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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 the vertex corrections. Their importance re-
mains 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 ver-
tex 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 slow-down of the electron on intermediate time scales between ballistic and
diffusive transport. We find that the vertex corrections are overall most pronounced for interme-
diate electron—phonon interaction and may increase or decrease the bubble-approximation mobility

depending on the values of model parameters.

I. INTRODUCTION

Charge carrier transport in semiconducting materi-
als is the key physical process behind the operation of
many semiconductor electronic and optoelectronic de-
vices @, E] Under typical operating conditions, the car-
rier density is low, and their transport is limited by the
interaction with phonons B, @] Quantifying the ability
of a carrier to cover long distances, the 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 propor-
tional 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 ﬂa—ﬁ] While the dc and ac mobility are
nowadays experimentally accessible ﬂﬂ], reliable theoreti-
cal results for these quantities are rather scarce.

Within the linear-response theory ﬂé], transport prop-
erties are encoded in the two-particle current—current
correlation function, which is, however, seldom calcu-
lated exactly. One usually calculates it in the so-called
independent-particle (single-particle or bubble) approx-
imation ﬂg, ﬁ], which expresses 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 is, in principle,
much easier to evaluate than the vertex corrections, and
the bubble approximation is commonly employed both in
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first-principles studies of transport properties %, , ]

and in many model Hamiltonian calculations

Understanding how the vertex corrections influence
transport properties is an arduous task whose solution
has been attempted in just a few instances. Historically
the first one is the impurity scattering in metals, where
the Green’s functions in the Born approximation are used
for the calculation of the ladder diagrams, whose contri-
bution to the dc conductivity is comparable to the bub-
ble term ﬂﬁ, @] These diagrams are responsible for the
dominant contribution to dc resistivity from the large-
angle scattering within the semiclassical Boltzmann ap-
proach in the presence of diluted impurities. Another
well-studied case is the disorder scattering in two dimen-
sions, where the maximally-crossed diagrams give a di-
vergent contribution to resistivity at low temperatures
even in the presence of weak disorder ﬂE, @] Concerning
the electron—phonon models, the contribution of vertex
corrections to conductivity was, so far, studied
only for weak interaction. In classic papers from 1960s,
vertex corrections to conductivity stemming from scat-
tering 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 ﬂﬂ, . It is a
challenge to determine the importance of vertex correc-
tions outside the weak-coupling limit and, to the best of
our knowledge, this was not done before neither for the
Frohlich model nor for the Holstein model, on which we
focus in this study.

Transport properties of interacting electron—phonon
models have been commonly studied either by approx-
imately calculating the current—current correlation func-
tion Eé—@] or by starting from (possibly approximate)
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single-particle spectral functions 17, @—@] and using
the bubble approximation ]. 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 quantum Monte
Carlo (QMC) approaches are formulated directly in the
thermodynamic limit , the uncertainties associ-
ated with the procedure of numerical analytical contin-
uation ] cast doubts on the reliability of real-axis
results thus obtained. It is therefore of paramount im-
portance that numerically exact methods used to study
vertex corrections be formulated directly on the real-time
or real-frequency axis @] Calculations of the dc mobil-
ity are particularly challenging for such methods because
of finite-size effects (e.g., Lanczos diagonalization-based
methods @—@]) or maximum simulation time that is not
sufficiently long to fully capture carrier’s diffusive motion
(e.g., real-time QMC [53] or density matrix renormaliza-
tion group [54, [53)).

There are 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 correlation functions [56, @] This method pro-
vides dc mobilities whose uncertainties due to the finite-
size effects are controllable and can be suppressed in a
wide range of model parameters. Second, we developed
the real-axis path integral QMC method which can pro-
vide real-time current—current correlation function for
weak and intermediate electron—phonon coupling at el-
evated temperatures @, @] For lower temperatures or
stronger coupling, valuable information can be still ob-
tained for the short time correlations, before the sign
problem sets in. Finally, we also have at our disposal
the dynamical mean-field theory (DMFT), a computa-
tionally inexpensive method, producing close-to-exact re-
sults for the spectral functions of the Holstein polaron in
the thermodynamic limit, even in one dimension, in the
whole parameter space @] 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 cal-
culated in the bubble approximation within the HEOM
method.

In this study, we first develop analytical arguments
demonstrating that the vertex corrections vanish in the
limits of vanishing electron—phonon interaction, vanish-
ing electronic bandwidth (the atomic limit), and infinite
temperature. We then proceed to numerically analyze
their importance in parameter regimes between these
limits for three values of phonon energy (intermediate,
low, and high with respect to the bare electron’s ki-
netic energy) and at temperatures which 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 cou-
pling, the numerically exact dynamical mobility assumes

a two peak structure: the Drude-like peak is accompanied
by another peak at finite frequency. At higher temper-
atures, this peak is centered away from wg, and can be
ascribed to a temporally limited slow-down of the carrier
during the crossover between ballistic and diffusive trans-
port regime. This slow-down 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 wp, and is recovered also
within the bubble approximation because it corresponds
to the optical transitions between the quasiparticle and
the satellite peaks in single-particle spectral function. In
all these cases, the numerically exact dc mobility is some-
what larger than that in the bubble approximation. For
low phonon frequency and moderate interaction, we find
that the dynamical-mobility profile bears qualitative sim-
ilarities to that for intermediate phonon frequency. In-
terestingly, 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 wq is further decreased, is the dc mobility ex-
pected to decrease to the values much bellow the bubble-
approximation result. For high phonon frequency, avail-
able HEOM results do not indicate a large discrepancy
in comparison to DMFT.

The paper is structured as follows. Section [[Il provides
an overview of the Holstein model and methods we use
to study its transport properties. Section [IIl 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 for Appendices [BHDl We analyze
our numerical results and present our main findings on
the importance of vertex corrections in Sec.[[Vl Section[V]
summarizes our results.

II. MODEL AND METHODS

A. Formalism: Holstein model and its transport
properties

We examine the Holstein model on the one-dimensional
(1D) lattice comprised of N sites with periodic bound-
ary conditions. In the momentum space, its Hamiltonian
reads as

H=H.+ th + He—ph
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The electronic and phononic wave numbers k£ and ¢ may
assume any of the N allowed values 27n/N (n is an
integer) in the first Brillouin zone (—m,7]. The free-
electron Hamiltonian H, describes electrons in a band



whose dispersion €, = —2tgcosk originates from the
nearest-neighbor hopping of amplitude ¢3. The opera-
tor CL (ck) creates (annihilates) an electron in the state
with wave number k. The free-phonon Hamiltonian Hp,
describes dispersionless optical phonons of frequency wy,
with bg (bg) creating (annihilating) a phonon of momen-
tum g. The interaction term H._p}, is characterized by its
strength g. In the following, we set the lattice constant
ay, the elementary charge e, and physical constants A,
and kp to unity. As a convenient measure of the electron—
phonon interaction strength, we use the dimensionless
parameter
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We consider the dynamics of a single spinless electron
in the band, which is determined by the current—current
correlation function (normalized to the electron number)

(3)

In Eq. @), Ne = >, chk denotes the electron-number
operator, and the expectation values are evaluated in the
grand-canonical ensemble defined by temperature T =
7! and chemical potential up (K = H — jupNe)

T efﬁK
(A = AT (@)

The current operator reads as
J=_ jcier, (5)
k
with
Jjk = —2tpsin k. (6)

We assume that up lies far below the bottom of the band
(formally, up — —o0), i.e., the electron density is low. A
reasoning analogous to that in Refs. m, 39, @] shows
that the dominant contributions to the expectation val-
ues entering Eq. [B)) as ur — —oo read as

’I\rle{ethje—thje—,BH}
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(1) (0))x = ePr (7)

<Ne>K — eBMFij (8)

Zoh

where Z, = Trpn e~ #Hri denotes the free-phonon parti-
tion sum, the trace Tri, is taken over states containing
a single electron (and an arbitrary number of phonons),
while

Z = Triee PH (9)

is the corresponding partition sum. Equation (B]) is then
recast as
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The real part of the frequency-dependent mobility (for

w # 0) is [10]

1—e P ptoo ,
Re p(w) — T/ dte*toy ), (1)

— 00

and the corresponding dc mobility is

1ot
Hde = T/ dt Re Ojj (t)
’ (12)

—+o0
= —2/ dt tIm ij(t).
0

While the dynamical-mobility profile encodes informa-
tion 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) =\ {[2(t) = 2(0)]2) (13)

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

which varies from 0 at short times to its long-time limit
Doo, for which the Einstein relation Do, = pgc1 holds.
The carrier’s dynamics then changes from short-time bal-
listic dynamics, when Axz(t) o ¢, to long-time diffusive
dynamics, when Ax(t) oc v/1.

