-to-negative
transition point, see Figs. 9(c2) and 9(d2). Still, the convergence at
Dt = 1.4 cannot be denied, albeit the statistical error of the popu-
lation is larger than at Dt = 1.2 and 1.6. At longer times Dt > 1.5,
when (sgn) is negative and of appreciable magnitude, the popula-
tion again falls in the physical range [0, 2]. Nevertheless, at such long
times, the systematic error may be large due to the coarse real-time
discretization.

In Sec. SV of the supplementary material, we discuss FPQMC
results for the dynamics of local charge densities starting from some
other initial states.

C. Time-dependent results using ABQMC method:
Survival probability

1. Benchmarks on small clusters

We first benchmark our ABQMC method for the survival
probability on Hubbard dimers and tetramers. The initial states

FIG. 9. (a) Time-dependent population of

sites occupied in the initial CDW state

of a 4 x4 cluster, which is schemati-
cally depicted in the inset of panel (b).
FPQMC results using N; = 2 real-time
slices (four slices in total) are shown for

five different interaction strengths (sym-
bols) and compared with the noninter-
acting result (solid line). (b) Magnitude
of the average sign as a function of

time for different interaction strengths.
The color code is the same as in panel
(a). For U/D =0.5,0.75, and 1 and Dt
> 1.2, symbols “+” and “—" next to each

point specify whether (sgn) is positive
or negative. (c) MC series for the pop-
ulation of initially occupied sites for U/D
=1and(c1) Dt = 1.2, (c2) Dt = 1.4, and

(c3) Dt =1.6. (d) MC series for (sgn)
for U/D=1 and (d1) Dt=1.2, (d2)
Dt =14, and (d3) Dt = 1.6. Note the

p logarithmic scale on the abscissa in (c)
and (d).
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are schematically summarized in Table 1. In both cases, we are at
half-filling.

Figures 10(al)-10(e2) present the time evolution of the survival
probability of the initial CDW-like and SDW-like states depicted in
Table T for the dimer (left panels, D = J) and tetramer (right pan-
els, D = 2J) for different values of U/D starting from the limit of a
weakly nonideal gas (U/D = 0.05) and approaching the atomic limit
(U/D = 20). The results are obtained using N; = 2 (full red circles)
and N; = 4 (blue stars) real-time slices and contrasted with the exact
result (solid black lines). The ABQMC results with N; = 2 agree
both qualitatively (oscillatory behavior) and quantitatively with the
exact result up to tmax ~ 1/U. Increasing N; from 2 to 4 may help
decrease the deviation of the ABQMC data from the exact result
at later times. Even when finer real-time discretization does not
lead to better quantitative agreement, it may still help the ABQMC
method qualitatively reproduce the gross features of the exact
result. The converged values of |(sgn}| for the dimer and tetramer
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TABLE II. Modulus of the average sign for ABQMC simulations of P(t) on dimer and
tetramer with Ny = 2, 3, and 4.

System N,=2 N,=3 N, =4
Dimer 1/2 1/4 1/8
Tetramer 1/8 2.4 x 1072 3x107°

for Ny =2,3,and 4 are summarized in Table II. For the dimer,
increasing N; by one reduces |(sgn)| by a factor of 2. In contrast,
in the case of the tetramer, increasing N; by one reduces |(sgn)| by
almost an order of magnitude.

2. Results on larger clusters

We move on to discuss the survival probability dynam-
ics of different 16-electron and eight-electron states on a 4 x 4

dimer tetramer
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Time (1/D) five different interaction strengths start-
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cluster. Figures 11(a) and 11(b) present P(t) for 16-electron states
schematically depicted in their respective insets. These states are rep-
resentative of CDW patterns formed by applying strong external
density-modulating fields with wave vectors q = (7,0) in Figs. 11(a)
and q = (7, 7) in Fig. 11(b). Figures 11(c) and 11(d) present P(t) for
eight-electron states schematically depicted in their respective insets.
The ABQMC method employs N; = 2 real-time slices. The results
are shown up to the maximum time Dfmax = 2.5, which we chose on
the basis of the results presented in Fig. 10(c2).

As a sensibility check of our ABQMC results, we first com-
pare the exact result in the noninteracting limit, see solid lines
in Figs. 11(a)-11(d), with the corresponding ABQMC prediction,
see full circles in Figs. 11(a)-11(d). While the exact and ABQMC
results agree quite well in Figs. 11(b) and 11(c), the agreement in
Figs. 11(a) and 11(d) is not perfect. Since no systematic errors are
expected in ABQMC at U = 0, the discrepancy must be due to sta-
tistical error. We confirm this expectation in Fig. 12 where we see
that the obtained curve tends to the exact one with the increasing
number of MC steps. The average sign cited in Fig. 11(d) suggests
that more MC steps are needed to obtain fully converged results.
Even though the converged average sign in Figs. 11(a)-11(c) is
of the same order of magnitude, we find that the rate of conver-
gence depends on both the number and the initial configuration of
electrons.

In Figs. 11(a)-11(d), we observe that weak interactions (U/D
< 0.5) do not cause any significant departure of P(t) from the cor-
responding noninteracting result. On the other hand, the effect of
somewhat stronger interactions on P(t) depends crucially on the
filling. In the 16-electron case, the increasing interactions speed up
the initial decay of P, see Figs. 11(a) and 11(b), while in the eight-
electron case interactions have little effect at Dt < 1, see Figs. 11(c)
and 11(d). This we attribute to the essential difference in the over-
all electron density and the relative role of the interaction term
in the Hamiltonian. In the 16-electron case, starting from the
moderate coupling U/D ~ 1, there is a clear revival of the initial
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state in Fig. 11(a), while no such a revival is observed in Fig. 11(b).
Furthermore, the memory loss of the initial density-wave pattern is
more rapid in Fig. 11(a) thanin Fig. 11(b), even at U = 0. The revival
of the initial state is observed in the eight-electron case as well: at
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t < 1/D there is barely any effect of the interaction, yet at longer
times it boosts P. However, in contrast to the 16-electron case, the
results in Figs. 11(c) and 11(d) exhibit a weaker dependence of the
survival-probability dynamics on the initial density-wave pattern.
Indeed, the exact results in the noninteracting case are identical for
both patterns in Figs. 11(c) and 11(d). Except in the case of the (7, 7)
wave, the interactions lead to a persistence of the initial pattern at
longer times, ¢ > 1/D. The precise form of temporal correlations that
develop due to interactions apparently depends on the initial spatial
arrangement of the electrons.

Section SVI of the supplementary material presents additional
ABQMC results for the time-dependent survival probability.

IV. RELATION TO OTHER ALGORITHMS

As mentioned in the introduction, a variant of the FPQMC
method was first proposed by De Raedt and Lagendijk in the
1980s.”° * They, however, explicitly retain permutation operators
appearing in Eq. (A5) in their final expression for Z, see, e.g., Eq. (3)
in Ref. 78 or Egs. (4.13) and (4.14) in Ref. 80. On the other hand,
we analytically perform summation over permutation operators,
thus grouping individual contributions into determinants. This is
much more efficient [as the factorial number of terms is captured in
only O(N?) steps, or even faster] and greatly improves the average
sign (cancellations between different permutations are already con-
tained in the determinant, see Fig. 7). The approach followed by De
Raedt and Lagendijk later became known as permutation-sampling
QMC, and the route followed by us is known as antisymmetric-
propagator QMC,”*® permutation-blocking QMC,” or fermionic-
propagator QMC.”® The analytical summation over permutation
operators entering Eq. (A5) was first performed by Takahashi and
Imada.®

Our FPQMC method employs the lowest-order STD [Eq. (4)],
which was also used in the permutation-sampling QMC method of
De Raedt and Lagendijk.”* "’ The maximum number of imaginary-
time slices N; they could use was limited by the acceptance rates
of MC updates, which decrease quickly with increasing N; and
the cluster size N.. In our present implementation of FPQMC,
we encounter the same issue, and our sampling becomes pro-
hibitively inefficient when the total number of time slices is greater
than 6-8, depending on the cluster size. To circumvent this issue,
the fermionic-propagator idea was combined with higher-order
STDs™*'"*"''® and more advanced sampling techniques''”''* to sim-
ulate the equilibrium properties of continuum models of interacting
fermions in the canonical’””* and grand-canonical”® ensembles.
More recent algorithmic developments enabled simulations with as
much as 2000 imaginary-time slices,''” which is a great improve-
ment. Whether similar ideas can be applied to lattice systems to
improve the efficiency of sampling is currently unclear. Generally,
more sophisticated STD schemes have been regarded as not use-
ful in lattice-model applications.'”’ It is important to note that
the success of the antisymmetric-propagator algorithms in con-
tinuous systems relies on weak degeneracy. This corresponds to
an extremely low occupancy regime in lattice models, and it is
precisely in this regime that our FPQMC method has an aver-
age sign close to 1 [see Figs. 4(b) and 5(b)], and the sampling is
most efficient [see Sec. SIII of the supplementary material]. Near
half-filling, lattice models present a fundamentally different physics,
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which may ultimately require a substantially different algorithmic
approach.

We further emphasize that the low acceptance rates and the
resulting inefficiency of sampling that we encounter are directly
related to the discrete nature of space in our model. Some strategies
for treating the analogous problem in continuous-space models may
not be applicable here. For example, in continuous-space models,
acceptance rates of individual updates can be adjusted by mov-
ing electrons over shorter distances, so that the new configuration
weight is less likely to be substantially different from the old one.
In contrast, in lattice models, electronic coordinates are discrete,
and the minimum distance the electrons may cover is set by the
lattice constant; in most cases, moving a single electron by a sin-
gle lattice spacing in a single time slice is sufficient to drastically
reduce the configuration weight. There is no general rule on how
electrons should be moved to ensure that the new configuration
weight is close to the original one. This is particularly true for the
updates that insert/remove a particle, and the problem becomes
more pronounced with increasing N.. When each of the N states
[¥;,) [see Eq. (9)] is changed to [¥},), the chances that at least one
of (V] g1le *™|\¥])) is much smaller than (¥;je|e " |¥;;) [see
Eq. (10)] increase with N;. Our configuration weight is appreciable
only in small, mutually disconnected regions of the configuration
space, the movement between which is difficult. In Sec. V, we touch
upon possible strategies to improve sampling of such a structured
configuration space.

It is also important to compare our methods to the HF QMC
method,”**’ which is a well-established STD-based method for the
treatment of the Hubbard model. The HF method is manifestly sign-
problem-free but only at particle-hole symmetry. The sign problem
can become severe away from half-filling, or on lattices other than
the simple square lattice with no longer-range hoppings. On the
other hand, our FPQMC method is nearly sign-problem-free at
low occupancy, but also near half-filling, albeit only at strong cou-
pling [see Figs. 4(b) and 5(b)]. The other important difference is
that matrices manipulated in HF are of the size NN, while in
FPQMC, the matrices are of the size <2N,, i.e., given by the num-
ber of particles. Algorithmic complexity of the individual MC step
in FPQMC scales only linearly with N, while in HF, the MC step
may go as O(N?) [determinant is O(N?), but fast updates O(N?)
are possible when the determinant is not calculated from scratch*].
Low cost of individual steps in FPQMC has allowed us to perform
as many as ~10' MC steps in some calculations. This advantage,
however, weighs against an increased configuration space to be sam-
pled. In HF the number of possible configurations is 2" (space is
spanned by N.N; auxiliary Ising spins), while in FPQMC it is 4™ "
(although, symmetries can be used to significantly reduce the num-
ber of possible configurations). The ABQMC method manipulates
matrices of the same size as does FPQMC, but with twice the num-
ber, and the configuration space is a priori even bigger (16™+). Our
methods also have the technical advantage that the measurements
of multipoint charge and spin correlation functions are algorithmi-
cally trivial and cheap. Especially in ABQMC, the densities in both
coordinate and momentum space can be simply read off the configu-
ration. This is not possible in HF, where the auxiliary Ising spin only
distinguishes between singly occupied and doubly-occupied/empty
sites. Most importantly, the ABQMC/FPQMC methods can be
readily applied to canonical ensembles and pure states, which may
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not be possible with the HF method. However, the HF is commonly
used with tens of time slices for lattice sizes of order N = 100-200; in
FPQMC, algorithmic developments related to configuration updates
are necessary before it can become a viable alternative to the HF in a
wide range of applications.

Finally, we are unaware of any numerically exact method for
large lattice systems, which can treat the full Kadanoff-Baym-
Keldysh contour, and yield real-time correlation functions. Our
ABQMC method represents an interesting example of a real-time
QMC method with manifestly no dynamical sign problem. How-
ever, the average sign is generally poor. To push ABQMC to larger
number of time slices (as needed for calculation of the time-
dependence of observables) and lattices larger than 4 x 4 will require
further work, and most likely, conceptually new ideas.

V. SUMMARY AND OUTLOOK

We revisit one of the earliest proposals for a QMC treat-
ment of the Hubbard model, namely the permutation-sampling
QMC method developed in Refs. 78-80. Motivated by recent
progress in the analogous approach to continuous space models, we
group all permutations into a determinant, which is known as the
antisymmetric-propagator,”” permutation-blocking,”” or fermionic-
propagator’® idea. We devise and implement two slightly different
QMC methods. Depending on the details of the STD scheme, we
distinguish between (1) the FPQMC method, where snapshots are
given by real-space Fock states and determinants represent anti-
symmetric propagators between those states, and (2) the ABQMC
method, where slices alternate between real and reciprocal space rep-
resentation and determinants are simple Slater determinants. We
thoroughly benchmark both methods against the available numer-
ically exact data and then use ABQMC to obtain some new results in
the real-time domain.