B. Single-particle (bubble) approximation

Cj;(t) is a four-point (two-particle) correlation func-
tion, which can be expressed as [combine Eqs. (3)

and ([@)]:

S dwin (e (Bew (e (0)ex(0))
(N

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

Quite generally @], the two-particle correlation func-
tion in Eq. (I3) can be formally decomposed into the

Cy;(t) = £ (15)



sum of products of two single-particle correlation func-
tions plus a remainder containing genuine two-particle
correlations (denoted as Ag):

Cu(t) = oy Do dwie { (b Oew (@) (h©er0)), +
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The Kronecker delta in the second term on the RHS of
Eq. ([I6) comes from momentum conservation. The first
term on the RHS of Eq. (I8)) is O(e?#¥), and is thus neg-
ligible in the pyp — —oo limit with respect to the remain-
ing two terms, which are both O(1). The single-particle
(or bubble) approximation additionally neglects the As
term, so that the current—current correlation function in
this approximation reads as

CoPN(t) = (k,t)G=<(k,t)". (17)

Here, the greater and lesser single-particle Green’s func-
tions read as

G (k,t) = —i(ck(t)c}(0))
=— /+OO dw e_i“tiA(k’w) (18)
oo 1+ e Bw’
G=(k, 1) = i(ch(0)ex(t))
ot AR W) (19)
—z/ioo dw e P

The first equalities in Eqgs. (I8) and ([3) are the text-
book definitions, while the second equalities use the
fluctuation-dissipation theorem [18] to express G>/< in
terms of the spectral function A(k,w), which is normal-
ized so that fj;o dw A(k,w) = 1. In the limit pup — —o0,
we can ensure that the spectral weight occurs at finite fre-
quencies by defining A(k,w) = A(k,w—pur), see the Sup-
plemental Material of Ref. 3J. Equations (I8) and ()
then become (we exploit up — —o0)
—+o0
G (k, 1) = —icinrt / dwe= ™ Alk,w),  (20)

— 00
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G<(k,t) = ieB“Fei“Ft/ dw e e P Ak, w). (21)

— 00

Remembering that (Ne)x = —i)_, G<(k,t = 0), and
performing the Fourier transformation of Eq. (I), we
obtain the well-known results [10, [13, 17 for the dynam-
ical mobility

1—e B
Re puP"!(w) = 4nt? ¢

S, sin?k fj:oo dv e PV A(k,w + v)A(k,v) (22)
>k fj:oo dv e=Bv Ak, v) ’

and the dc mobility

de T >k fjof dv e Pv A(k, V)

in the bubble approximation. The computation of trans-
port properties in the bubble approximation thus re-
duces to the computation of the carrier’s spectral func-

" tion A(k,w).

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 act-
ing on the system of interest m, 59, ]. The
method is ultimately based on the formally exact re-
sults of the Feynman—Vernon influence functional the-
ory ﬂ@] (though the details do depend on the correlation
function). In Appendix [A] we summarize such formally
exact results for the current—current correlation func-
tion [Eq. ] [57] and the Green’s function [Eqs. @0)
and (21)] (NE%? of the Holstein model. These results can
serve as a convenient starting point for analytical studies
in various limits, see Sec. [[IIl The actual computations
are, however, performed numerically, by recasting the for-
mally 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 principle, infinite, and has to be truncated
at a certain maximum depth D.

The applications of the HEOM method to the Hol-
stein model featuring a single oscillator per site @] have
been hindered by the numerical instabilities of the trun-
cated hierarchy ﬂ@, @], which ultimately stem from the
finite number of oscillators on a finite lattice. Within
our recently developed momentum-space HEOM @], we
have resolved this issue in a wide range of the model’s
parameter space by devising a physically motivated hi-
erarchy closing ﬂﬁ] At the same time, we have lowered
the computational requirements with respect to the com-
monly used real-space HEOM by exploiting the model’s
translational symmetry. We summarize the momentum-
space HEOM for the current—current correlation func-
tion [Eq. ] [57] and the Green’s function [Eqs. (20)
and (21))] %}Dm Sec. SI of Ref. [7(

Numerical uncertainties in HEOM results can be due
to the finite chain length N, finite maximum depth
D, and finite maximum propagation time fp.x. We
found ﬂﬁ] that finite-size effects can be controlled by fol-
lowing the relative accuracy with which the optical sum



rule fjoo dw Re p(w) = —m(He) g1 is satisfied. We con-
cluded E] that the convergence with respect to D can
be enhanced by taking the arithmetic average of HEOM
results for two consecutive depths D —1 and D (provided
that D is sufficiently large, so that the relative accura-
cies with which the optical sum rule is satisfied at the two
depths almost coincide). The time ¢y, should be suffi-

ciently long, so that the integrals 7! fot"“" dsRe Cj;(s)

and —2 fotm" ds s Im Cj;(s), whose tmax — 400 limit
defines pqac [Eq. [I2))], have entered into saturation as a
function of t,ax. In practice, we always choose N, D, and
tmax that are sufficiently large so that: (i) the optical sum
rule is satisfied with relative accuracy < 1074, and (ii)
the relative difference between the values of 114, obtained
using the two expressions in Eq. (I2]) 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 tyax, and larger D. However, it is difficult to
give an a priori estimate of N, D, and tyax based on
the values of model parameters. As an illustration, we
typically use N ~ 100, D = 2 — 3, and wplmax =, 500 for
small g and T, N ~ 10, D ~ 7, and wotmax =~ 300 at
intermediate g and 7', and N < 7, D > 12, and wolmax <
100 for large g and T'. The HEOM results to be presented
are publicly available as a dataset ﬂﬂ]

D. Real-time quantum Monte Carlo

We also employ path-integral QMC to evaluate the
numerically exact current—current correlation function
C;;(t), and the same quantity within the bubble approxi-
mation C;?Jbl(t). 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 Monte
Carlo procedure becomes very large due to 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 com-
plement HEOM results for some cases where 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 and [56. It is based on path-integral represen-
tation of the correlation function, where Suzuki-Trotter
expansion is used to decompose the (real- or imaginary-
time) evolution operator (et or e=##) into evolution
operators over small time intervals. Unlike in Ref. 53,
where the decomposition is performed to the operators
e PH iHt and et here we apply it to the operators
e~ B=i)H and e~ Ht which allows as to perform either
real or imaginary time calculations using the same com-
putational code. As in Ref. , in the path-integral rep-
resentation, we make use of either the momentum or site
representation for electronic single-particle states. Ap-

propriate 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 conve-
nient for stronger electron-phonon interaction.

We use QMC to calculate the quantities C;;(t) [as de-
fined in Eq. @)], G~ (k, t) [as defined in Eq. [@8)], G<(k,t)
[see Eq. ([O)] and (Ne)x [see Eq. [®)]. With these quan-
tities at hand, we can then also evaluate C;?Jbl(t) using

Eq. (D).

E. Dynamical mean-field theory

The DMFT is an approximate, yet nonperturbative
method which can treat the models with local interac-
tions ﬂﬂ] The DMFT establishes a mapping between
the lattice problem and the impurity problem, supple-
mented with a self-consistency condition. For the Hol-
stein model, the polaron impurity model can be effi-
ciently solved in a form of the continued fraction expan-
sion ﬂé] 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 po-
laron, regardless of the dimensionality of the system,
while demanding minimal computational resources @]
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 iden-
tifies the limits in which vertex corrections to conduc-
tivity vanish. The main analytical results accompa-
nied with numerical examples are briefly summarized in
Secs. [T AHIITCl while the corresponding technical de-
tails are provided in Appendices [BHDL

A. Limit of vanishing electron—phonon interaction
(9—0)

In Appendix [Bl we first demonstrate that the lowest-
order terms in the expansions of Cj;(¢) [Eq. (I0)] and
CyP(t) [Eq. (D) in powers of small g are identical. We
then use these terms to partially resum the perturbation
series for C;;)bl)(t) in the ¢ — 0 limit by employing the
second-order cumulant expansion approach ﬂﬂ, 37, @],
which becomes exact in this limit. The final expressions
needed to evaluate the weak-coupling second-order cumu-

lant result are provided in Eqs. (BI7) and (BI9)-(B23).
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FIG. 1. Time dependence of the (a) real and (b) imagi-

nary part of Cj; computed using HEOM (solid line), DMFT
(dashed line), and Eqs. (BIZ) and (BI9) (dash-dotted line,
label "wcl+CEz”). HEOM computations use N = 160 and
D = 2, wcl+CE2 computations use N = 1009, whereas the
DMFT results are in the thermodynamic limit (N — o).
The inset of panel (b) shows the dynamical mobility obtained
using the above approaches. The inset of panel (a) compares
DMFT result for N — oo with HEOM and finite-chain DMFT
results, both of which use N = 160. The model parameters
are to = 1,wo = 1, A = 1/100, and T = 1.

Figures[Il(a) and[I(b) present a numerical example sup-
porting our analytical conclusion that the vertex correc-
tions vanish in the g — 0 limit. We compare Cj;(t)
computed using HEOM, DMFT (in the thermodynamic
limit), and the weak-coupling second-order cumulant ex-
pansion (label ”wcl+CEs”, 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};(t) appearing
around tgt ~ 150 suggests that it exhibits weak finite-
size effects. This is further corroborated by the inset
of Fig. [(a), which shows that HEOM and DMFT re-
sults on a finite chain (as implemented in Ref.[39) exhibit
qualitatively (and also quantitatively) similar deviations
from the infinite-chain DMFT result for 150 < tot < 200.
The HEOM, DMFT (N — o0), and cumulant dynamical-
mobility profiles virtually coincide and assume a Drude-
like shape, see the inset of Fig. [Ib).

B. Limit of vanishing electronic coupling (to — 0)

One can demonstrate that the vertex corrections van-
ish in the limit ¢; — 0 by establishing the equality
of the first non-zero terms in expansions of Cj};(t) and
CPPl(t) in powers of small #5. Since the current oper-
ator itself is linear in ¢y [Egs. (@) and (@)], the lowest-
order term in expansions of both Cj;(t) and C}P(t) as
to — 0 is of the order of t3. 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 He(q = B, +it) are replaced by the unit operator.
The procedure summarized in Sec. SII of Ref. [70 leads to
[mpn = (50 — 1))

Cji(t) = CRP\(t) ~ 25 x

2

exp {—2% [(2npn 4+ 1) — (npn 4+ 1)e™ ™" — nype’et] } .
0

(24)

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

Cyi(t) = CyP\(t) ~
02 B I[-2(8 —it)\/col J1(2t\/co)
Y8 —it)/ao I (—2B/c0)

exp {—2 [2nph +1— (npn + l)efi“’“t — nphei“’“t]} ,

(25)
where ¢g is defined in Eq. (C38), while I; (J1) 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 van-
ish in the limit ¢y — 0. We present Re C};(t) for g = 1,
wo = 1, T =1 and different values of ¢y calculated using
QMC, QMC within the bubble approximation and using
analytical formula given in Eq. (25). The results clearly
demonstrate that the analytical formula and bubble ap-
proximation results converge towards numerically exact
QMC results as ty decreases towards zero.
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FIG. 2. (a)—(c): Real part of the real time current-current cor-
relation function for the Holstein model for different values of
the parameter to. Other parameters are set to g = 1, wo = 1,
T = 1. The results labeled as 'QMC’ were obtained using
QMC simulations, the results labeled as ’bubble QMC’ were
obtained from QMC simulations within the bubble approxi-
mation, while the results labeled as ’analytic’ were obtained

using Eq. (25).

C. Limit of infinite temperature (5 — 0)

In the limit of infinite temperature, it is permissible to
treat phonons as classical harmonic oscillators. Further-
more, at sufficiently high temperatures, single-particle
correlation functions become local (Fig. Bl provides illus-
trative examples), and their dynamics becomes primarily
determined by local (on-site) processes. In Appendix [D]
we derive that the exact and bubble-approximation cor-
relation functions are identical in the 8 — 0 limit:

Cjj(t) = CPPI(t) m 242e= V' —io" AL, (26)

Here,
02 = g% coth(Bwo/2) ~ 2g°/(Bwo)

is the variance of the thermal fluctuations in the on-site
energy ¢ = g(b' + b) evaluated in the equilibrium state

(27)
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FIG. 3. (al)—(cl): Real part of the real time current-current
correlation function for the Holstein model for different val-
ues of the temperature 7. Other parameters are set to g = 1,
wo = 1, to = 1. The results labeled as 'QMC’ were obtained
using QMC simulations, the results labeled as 'QMC bub-
ble’ 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 spm(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).

e 5th
7 of free phonons.
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We support these analytical results with a numerical
example, obtained from QMC simulations, presented in
Figs. Blal)-Bl(c2). The results presented in Figs. Blal)-
Bl(c1) show that the bubble approximation result and the
analytical result given by Eq. (28] converge towards the
numerically exact result as T' increases. In Figs. Bla2)-
Blc2) we present the absolute value of the quantity
snm(t) = (en(t)ch,) ., where ¢, (cf,) is the annihila-
tion (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. (I8)] and can
be used as a measure of spatial correlations in the system.
It can be seen from Figs. Bla2)-Bl(c2) that at higher tem-
peratures the spatial correlations for n — m # 0 become
smaller and eventually practically negligible. This con-
firms the assumption of locality of the correlations used in
our analytical derivation. One should nevertheless note
that unrealistically high temperatures (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 param-
eter 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 prac-
tice works best when the hierarchy closing strategy de-
veloped in Ref. [57 is effective. This is the case for not
too strong interaction (A < 1), at moderate temperatures
(1 £ T/to < 10), and for wy/tyg < 2. The results of the
two numerically exact methods (HEOM and QMC) will
be compared to the results stemming from the bubble ap-
proximation, which, in principle, needs numerically exact
single-particle properties. While these are available from
appropriate HEOM-method computations @], we have
recently demonstrated that the DMFT, which is formu-
lated 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 com-
putational cost @] The very good agreement between
HEOM and DMFT spectral functions translates into the
very good agreement between the current—current cor-
relation functions and dynamical-mobility profiles com-
puted using HEOM (within bubble approximation) and
DMFT, as shown in Figs. @(a){4(c) for different phonon
frequencies wy. We have checked that a similar level of
agreement persists for all parameters where HEOM bub-
ble 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.Blal)-Bl(c3) we compare the numerically exact
and bubble-approximation dynamics of Re Cj;, the car-
rier spread Az, and the diffusion constant D, as well
as the corresponding dynamical-mobility profiles. We
perform the comparison in three representative cases
spanning the range from slow-phonon [wy/tg = 1/3 in
(b1)—(b3)] to intermediate-phonon [wg/tg = 1 in (al)—
(a3)] and fast-phonon [wg/to = 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. 170 sum-
marize similar comparisons in other parameter regimes
examined (see also Table S1).

In Appendix [Al we prove that the exact and bubble-
approximation current—current correlation functions are
identical at ¢ = 0 in all parameter regimes. Fig-
ures Bl(al)-Bcl) 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 ij,bal(t) = ij(O), Awbal(t) = \/ij(O)t, and
Drai(t) = C;;(0)t. Figures Bla2)-Hl(c2) suggest that the
numerically exact and bubble-approximation dynamics
closely follow one another as long as Az(t) < 1, i.e., the
carrier spread is smaller than the lattice constant. In pa-
rameter regimes analyzed in Fig.[fl the agreement is good
for tot < 1, which is the time scale 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, 2, see the insets of Figs. Blal)-Blcl).

On intermediate time scales, the numerically exact re-
sults in Figs. Bla) and Bl(b) predict a time-limited slow-
down of the carrier [negative values of Re Cj;(t), de-
crease of D(t)] that is followed by a steady increase in
the diffusion constant until it saturates to its long-time
limit. On the other hand, in the regimes analyzed here,
the results in the bubble approximation do not display
any transient slow-down 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 cen-
tered at w = 0 (qualitatively similar as in the ¢ — 0
limit analyzed in Sec. [[ITA)), while the numerically exact
dynamical-mobility profile additionally develops a finite-
frequency peak. In the regimes analyzed here, the nu-
merically exact dynamical-mobility profile still has a lo-
cal maximum at w = 0. Namely, rewriting Eq. (II) as
Re p(w) = 2mnh(wﬂ f0+oo dt cos(wt)Re Cj;(t), one re-
alizes that w = 0 is a stationary point of the dynamical-
mobility profile [Re p(w) oc w? as w — 0]. The convexity
of Re p(w) around w = 0 then follows from the sign of
the corresponding second derivative that reads as ﬂ%]

(ke W) - .

_5{D°ZBQ +2/O+Oodtt[Doo—D(t)]}.