The FPQMC method exhibits several promising properties.
The average sign can be close to 1 and does not drop off rapidly with
either the size of the system or the number of time slices. In 1D,
the method appears to be sign-problem-free. At present, the lim-
iting factor is not the average sign but rather the ability to sample
the large configuration space. At discretizations finer than N, = 6-8,
further algorithmic developments are necessary. Nevertheless, our
calculations show that excellent results for instantaneous correlators
can be obtained with very few time slices and efficiently. Average
density, double occupancy, and antiferromagnetic correlations can
already be computed with high accuracy at temperatures and cou-
pling strengths relevant for optical-lattice experiments. The FPQMC
method is promising for further applications in equilibrium setups.
In real-time applications, however, the sign problem in FPQMC is
severe.

On the other hand, the ABQMC method has a significant
sign problem in equilibrium applications but has some advantages
in real-time applications. In ABQMC, the sign problem is manifestly
time-independent, and calculations can be performed for multiple
times and coupling strengths with a single Markov chain. We use
this method to compute time-dependent survival probabilities of
different density-modulated states and identify several trends. The
relevant transient regime is short, and based on benchmarks, we esti-
mate the systematic error due to the time discretization here to be
small. Our results reveal that interactions speed up the initial decay
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of the survival probability but facilitate the persistence of the initial
charge pattern at longer times. Additionally, we observe a charac-
teristic value of the coupling constant, U ~ 0.5D, below which the
interaction has no visible effect on time evolution. These findings
bare qualitative predictions for future ultracold-atom experiments,
but are limited to dynamics at the shortest wave-lengths, as dictated
by the maximal size of the lattice that we can treat. We finally note
that, within the ABQMC method, uniform currents, which are diag-
onal in the momentum representation, may be straightforwardly
treated.

There is room for improvement in both the ABQMC and
FPQMC methods. We already utilize several symmetries of the
Hubbard model to improve efficiency and enforce some physi-
cal properties of solutions, but more symmetries can certainly be
uncovered in the configuration spaces. Further grouping of con-
figurations connected by symmetries can be used to alleviate some
of the sign problem or improve efficiency. Also, sampling schemes
may be improved along the lines of the recently proposed many-
configuration Markov chain MC, which visits an arbitrary number
of configurations at every MC step.'”! Moreover, a better insight into
the symmetries of the configuration space may make deterministic,
structured sampling (along the lines of quasi-MC methods' > '%")
superior to the standard pseudo-random sampling.

SUPPLEMENTARY MATERIAL

See the supplementary material for (i) a detailed description
of MC updates within the FPQMC method, (ii) a detailed descrip-
tion of MC updates within the ABQMC method for time-dependent
survival probability, (iii) details on the performance of the FPQMC
method in equilibrium calculations, (iv) discussion on the applica-
bility of the ABQMC method in equilibrium calculations, (v) addi-
tional FPQMC calculations of time-dependent local densities, (vi)
additional ABQMC calculations of time-dependent survival prob-
ability, and (vii) formulation and benchmarks of ABQMC method
in quench setups (on the full three-piece Kadanoff-Baym-Keldysh
contour).
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APPENDIX A: MANY-BODY PROPAGATOR
AS A DETERMINANT OF SINGLE-PARTICLE
PROPAGCATORS

The demonstration of Eqs. (6) and (7) can be conducted for
each spin component separately. We thus fix the spin index ¢ and
further omit it from the definition of the many-fermion state |¥;)
[Eq. (5)]. Since Hy is diagonal in the momentum representation, we
express the state |¥;) in the momentum representation

LOEDY (II_VI <kl|rl>cl];)|ﬂ) (A1)
gy \I=1

and similarly for |‘I’,’) While the positions ri,...,rn are ordered
according to a certain rule, the wave vectors ki,...,ky entering
Eq. (A1) are not ordered, and there is no restriction on the sum over
them. We have

(\I’,{|6_AaHO ‘\Pl> :Z Z e—Aaekl o e—AocskN
{k Hk}
x (v [Iy) - - (et ) (K ) (e )

CkN |@). (A2)

x (Blog, - ey, -

The sums over {k; } are eliminated by employing the identity™

Dla, - -

.G ckl ck\ @)

= sgn(P) 8Kk kp(ry) - - (K, ko)), (A3)
P

where the permutation operator P acts on the set of indices
{1,...,N}, while sgn(P) = =1 is the permutation parity. We then
observe that

N

H I |kP(l)

N
[T(p- k) (A4)

I=1 I=1

which permits us to perform the sums over individual k;s indepen-

dently. Combining Eqs. (A2)-(A4) and changing the permutation

variable P’ = P~ we eventually obtain
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N
(wile ;) = - sgn(P )T (xhrple™ " m)
I=1

P

= det S(¥}, ¥i, Aat), (A5)

where matrix S(¥, ¥;, Aa) (here without the spin index) is defined
in Eq. (7).

APPENDIX B: PROPAGATOR OF A FREE PARTICLE
ON THE SQUARE LATTICE

Here, we provide the expressions for the propagator of a free
particle on the square lattice in imaginary [Aa = At in Eq. (7)] and
real [Aa = iAt in Eq. (7)] time. In imaginary time,

(e r) = T(2] AT, 7 — 1) T(2] AT, ry=1), (B1)
where the one-dimensional imaginary-time propagator (I is an
integer)

Z(z1) = 1 b co ( )exp(z cos(zsj)) (B2)

Nz

is related to the modified Bessel function of the first kind I;(z) via
. 1 T z cos 0
Jlim Z(z) =~ f 6 cos(10) &€ O = I(z).  (B3)
— 00 0

In real time,

(Kl le) = T (2JAL T, - 1) T(2JALT, 1), (B4)

where the one-dimensional real-time propagator (I is an integer)

J(z,1) = %N_l cos(%ﬂ) exp(iz cos(%)) (B5)

i=0

is related to the Bessel function of the first kind J;(z) via
. 1 " iz cos 0 _ .l
I\}lm J(z1) = ;_[ do cos(10) e =iJi(2). (B6)
— 00 0

For finite N, J(z,2l) is purely real, while [7(z,2/+1) is purely
imaginary.

APPENDIX C: DERIVATION OF THE FPQMC
FORMULAE THAT MANIFESTLY RESPECT
THE DYNAMICAL SYMMETRY

OF THE HUBBARD MODEL

Here, we derive the FPQMC expression for the time-dependent
expectation value of a local observable [Eq. (18)] that manifestly
respects the dynamical symmetry of the Hubbard model.

We start by defining the operation of the bipartite lattice sym-
metry, which is represented by a unitary, hermitean, and involutive
operator B (B' = B=B™!) whose action on electron creation and
annihilation operators in the real space is given as
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BB = (-1) (. (C1)
In the momentum space, B is actually the so-called 7-boost!”

Bcl(f)B = cl(i)QU (C2)

that increases the electronic momentum by Q = (7, 7). The time
reversal operator T is an antiunitary (unitary and antilinear), involu-
tive, and hermitean operator whose action on electron creation and
annihilation operators in the real space is given as

TC(T)T - M

M 11 =P, (C3)

while the corresponding relations in the momentum space read as

T = Y

=cp Tcl((I)T = —CEL)T. (C4)

Using Egs. (C1)-(C4), consequently

BH()B = —HO, BHimB = Hint;

THimT = Hint.

THyT = Hy,
0 0 (C5)

In Sec. 11 B 2, we assumed that the initial state |y(0)) is an eigen-
state of local density operators ny;, which means that B|y(0))
= ™|y (0)), see Eq. (C1).

The denominator of Eq. (18)

Aden(1) = ((0)]e™ ™|y (0)) (Co)

is purely real, Agen (t) = Agen ()", so that

Agen(t) = %(w(o)’(efHoAteiH,mAt)Nt (e—iHOAte—iH,mAt)Nt’w(0)>

Aol el
(C7)

We thus obtain

Aden(t) » Y {Re{ Dy (C, At) } cos[ Agint (C) At]

—Im{D»(C, At)} sin[ Aeint (C)At]}, (C8)

where configuration C consists of 2N;—1 independent states
[Wiz), .. s [Yion, ), [Win) = [w(0)), while Dy (C, At) and Agine(C) are
defined in Egs. (21) and (20), respectively. The denominator is also
invariant under time reversal, Age,(t) = Agen(—t), which is not a
consequence of a specific behavior of the initial state under time
reversal but rather follows from Age,(#) = (w(0)|y(0)). In other
words, Eq. (C8) should contain only contributions invariant under
the transformation At — —At. Using the bipartite lattice symmetry,
under which B|¥;;) = e¥|¥;,), we obtain
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o iHyA

Dy(C,-At) = [] (¥iie1|BBe "**'BB|¥;))
[=N;+1

N, X
x [T (¥ie1|BBe ™" BB|¥;))

2N, X N, .
= H (\Pi,leal|elH°At|‘I’i,l>H (\Pi,lea1|e IHDNW;‘,I)
I=N;+1 I=1
=Dy (C, At). (C9)

Equation (C8) then reduces to

Aden(t) = - Re{Dx(C, At)} cos[ Aeint (C) At]. (C10)
C
We now turn to the numerator of Eq. (18)
Anam(t) = (y(0)]"™ A e[y (0)), (C11)

which is also purely real, Anum () = Anum(£) ", so that
Anum (2) » Z Ai(Yin+1){Re{D2(C, At)} cos[ Aeint (C) At]
13

—Im{Dy(C, At)} sin[ Aginc (C)At]}. (C12)
In the following discussion, we assume that the time reversal oper-
ation changes |y(0)) by a phase factor, T|y(0)) = e**|y(0)). This,
combined with Bly(0)) = e¥|y(0)), gives the assumption on |(0))
that is mentioned before Eq. (19). We further assume that TBA;BT
= Ai. Under these assumptions, the numerator is invariant under
time reversal, Anum(—t) = Anum (), meaning that Eq. (C12) should
contain only contributions invariant under the transformation
At — —At. Using Eq. (C9), Eq. (C12) reduces to

Anum (1) # Y Ai(¥in,+1) Re{ D2 (C, At) } cos[ Agint (C)At], (C13)
C

and Eq. (22) follows immediately.

An example of the initial state |(0)) and the observable A; that
satisfy TB|1//(0)) = ¢*|y(0)) and TBA;BT = A, are the CDW state
[¥cpw) [Eq. (24)] and the local charge density A; = 3, niro. While the
time-reversal operation may change a general SDW state [Eq. (23)]
by more than a phase factor, Eq. (C13) is still applicable when the
observable of interest is the local spin density A; = 144 — 1. This fol-
lows from the transformation law T(nyy — 1y ) T = 1y, — ngt and the
fact that the roles of spin-up and spin-down electrons in the state
T|Wpy) are exchanged with respect to the state [y, ).

We now explain how we use Eq. (26) to enlarge statistics
in computations of time-dependent local spin (charge) den-
sities when the evolution starts from state |ygn,,) in Eq. (23)

(lWepw) in Eq. (24)]. Let us limit the discussion to the spin
(charge) density at fixed position r. Supgose that we obtained

Markov chains (of length Ncpw) {N; PV (8),..., NEW(8)}
and {DPY,...,D°V} for the numerator and denommator.
Suppose also that we obtained Markov chains (of length Nspw)
{NPPY(E), . NRPY ()} and {DIPY,.L L DROVY for  the

numerator and denominator. Using these Markov chains, we
found that the best result for the time-dependent local spin
(charge) densit wy is obtained by Jomln%vthem into one Markov
chain  { NPV (8), .., NREW(), NSOV (8), . NSEW (1)} of

length Nspw + Ncpw for the numerator, and another Markov chain
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SDW SDW CDW CDW
{D"",..., Noows P15+ ++>DNepe s Of length Nspw + Nepw

for the denominator. If individual chain lengths Ncpw and Nspw
are sufficiently large, the manner in which the chains are joined is
immaterial; here, we append the CDW chain to the SDW chain, and
we note that other joining possibilities lead to the same final result
(within the statistical error bars). To further reduce statistical error
bars, we also combine SDW + CDW chains at all positions r that
have the same spin (charge) density by the symmetry of the initial
state.

(WO p(0)) = 3 (v (¢ e )

Y. Yy, =1

Nt

> > Re{n<\Pi,l®1|\Pk,l)<\yk,l|\yi,l)eiigo(c)At}eii&m(C)At

I=1

Yoo ¥in, Yer - Yen,
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APPENDIX D: DERIVATION OF THE ABQMC FORMULA
FOR THE SURVIVAL PROBABILITY

We start from the survival-probability amplitude

OTO) o

A= )

whose numerator can be expressed as

v(©) + 5 [y (e ) o))

N, ‘ ‘
Z Re{H (Yiie1 |e”H0Af‘\yi‘l>}eﬂs,m(c )At
v

- ; {Re{D(C)} cos[&(C)At] + Im{D(C)} sin[eo(C) At] }e (€A, (D2)

In going from the second to the third line of Eq. (D2), we
introduced spectral decompositions of Ny factors e~ %', The con-
figuration C entering the last line of Eq. (D2) consists of N;—1
independent states [¥i2),...,|¥in,) in the coordinate representa-
tion and N; independent states [¥x;),. .., |¥ky,) in the momentum
representation, while |¥;1) = [¢(0)). D(C) and &/(C) are defined in
Eqgs. (31) and (34), respectively. By virtue of the bipartite lattice sym-
metry, under which D(C) remains invariant, while &(C) changes
sign, the summand containing sin[&(C)At] in Eq. (D2) vanishes, so
that

(w(0)]e” ™y (0)) ~ EC; Re{D(C)} cos[eo(C)At] e (4 (D3)

This form should be used, e.g., when |y(0)) is the SDW state defined
in Eq. (23). When the initial state is the CDW state defined in

Eq. (24), Tly(0)) = e y(0), {y(0)|e™[y(0)) is purely real, so
that

(W(0) e ™]y(0)) ~ ZC:Re{D(C)}cos[so(C)At] cos[eim(C)A(tl]).4)

Equation (30) then follows by combining Eq. (D4) with
(¥(0)ly(0)) = EcRe{D(C) }.