In Figs. Bl(a) and Blb), the function Dy — D(t) is non-
negative for ¢ > 0, and w = 0 is a local maximum. In
general, the sign of Dy, — D(t) can change with ¢, and
direct analytical arguments based on Eq. (28)) cannot be
developed. It is then notable that our HEOM results sug-
gest 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.
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FIG. 4. Time dependence of Re Cj;; computed within the bubble approximation using numerically exact HEOM spectral
functions (solid black lines) and approximate DMFT spectral functions (dashed red lines) for to = 1 and (a) wo = 1,7 = 1; (b)
wo =1/3,T =1; (c) wo = 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 (a) N = 10,D =6, (b) N =10,D =8, and (¢) N =7,D = 12.
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FIG. 5. Comparison of numerically exact (labels "HEOM” and ”QMC”) and bubble-approximation (label ”DMFT”) results
for time evolution of (al)—(cl) Re Cjj;, (a2)—(c2) Az, and (a3)—(c3) D(t). In all panels, to = 1, A\ = 1/2, while the remaining
model parameters are: (al)—(a3) wo =1, T' =1, (b1)—(b3) wo = 1/3, T =1, (c1)—(c3) wo = 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 (Azpai(t) = 4/Cj;(0)t) and
long-time diffusive (Azaig(t) = /2uEEOMTt) regimes, while double dash-dotted lines show Az(t) = 1. The inset of panel (b3)
shows the fit of Dugom(t) to the exponentially decaying function f(t) = ao — a1 e t/az (magenta dots) for 50 < ¢t < 300. Fitting
parameters are agp = 0.895,a1 = 0.251,a2 = 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 =7
and N=10,D =8 [N =7,D =11 and N =7, D = 12]. QMC results are displayed with the associated statistical error bars
and are obtained using N = 10 in (al), N =7 in (bl), and N = 10 in (c1).

While the long-time saturation of Dugpowm(t) is ap- Durom/T] is below or of the order of the target ten-
parent in Fig. B(a3), Fig. B(b3) might suggest that the  percent accuracy (Sec. [TC). To exclude this possibility,
corresponding tmax is not sufficiently long to guarantee we fit DuyroMm(t) in Fig. B(b3) for ¢ > 50 (when all the

that the relative uncertainty of Dugom [or ,LLEE'OM = transients have certainly vanished) to the exponentially



saturating function f(t) = ag —a; e~*/2. The high qual-
ity of the fit is apparent from the inset of Fig. B(b3), and
the relative difference between Dygom and ag is well be-
low 10%.

Differently from the situation in Figs.[Bla) and B(b), in
Fig. Blc), the bubble-approximation dynamical-mobility
profile qualitatively resembles its numerically exact coun-
terpart. Both profiles display relatively broad peaks
at integer multiples of wg that originate from peaks
in Re Cj;(t) at integer multiples of 27/wg. The bub-
ble approximation predicts peaks without internal struc-
ture, whereas numerically exact results predict struc-
tured peaks. Such peaks may be ascribed to a more
complicated dynamics of Re C};, which becomes nega-
tive after the first peak. A word of caution is in order
here as we have established ﬂﬁ] that our HEOM results
for wp/tp = 3 may not be entirely reliable due to possible
problems with the HEOM closing strategy for wqg/to > 2.
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FIG. 6. Comparison of numerically exact (labels ”HEOM?”
and ”QMC”) and bubble-approximation (label "DMFT”) dy-
namics of Re Cj; for to = 1l,wg = 1,A =2, and T' = 1. The
results labeled ”atomic limit” are obtained using Eq. (29).
The inset shows time-dependent carrier spread Az (¢) com-
puted numerically exactly and within the bubble approxima-
tion. HEOM computations use N = 10, D = 8. QMC results
are displayed with the associated statistical error bars and are
obtained for N = 10.

Finally, in contrast to the regimes studied in Figs. Bla)
and [Bl(b), there are situations in which the bubble ap-
proximation does partially capture the time-limited slow-
down of the carrier. This typically happens for strong in-
teraction and at not too high temperatures. One example
(wo/to =1,A=2,T/to = 1) is analyzed in Fig. [6l whose
inset shows the short-time dynamics of the carrier spread.
While in Figs. Bl(a) and Bl(b) the carrier slows down hav-
ing covered more than a lattice constant, the slow-down
in Fig. [d happens over the time interval in which Az re-
mains well below a single lattice constant. This suggests
that the dynamics shown in Fig. [0l predominantly reflects
on-site phonon-assisted processes. It is thus not surpris-
ing that the short-time bubble-approximation dynamics

10

can be qualitatively (and to a large extent quantitatively)
reproduced by the atomic-limit formula [Eq. 25)] cor-
rected so that it reproduces the value of Cj;(t = 0):

Cj;(t) = Cj;(0)x

2 . .
exp {—2% [(2nph + 1) — (nph + 1)6—%1015 o nphezwot] } 7
0
(29)

compare the lines labeled ”"DMFT” and ”atomic limit” in
Fig.[dl [We have checked that, on time scales analyzed in
Fig. [0 the attenuating time-dependent prefactor enter-
ing Eq. 29) does not introduce any quantitative changes
to the result of Eq. (29).] The numerically exact dynam-
ics shows that the slow-down is prolonged with respect
to the bubble-approximation results, meaning that the
latter captures the temporal slow-down only partially.

B. Vertex corrections to the dc mobility

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

. MEIEOM _ /J'dDMFT
Suytx = Hde ;LgIEOMC . (30)
C

The results in the bubble approximation can be consid-
ered to carry no intrinsic numerical error because they
follow from the DMFT equations formulated directly in
the thermodynamic limit, see also Fig. @l On the other
hand, the relative uncertainty that should accompany
HEOM results for the dc mobility does not surpass 10%,
as discussed in Sec. [T and Ref. 57. In other words,
whenever [6u3%| < 0.1, one can regard the vertex correc-
tions to the dc mobility as unimportant.

Figures [[(al)-7(c2) provide an overall picture of the
importance of the vertex corrections to the dc mobility
for different values of wq/tp, A, and T'/ty. Interestingly,
in most of the parameter regimes examined for wy/tg = 1
and 1/3, opy®™ falls in the gray-shaded regions delimit-
ing the aforementioned range [dpy™| < 0.1, in which the
vertex corrections to the dc mobility can be regarded as
vanishing. Our scarce results for wg/tp = 3 might sug-
gest that the vertex corrections to the dc mobility are
more important than in the other two cases analyzed in
Fig. [l However, possible problems with HEOM results
for wo/to > 2 [57] prevent us from giving a definite state-
ment on the importance of the vertex corrections to the
dc mobility in the case of fast phonons.

In parameter regimes analyzed in Figs. Bl(a) and B(b),
the vertex corrections to the dc mobility can be deemed
important as du is around 0.5 and 0.2, respectively.
On the other hand, while duf™ ~ —0.4 points towards
significant vertex corrections to the dc mobility for pa-
rameters in Fig.[Bl(c¢), the overall shape of the dynamical-
mobility profile suggests that their importance may be
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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 wo. (a2)—(c2): Temperature dependence of the quantity ou

vtx

W [Eq. (30)], which quantifies the

importance of vertex corrections to the dc mobility, for different values of A and fixed wo. Gray regions in (a2)—(c2) delimit the

vtx

range dfig;

€ [-0.1,0.1] in which the vertex corrections to the dc mobility can be considered as vanishing. wq is equal to 1 in

(al) and (a2), 1/3 in (bl) and (b2), and 3 in (c1) and (c2), while ¢to = 1 in all panels.

much smaller for the ac mobility. The vertex corrections
in Figs.Bl(a) andBl(b) are positive, i.e., pffFOM > [ DMFT
The dominant contribution to pMFT comes from the
dynamics on short time scales tot < 1, on which the ap-
proximate and numerically exact results agree quite well
[see also Eq. (IZ)]. This is most conveniently seen from
Figs. Bla3)-Bl(c3) showing the dynamics of D. The sub-
sequent slow-down of the carrier is fully compensated by
the speed-up of the carrier [Re C};(t) > 0, D(t) increases
with ¢] on somewhat longer time scales. Ultimately, the
effects of the transient slow-down are overpowered by the
speed-up, so that the numerically exact dc mobility be-
comes larger than the approximate one.

Our results for A = 1/2 in Fig. [[(a2) and for A =1 in
Fig. [M(b2) suggest that the vertex corrections to the dec
mobility decrease with temperature for the parameters
studied. However, even at the highest temperatures ac-
cessible in these two cases, the numerically exact results
(and the bubble-approximation results, too) are not close
to the results in the infinite-temperature limit analyzed
in Sec. [II'Cl Also, one should keep in mind that even
when the vertex corrections to the dc mobility can be
considered as vanishing [e.g., for A = 1/8 in Figs. [[(a2)
and [[(b2)], there may be important differences be-
tween the numerically exact and bubble-approximation
dynamical-mobility profiles (see also Figs. S1 and S2 of
Ref. [70).