We now provide a formal demonstration of Eq. (36). The
partial particle-hole transformation is represented by a unitary, her-
mitean, and involutive operator P (P' = P = P™"), whose action
on electron creation and annihilation operators in real space is
given asl(l‘),] 10

PctP=cy, Py P=cl,, (D5)

PeyP=(-1)"*"cl, Pl P=(-1)""cy. (D6)

(

The interaction Hamiltonian Hiy thus transforms under the par-
tial particle-hole transformation as PHinP = UN4 — Hint. The action
of the partial particle-hole transformation in the momentum space

readsas [Q = (7, 7)]

PagP=cy, PP =d, (D7)

PogP=ch .,  PcP=coui, (D8)
The kinetic energy, therefore, remains invariant under the par-
tial particle-hole transformation, i.e., PHoP = Hy. Equations (D5)
and (D6) imply that P|@#) = HréucLM). We then find that P|y )
= |¥spw)» i-e., the partial particle-hole transformation transforms
the CDW state defined in Eq. (24) into the SDW state defined
in Eq. (23) and vice versa.'”” The states |y.pw) and |wepuw)
have the same number of spin-up electrons, while their num-
bers of spin-down electrons add to N.. Using the combination of
the partial particle-hole transformation P and the bipartite lattice
transformation B defined in Appendix C, one obtains

e MWV el ™ wsow) (D9)

(yeowle ™ yepw) =
where Ni(y) = (yeow|Ni|ycow) = (ysow[Nilysow) is the total
number of spin-up electrons in CDW and SDW states. Equation (36)
then follows immediately from Eq. (D9).

A similar procedure to that described in Appendix C is used
to combine Markov chains for the survival probabilities of the
CDW and SDW states related by the dynamical symmetry in
Eq. (D9).
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APPENDIX E: USING THE PARTICLE-HOLE SYMMETRY
TO DISCUSS THE AVERAGE SIGN OF THE FPQMC
METHOD FOR CHEMICAL POTENTIALS y AND U - u

The (full) particle-hole transformation is represented by a uni-
tary, hermitean, and involutive operator Py (P} =Ps= P}l) whose

action on electron creation and annihilation operators in real space
. 109,110
is defined as

Pfewo Py = (~1)"cl, (E1)

The corresponding formula in the momentum space reads as
Pf Cko Pf = Cg—k,a' (EZ)
Let us fix J, U, T, and N, and compute the equation of state p,(y)
using Eq. (13) in which A;(¥;;) = [N+(C) + N, (C)]/N.. It is con-

venient to make the y-dependence in €int (G yt) explicit. In the sums
entering Eq. (13) we make the substitution

C—>C,:{|<Di,l>:Pf|"Pi,l>‘l: 1,-~-,Nr} (E3)
under which
D(C, A1) = Dg(C', A7), (E4)
eint(Gp) = &ni(C, U =) + (U -2 pu)N: N, (E5)
Ny(C") = N. - N,(C). (E6)
It then follows that

5 Dy(C, A7) > D[N, (C) + Ny (C))/N.
3¢ Dp(C, AT) e=Arem(C)
S0 DR(C A7) LN (C') + Ny(C)I/N,
ZC’ Dﬁ (Cls AT) e*ATf.m(C’,U—,A) .

=2
(E7)

The FPQMC simulations of the ratios in the last equation are
performed for chemical potentials 4 and U — y, which are symmet-
ric with respect to the chemical potential U/2 at the half-filling. Since
eint(Gu) and eine(C', U — ) differ by a constant additive factor, the
corresponding configuration weights differ by a constant multiplica-
tive factor, and the average signs of the two FPQMC simulations are
thus mutually equal.
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We examine the range of validity of the second-order cumulant expansion (CE) for the calculation of spectral
functions, quasiparticle properties, and mobility of the Holstein polaron. We devise an efficient numerical
implementation that allows us to make comparisons in a broad interval of temperature, electron-phonon coupling,
and phonon frequency. For a benchmark, we use the dynamical mean-field theory which gives, as we have
recently shown, rather accurate spectral functions in the whole parameter space, even in low dimensions. We
find that in one dimension, the CE resolves well both the quasiparticle and the first satellite peak in a regime of
intermediate coupling. At high temperatures, the charge mobility assumes a power law w oc¢ T2 in the limit of
weak coupling and u oc T~/ for stronger coupling. We find that, for stronger coupling, the CE gives slightly
better results than the self-consistent Migdal approximation (SCMA), while the one-shot Migdal approximation
is appropriate only for a very weak electron-phonon interaction. We also analyze the atomic limit and the spectral
sum rules. We derive an analytical expression for the moments in CE and find that they are exact up to the fourth
order, as opposed to the SCMA where they are exact to the third order. Finally, we analyze the results in higher

dimensions.

DOI: 10.1103/PhysRevB.107.125165

I. INTRODUCTION

The cumulant expansion (CE) method presents an alterna-
tive to the usual Dyson equation approach in the calculation
of spectral functions of interacting quantum many-particle
systems [1]. In this method, we express the Green’s function
in real time as an exponential function of an auxiliary quantity
C(t), called the cumulant, which can be calculated perturba-
tively [2]. In the late 1960s, it was established that the lowest
order CE gives the exact solution of the problem of a core hole
coupled to bosonic excitations (plasmons or phonons) [3,4].
While there were early papers that emphasized the potential
role of CE as an approximate method to treat the elec-
tronic correlations in metals beyond the GW approximation
[5-8] and the electron-phonon interaction in semiconductors
and narrow band metals beyond the Migdal approximation
(MA) [9-11], a surge of studies of CE has appeared only
recently.

Renewed interest has emerged due to the possibility of
combining CE with ab initio band-structure calculations. The
CE for the electron-phonon interaction was used to obtain
the spectral functions of several doped transition-metal oxides
[12,13], showing a favorable comparison with angle-resolved
photoemission spectroscopy [14]. A particularly appealing
feature of the CE approach is that it describes the quasipar-
ticle part of the spectrum as well as the satellite structure
(sidebands). Combining the CE with the Kubo formula for
charge transport gives an attractive route to calculate mobility
in semiconductors beyond the Boltzmann approach, which
is applicable only for weak electron-phonon coupling [15].
This was very recently demonstrated for SrTiO3; [16] and
naphthalene [17]. CE was also applied to elemental metals
where a correction to the standard MA is discussed [18].
Similarly, the CE is successfully used to treat the electronic
correlations beyond the GW approximation [19-25]. Further-
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more, CE was used to study absorption spectra in molecular
aggregates representative of photosynthetic pigment-protein
complexes [26-28].

Despite the wide use of the lowest order CE, there seems
to be a lack of studies establishing its range of validity,
which represents the central motivation for this paper. To
achieve this, we turn to simplified models of the electron-
phonon interaction. CE for the Frohlich model [29,30] gives
the ground-state energy and the effective mass similar to
the exact quantum Monte Carlo calculations for moderate
interaction [31]. This is in contrast to the Dyson-Migdal
approach, which severely underestimates mass renormaliza-
tion. A comparison of the corresponding spectral functions
is, however, missing, since reliable quantum Monte Carlo
results are not available due to the well-known problems with
analytical continuation. The Holstein polaron model gives a
unique opportunity to explore the applicability of the CE since
various numerically exact methods are developed and applied
to this model covering different parameter regimes [32—49].
This was the approach of a very recent work by Reichman
and collaborators [50,51]. Still, there are several questions
that remained unresolved. Most importantly, a comparison of
spectral functions was made just for a small set of parameters
on a finite-size lattice, where the benchmark spectral functions
were available from the finite-temperature Lanczos results,
while the charge transport was not examined.

In our recent work [52], we established that the dynamical
mean-field theory (DMFT) [53] gives close to exact spectral
functions of the Holstein polaron for different phonon fre-
quencies, electron-phonon couplings, and temperatures even
in low dimensions, covering practically the whole parameter
space. This method is computationally very fast and precise,
which makes us ideally positioned to perform comprehen-
sive comparisons with the CE method, which is the goal of

©2023 American Physical Society
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this paper. Within the CE, we calculate the spectral func-
tions and charge mobility for a broad set of parameters and
make detailed comparisons with DMFT and (self-consistent)
MA. We find that the one-shot MA is appropriate only for
very weak electron-phonon coupling. The validity of the CE
and self-consistent Migdal approximation (SCMA) is much
broader and for intermediate interaction CE even outperforms
SCMA. We also derive analytical CE expressions for the
ground-state energy, renormalized mass, and scattering rate
as well as the spectral sum rules, and make comparisons
between the methods. We establish a power-law behavior for
the charge mobility at high temperatures. We also compare the
performance of different methods as the bandwidth is reduced
toward the atomic limit.

The remaining part of the paper is organized as follows.
In Sec. II, we introduce the CE method and present details of
its implementation on the Holstein model. DMFT and SCMA
are here introduced as benchmark methods. Representative
spectral functions are shown in Sec. III from weak toward
the strong coupling. The high-temperature and atomic limits
are analyzed in detail, as well as the spectral sum rules. In
Sec. IV, we present the results for the effective mass and
ground-state energy. The temperature dependence of the elec-
tron mobility is analyzed in Sec. V, and Sec. VI contains our
conclusions. Some details concerning numerical implementa-
tions and additional figures for various parameters are shown
in the Appendix and in the Supplemental Material (SM) [54].

II. MODEL AND METHODS

The Holstein model is the simplest model of the lattice
electrons interacting with the phonons. It assumes a local
electron-phonon interaction and dispersionless phonons. The
Hamiltonian is given by

H=—1) (ccj+Hc)

(ij)
—g> mlal +a)+w Y ala;. (1)

Here, 1, is the hopping parameter between the nearest neigh-
bors and wy is the phonon frequency. ¢; and a; are the electron
and the phonon annihilation operators, n; = c;ci, and g de-
notes the electron-phonon coupling strength. We set 7, kg,
elementary charge e, and lattice constant to 1. We also often
use a parameter @ = g/wy. We study the model in the thermo-
dynamic limit (number of sites N — oo). Furthermore, we
consider a dynamics of a single electron in the conduction
band and treat the electrons as spinless, since we are interested
only in weakly doped semiconductors. This is equivalent to
setting the chemical potential far below the conduction band,
i.e., considering the limit ft — —oo. This case is often re-
ferred to as the Holstein polaron problem. We mostly focus
on the one-dimensional (1D) system, but we also consider the
system in 2D and 3D.

A. Cumulant expansion
1. General theory

The central quantity of this paper is the electron spectral
function Ag(w) = (—1/7)ImGk(w), where Kk is the momen-

tum and Gg(w) is the retarded Green’s function in frequency
domain [1]. Its exact evaluation is often a formidable task,
which is why approximate techniques are usually employed.
One needs to be careful with such approaches not to violate
some analytic properties, such as the pole structure of the
Green’s function, the positivity of the spectral function, or
the spectral sum rules. At least some of these properties can
be easily satisfied if the Green’s function is not calculated
directly but instead through some auxiliary quantity, such as
the self-energy Xk (w). In the latter case, the connection with
the Green’s function is established via the Dyson equation

1 1
Gro(@) ™' — Ik(w) o — ek — k(o)
where G o(w) is the noninteracting Green’s function and &g
is the noninteracting dispersion relation.

An alternative to the Dyson equation based approaches is
the so-called cumulant expansion method [19], in which the

exponential ansatz is chosen for the Green’s function in the
time domain:

Gi(t) = Gy o(t)e* ) = —if(1)e ! 1), 3)

Gk(w) = 2)

Here, 0(¢) is the Heaviside step function and Ci(¢) plays the
role of an auxiliary quantity which is called the cumulant.
Both Egs. (2) and (3) would correspond to the same Green’s
function in frequency and time domain if the cumulant Ci(¢)
and the self-energy Xk (w) could be evaluated exactly [1].
In practice, however, one of these approaches is expected to
perform better. The spectral function within the CE can be
obtained as follows:

1 o
Ax(w + &) = —Re f dte™® ™. 4)
ys 0

Equation (4) circumvents the Fourier transform of the whole
Green’s function Ag(w) = —%ImGk(a)), which is useful in
practice, as the free electron part e /' typically oscillates
much more quickly than ¢,

The expression for C(¢) in the lowest order perturbation
expansion can be obtained by taking the leading terms
in the Taylor expansion of the Dyson equation Gg(w) =
(Go(@)™" = Zi(@) ™! = Gy o(@) + Gy 0(@) Zx(@) G (@),
taking its inverse Fourier transform and equating it to Eq. (3),
where the cumulant in the exponent is replaced with its linear
approximation e ~ 1 4+ Gy (¢):

) © 4 —ia)tE
Guny=ie [~S2 I )
oo 27 (w — g +i0H)?
Using the spectral representation of the self-energy
dv |[ImZy(v)|
)y =) ——7), 6
k(@) fﬂa)—v+i0+ ©

and the contour integration over w, Eq. (5) simplifies to [19]

Ck(t):%/ dww(e—f‘“eriwt—l). 7

2
) w

The corresponding spectral function satisfies the first two
sum rules, irrespective of Xk (w). This is a consequence of
the behavior of Ci(¢) for small 7; see Sec. IIIC. In gen-
eral, Cx(t = 0) =0 is sufficient for the first spectral sum
rule f Ax(w)dw =1 to be satisfied. The second sum rule
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f Ag(w)wdw = e can also be satisfied if we additionally
impose that the cumulant’s first derivative at + = 0 is van-
ishing, %(0) = 0. Both of these conditions are satisfied by
the cumulant function in Eq. (7), as it is a quadratic function
of time for small arguments e~ + jwt — 1 &~ —w?t*/2 for
t — 0.

The application of Eq. (7) is facilitated by the fact that
it does not contain any iterative self-consistent calculations.
However, one needs to overcome the numerical challenges
caused by the removable singularity at « = 0 and by the
rapidly oscillating trigonometric factor e~ for large ¢. The
latter is important for the weak electron-phonon couplings,
where it is necessary to propagate Cx(¢) up to long times until
the Green’s function is sufficiently damped out. The same
problem occurs in other regimes as well (e.g., close to the
atomic limit), where the Green’s function does not attenuate
at all; see Sec. I A 4.