Having all these things considered, in the following
three sections we discuss in more detail specific results

related to the importance of vertex corrections for the
three values of wy/ty studied.

C. Intermediate-frequency phonons (wo/to = 1)

For A = 1/100 and at all temperatures examined,
our numerical results show vanishing vertex corrections
to the dc mobility, as demonstrated both numerically
in Fig. M(a2) and analytically in Sec. [ILAl The small
nonzero values of duyt™ can be attributed to the weakly
pronounced finite-size effects in the HEOM results, see
also Fig. [l The vertex corrections to dc mobility are
also small for A = 1/8. However, as the temperature is in-
creased, the dynamical-mobility profile develops a finite-
frequency peak qualitatively similar to that discussed in
Fig. BYa), see Fig. S1 of Ref. [70.

Although the vertex corrections to the dc mobility
for A = 1/2 become insignificant at the highest tem-
peratures considered, see Fig. [[{a2), the differences be-
tween the numerically exact and bubble-approximation
dynamics of Re C; and dynamical-mobility profiles per-
sist, as shown in Fig. Ba) and Fig. S1 of Ref. [7d. Fig-
ure S1 additionally suggests that the carrier slow-down
becomes less pronounced and shifts towards later times
as the temperature is decreased, meaning that the finite-
frequency peak in the numerically exact Re pu(w) then
shifts towards lower frequencies. Also, in the inset of
Fig. H(a), we observe a nascent atomic-limit-like peak in
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FIG. 8. Dynamical-mobility profile computed using HEOM
and DMFT for tp = wo = 1,A = 1/2, and T = 0.4. HEOM
computations use N =29, D = 4.

the bubble-approximation optical response at wq, indicat-
ing the presence of a more pronounced peak at wq at even
lower temperatures (T/ty < 1). These expectations are
confirmed in Fig. Bl which compares the numerically ex-
act and bubble-approximation dynamical-mobility pro-
files at T'/tg = 0.4. Both HEOM and DMFT results show
that the finite-frequency peak is centered exactly around
wp. This peak can be associated with the transitions
between the quasiparticle and the satellite peak in the
single-particle spectral function. While Fig. [ 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 min-
imize finite-size effects.

Figure [[(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;; dis-
plays similar features as in Figs. Blal) (A = 1/2) and
(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
pde and pRMFT stemming from the carrier slow-down
becomes more pronounced than that caused by the sub-
sequent speed-up. This argument can explain positive
(negative) vertex corrections at the lower (upper) end of
the temperature range considered for A = 1 in Fig.[{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 Re C;
towards zero is faster for stronger interaction. Therefore,
for sufficiently strong g, we may expect that the features
specific to the numerically exact result will not appre-
ciably affect pqc, which is then primarily determined by
ReCj;(t) up to times at which the corresponding bubble-
approximation and numerically exact results agree well,

12

see also Fig.

D. Slow phonons (wo/to =1/3)

For A = 1/100, the vertex corrections are negligible.
For A = 1/8, the vertex corrections are very small at
T/to = 1, but with increasing temperature, a character-
istic two-peak structure emerges in the numerically exact
dynamical-mobility profile, see Fig. S2 of Ref. [70. Inter-
mediate interactions A = 1/2 [Fig. B(bl)] and A = 1
(Fig. @) bring about the appearance of the two-peak
structure also at T/ty = 1. For A = 1, the finite-
frequency peak is centered around w = 2¢y, in agree-
ment with earlier numerically exact studies in the slow-
phonon regime @] While the bubble approximation
partially captures the time-limited carrier slow-down at
T/to = 1, compare Fig. @ with Fig. [ it does not cap-
ture the finite-frequency absorption feature, see the inset
of Fig. To elucidate the origin of this feature, the
assumption of strictly on-site phonon dynamics underly-
ing the atomic-limit-like Eq. (Z9) (which reproduces the
bubble-approximation result reasonably well, similarly as
in Fig.[6) has to be relaxed, as has been done by Schubert
et al. [80]. Their analysis attributes the 2ty 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 consid-
ered. Figure S2 of Ref. [70 shows that the finite-frequency
peak remains around 2t also at higher temperatures, in
agreement with earlier results [8(]].

Re Cj;(t)

FIG. 9. Time dependence of Re Cj; computed within the
HEOM, DMFT, and QMC for o = 1,wo = 1/3,A = 1, and
T = 1. The QMC results are displayed without the associated
statistical error 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 average). QMC simulations use N = 7.

Despite important differences in the overall dynamics
of Cjj, see Fig. [@] the results summarized in Fig. [7] show
that the bubble approximation correctly predicts the or-



der of magnitude of the dc mobility. However, as we ap-
proach 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 dis-
tance due to the effect of Anderson localization), while
the bubble approximation result keeps a finite value ﬂﬁ]
Therefore, in this limit, vertex corrections are most pro-
nounced. They give negative contribution to dc mobility
which completely cancels out the bubble-approximation
result (so that duf™ — —oo). The fact that the results
presented in Fig. [ show positive or somewhat negative
vertex corrections implies that the system is still rela-
tively far from the adiabatic limit in these cases. We il-
lustrate this in Fig. S4 Ref. [7( where we compare C};(t)
and D(t) for certain parameter values with the adiabatic-
limit result for these quantities. The figure confirms that
these quantities are far from their adiabatic-limit val-
ues. Adiabatic-limit results are obtained using a very
computationally efficient Monte Carlo procedure that ex-
ploits 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 T'/ty =
1, the DMFT captures the time-limited slow-down ob-
served in QMC data quite well, see Fig. [[0[a) and com-
pare to Fig. [l The short-time dynamics of Re C}; 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 tem-
perature is increased from T/ty = 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 dis-
playing only a zero-frequency local maximum, see the in-
sets of Figs. [[0(a) and MO(b). This finite-frequency peak
of the envelope, appearing at sufficiently low tempera-
tures, is the well-known polaron peak because the shape
of the envelope of the dynamical-mobility profile com-
pares reasonably well with the high-temperature (small-
wo) limit of the Reik formula [Eq. (29) of Ref.[77 in which
sinhx ~ tanhz &~ x, with x = const X fwy < 1], which

reads as
(w — 2€p01)2
[exp ( =

o (22|

Here, ep01 = g%/wp is the polaron binding energy, and
o is defined in Eq. Z7). Even at the highest tempera-
tures studied, QMC results predict a protracted tempo-
rally 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 /wq
decreases quickly with time, which is compatible with the
rather wide DMFT optical response).

T2
Re () = Y110

(31)
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FIG. 10. Time dependence of ReCj; computed within DMFT
and QMC for to = 1,wo =1/3,A=2,and (a) 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. 3I)]. QMC simulations use N = 7.

E. Fast phonons (wo/to = 3)

HEOM results are available only in a limited por-
tion of the parameter space, characterized by sufficiently,
but not excessively high temperatures and interaction
strengths.

We first compare numerically exact and bubble-
approximation results in the weak-coupling regime \ =
1/8 and T'/ty = 10, see Fig. [[I(a). While the bubble-
approximation result predicts a monotonically increas-
ing diffusion constant [Re Cj;(¢) > 0], the numerically
exact result predicts a time-limited slow-down of the car-
rier motion after it has covered a single lattice constant
(for 1 < tot < 2, when Az = 1), similarly to what
we observed in Figs. Bla) and BH(b) for smaller values
of wo/tp. Interestingly, both numerically exact and ap-
proximate results predict a local maximum in Re Cj; ()
around 27/wp, which is typical for the atomic limit.
With this in mind, the reasonable overall agreement be-
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FIG. 11. Time dependence of Re Cj; computed using HEOM
(solid black lines), DMFT (dashed red lines), and QMC (full
circles) for to = 1,wo = 3 and (left panel) A = 1/8,T = 10,
(right panel) A = 1,7 = 5. QMC results are accompanied
with their statistical error bars. The insets show (a) the
carrier spread, and (b) the dynamical-mobility profile com-
puted 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 = 7.

tween the numerically exact and approximate dynamical-
mobility profiles, similar to our observations in Fig. Blc),
is not surprising, see Fig. S3 of Ref. [70. The vertex cor-
rections to the dc mobility may be considered as van-
ishing, see Fig. [[(c), as expected in the limit of weak
electron—phonon coupling. The potential problems with
our HEOM closing are exacerbated at a lower temper-
ature (T'/ty = 5), where our results predict significant
vertex corrections, contrary to expectations for small \.

For A = 1 and T/tg = 5, see Fig. [Ii(b), the bub-
ble approximation again predicts strictly non-negative
Re Cj;(t) with peaks at integer multiples of 27 /wy. On
the other hand, numerically exact results show that
the peaks’ centers are generally shifted towards some-
what earlier times, while Re C};(t) may assume nega-
tive values. This is clearly observed for the first peak,
whose intensity within the numerically exact framework
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is smaller than the intensity of its bubble-approximation
counterpart. As a consequence, the numerically ex-
act dynamical-mobility spectrum is qualitatively differ-
ent from its bubble-approximation counterpart, which
has equidistant peaks at integer multiples of wy.

F. Insights from the imaginary-time domain

T T T
0.6 —— QMmC
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—~ T=0.1 ]
=04
(3\
0.2
1.4
0
[
=12
Q
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FIG. 12. Imaginary-time current—current correlation func-

tion for to = 1,wo = 1/3, and A = 1/2 at temperatures (a)
T = 0.1 and (b) T = 1. The QMC results obtained from a
full calculation and by making use of the bubble approxima-
tion 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.

It is known that the extraction of transport proper-
ties from imaginary-axis data for the current—current
correlation function can often be unreliable as it leans
on procedures for numerical analytical continuation. In
Fig. S5 of Ref. @, we compare some of our results for
dc mobility, which entirely 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 importance of vertex correc-
tions 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;;(—i7) [see
Eq. @)] for 0 < 7 < f, and, on the other hand, the
quantities G~ (k, —i7) [see Eq. (I8)] and G=<(k, —iT) [see
Eq. ([3)], which are needed to obtain C’;?Jbl(—h) in accor-
dance with Eq. (I7). The computations were performed
using QMC. It is easier to obtain these quantities in imag-



inary time than in real time because the dynamical sign
problem occurs only for real times.

For the investigated values of parameters when T /to >
1 we find that the differences between C;;(—ir) and
C]k-f]bl(—iT) are very small. They typically differ by less
than 1% and this difference is typically below or compa-
rable to the statistical error of QMC results. One such
example is presented in Fig. [2b). These results should
be contrasted with our conclusions reached by analyz-
ing real-time results in the very same parameter regime,
see Figs. Blb) and [[(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.

When the temperature is lowered to T'/ty = 0.1, the
differences between numerically exact and bubble ap-
proximation results becomes noticeable, see Fig. [2l(a).
The inset of that panel shows a zoom to the region where
this difference is most significant. In this region, the dif-
ference is above 5%, while the statistical error of QMC re-
sults is on the order of 0.5%, hence we are confident that
the difference observed is above the level of statistical
noise. While these data point towards non-negligible ver-
tex 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 re-
sults demonstrate that the vertex corrections vanish in
the weak-interaction, atomic, and infinite-temperature
limits, which is supported by numerical results. The nu-
merically exact HEOM calculations were performed for
three phonon frequencies: intermediate wg/tg = 1, low
wo/to = 1/3, and high wy/ty = 3.

For wg/ty = 1, as the electron—phonon coupling is in-
creased, a characteristic two-peak profile of the numeri-
cally exact optical conductivity emerges instead of a sin-
gle Drude peak. At low temperatures, the other peak is
centered precisely at w = wg and is also captured within
the bubble approximation because it corresponds to the
transitions between the quasiparticle and the first satel-
lite peak in the single-particle spectral density. At higher
temperatures, the peak shifts to w > wg. 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 diffusion constant
D(t) at intermediate time scales. Interestingly, for strong
interactions, such a slow-down of charge carrier is ob-
served 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 correc-
tions. This observation is compatible with the absence of
vertex corrections in the atomic limit. Both at low and
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at high temperatures, we find that the vertex corrections
either do not affect or increase the dc mobility by 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 as for wo/tg = 1. We
find that the peak at zero frequency persists, giving the
dc mobility that is somewhat smaller, but still compa-
rable 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 al-
most coincides with the DMFT solution for optical con-
ductivity for all available parameter values. Hence, our
results demonstrate that the vertex corrections can be
substantial also in the cases where the single-particle
correlations are almost local, in agreement with previ-
ous findings on the Hubbard model [49]. Our results
also illustrate the challenges in numerical analytical con-
tinuation of the imaginary axis data: in all parameter
regimes the difference between the full and bubble corre-
lation functions in imaginary time is minuscule, and yet
the difference in optical conductivity can be large.

To our knowledge, in this work we have presented,
so far, the most comprehensive study of vertex correc-
tions 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, micro-
scopic calculations for lower phonon frequencies and for
models with nonlocal electron—phonon interactions are
highly desirable, especially in connection with real-world
materials.
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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 containing at most one electron. The corresponding
replacements CL — |k)(vac| and ¢, — |vac)(k|, where the state |vac) contains no electrons, are appropriate in the limit
of low carrier concentration we are interested in.

We first summarize the formally exact result for the dynamics of the current—current correlation function in Eq. (I0),
which can be expressed as

Cyi(t) = Trie{je(t)} = Y gkl ()]k), (A1)
k
where
W(t) = %Trph {efthjefﬁHeth} . (A2)

In Ref. [57, we derived that the interaction-picture counterpart of the purely electronic operator ¢(t) reads as

e_ﬂHe
L(I)(t) = Te [21()+22(0)+23(t.0)] - (A3)
The corresponding influence phases are given as
t S2
@1(t) = Z/ d82/ dSl ‘/q(l)(82)>< e_ﬂhl(SQ_Sl)
qm 70 0 (A4)
Cm + Cm I Cm — Cm I o
X {T V,(q)(sl)X + — V,(q)(51) } )
Z B T2 o
@g(ﬁ):— / dTg/ dT1 V_ (Tl)
oo ' (A5)
x eitm(2=m) e OV (1),
t ’ (1)
D3(t,8) =—1i / ds/ dr VI (5)*
qzm 0 0 ! (A6)
x e Hmsgihm(B=T)¢ CV_Q(T),
where the purely electronic operator V; reads as
Vo= _lk+a)kl, (A7)
k

while the coefficients ¢, and p,, (m =0,1) are

2
— (9 - 4 - -
co = (\/N) (I4+npn), po=+iwo, Nph = B0 1 (A8)
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2
g .
c = (\/—N) Nph, 1 = —iw. (A9)

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

veo=vo, (A10a)
‘vo=ov, (A10b)
V*O0=V0 -0V, (A10c)
VeO=VO+OV. (A10d)
The operators V; in the real-time and imaginary-time interaction picture are defined as
VID(t) = eetVpemHel V(1) = eMem Ve Hem, (A11)

The time-ordering sign 7 in Eq. (A3]) orders the hyperoperators so that one first applies imaginary time-dependent
hyperoperators that are mutually antichronologically ordered (descending imaginary-time instants) and subsequently
applies 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

_Z _ ~®(8) ,~BH.
Zo= 7= =Tre {Te e } (A12)

where Z,, = Trphe’ﬁHPh is the free-phonon partition sum.
Concerning single-particle quantities, it is convenient to redefine them as follows
G>(/€, t) — g>(/€7 t)e—qut
Troe{et|vac) (ke |k)(vacle PH}
=—i
Zph
Trpy {eHont (k |e=iHe| k) e~ Hom ) (A13)
=—i
Zph
= —jetent <k "Te*“’l(t)]le‘ k> ,

< —ipupt
G, = D

<NC>K
Ty {|k) (vac|e?Ht [vac) (k|e~Hte=BHY
=1
Z
' ’ Al4
.’I‘rph {eszht <k|e—the—BH|k>} ( )
=1

Z
—BH,

e <k ‘Te—[%(t)ﬂaz(ﬂ)ﬂas(tﬁ)] e’
Ze

The redefinition embodied in the first equalities of Eqs. (AT3]) and (A14) is fully compatible with the frequency shift
used to transform Eqs. (I8) and ([[9) into Egs. (20) and (1)), respectively. It also introduces a different normalization

for G, =iy, G<(k,t = 0) = 1, which explicitly shows we consider a single electron, while the current—current
correlation function in the bubble approximation is expressed as [cf. Eq. (7))

CPP(t) = =D _JRG™ (k. )G=(k,1)". (AL5)
k

In Ref. [5d, we derived that the influence phases for single-particle quantities read as

t S2
®1 (t) = Z/O d82 /0 dSl V:I(I) (Sg)c
qm

o1, Y0 2,)C

(A16)

)
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p2(B) = P2(B), (A17)

(A18)

t B
3(t,ﬁ):—i2/ ds/ dTVq(I)(s)C
om0 0
x e Hmseim(B=T) e O (7).