The numerical singularity at @ = 0 can be completely
avoided if we consider the cumulant’s second derivative

d*Ci(t *d i '
d;kz( ) =/ ?wImEk(a)+8k)e*”‘” = 2¢"¥6(1), (8)

—00

where we used ImXg(w) < 0 and introduced 6x(t) =
f_oooo ImEk(w)e”“”g—j‘;’. Then, Ci(¢) is obtained as a double
integral over time of Eq. (8),

t t
Cilt) =2 f dt,/ di" e G (1), ©)
0 0

where the lower boundaries of both integrals have to be zero,
as guaranteed by the initial conditions Cx(0) = %(O) =0.
Using the Cauchy formula for repeated integration, this can
also be written as a single integral:

Ck(t) = 2/ (t — x)e" ™ Gy (x)dx. (10)
0

This completely removed the problem of numerical sin-
gularities. Still, the problem of rapid oscillations of the
subintegral function remains due to the presence of e/** term.
In Sec. II A3, we provide an elegant solution for this issue,
focusing on the case of the Holstein model.

2. Asymptotic expansion for cumulant when t — oo

The asymptotic expansion of Ci(t) for large times, as
we now demonstrate, completely determines the quasiparticle
properties within this method. This is one of the main moti-
vations for studying the ¢+ — oo limit. From Eq. (8), we see
that

d ® d2Cy(t
,-&(Ho@:,-/ a0,
dt 0 dr?

l' oo [e.¢] X
= ——/ do|ImXg (v + ex)| dte '
T J_

00 0

= Yk(ek), (1)

where we used the identity [j° dte™ = m8(w) — iPi and
the Kramers-Kronig relations for the self-energy. Hence, the
cumulant function Ci(¢), and also the whole exponent in
Eq. (3) is a linear function of time Cy(t) — iext ~ —iEyt +

const for t — oo, where
Ex = ek + Zk(ex). (12)

As a consequence, the Green’s function in Fourier space has a
simple pole situated at Ex, as seen from the following expres-
sion:

iCy (1)

0 .
Gk(w)z—if A el 1 (13)
0

Therefore, quasiparticle properties are encoded in Ey: its real
and imaginary parts correspond to the quasiparticle energy
and scattering rate, respectively. We note that, in our present
analysis, we implicitly assumed that %(r — 00) exists and
is finite. Although this is generally true, there are a few excep-
tions. In the Holstein model, the first assumption is violated
at the atomic limit [y = 0; see Eq. (28)], while the second
assumption is violated at the adiabatic limit (wo = 0) for
k =0 ork = +m; see Egs. (18) or (19).

The knowledge that we gained about the analytic properties
of the Cx(#) provides us with an intuitive understanding of
how the shape of the cumulant determines the shape of the
spectral function. The asymptotic limits 1 — oo [where Ci ()
is linear] and r — O [where Cy(¢) is quadratic] by them-
selves, to a large extent, describe only the simple one-peak
spectral functions, while the crossover between these limits
is responsible for the emergence of satellite peaks. This can
be explained as follows: If the cumulant was quadratic over
the whole r domain Ci(t) = ct?, the spectral function would
have a simple Gaussian shape. Similarly, the Lorentzian shape
would be obtained from the linear cumulant Cy(¢) = ct. This
suggests that the simple crossover between quadratic (at small
t) and linear (at large ) behaviors would also give a sim-
ple one-peak shape of the spectral function. The information
about phonon satellites is thus completely encoded in the
Ck(t) for intermediate times ¢, which depends on the system
and approximation in which the cumulant function is calcu-
lated.

3. Second-order cumulant expansion for the Holstein model

Let us now concentrate on a specific example, the Holstein
model on a hypercubic lattice in n dimensions. The second-
order cumulant is given by Eq. (7), where the self-energy is
taken to be in the MA Xy (w) = ZMA(w), i.e., of the second
(lowest) order with respect to the electron-phonon coupling
g. This is in accordance with the derivation from Sec. ITA 1,
since we restricted ourselves to the lowest order terms in the
Taylor expansion of the Dyson equation and of ¢, An alter-
native derivation of this expression is given in Sec. I of the SM
[54]. MA is briefly discussed in Sec. II B 1. For our present
purpose, we only need the expression for the imaginary part
of the self-energy

ImEMA () = =7 g [(npn + 1p(w — o) + nprp(@ + @),
(14)

where np, = 1/(6“’0/T — 1) is the Bose factor, p(w)=
,%] >k 8(w — &) is the density of electron states for the system
of size N, which we take in the thermodynamic limit N — oo,
and ex = 21 Z’;zl cosk; is the noninteracting dispersion
relation.
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FIG. 1. (a)—(f) The cumulant, Green’s, and spectral function on
the example of the one-dimensional Holstein model with the follow-
ing values of the model parameters: wy = 0.2, g = 0.2, 7 = 0.3, and
IQ =1.

The expression for the cumulant function, as seen from
Eq. (10), is related to the inverse Fourier transform of
ImXMA(w), which in turn is completely determined by the
inverse Fourier transform of the density of states p(¢). The
latter admits a closed-form solution

5(t) / T dwe [ "k 8| o+ 21 Z k
p(t) = — 1) 0 Y cosk;
—00 (27[ )n-H [0,27 )" j=1 !

n

= L L /271 dkeZitotcosk — JO(ZIOt)n (15)
2 \ 27 Jy e

where Jy is the Bessel function of the first kind of order
zero. Hence, Eqgs. (10), (14), and (15) imply that the cumulant
function can be written as

Ci(t) = —&* / dx(t — x)iD(x)e™* Jo(2tox)",  (16)
0

where iD(t) = (npn + 1)e™ " + nye’ is the phonon prop-
agator in real time (for # > 0). In Fig. 1, we illustrate the
cumulant function, as well as the corresponding Green’s func-
tion and spectral function. Figures 1(a) and 1(b) show the
second derivative of the cumulant

dZCk(t)
dt?

to demonstrate the rapid oscillations that are also present in
the cumulant itself. These are not easily observed by inspect-

= —g%iD(1)e" ™ Jo (2ot )" (17)

Tk = 3.0
2.5
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1.0
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k

FIG. 2. Quasiparticle lifetime 7y in the CE method for T/t = 2
and g/ty = 1.

ing Cx(t) directly, as the linear behavior dominates for large
times. We observe that the k = 0 and k = 7 results possess an
oscillating envelope with period 27 /wg, while intermediate
momenta have a much less regular structure. This can have
direct consequences on the spectral functions, as the satellite
peaks are expected to be at a distance wy from each other.
To be more explicit, oscillating envelopes suggest that there
is a much higher chance for the occurrence of satellite peaks
near the bottom (k & 0) and the top (k & ) of the band, than
otherwise. However, that does not guarantee that the satellite
peaks will in fact occur. Figure 1(c) shows that ReCk(t) is
declining faster for k > 0 than for K = 0. As a consequence,
¢%® in Fig. 1(d) attenuates slower for k = 0, having enough
time to complete a full period, while kX = 7 results are remi-
niscent of an overdamped oscillator. A similar, although much
less evident, effect can be seen in the Green’s function itself;
see Fig. 1(e). This is why the k = m spectral function in
Fig. 1(f) has a simple one-peak shape, while only the k = 0
result captures one small satellite peak.

From a numerical point of view, Eq. (16) is treated using
Levin’s collocation method [55], which is reviewed in Ap-
pendix A. It provides a controlled, accurate, and numerically
efficient way to integrate the product of trigonometric, Bessel,
and some slowly varying function. This approach avoids using
a dense ¢ grid, which would otherwise be required, as the
subintegral function in Eq. (16) has the same type of rapid
oscillations present in d>Cy(t)/dt>.

4. Lifetime

Another question of practical importance is how long we
should propagate the cumulant function in real time until the
corresponding Green’s function attenuates. A rough estimate
of such quantity is given by the quasiparticle lifetime 7. The
lifetime is given by 7, = 1/ (2|ImEk|), where Ej is given by
Eq. (12) and the self-energy is taken in the MA [see Eq. (14)]:

9(4l‘g — (ex — a)())z)
1/42‘g — (e — (z)())2
9(41‘3 — (e + a)())z)

Nph -
VA5 — (e + wo)?

This is illustrated in Fig. 2. We observe that there is a con-
siderable part of the parameter space where the lifetime is

1| = 2|ImEg| =2¢* (nph + 1)

+2¢° (18)
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FIG. 3. Feynman diagrams in the Migdal approximation and the
self-consistent Migdal approximation.

infinite, which means that the corresponding Green’s function
never attenuates. This occurs for wg > 2ty + 2¢y| cos k| in the
case of finite temperatures, and for wy > 4f sin? k/2 in the
T = 0 case. In these regimes, one could presume that this is
reflected in the spectral functions through the appearance of
Dirac delta peaks, which is not expected at finite temperatures.
This illustrates one of the limitations of this method.

B. Benchmark methods
1. Migdal and self-consistent Migdal approximation

The Migdal approximation [56] is the simplest perturba-
tion approach, whose self-energy is represented with a single,
lowest order Feynman diagram, as shown in Fig. 3(a). The
imaginary part of the self-energy is given by Eq. (14) in the
case when there is just a single electron in the band, regardless
of the dispersion relation or the number of dimensions of
the system. The corresponding real part is obtained using the
Kramers-Kronig relations, and in 1D reads as

9((a) —wy)? — 4t§)sgn(a) — wp)

\/ (w— 61)0)2 — 42‘3

9((a) +wy)? — 4t§)sgn(a) + wp)

(@ + wg)? — 412

The range of validity of the MA can be extended if we sub-
stitute the noninteracting electron propagator in Fig. 3(a) with
an interacting one. At the same time, the interacting propaga-
tor itself is expressed through the self-energy via the Dyson
equation. These relations constitute the SCMA. Figure 3 il-
lustrates that the SCMA self-energy consists of a series of
noncrossing diagrams, whose lowest order coincides with the
MA. Figure 3(b) shows the second-order contribution, while
the third-order contributions are shown in Figs. 3(c) and 3(d).

Mathematically, the self-consistency relations are straight-
forwardly derived and, in our case, read as

BSMA () = & (npy + 1)G(w — wo) + &1 Glo + wp),
(20a)

ReZMA () = & (npn + 1)

+ anph

19)

bs . l
- @y /_n  — g — XSCMA()’ (20b)

where G(w) is the local Green’s function. We see that in
the case of the Holstein model, the SCMA self-energy is k
independent.

2. Dynamical mean-field theory

Dynamical mean-field theory is a nonperturbative approx-
imate method, that represents a natural generalization of the
traditional mean-field theory [57]. It simplifies the original
lattice problem by mapping it to a single site impurity prob-
lem, embedded into an external bath that is described with
a frequency-dependent (i.e., dynamical) field Gy(w), which
needs to be determined self-consistently. This simplification
is reflected on the self-energy, which is assumed to be k-
independent Xk (w) = X(w). The DMFT becomes exact in the
limit of infinite dimensions or, equivalently, infinite coordina-
tion number.

In practice, Go(w) and X(w) are determined self-
consistently, by imposing that the local Green’s function of
the lattice problem

Y p(e)de
Gy = f_oo w— (@) —¢€ @D

and the self-energy X(w) coincide with the corresponding
quantities of the impurity problem. Here, p(¢) is the nonin-
teracting density of states. The self-consistent loop is closed
using the Dyson equation Gy(w) = (G~ (w) + Z(w))~"!. In
the case of the Holstein model, the (polaron) impurity problem
can be solved exactly, directly on the real-frequency axis, in
terms of the continued fraction expansion [53]. Furthermore,
in the one-dimensional case, Eq. (21) assumes a closed-form
solution and reads as

1
2t0B(w),/1 — ﬁ

where B(w) = (v — X(w))/(2ty); see Supplemental Material
of Ref. [52]. We note that Eq. (22) can also be used for the
SCMA in Eq. (20).

We have very recently shown [52], by using extensive
comparisons with several numerically exact methods cover-
ing various parameter regimes, that the DMFT can provide
a rather accurate solution for the Holstein polaron even in
low dimension. Hence, the DMFT has emerged as a unique
numerical method that gives close to exact spectral functions
in practically the whole space of parameters, irrespective of
the number of dimensions. This makes the DMFT an ideal
benchmark method for comparisons with the CE results for
the Holstein model.

G(w) =Re + iIm

—1
-
20/1 — B(w)? (22

III. SPECTRAL FUNCTIONS

In this section, we present the CE spectral functions of
the 1D Holstein model. The DMFT is used as a benchmark,
while MA and SCMA represent the main competitors and
alternatives to the CE method. Section III A shows the results
for k = 0, whereas heat plots and the k = 7 results are shown
in Sec. III B. High-temperature spectral functions and spec-
tral sum rules are presented in Sec. III C. The behavior near
the atomic limit is discussed in Sec. III D. We present only
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FIG. 4. (a)-(h) Spectral functions for #, =1, wy = 0.5 and
k = 0. In the left panels T = 0.3, while T = 0.7 in the right panels.
Insets show the integrated spectral weights Ik (@) = ff)oc Ax(v)dv.

the results for wy = 0.5, while the results for other phonon
frequencies and various momenta are shown in Sec. II of SM
[54]. The 2D spectral functions are presented in Appendix B.

A. Low and intermediate temperatures for k = 0

In the weak-coupling limit & — 0, all these approximate
methods (DMFT, CE, SCMA, MA) provide accurate results.
In Fig. 4, we investigate how far from this strict limit each
of our methods continues to give reasonably accurate spectral
functions. In Fig. 4(a), we see that for « = 1 all methods
correctly capture the quasiparticle peak, which dominates in
the structure of the spectrum. The MA satellite peak is slightly
shifted towards higher frequencies, which becomes signifi-
cantly more pronounced at higher temperatures; see Fig. 4(b).
The limitations of the MA become more obvious for stronger
couplings, where even the position and weight of the quasi-
particle peak are inaccurate; see Figs. 4(c)—4(h).