As the first illustration of the utility of these formally exact results, we prove the equality Cj;(t = 0) = C?Jbl(t =0).
Because of ®1(t =0) = ®3(t =0, 3) = 0, see Eqgs. (A4) and (&), Eqgs. (A and ([A3]) imply that

L€
” lf—O Z]k< Te_q’z(ﬁ)] k>
. . _ e_BHe
:Z]k <k ]Te <I>2(:8)T k> (Alg)
]C e

_BHe
=D ik <k Te 2085
k

Since the hyperoperators in ®;(f3) act on the operator je~?H¢ /Z, from the right-hand side, see Eq. (A3)), the current
operator can be moved in front of Te~®2(%). Because of ¢;(t = 0) = p3(t = 0,8) = 0, see Eqs. (A16) and (AIS),

Eqgs. (A1), (A13), and (AT4) imply that

-8
CPP (¢ = 0) k| Te o2 E
ij Te A

e

_BHe

e

e

He

k> | (A20)

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

Appendix B: Evaluation of Cj;(t) and C}}'(t) in the g — 0 limit
1. Equality of the lowest-order terms

Let us start from the lowest-order term in the bubble result [Eq. (A1H)], which we derive by separately considering
G~ (k,t) [Eq. (A13)] and G=<(k,t) [Eq. (AI4)] in the lowest-order approximation. Up to the second order in g, we
have

[G™ (k,t)]2 = —ie™ " [1 — (k[1 (1) Le|K)] , (B1)
e~ Bex
G5, = e (1 (Hn (1~ -

(klp2(B)Lelk) — (klpa(t, B)e™ e k)| |
where we have used the relation

(klpa (B)e ™= ) = (klpa(8) Lelk) (B3)
and a similar relation for (k|p;(t)e #(He==x)|k). The time-ordering sign can be safely omitted because the hyper-

operators entering Eqs. (BI)) and (B2) are already properly ordered. Therefore, up to the second order in g, the
current—current correlation function in the bubble approximation reads as

Cbbl Z jk

2Re (klp1 (8) Lolk) — (klipa(t, B)e= (o= k)

[1 = (klp2(B)Le k) —

where we have observed that the matrix element (k|@2(3)1e|k) is purely real.
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We proceed to find the expression for the full current—current correlation function [Eq. (AT])] up to the second order
in g. Because of Egs. (AT7) and (B3), together with [j, He] = 0, we can start from

o~ BH.
)2 = Z]/ﬁT (1 — (klp2(B)Le| k) —
k e
k> _ (B5)

</€ “1)1 (t)jk_lje_B(He_ak)

(k| @s(t, g g Hemen

In the following two paragraphs, we demonstrate that

Ay (k,t) < ‘@1 )ik Lie —B(He—ey)

k) = 2Re (kli1 (1) Le ) = 0 (B6)
and

As(k,t) < ‘@3 (t, B)jy tje P Her) | i

k) = (Kl (t, Bl Fe=en) oy = 0. (B7)

Collectively, Egs. (B4), (B3), (B6), and (BT) 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

<k‘<1>1(t)jk_1je B(He—ex)

Z / s / dsy e 2= [y (VD (52) VD (1)) + bV (s0) VD (s2)] )~

em <k ‘V_(q)(sl)jk_ jePH—=y T >(32)‘ k> - cﬁ<k

D(s2)ji e VD 1) )]
(BS)

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

(k|1 (t)1e|k) = Z/ d32/ dsy cme™ #2730 (VD (s0) VD (51) k), (B9)

so that the following equation holds

Aq(k,t) < ’q) Vi je —B(He—ek)

k) = 2Re (klis (£) Lol ) =

o (B10)
— 2Re Z/ d52/ dsy comeHm(s2751) <k ’Vq(l)(52)j,;1j6_6(He_8’“)V,({1)(81)‘ k> )
om0 0
An explicit calculation of the matrix element in Eq. (BIQ) gives
t s .
Aq(k,t) = —2Re Z/ d52/ ’ ds et Sk Er—aFinm)(s2=s1) Th=q o —Bler—q—er) (B11)
0 Jk
The following sum over ¢ should be performed (with ¢' = k — q)
ijiqef(ﬁLHt)Equ — qule*(ﬁﬁkit)sq/ ) (B12)
q q’
The second sum in Eq. (BI2) is equal to zero because j_, = —j,, while e_, = ¢,. This proves Eq. (BG).
Let us now prove that As(k,t) = 0. We start from
t 3 _
<k ‘Qs(tﬁ)j;lje*ﬁwrs’“) k> zzZ/ ds/ dr e Hmseitm(B=7)
am 70 Jo (B13)

(B (DVO ()R = (k [V () e oIV ()| )]
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On the other hand, using Eq. (AIS]), we find that

<k|903(t ﬁ) A(He—ex) |k5 _ZZ/ dS/ dTC e Hmse — i (B— <k.
= ZZ/ ds/ dr e Hms = m(B=T) <k g

—ZZ/ ds/ dr cgpe” Hm?® —me< ’V V(I) (s) k>

=i d dr ¢,y Hmsgitm (B— ‘V VD ‘k

zqzm/o S/o T Cme e < (s) >

Writing the first equality in Eq. (BI4), we used u, = iz, as well as V_,4(7) = V,4(—7). In going from the first
to the second equality in Eq. (BI4), we performed the dummy-index change ¢ — —g,m — T, and observed that
V_q(— Ye BHe = ¢=BHY ¢(8 — 7). The third equality is obtained from the second by the integral variable change
B —7 — 7. The last equality in Eq. (BI4) follows from the identity cme #m7 = ¢,,e*m(8=7) which can be checked
by direct inspection. Equations (BI3) and (BI4) imply that

i
Vo(—r)e 2tV (s) k)

V_y(8 =V ()| k)

(B14)

Bk, t) = (k |@a(t, )i e om0 | k) = (hlis (£, Be o0 y*
¢ B , B (B15)
= _ZZ/ ds/ dr cpeHms itm (B=T) <k "/:1(1)(S)jk_lje_B(He_ak)V_q(T)‘ k>
om0 0
An explicit calculation of the matrix element in Eq. (BIH) leads to
t B »
As(k,t) = —zZ/ ds/ dr cmei(a’“_8’“*‘1““7”)Sei“mﬁe(a’“*q_g’“_i“m)Tjk_—_qe_ﬂ(a’“*q_E’“). (B16)
Jk

The same reasoning as in Eq. (BI2) proves that Az(k,t) =0

2. Second-order cumulant expansion

Still, Egs. (B4) or (BA) do not suffice to obtain an expression for C;;(¢) in the weak-coupling limit. To that end, the
perturbation series for C;;(t) 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 ¢ — 0. The second-order cumulant expansion
starts from Eq. (B4) and produces the following expression for C};(¢):

Oj] ( Obbl Z ,]2

e 2Re <k|m<t>nc|k>f<k|ws<t,ﬁ>e*B<He R |k)"

e fex —(klp2(B)Lelk) o

(B17)

Up to now, we have not discussed the electronic partition sum Z,, which has its own perturbation expansion in g
that up to the second order reads as

Ze=" e 1 (klpa(B)LelR)]. (B18)
k

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

Ze=Y ebone= (ke @elb), (B19)

We note that Eq. (BIZ) suggests that the unnormalized equilibrium occupation of state |k) is proportional to
e Pere—(klv2(B)Lelk) 5o that Z, given in Eq. (BI9) ensures the correct normalization of equilibrium occupations.
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We finally list the explicit expressions for the matrix elements needed to evaluate Eqs. (B1Z) and (BI9):

_eide(k)t 4 jAg (k q)t +1 _etAer(ka)t ZAEJF(]{: q)t +1
k 1)1 |k) (1 ’ B20
(klp1 () Lelk) = =7 Z[ + Npn) NI + npn A, (hg)? } (B20)
BAe_(k,q) _eBAey(kq)
' —e + BAe_(k,q) +1 e + BAey (k,q) +1
k B)le| k) = = (1 B21
< |<P2( | N; |: +nph AE_(k,q)2 +nph A£+(/€,q)2 ) ( )
2 —Bek_q ide (k,)t _ {][g—BAe-(ka) _ 1]
—B(He—e) |y = 9N € le Ile
<k|(p3(t,ﬁ)€ : |k> N Z e—Bek {nph Ae_(k,q)? *
q (B22)
ei ey (k,q)t _ 1e— e+kq) 1
. [ Acey (k,q) li BAes(k,q) ]
(L mom) Az (kq)? }
where
Aei(k,q) =ep — €k—q £ wo. (B23)