While the quasiparticle properties of the CE and SCMA
seem to be quite similar if « is not too large, some difference
in satellite peaks is already visible in Figs. 4(b) and 4(c).
Figure 4(c) shows that SCMA gives broader satellites than
the DMFT benchmark, whereas CE slightly underestimates
the position of the satellite. Neither CE nor SCMA can be
characterized as distinctly better in this regime. On the other
hand, Figs. 4(e) and 4(g) display a clear advantage of the CE.

FIG. 5. (a)—(h) Heat maps of Ax(w) for tp = 1, wy = 0.5, and
T = 0.3. In the left panels, we present CE results, while the DMFT
benchmark is presented in the right panel. All plots use the same
color coding.

We see that it captures rather well the most distinctive features
of the solutions, which are the first few satellites. This is not
the case for SCMA.

Figures 4(f) and 4(h) demonstrate that the CE gives a
rather quick crossover toward the high-temperature limit, as
it predicts a simple broad one-peak structure for the spectral
function already for 7 = 0.7. This large difference between
the spectral functions for 77 = 0.3 and 7, = 0.7 can be
understood by examining the ratio of their corresponding
lifetimes ©(77)/t(12) = npn(12)/npn(T1) ~ 8.5. This implies
that ReCi(¢) for T = 0.7 has a much steeper slope as a func-
tion time, which suppresses the appearance of satellites, as
explained in Sec. IT A 3.

B. Low and intermediate temperatures for k # 0

To proceed with the analysis of the CE ,we want to answer:
(i) Whether the conclusions that we reached for k = 0 can be
carried over to other momenta as well? (ii) Does CE continue
to be better than SCMA at much higher temperatures? The
first question is answered in Fig. 5, where we compare CE
and DMFT heat plots. Figures 5(a) and 5(b) demonstrate
that CE results are quite reminiscent of the DMFT results
for « = 1, even at nonzero momenta. The same conclusion
holds for weaker couplings as well. On the other hand, there
are differences between the results for somewhat stronger
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FIG. 6. (a)—(h) Spectral functions for 7, =1, wy = 0.5, and
k = m. In the left panels 7 = 0.3, while T = 0.7 in the right panels.

coupling @ = 1.5, as shown in Figs. 5(c) and 5(d). While the
polaron bands in both of these figures are convex, the CE
predicts the first satellite to be concave, unlike the DMFT.
In other words, CE predicts that the distance between the
polaron peak and the satellites decreases as we increase the
momentum. This is counterintuitive, as the satellites are per-
ceived as the quasiparticle that absorbed or emitted a phonon,
which should consequently be just at energy distance wq apart.
These limitations of the CE are much more pronounced for
stronger electron-phonon couplings. While the DMFT solu-
tion in Figs. 5(f) and 5(h) exhibits a series of distinct bands,
Figs. 5(e) and 5(g) demonstrate that the polaron and satellite
bands of the CE merge into a single band at higher momenta.
However, the most noticeable feature here is the fact that the
CE is too smeared, as if the temperature is too high. This is
a consequence of the fact that the lifetime in Eq. (18) scales
as 7 ~ 1/g>. While the heat maps reveal noticeable discrep-
ancies between the DMFT and CE for k # 0, it seems that
these differences are much less pronounced around k = w. A
more detailed comparison is presented in Fig. 6 that shows
the results for the same regimes as in Fig. 4. The DMFT
solution in Figs. 6(a)-6(d) shows that the main feature of the
spectral function is a single broad peak for o < 1.5, which
is in agreement with the CE results. This is also the case for
the SCMA, although we observe a slight tendency of the main
peak to lean toward higher frequencies at higher temperatures.
For larger interaction strengths, CE cannot fully reproduce the
sharp peaks at lower frequencies of the low-temperature spec-
tral function or the fine structure of the main peak at higher

temperatures; see Figs. 4(e)—4(h). Similarly, CE misses the
quasiparticle peak as well, situated at low energy, although it
is typically tiny and not (clearly) visible in Figs. 6(a)-6(h) (see
Appendix C). A detailed comparison of the spectral functions
for other momenta and phonon frequencies is presented in
Sec. II of the SM [54].

Overall, we find that the CE gives the most accurate results
for k = 0 and k = 7 and that it is less accurate for other mo-
menta. Although it cannot fully reproduce a tiny quasiparticle
peak for k = m, it describes well a wide single-peak structure,
which is the most prominent feature of the spectrum. A much
larger discrepancy for k = m, between the CE and a reliable
benchmark, was reported in Ref. [50] by examining the sys-
tem on a finite lattice system with N = 6. In Appendix C,
we examine the same parameter regime as in Ref. [50] and
show that these discrepancies are significantly reduced in the
thermodynamic limit.

C. Spectral functions at high temperatures
and spectral sum rules

In Fig. 7, we show CE, SCMA, and DMFT spectral
functions at high temperatures for the same electron-phonon
couplings as in Figs. 4 and 6. We see that CE performs very
well both for k = 0 and k = . There are only small discrep-
ancies at stronger interactions [see, e.g., Fig. 7(c)]. In contrast,
the SCMA solution gets tilted relative to the DMFT and CE.
In addition, it poorly reproduces the low-frequency part of the
spectrum. It is not obvious whether the CE method is exact in
the high-temperature limit 7 — co. As we now demonstrate,
this can be answered by examining the spectral sum rules:

o0
M) = / Ax(w)o " dw. (23)
—00
These can be calculated both exactly,
Mf,’“‘“(k) = <[. ek, H], H] ..., H] cli> , 24)
n times T

and within the CE approximation, where by combining
Egs. (4) and (23) we find

CE _ n i ! Ck (1)
M7 (k) _Re[l <dt> e .
= (Z)(—ek)"MSE,m. (25)
p=1

The difference between these quantities MSE (k) — M(k)
is zero for n = 0 and n = 1, as noted in Sec. I A 1. Higher
order sum rules for the CE method are easily calculated,
while the evaluation of the exact sum rules quickly becomes
cumbersome for increasing n. The first five (0 < n < 4) sum
rules were already calculated by Kornilovitch [58]

Ma(K) = & + Qnpn + 1)g’, (26a)
Ms(K) = & + gwo + 28" 2npy + Dex, (26b)
Mu(K) = gy + 2¢%exwo + g (2np + 1)

x (215 + 3ex + wj) + 38 Qnpn + 7. (26¢)
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FIG. 7. (a)-(h) CE, DMFT, and SCMA spectral functions in 1D for#y = 1, wy = 0.5, and k = 0, 7.

All of these are correctly predicted by the CE. However, the
disagreement between M and MSE appears for n = 5,
where we find

MEUK) = g + 38%wo (265 + &5) + £y
+2¢° (263 + 58°wo + exwy + 2t5ex) 2nph + 1)
+7g ek 2npn + 1)%, (27a)
MSE (k) = M (k) — 2¢" e Qnpn + 1) (27b)

Hence, CE cannot be exact in the limit 7 — oo. However, we
see that there are two limits where CE can potentially be exact:
the weak-coupling limit g — 0 and the atomic limit gx — 0.
It turns out that CE is actually exact in both of these limits,
as seen from Egs. (3), (7), and (14) for the weak-coupling and
Sec. III D for the atomic limit. We note that the SCMA gives
correct sum rules only for n < 3 [42]. This is a consequence
of the fact that SCMA ignores one of the fourth-order dia-
grams (~g*) since it includes only the noncrossing diagrams.
Also, we numerically checked that the DMFT results are in
agreement with all of the sum rules that we listed above.

D. Atomic limit

In the atomic limit (g = 0), the cumulant function can be
evaluated exactly:

C(t) = o (—2npn — 1 + itwy + iD(1)). (28)

This follows from Eq. (16), using Jo(0) = 1. If we express
the phonon propagator as iD(t) = 2,/npn(npn + 1) cos[wo (t +
%)] and use the modified Jacobi-Anger identity

62012 1oh (1pn +1) cos[wo (f + 57 )]
o0

= 3" 1202 (g + D)e W eF, (29)

l=—00

where [; are the modified Bessel functions of the first kind,
the spectral function [see Eqs. (3) and (4)] can be calculated

analytically and reads as

A(w) = ¢t

o0
XZ 1,(2a2,/nph(nph + 1))e’2w708(a) + o*wy — lawg).

l=—00
(30)
In the limit T — O, the previous expression reduces to
L Q2
Aw)=e Y bt ope® =D). (D)
1=0

This proves that CE gives correct results in the atomic limit,
as Egs. (30) and (31) coincide with the known exact results
[1,44].

In contrast, the SCMA (let alone the MA) does not share
this property, which is easy to show at zero temperature. In
this case, Eq. (20a) and the Dyson equation imply that

1

) = g G =)

(32)
The previous equation can be solved by the iterative applica-
tion of itself in terms of the continued fraction

1

g2
2
&
w—mwy— >

w72wofrigﬁ
This does not coincide with Eq. (35) from Ref. [53], which
represents the exact solution. Thus, SCMA cannot reproduce
the correct result in the atomic limit.

While the CE is exact in the atomic limit (zy = 0), it is
not immediately obvious how far from this limit it continues
to give reliable results. This is why we now examine the
regimes with small hopping parameter #y. Since the lifetime
is infinitely large in some of these regimes (see Fig. 2), we
introduce artificial attenuation 5 for the Green’s function in
real time by making a replacement G(¢t) — G(t)e ™. The
results are presented in Fig. 8. Here, the dotted line is the
analytic solution in the atomic limit (o = 0), determined by
Eq. (30), where the Dirac delta functions have been replaced
by Lorentzians of half-width 5. It is used as a measure to see

G(w) = (33)

w —
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FIG. 8. (a)—(f) CE, DMFT, and SCMA spectral functions close to
the atomic limit. Here, we use artificial Lorentzian broadening with
half width set to n = 0.05.

how far the regime we are examining is from the exact atomic
limit. In Fig. 8(a), we see that DMFT, SCMA, and CE spectral
functions are in agreement. This regime is quite far from the
atomic limit, as indicated by the dotted line. Figure 8(b) shows
that the DMFT spectral function already consists of a series of
peaks for 7y = 0.5, while the CE and SCMA spectral functions
are too flattened out. While the CE solution significantly im-
proved in Fig. 8(c), it is still not giving satisfactory results,
even though the DMFT suggests that we are already close to
the atomic limit. Only for ¢y < 0.005 does the CE solution
give accurate results; see Fig. 8(d). However, this is practically
already at the atomic limit. It is interesting to note that while
both the DMFT and the CE are exact in the weak-coupling
and in the atomic limit, their behavior in other regimes can be
quite different.

IV. QUASIPARTICLE PROPERTIES

We now investigate the quasiparticle properties obtained
from the CE method and compare them extensively to the
results obtained from the DMFT and SCMA. We note that

the lifetime within the CE was already studied in Sec. I A 4,
so we supplement that study here with the results for the
ground-state energy and the effective mass. Here we show the
results in one, two, and three dimensions. Comparison with
the MA ground-state energy, in the 1D case, is presented in
Sec. III of the SM [54].

A. Ground-state energy

The polaron band dispersion E, i within the CE is given by
the real part of Eq. (12), where the self-energy is taken in the
MA:

E,k = ek + ReXMA(g). (34)

Since we deal with a single electron in the band, the
ground-state energy E, is given by E, x—o evaluated at zero
temperature. In the 1D case, E), is straightforwardly evaluated
using Eq. (19) and reads as follows:

2,2
awy

1/ 61)(2) =+ 46()()[0

For the expression in higher dimensions, we need to go back
to Eq. (14) that holds in any number of dimensions. At 7 = 0,
it reads as

E)° = —21 — (35)

ImE=MM () = —alwlp(w — wp). (36)

The real part of ¥MA(w) is obtained using the Kramers-
Kronig relation

RezMA(w) = ﬂaza)é?{[p](w — wyp), 37

where H[p](w) =P ffooo %% is the Hilbert transform of
the density of states p(w) and P is the Cauchy principle value.
The evaluation of the Hilbert transform may be reduced to
the evaluation of the Fourier transform J, using the following
identity:

F " HIpl(t) = —i sgn(t) F ' [pl(t). (38)

The inverse Fourier transform of the density of states on the
right-hand side was already calculated in Eq. (15) for the case
of the hypercubic lattice with the nearest-neighbor hopping.
Hence, H[p](w) is obtained by applying F on both sides of
Eq. (38),

Hlpl(w) = %/0 dxJy(2tpx)" sin(xw), 39)

where n is the number of dimensions. The polaron band dis-
persion then reads as

o0
E,x = & + 0] f dxJo(2tx)" sin (x(ex — wg)).  (40)
0

E, is thus a linear function with respect to o, whose intercept
is ek, while its slope can be calculated accurately using the
numerical scheme described in Appendix A. In the 2D case, it
admits an analytical solution

20!26()% 41,
— K R 41
7 (4ty + wp) 4ty + wo

where K (k) = [7'*d6/v/1 — k2 sin® 6 is the complete ellip-
tic integral of the first kind. In the case n = 3, the integral

E;D = —4f,
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FIG. 9. Ground-state energy within the DMFT (solid line), CE
(dashed line), and SCMA (dotted line). Here, o = 1 and T = 0.

in Eq. (40) does not admit a closed-form solution and thus
requires numerical calculation.

The polaron band dispersion E,, x (and thus the ground state
E,) within the DMFT and SCMA is obtained numerically, as
the smallest solution of the following equation:

Ep,k =&k + RGE(EP,](). (42)

Results for the 1D, 2D, and 3D case are presented in Fig. 9.
The DMFT benchmark, which is known to be very accurate
[52], always gives the lowest ground-state energy predictions
in comparison to the CE and SCMA. We see that CE always
outperforms the SCMA, despite the fact that its predictions
of the energy are always a linear function of . In the 1D
case, we see that CE results for wy = 0.5 start to deviate more
significantly from the DMFT just around « = 2.5. Hence, the
range of validity for the CE is similar as for the spectral
functions in Fig. 4. The analogous conclusions can also be
drawn from wy = 1 data as well. In contrast, all three methods
seem to be in agreement for wy = 0.2 in the whole range
of presented values of «. This is a consequence of the fact
that the ground-state energy correction is small, as seen from
Eqgs. (35), (40), and (41) by fixing « and decreasing wy. How-
ever, if we fix g = wpa and then decrease wy, the ground-state
energy would change substantially [see, e.g., Eq. (35)], and
the CE would certainly give poorer results.

Similar trends are observed in higher dimensions as well.
Seemingly, the range of validity of the CE is increased in
higher dimensions. However, one should keep in mind that the
hopping parameter is always taken to be unity, which means
that the bandwidth of the 2D and 3D systems are, respectively,
two and three times larger than their 1D counterpart. There-
fore, the correlation is weaker for a given coupling «.

B. Effective mass

Around the bottom (|k| &~ 0) of the conduction band, the
dispersion E, i assumes the following parabolic form:

k2

E,x ~ const + 43)

2m*’

where m™* is the effective mass, which we now calculate.

[wo=1
* [Wo = 0.5
Wo = 0.2
0.4r

0o (€) 3D

0 123 A s
az

Solid=DMFT
Dashed=CE
Dotted=SCMA

FIG. 10. Effective mass results within the DMFT, CE, and
SCMA forty =1and T = 0.

In the 1D case, one obtains the analytical result for the
effective mass using Egs. (19) and (34),

m* 1 (44)
—
I e

where my = 1/(2ty) is the band mass which remains the same
irrespective of the number of dimensions. Results for the
higher number of dimensions are evaluated using Eq. (40).
As for the ground-state energy, the 2D case admits an analytic
solution

= = 1 (45)

202w, 44 ’
m _ 2% p(_ 4
olbor=0 11— FZros (4[0+w0)
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where E (k) = 0”/ >d6+/1 — k2 sin? 6 is the complete elliptic
integral of the second kind. Results in the n-dimensional case
are given by

m* 1

— = , (46)
molroo ~ 1+ rarel 2]

w=-—2nty—wy
and require numerical calculation in the general case. From
Eq. (46) we see that my/m* is a linear function of o?. This
linear behavior has to break down at one point, as mgy/m*
cannot be negative. This happens for strong interaction, where
the CE is certainly not expected to be reliable. The mass
renormalization within the DMFT and SCMA is calculated
numerically as

m* d¥(w)

— =1
mo |r—o dw

) (47

w=E,

where E), is the ground-state energy. Results for the DMFT,
CE, and SCMA effective mass in different parameter regimes
and for different number of dimensions are presented in
Fig. 10. In the 1D case, we see that the CE always under-
estimates, while the SCMA overestimates the results from the
DMFT benchmark. Still, CE clearly outperforms the SCMA
for wp = 1 and wy = 0.5, while the results in the vicinity of
the adiabatic limit (wy = 0.2) seem to be equally well (poor)
represented by both methods.

In the higher-dimensional case, we see that the CE is al-
ways a clearly better approximation than the SCMA, while
both of them overestimate the DMFT predictions. As for the
ground-state energy, we emphasize again that the hopping pa-
rameter was set to 1. As a consequence, the system has a larger
bandwidth in the higher-dimensional case and, therefore, the
correlations are weaker.

V. MOBILITY

The mobility is defined as the DC conductivity, normalized
to the concentration of charge carriers n, (and their unit charge
which we setto e = 1), i.e., u = 0°¢/n,. It can be calculated
using the Kubo formalism, which relates u to the current-
current correlation function [1]. The latter can be written
as a sum of the so-called bubble part, which is completely
determined by the spectral functions Ag(w) and the vertex
corrections. Within the DMFT, the vertex corrections vanish
[57,59], while estimating their contribution in the general
case is beyond the scope of this paper. In the following, we
calculate the mobility solely from the bubble part.

In the case of a 1D system with a single spinless electron
in the band, the mobility in the bubble approximation can be
written as [1,60]

4rig 2ok [7 dvAc(v)?e™/T sin k
COT XY [ dvAe T

The processing time required for the calculation of u within
the CE method rises linearly with the number of k points we
sum over. This is not the case for the DMFT and SCMA, as
their self-energies are k independent and thus need to be calcu-
lated only once for a given parameter set. In every parameter
regime the CE was applied to, we checked that 64 sampling
points in the Brillouin zone are enough to be representative of

(48)

104
(C) Wo = 1.0
Markers = CE
102 Dashed = SCMA

Solid = DMFT

FIG. 11. Temperature dependence of the mobility for the CE,
DMFT, and SCMA. The dotted red (black) lines are auxiliary lines
with the power law behavior ; o« T72 (u oc T~3/2). Here ty = 1.

the thermodynamic limit. This was also crosschecked using
the DMFT.

The exponential term e in Eq. (48) has some impor-
tant implications. Despite the factor sin k, it implies that the
largest contribution to the mobility most commonly comes

—v/T
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from the spectral functions around the bottom of the band
(k ~ 0), as they are typically situated at lower frequencies
with respect to their higher momentum counterparts. This is
actually helpful, as we have seen that the CE is more reliable
for k &~ 0 than for 0 < k < . However, e~*/T also introduces
numerical instabilities, as even a small numerical noise of
Ar(v)atv < —1 will be inflated and give an enormous overall
error in the mobility. This is why the integrals in Eq. (48)
require introducing some kind of negative frequency cutoff
[, — . We always check that the mobility results con-
verge with respect to A. This is easily done in both the DMFT
and SCMA due to the high numerical accuracy of our numer-
ical implementations. The convergence with respect to A is
much harder to achieve within the CE, as the Green’s func-
tions are initially calculated in the time domain and require
the use of numerical Fourier transform. We have implemented
a well-known interpolation scheme [61] to increase the pre-
cision of the Fourier transform. Still, the numerical noise at
low temperatures and strong interactions prevented us from
precisely calculating the mobility in these regimes. We show
only the data where an accurate calculation was possible.

In Fig. 11, we present numerical results for the temperature
dependence of the electron mobility. For weak electron-
phonon coupling, all methods are in agreement; see Fig. 11(a)
for ¢ < 1 and Figs. 11(b) and 11(c) for o < 0.5. Electron-
phonon scattering is weak in these regimes, which is why
the quasiparticle lifetime t; is long, and the linear time de-
pendence dominates in the cumulant function. The spectral
function and its square can thus be approximated as A (w) =~
8(w — Epy) and A (w) ~ %8(w — Ep ), where § is the Dirac
delta function and E), ; is given by Eq. (34). The mobility from
Eq. (48) thus simplifies to

42>, re Eri/T sin? k
T > e Epx/T

(49)

Mweak ~

At high temperatures, Eq. (49) further simplifies as e~ £r+/7 ~
1. In this case, the lifetime is inversely proportional to the tem-
perature 1, o 1/T, as seen from Eq. (18), which implies the
power-law behavior of the mobility fiyea o 1/ T2. This con-
clusion holds only for very weak electron-phonon couplings,
where the assumption of weak scattering is still satisfied de-
spite the high temperatures; see Figs. 11(a) and 11(b) for
o = 0.25 and Fig. 11(c) for & = +/2/10. This assumption is
also violated at extremely high temperatures T — oo.

For stronger couplings, in the limit of high-temperatures
T > ty, wy, the Green’s function in the time domain is quickly
damped, which is why Ci(¢) can be approximated with just
the lowest order (quadratic) Taylor expansion around ¢ = 0.
Hence, Eqgs. (3) and (17) imply that the Green’s function can
be written as

. 2 )
Gk(t) = —i@(t)e_lékfe—j(znphﬁ’l)t , (50)

while the corresponding spectral function is given by the
Gaussian:

(0—e)?

e 2g2(2nph+l)

V2r @ Cngn + 1)

Ap(w) = (5D

Plugging this back into Eq. (48) and changing the sum over
momenta to integral, we obtain

ot [ gCmt]) L(%)
Mhigh—1 = 2 —anh+l P 472 IO(ZTE)’

(52)

where I and I, are modified Bessel functions of the first kind,
of zeroth and first orders, respectively. Equation (52) can be
simplified by using the following approximations: 2np, + 1 ~
2T Jwo and I, (2ty/T)/1p(2ty/T) =~ ty/T, that are valid for
large T. Such a simplified formula coincides with the mobil-
ity obtained by combining the Einstein relation, between the
mobility and diffusion coefficient, with the Marcus formula
[45,62]. Furthermore, Eq. (52) implies the power-law behav-
ior for the mobility phigh—1 X T73/2 in the limit T > tg, wp.
This is confirmed by our numerical results for a wide range of
the electron-phonon coupling strengths, where all three meth-
ods are in agreement; see Fig. 11(a) for 1/\/5 <a <25,
Fig. 11(b) for 0.5 < @ < 2, and Fig. 11(c) for 0.5 < a < 1.
While the SCMA gives satisfactory results for high temper-
atures and intermediate electron-phonon couplings, it deviates
from the DMFT at lower temperatures [see, e.g., Fig. 11(a) for
o = 2.5 and Fig. 11(b) for @ = 2] and also for stronger cou-
pling strengths [see, e.g., Fig. 11(a) for @ > 2.5 and Fig. 11(b)
for o > 2]. At these stronger couplings, the DMFT predicts
the nonmonotonic mobility, where a region of decreasing mo-
bility with decreasing temperature is ascribed to the hopping
transport in phenomenological theories [38,62]. The strong
coupling mobility is better described by the CE than SCMA,
although low-temperature results are missing due to our in-
ability to converge the results with respect to the cutoff A. In
Appendix D, we also give mobility predictions of the MA.

VI. CONCLUSIONS AND OUTLOOK

In summary, we have presented a comprehensive analysis
of the CE method in the context of the Holstein model. The
second-order cumulant C(¢) is calculated in a broad tempera-
ture range for three vibrational frequencies wy/fy = 0.2, 0.5,
and 1, covering a regime from a weak to strong electron-
phonon coupling. We mostly focused on the 1D system in the
thermodynamic limit but some of the results are shown also in
2D and 3D. To avoid numerical instabilities and to reach high
numerical precision, we derived a number of analytical ex-
pressions and we used the collocation method in calculations
of the cumulant, as well as an interpolation scheme for the
Fourier transform in corresponding calculations of the spectral
functions. The quasiparticle properties, spectral functions, and
charge mobility are shown in comparison to the DMFT and
SCMA results. The DMFT, which gives close to the exact
solution for the Holstein polaron throughout the parameter
space [52], gave a valuable benchmark and facilitated a de-
tailed analysis of the validity of the CE method.

At weak coupling (roughly corresponding to mg/m*20.9)
CE, DMFT, and SCMA give very similar spectral functions.
Most of the spectral weight for £ = 0 is in the quasiparticle
peak, while even a small sideband (satellite) spectral weight
is rather well reproduced in all three methods. As the inter-
action increases, a clear difference in the spectral functions
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emerges. Nevertheless, the positions of the CE and DMFT
quasiparticle and the first satellite peak at low temperatures
are in rather good agreement. Furthermore, the overall spectral
weight distribution is in a decent agreement even though the
satellite peaks are more pronounced in DMFT for stronger
electron-phonon coupling. Roughly speaking, there is a de-
cent agreement in 1D up to the interactions corresponding
to mo/m* ~ 0.5. Interestingly, the agreement between the
CE and DMFT spectral functions persists also for k = m,
although CE does not capture a tiny quasiparticle peak. In
this case, the DMFT spectral weight almost merges to a single
broad peak. We note that the difference for k = 7 observed in
Ref. [50] is solely due to considering a lattice of finite N = 6
size. The deviation of CE from the exact solution is most obvi-
ous for intermediate momenta where the CE solution merges
to a single peak, while the satellite structure is seen in DMFT.
At high temperatures, one might suspect that the CE would
give the exact spectral functions. However, this is not the case,
as we showed that the CE gives the exact spectral moments
only up to the order n = 4. We note that in all these regimes,
the CE gives slightly better results than the SCMA, while a
single-shot MA is adequate only for very weak interactions.

The spectral functions were used to calculate the charge
mobility from the Kubo formula without the vertex correc-
tions. The agreement between DMFT and CE is quite good.
This is the case even for stronger electron-phonon coupling
where the CE even indicates nonmonotonic behavior of w(7),
with a region of increasing mobility with temperature which
is usually assigned to hopping conduction in phenomeno-
logical theories. For strong electron-phonon coupling, the
CE mobility results are shown only for T 2 £y since a very
small numerical noise at frequencies w < E,, affects a pre-
cise calculation of mobility at lower temperatures. For high
temperatures, the mobility assumes a universal form: For
weak electron-phonon coupling p o« T2, while for stronger
coupling u o< T~3/2, These high-temperature limits can be
obtained also analytically from the CE.

The CE method can be easily applied to different Hamilto-
nians, which makes it a particularly attractive method for the
calculation of electronic properties beyond the weak-coupling
limit in various systems. In particular, we argue that it will
be most useful in calculations of charge mobility, as has
already been done in ab initio calculations for SrTiOz [16]
and naphthalene [17]. While our analysis may suggest that
the DMFT appears computationally superior to CE, we note
that the numerical efficiency that we achieved with DMFT
is restricted to the Holstein model by virtue of the analytic
solution for the impurity problem [53] and the local Green’s
function [52]. For predicting the properties of real materials,
the numerical resources within the DMFT are vastly increased
and also the issue of nonlocal correlations may emerge, while
the CE remains simple and relatively inexpensive. Of course,
for a definitive answer on the range of validity of CE in
connection with ab initio calculations, one needs to perform a
similar analysis for the Frohlich model and for other models
which can be used for realistic description of the electronic
spectra and charge transport in real materials. A useful hint in
this direction is provided by Ref. [51], which shows that the
CE, around the bottom of the band, gives promising results
for the spectral function even in the case when the phonons

have a dispersion [63]. Another very interesting question that
we leave for further work is a possible contribution of vertex
corrections to conductivity. Based on the weak coupling result
[64], one might assume that their contribution is small for
optical phonons, but this remains to be determined in the
case of stronger coupling. Our high-temperature results for
mobility may also be quite useful when analyzing a dominant
type of electron-phonon coupling in real materials. Still, one
needs to be cautious in such analyses since we see that at lower
temperatures ©(7) does not assume a simple universal form.
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APPENDIX A: NUMERICAL INTEGRATION SCHEME
FOR THE HIGHLY OSCILLATING FUNCTIONS
IN THE CE METHOD

We present a numerical integration scheme for the calcula-
tion of the cumulant function from Eq. (16). Since Ci(r) will
be expressed numerically on some ¢-grid [fo = 0, #; ...fc-1],
it is much better to divide the integral fot from Eq. (16) into a
sum of integrals of the form ftll , Where t; are times from the
previously defined 7 grid. In this manner, we do not integrate
over the same interval multiple times. To shorten the notation,
from now on, we denote a = t,_; and b = t;. There are two
different types of integrals in Eq. (16), and both of them have
the following form:

b
I= / dx g(x)e"* Jo(rax)", (A1)

where g(x) is either a linear or a constant function, r; =
&k £ wg, and r, = 2ty. Numerical integration of Eq. (A1) has
already been studied by Levin for arbitrary r; and r, and
slowly varying g(x) [55]. In the rest of this Appendix, we
review this method in the 1D (n = 1), 2D (n = 2), and 3D
(n = 3) cases. The main idea is to rewrite the subintegral
function as a scalar product of two columns |g(x)) and |J(x)),
whose elements are functions:

b
1=/ dx (@) (x)). (A2)

Column |g(x)) consists exclusively of slowly varying func-
tions, while |J(x)) contains highly oscillating functions, with
the property that

= AT (),

d|J(x))
7 (A3)
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where A(x) is a matrix of slowly varying functions. Then, the
integral from Eq. (A2) can be written as

b
d - - - - - N
I= / dx T (FE@) = FOW®) — (Fall@).
’ (Ad)

where | f(x)) satisfies

(55 +4700 o = acor, (A5)
x

This is then, following Levin [55], solved by formally ex-
panding |f(x)) = Zﬁflzl ur()[ce di ...]7 into a basis set of
polynomials u;(x) = (x — “T“’)k_' and determining the un-
known polynomial coefficients c, dy ... by imposing that
Eq. (A5) is exactly satisfied at M uniformly distributed
collocation points x; = a + %, j=1...M. The ini-
tial problem is thus reduced to a simple linear algebra
problem.

1. 1D case

In the 1D case (n = 1), columns |g(x)) and |J(x)) assume
the following form:

3(0)) = [g(x) 01",
() = " [o(rax) Ji(r)],

(A6a)
(A6b)

where Jy(x) and J; (x) are the Bessel functions of the first kind,
of zeroth and first order. The matrix A(x), such that Eq. (A3)
holds, is given by

A _ ii”l —rI
A(x)_|:r2 irl—l:|'

X

(A7)

The unknown coefficients ¢; and d, which determine the
column function

M
1F) =D e dl

k=1

(A8)

are obtained from the following set of 2M linear equations:

e ] et ]
C cil|em 8(xar)
. = A9
5 Sl =1% (49
dy 0
Here, C, C?, D¢, D are M x M matrices that read as
Cij = ui(x;) — iruj(x);  Cf = rau;(x), (A10a)

/ . 1 c
Dij = u;(xi) — (lrl + ;)Mj(xi); Dy = —rauj(x;).

L

(A10b)

2. 2D case

In the 2D case, the relevant quantities are given by

|2(x)) = [g(x) 0 01",
1T (X)) = " [Jo(r2x)?* Jo(rax)Ji(r2x) Ji(rax)*1",

ir1 —2r2 0
Ax)y=|rn in-1 -n (Al1)
0 2r; irp — %

The column |f(x)) = SV, we(X)[cx di ex]” is determined
by ¢k, di, and e;, which are obtained as a solution of the
following system of 3M linear equations:

c [ g(x1)]
Cc ¢4 e m 8(xy)
D¢ D D¢ d | = 0 (A12)
gt e 5

€1 0

Here, C,C¢ ... € are M x M matrices. Elements of C;; and ij
are the same as in Eq. (A10), while ij = Efj = 0. All the
other elements are given by

1
D;j = u;(x,-) - (irl + ;)”j(xi)’

2
&ij = u;(x,') - <i”l + ;)”j(xi)’

Ds

Ly

&£l = —rou(X;).

—2ru;(X;); i
(A13)

Dle] = 2r2uj(x,-);

3. 3D case

The procedure that was presented so far is actually quite
easily generalized to the 3D case as well. Here, the quantities
of interest are easily derived and read as

2(x)) =[g(x) 0 0 0]",
1T (x)) = e [Jo(r2x)® Jo(rax)2J1 (rax)

Jo(rax)Ji (rax)* Ty (rax)*1",

ir1 —37‘2 0 0
. 1
. I —2r 0
Alx) = . 5 ,
0 2r) in—= —n
O 0 3)’2 il’] -3

X

M
fo) =) w®lek di e fil”, (Al4)

k=1
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where the coefficients cy, di, e, and f; satisfy

c [ g(x1) |
c ¢ ce ¢f (974 8(xamr)
D¢ D pe Dl 0
&e 5d & (c/-f = . (AlS)
el 0
Fe Fd O Fe F . .
A 0
Here C;j, Cidj, Cf]-, Dij, ij, Efj, and &;; are the same as in

Egs. (A10) and (A13), while €/, = F¢; = D), = Ft = 0. All
other elements are given by

5l.dj = —2ru;(x;); 5;7; = 3rau;(x;),

Df; = =3ruj(x;);  Ff = —ruj(x),

3
Fij = u;.(x,') — (im + ;)uj(xi)~ (A16)

Thus, our numerical scheme has been completely specified.
We note that Egs. (A10), (A13), and (A16) explicitly demon-
strate that our numerical scheme is singular at x = 0. This
does not pose any problems, as the subintegral function in
our initial expression Eq. (A1) is not highly oscillatory around
x = 0. Therefore, the trapezoid scheme can be applied there.

APPENDIX B: 2D SPECTRAL FUNCTIONS

We now examine the CE spectral functions in two di-
mensions and compare them to the results from DMFT and
SCMA. We investigate the Hamiltonian from Eq. (1) on a
square lattice and set /i, kg and lattice constant to 1.

In the 2D case, the cumulant function is calculated from
Eq. (16) by setting n = 2, and by exploiting the numerical
integration scheme from Appendix A. The procedure for the
implementation of the DMFT and SCMA is the same as
explained in Sec. II B, with the only difference being that
Eq. (22) no longer represents the solution for the local Green’s
function from Egs. (20b) and (21). The local Green’s function
for the square lattice is obtained as follows. Let us introduce
B(w) = (0w — X(w))/(2ty) and rewrite Eq. (21) as

0 R [e9) eixa
Glw) = —/_wdxp(X)/_mdSW~ (B1)

The integral over ¢ can be solved using the residue theorem. It
is thus important to note that the subintegral function has only
a single pole at gple = 2foB(w) that is situated at the upper
half-plane, i.e., ImB(w) > 0 (since ImX(w) < 0). Hence

o]

G(w) = —27i / dxp(x)e™ o (x).  (B2)

—00

Here p(x) is given by Eq. (15) for n = 2. Substituting this into
Eq. (B2) and solving the integral gives

K(-2
G(a)) — (B(w)) ’
B(w)rmty

where K (k) = 0"/2 d6/v/1 — k2 sin® @ is the complete elliptic
integral of the first kind.

Results are presented in Fig. 12. We note that in
Figs. 12(a)-12(d) [Figs. 12(i)-12(1)] the phonon frequency
wo = 0.2 (wp = 1) is smaller (larger) than both of the tem-
peratures 77 = 0.3 and 7, = 0.7 that we are considering.
Therefore, we focus on Figs. 12(e)-12(h) where T} < wy <
T», while other regimes can be analyzed analogously. We
see that most of the spectral weight is concentrated in a
smaller range of frequencies than in the 1D case; see Figs. 4
and 12(e)-12(h). This is a consequence of the fact that the
hopping parameter is always set to unity, while the 2D band-
width is twice as large in comparison with the bandwidth
in the 1D system. Spectral functions from Figs. 12(e)-12(g)
exhibit qualitatively similar behavior as results for the 1D
system in Figs. 4(a)-4(d). Here, all methods are in agree-
ment and predict that the quasiparticle peak dominates,
while there is only a single tiny satellite structure that is
more pronounced at higher temperatures. However, it seems
that the satellites are more pronounced in the 1D spectral
functions. A much more complicated multipeak structure is
predicted by the DMFT in Fig. 10(h), where a large dis-
crepancy can be observed in comparison to the CE and
SCMA results. A better agreement is observed for higher
temperatures.

It is interesting to note that while the DMFT frequently
gave sharper peaks than other methods in 1D (see Fig. 4), here
the roles are reversed. This is a consequence of the strong Van
Hove singularity at the bottom of the band of a 1D system,
which is highly relevant in our case when the concentration of
electrons is very low, while the singularity in the 2D system is
weaker and shifted to the center of the band.

(B3)

APPENDIX C: A DETAILED STUDY OF THE SPECTRAL
FUNCTIONFOR ) =wy=g=1andk=n

In Sec. III, we concluded that the CE successfully captures
the main features of the spectral functions both at the bottom
of the band (k ~ 0) and at top of the band (k &~ %) if the
electron-phonon coupling is not too strong. Less promising
results were reported in Ref. [50], where CE was examined on
a finite lattice with N = 6 sites in the regime t) = wp = g =
1 and k = 7, using the finite-temperature Lanczos method
(FTLM) [44] as a benchmark. They found that the CE, in
addition to the fact that it does not correctly reproduce a
quasiparticle peak, predicts that the most prominent feature
of the spectrum consists of only a single broad peak, whereas
two distinct peaks are present in the FTLM solution. Here
we show that this discrepancy between the CE and FTLM is
significantly reduced in the thermodynamic limit.

Reference [50] emphasized that previous conclusions are
valid only for low-temperature solutions, while CE becomes
accurate for T > wp. This was confirmed by the FTLM,
whose spectral functions in this case look like a single broad

125165-15



PETAR MITRIC et al.

PHYSICAL REVIEW B 107, 125165 (2023)

wo=0.2

wo=1

30:"10- ,\ a=1 20;'4_ a=1 :5_ a=0.75
— 20t o m 15° 40~
T 5 " '2_ L
§ [ I~ O 10- .
< 10- ¢ Il 0 20__0 .
e a7 (a) e 5TTTe A () o4 (i)
0- 0-1 | 1 1 O n 1 1 1 M
[ a=2| 10 a=V2| I La=1
' 20-2" ()
. ] DMFT
10-0 — CE
L 6 -4 =20 —~ scma
O_u 1 1 1 | |
10- (k) 1-
5 0775 "4 3
[ a=12
0= ST ———
: (l) I 1.0-
ol | 0.5
i |
: T6 4 2 L 09Ty S
00; 0; __ja=25 \a=\/§\/\

—-5.5-5.0-4.5-4.0-3.5
W

-5.0 -45 —-4.0 -3.5

T30 -45 A0 -35

w w

FIG. 12. (a)-(h) Comparison of the CE, DMFT, and SCMA spectral functions in 2D for k = 0 and 7y = 1. The main panels show the results

for T, = 0.3, while 7>, = 0.7 results are shown in the insets.

peak; see Fig. 1(c) from Ref. [50]. However, Fig. S9 in the
Supplemental Material of Ref. [52] demonstrates that the
spectral function in the thermodynamic limit for 7y = wy =
g =1, k = m consists of a broad single-peak structure even at
T = 0. This conclusion was reached by carefully examining
the finite-size effects using the numerically exact hierarchi-
cal equations of motion method (HEOM). It was established
that the system with N = 10 lattice sites is representative
of the thermodynamic limit, although much smaller systems
are required for the k = 0 results. Furthermore, the same
figure shows that two distinct peaks emerge for N = 6 and
k = m, in accordance with the FTLM results. Hence, CE
will provide much better results in the thermodynamic limit
than previously expected. We note that for fp = wyg =g=1
and finite temperatures, one might expect that the required
lattice size, representative of the thermodynamic limit, does
not exceed N = 10, as the electron experiences much more
scattering compared to the 7 = 0 case. This will be cross-
checked independently (using the DMFT) in the rest of this
Appendix for finite 7, which satisfies the T < w( condi-

tion. In that case, we analyze the overall performance of
the CE.

In Fig. 13(a), we show the FTLM data, (originally from
Ref. [44]) used in Ref. [50], and compare them to the DMFT
applied on a system of finite lattice size. We exploit the
fact that the corresponding spectral functions (although cer-
tainly not as accurate in comparison with the exact solution)
provide a rough estimate of how large N should be to faith-
fully represent the thermodynamic limit; see Sec. IV from
the Supplemental Material of Ref. [52] for more details. In
accordance with the FTLM results, we see that the DMFT
spectral function for N = 6 also predicts distinct peaks around
w =~ 1.5 and w &~ 2.5, although there is an additional peak
around w = 2. Nevertheless, these results change drastically
with increasing N and practically converge for N = 10. This
is the same N as predicted by HEOM at T = 0. Therefore, the
presented FTLM results are not representative of the thermo-
dynamic limit. Additionally, Fig. 13(a) also shows that FTLM
results for 7 = 0.6 and T = 0.8 are quite similar. Hence, our
further analysis will be conducted for T = 0.7 case.
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FIG. 13. CE, DMFT, FTLM, and HEOM spectral functions for
to = wp = g = 1. (a) Analysis of the finite-size effects. (b) Inspecting
the convergence of HEOM data with respect to hierarchy depth D.

In Fig. 13(b), we present HEOM results for N = 10 and
compare them to CE and DMFT. We note that HEOM has
one additional parameter, the so-called hierarchy depth D.
For details, we refer the reader to Ref. [47], but we only
briefly mention that the numerically exact results are formally
obtained in the limit D — oo. In practice, we always check
whether the results converge with respect to D, which cannot
be increased indefinitely, as finite computer memory presents
a limiting factor. We see that the HEOM results have prac-
tically converged for N = 10 and D = 8. Here, the HEOM
solution does not possess the two-peak structure predicted by
the FTLM on a smaller lattice size (N = 6). It actually gives
only a single, broad peak around w & 2, which is correctly
reproduced by both the CE and the DMFT. Although the CE
misses the quasiparticle peak around w ~ —1.5, we conclude
that CE gives much more accurate results for the thermody-
namic limit than for a finite system.

APPENDIX D: MOBILITY RESULTS FROM THE
ONE-SHOT MIGDAL APPROXIMATION

In Sec. V, we presented and analyzed the mobility pre-
dictions from the CE, DMFT, and SCMA methods. Here,
we supplement that study with the data from the one-shot
MA (i.e., SCMA without self-consistency). The results are
shown in Fig. 14. Since the mobility results have already been

(a) weg=0.2
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Solid = DMFT

FIG. 14. Temperature dependence of the mobility within CE,
DMFT, and MA. Here 1, = 1.

thoroughly analyzed in Sec. V, we will here give only brief
comments about the performance of the MA. Figure 14(a)
shows that MA is practically useless for « 2> 2.5. Here, the
results are not even qualitatively correct, regardless of the tem-
perature. Even for « = 1, the results are still not satisfactory:
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the predictions for T < 4 (T > 9) overestimate (underesti-
mate) the DMFT benchmark. MA proves to be reliable only
for very weak interactions o < 1/+/2. Here, the results are
better for higher temperatures. This is expected as the MA

takes into account only the lowest-order Feynman diagram,
while the relevance of higher-order diagrams decreases as the
temperature is increased. Similar analysis can be repeated for
other phonon frequencies in Figs. 14(b) and 14(c).
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Here we supplement the main text by giving an alterna-
tive derivation of the cumulant function in Sec. I, addi-
tional spectral functions and heat maps in Sec. II, and a
comparison of the 1D ground state energy using DMFT,
CE, SCMA, and MA in Sec. III.

I. ALTERNATIVE DERIVATION OF THE
CUMULANT FUNCTION IN THE CE METHOD

In Sec. XI of the Supplemental Material in Ref. [S1],
we showed that the Green’s function, if there is only a
single electron in the band, can be written as

Gr(t) = —if(t) (cx(t)e) 7.0, (S1)
where:
cx(t) = efloeHY (S2a)
H = Hel + th + Hel—ph, (SQb)
Hy = —tg Z (c;rcj + H.c.) = Z skchk, (S2¢)
(i5)
Hpp = wo Z a,a; = wo Z a, Ok, (S2d)
Helfph = _gzc Ci <a + az)
(S2e¢)

= 7ﬁ ch+qck (aq + aiq) .
k.q

Here, N is the number of sites (we take N — oo in order
to get the thermodynamic limit), while (... )7 o denotes
the thermal average over the states with no electrons

Gk(t)
{np}

The expressions of the form (S6b) have been extensively
studied in the past. Asshown in Eq. (6.10) of Kubo’s cu-

10(15) —iext — /T <
i€ e~ "pwo O 7
th Z p

—if(t)e oKt </Tte—if0 dt, H ph(fl)> .
Tk

and arbitrary number of phonons

> n,3 {0, fiple™Her/T (0, 7ip)
Z{np} <07 ﬁp|einh/T|0v ﬁp)

For the rest of this section, an arbitrary state with
n, phonons and no electrons (since such state is not
unique) will be denoted by |0,7,), while 3., rep-
resents the sum over all possible phonon configura-
tions. We also introduce |k, 71,) = CL|07ﬁp> and Zp, =
Z{np}<0,ﬁp|€_HPh/T|0,T~1p>‘

Using the fact that |0,7,) is an eigenstate of both
the full and the phononic Hamiltonian H|0,7,) =
Hpnl|0,71,) = npwol0,7,), we see how Eq. (S1) can be
written in a more explicit form

(S3)

()10 =

—if(t)

Z
PR ny

G(t) = eteonste =m0/ T(0 7y e el ]0, 7).

(S4)
—iHt

The term e can be read off from

t
eiHclteinhte iHt _ T, exp |:—Z/ dtlHe(ll)ph(tl):| ,
0
(S5)
which represents two different, but equivalent, forms
for the evolution operator in the Dirac picture. Here,
H, () oh 18 the electron-phonon interaction part of the
Hamﬂtoman in the Dirac picture and T; is the time-
ordering operator.  For the purely phononic part
e~ et we use (0, f,|e" et = e~iwort(() 7 | while
purely electronic part e~ *Het is dealt with analogously
(0, 71y |exe et = ekt (0 7|y, Hence, Eq. (S4) be-
comes

(S6a)

o)

cx Ty exp {—z/ dt1He(1)ph( )} CI(
0

(S6b)

)

mulant paper [S2], the expectation value with the time-
ordering can be written as



- [t I
<7}e—4jgdtLH;lph@1)>
T,k

s

where we defined the cumulant function Cy(t). The
notation (...). denotes the so-called cumulant average.
For our present purposes, we only need to know how the
first two cumulant averages are defined:

<X1>c =
(X1 X9)e =

(X1)
(X1 X2) —

(S8a)

(X1)(X2). (S8b)
In general, the cumulant average is defined using the
ordinary average, by formally expanding the following
expression in the Taylor series with respect to &; and
equating, order by order, the terms on the left- and the
right-hand side

<eXpZ§ij> = exp < exp Y &X; | - 1> .
j j .
(S9)
The —1 term on the right-hand side is motivated by the
fact that the expectation value of the unity operator is
equal to 1. While our paper focuses on the cumulant of
the second order, there is actually an analytic formula
that relates the cumulant average of any order with the

1 t t
== T,
t) B /O dtl /O dtQ < tCk

For a straightforward application of Wick’s theorem, it
is customary to rewrite electron creation and annihi-
lation operators in the Dirac picture. In order not to
change the already existing time ordering in Eq. (512),
the annihilation operator is expressed in the final time

Ck(t) = 2N wkt/ dtl/ dto <th<])(t) > CL(lIJ)rQI

ki,q1

where we introduced the shorthand notation for the
phonon part Aq = aq + aT_q. Eq. (S13) is now straight-
forwardly evaluated using Wick’s theorem. Contraction

between the phonon degrees of freedom gives [S4]

(TAD ()AL (1)) = by, -awiD(t1 — 1), (S14)

.t (1)
= exp <Tt€_1f0r Al pn(t)

g

Ck(t)7 (S7)

1> =e
T,k,c

ordinary average [S3].
Let us now go back to Eq. (S6b) and use Eq. (S7) to
obtain

Gi(t) = —if(t)e~exteCr®) (S10)
where
Ck(t) = < el— ph )> .
j=1 m=1 T,k,c
(S11)

So far, everything was exact. The approximation, that
we now introduce, consists of keeping only the first two
terms in the previous equation (j = 1 and j = 2 terms)
while neglecting everything else. This is known as the
second-order cumulant expansion. In the j = 1 term,
the cumulant average coincides with the ordinary aver-
age (see Eq. (S8a)), and hence vanishes due to Wick’s
theorem. As a consequence, the cumulant average can
be simply replaced by the ordinary average in the case
of j = 2 term as well; see Eq. (S8b). Therefore, the
second-order cumulant function reads as

()H (t2)el) ($12)

el—ph

ck = e"'aktcl((l)(t), while the creation operator is ex-

pressed in the initial time CL = CL(I) (0). If we also
use the explicit form of Hé{lph(t) from Eq. (S2e), the
Eq. (S12) becomes

A (AR (1) Y i) el (k2 >A<”<t2>cL<”<0>> :

k2,q2

T,0
(S13)

where iD(t] —t3) = (nyp +1)e"wolti=tzl 4, eiwolti—t]
is the phonon propagator, while n,, = 1/(e*?/T — 1) is
the Bose factor. Since we are working in the limit of
vanishing electron density (single electron in a band),
the contraction between the electron creation and anni-
hilation operators does not have a hole part, and hence



reads as
<1}c$)(h)cgl)ag)> = bieq et 1), (S15)

Taking all of this into account, Eq. (S13) simplifies

2 t t )
Ci(t) = _297\[2/0 dt1/0 dtgeiex—eallt2=tili D (g, 1)),
q

(S16)
We can get rid of the absolute value by noticing that
the contributions for to > t; and for t5 < t; are equal.
It is thus sufficient to restrict ourselves to to > t; and
multiply everything by 2. Also, the expression can be
further simplified if we use

el(ex—gatwo)(ta—t1) — / dwe™ (b2 _tl)a(W+€k*5qﬂ:w0).

—0o0

Then, the whole q dependence is inside the Dirac delta
function, which in combination with the summation
over q gives

Zé(w +ex —eqtwo) = Np(w+ex £wp), (S17)
q

where p is the density of states. It is now straightfor-
ward to show that Eq. (S16) reduces to

o eTWl gt —1
Ckﬁ):ZQQ/H dwo—— 53—
—o0

X [(rph + 1)p(w + 1 — wo) + mpnp(w + €1 + )]
(S18)

This expression can be rewritten in terms of the Migdal
self-energy (see Eq. (14) from the main text) as follows

(e7 ™t 4wt — 1).
(S19)

Hence, we gave an alternative derivation of the cumu-
lant function Ck(¢), where the self-energy in the Migdal
approximation emerges more explicitly than in Eq. (7)
of the main text.

We note that the cumulant expansion method that we
have now presented is analogous to the linked cluster
expansion for the thermodynamic potential F' in sta-
tistical mechanics. This is a consequence of the same
mathematical form of Cx(t) = In(Gk(t)/Gx,0(t)) and
F =1n(Z/Zp), where Z and Zy are the partition func-
tion of the full and noninteracting theories.
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II. SPECTRAL FUNCTIONS

In Sec. IIT of the main text, we presented spectral func-
tions A(w) and heat maps for wy = 0.5. Here, we present
a large number of results for wg = 1, wy = 0.2, as well as
some additional results for wy = 0.5 that are organized
as follows:

1. Results for wy = 1:

e Fig. S1: A(w) in the weak coupling regime for
a wide range of temperatures and momenta.
o Fig. §2: A(w) in the weak, intermediate and
strong electron-phonon coupling regimes for
k=0and k=
— Fig. S2i: k=0atT=04and T = 1.
— Fig. S2ii: k=nmnatT=04and T = 1.
— Fig. S2iii: k=07 at T=2and T = 5.
e Fig. §3: A(w) in the weak, intermediate and
strong electron-phonon coupling regimes for
k=mn/3 and k = 2n/3:
— Fig. S3i: T =0.4.
— Fig. S3ii: T'=1.
— Fig. S3iii: T=2 and T =5.
e Fig. S4: Heat maps
— Fig. S4i: T =0.4.
— Fig. S4ii: T =1.

2. Results for wy = 0.5:

¢ Fig. 83: A(w) in the weak, intermediate, and
strong electron-phonon coupling regimes for
k=m/3 and k = 27/3:
— Fig. S5i: T = 0.3.
— Fig. Shii: T'=0.7.
— Fig. Shiii: T=2 and T = 5.

3. Results for wy = 0.2:

e Fig. S6: A(w) in the weak, intermediate and
strong coupling regimes for k = 0 and k = «:
— Fig. S6i: k=0at T =0.3 and T =0.7.
— Fig. S6ii: k=wat T=0.3 and T = 0.7.
— Fig. S6iii: k=0,rat T=2and T = 5.
e Fig. S7: A(w) in the weak, intermediate and
strong coupling regimes for k = /3 and k =
2n/3:
— Fig. S7i: T = 0.3.
— Fig. S7ii: T = 0.7.

— Fig. S7iii: T =2 and T' = 5.

e Fig. S8: Heat maps:
— Fig. S8i: T'=0.3.
— Fig. S8ii: T =0.7.
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FIG. S1.

(a)—(e) Comparison of CE, DMFT, and SCMA

spectral functions in the weak coupling regime, for a wide
range of temperatures. Here tg = wp = 1 and « = 0.5.
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(i) (a)—(h) Heat maps for T = 0.4. In the left panels, we (i1)  (a)—(h) Heat maps for T = 1. In the left panels, we

present CE results, while the DMFT benchmark is pre- present CE results, while the DMFT benchmark is pre-
sented in the right panels. All plots use the same color sented in the right panels. All plots use the same color
coding. coding.

FIG. S4. Comparison of the CE and DMFT heat maps for tg = wo = 1.
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FIG. S6. Comparison of the CE, DMFT, SCMA, and MA spectral functions in 1D for o = 1, wg = 0.2, and k = 0, 7.
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III. QUASIPARTICLE PROPERTIES

In Sec. IV of the main text, we showed and ana-
lyzed the quasiparticle properties of CE, DMFT, and
SCMA methods. Here we supplement that study by
including the predictions of the Migdal approximation
for the ground state energy in 1D. The results are
shown in Fig. S9. We emphasize that the predictions
of the DMFT benchmark are practically identical to
the exact numerical results [S1]. These results read-
ily demonstrate how much improvement to the simplest
approximation (MA) is provided by including the self-
consistency (SCMA) and by employing the cumulant
expansion method (CE).

Solid = DMFT
Dashed = CE
Dotted = SCMA
-6r | Dash-Dotted = MA =

0 1 2 3 4 5 6
a2

FIG. S9. Ground state energy within DMFT, CE, SCMA,
and MA for the one-dimensional Holstein model with to = 1.
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