Appendix C: Evaluation of Cj;(t) and C}'(¢) in the to — 0 limit

Here, we rewrite the Holstein Hamiltonian in the site representation and partition it into the zeroth-order term and
the perturbation term as appropriate in the limit ¢q — O:

H = Hy+ Hy, (C1)

where (p enumerates lattice sites)

Hy = wo Z bib, + g Z chep (b +01) (C2)
p P

while

Hl = —to Z Z C;LH_,YCP. (03)

p y=%£1

We perform a unitary transformation of the Hamiltonian

H=e%He™® (C4)
with
g
w—Z; (b, — ). (C5)
p
The action of the unitary transformation on the electron operators is
eSepe™ =, X, (C6)
with
X, = by — b Cr7
= exp [w ( )] , (C7)
while its action on phonon operators is
eSbpe™ = b, — ic;;cp (C8)
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Limiting the discussion on the Hilbert space of states that contain one electron, the transformed Hamiltonian takes
the form H = Hy 4+ Hy, with

2
7 g
Hy = _W_o +WQZb;bP, (C9)
P
ﬁl = —to Z Xp+%pCL+,YCp. (ClO)
Py
We introduced the notation
Xy = X1 X, =exp | L (b, — bf — by + b (C11)
PP ptyp = €XP wo \ P 0 T Oty T Oy )
The transformed current operator reads as
j=e%je 5 = —ity Z VCL+»YCpo+v,p' (C12)
Py
We denote by z the (real or imaginary) time (where z = ¢ for real time and z = —i7 for imaginary time). We make
use of the identity
(7(2)i(0)x = (G(2)7(0)) & (C13)
and we use Eq. (CI2)) to obtain
1
Cj‘(z) == (No) = t(% Z Y0 <CL(Z)CP+7(Z)XP,Z)+7(Z)C£ (O)Cs+5(0)Xs,s+5(O)>f< . (014)
e/K ps
v,0==%1

All the averages and time evolutions in Eq. (CI4) should be in principle taken with respect to the operator K. We
are, however, interested in the limit of small ¢, and we would like to obtain the first nonzero term with respect to to.
We note that the factor in front of the sum gives us the ~ t3 term. The expansion of the time evolution operator for
real z (the situation is similar in other cases) is of the form

e~ Kz = =Ko oy [—z/ ds eFos [ e=iKos | = o=iKoz[1 4 O(¢,)], (C15)
0

that is, its first nonzero term is of order ~ 1 and the remaining terms are of order ~ t; and smaller. The same is the

case for e=#K operator. Therefore, to obtain the first nonzero term in Eq. (CI4) it is sufficient to take the terms of

order ~ 1 in the expansion of all operators e*R% and e=PK . This is equivalent to replacing the K operator with the

K operator. All the averages in Eq. (CI4)) can then be obtained by applying the Wick’s theorem. We thus obtain

(eh(2)pin (2) Xp prn (2)el(0)Cs45(0) X 45(0)) 5 ~
(5 (2)Cptry (2) Xp i (2)el(0)C515(0) X 546(0)) . = (C16)
(eh(2)epsr (2)el(0)cars (0)) g, (Xppn () Xesrs (0)) , -
By applying the Wick’s theorem to the term with electronic operators we obtain
(e () 0)cuss () 5. = (ch(2)ensa(0)) g (cpin (2)cHO)) .
- {h(@epn (), (chO)car(0) g, ©17)

~ By ctidiin (GhD0) g, (G2 ,(0) . -

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,

Cji(2) = ﬁté > (b @e) g, (et (2ehis 0) - Xy () Xpir p(O)) g, - (C18)



23

We now show that the result of Eq. (CI8)) is recovered in the bubble approximation in which, upon neglecting the
term proportional to the square of carrier density, one obtains

C;)]bl(z) = to Z 75 2)esis(0 )>K <cp+.y(z)cl(0)>K
v, 6 il (019)
= N.) t(% Z 75 C z)cs46(0 )X;(Z)Xs-‘rt?(o»f( <Cp+7(Z)CZ(O)Xp-i-v(Z)X;L(O»;} .
v, 6 :tl

Following the same reasoning as above, the leading term in the expansion of C’;?Jbl(z) in powers of ty — 0 is obtained by

replacing all averages and time evolutions with respect to K with those with respect to Ko. Similarly as in Eq. (1),
we obtain

O = 7=t (O Oz, (e (GIehan ) (KJAX0) g, (Ko (X4 0)) - (C20)

Ro Ko 0

We finally note that

<Xp7p+7(z>Xp+v,p(O)>f<o = <X;Z(Z)XP+’Y(Z)X2+V(O)XP(O)>I~( ( )
! 21
= (XX, (0) 7, (Xpr(2)X]4,0)) -

where the first equality stems from Eq. (CLIl), while the second equality follows from the fact that phonon operators
acting on different sites p and p+~ commute. From Eqgs. (CIR), (C20), and (C21)), we conclude that Cj;(z) = CPP(z)
as tg — 0.

In the remainder of this Appendix, we provide explicit expression for Cjt?})l(z) to show that the corresponding DC
mobility is finite. The phonon term from Eq. (C2])) is given as

2

g
(Xp,pty (2) Xptryp(0)) g, = exp {_2F

[2npn + 1 = (npn + 1)e” 0% — npe’?] } . (C22)
0

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

(), (o Gy (0)) . = (C23)

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

(ch(2)en(0) g, = (ch(2)en(0) g+ (ep(2)e}(0)) z, & (cp(2)c}(0)) & - (C24)

To evaluate the terms (cf (= )cp(0)> = and (¢,(2)¢}(0))  for the Hamiltonian given by Eqs. (C3) and (CITO) (where the

irrelevant shift —g?/wp in Hy is neglected), we make use of the Matsubara Green’s function formalism to evaluate the
self-energy stemmlng from the perturbation H 1 to the Hamiltonian HO The overall approach is very similar to that
developed in Ref. 133, see in particular its Appendix B. To first order in interaction we obtain the self-energy

0

52 n
Ez()lzzl,p(w) = —toe_g(2 ph+1), (C25)

which in the momentum representation reads
S (W) = —2t g cos(k) (C26)
with

a2 2n 1
D (C27)
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It can be seen from Eq. (C26) that first order self-energy describes the formation of bands due to renormalized
electronic coupling teg. 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

. 1o
@ (w) = 2t(2J2L / dwi X7 (w1) G (w — wy), (C28)
™ — 00

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

9
X~ (t) = —iexp {_2F

[2npn + 1 — (npn + 1)e ™" — nppe™’] } . (C29)
0

We can further transform Eq. (C28) into the form (we now omit superscripts R, 2 for brevity)
T
Y(w) = 2t(2J2— / dw1 X~ (w1)G(w — wq) (C30)
™ — 00

that is amenable to the self-consistent treatment in conjunction with the Dyson equation
w—X(w)]G(w) = 1. (C31)

Making use of the identities

acos@ Z Il zl0 (032)

l=—o00

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

(nph + 1)e—iwot 4 npheiwot = 21 / nph(nph + 1) COS |:w0 (t + Zg)] s (033)

we recast Eq. (C30) as

+oo
Sw)= Y aGw+lw), (C34)

l=—00
with ¢; given by

2 2
725—8(2nph+1) _18s0

c = 2t3e I {40.) 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 approximation that the dominant term in the sum in Eq. (C34) is the
[ = 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, Eqgs. (C31)) and (C34) reduce to a single quadratic equation
for G(w) and we obtain the corresponding spectral function as

Vicy — w?

1
Alw) = —;Im G(w) = Smeg

0(4co — w?). (C36)

From the relation between the spectral function and the correlation functions of creation and annihilation operators,
we obtain

w e Blw=12) A(w )
(Ne)g (Hen(O)g (cns ”(Z)CL+V(O)>;~< - fil[dw e—m(ig ) / cho e AL) (G3T)
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The integrals in previous equation are all of the form

0= =5 [ dwevaE—i = - Lhi-az) (3%)

ma? J_,
with a = 2,/cop. The integral is solved by introducing the substitution w = acost, by making use of
In(u) = 1 [7d e*°>%cos(nf), and by using the identity I,(z) — I,42(2) = 2%E1,.4(2). Combining

Egs. m,ﬁm (C22), (C36), and (C3T), we finally obtain the expression given in Eq. (23], 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 — +oo. The time dependence of this prefactor is determined by the term

L-2(8 - it) /a1y (2t /o)

g(t) = 16— ) : (C39)
As t — +00, making use of Jy(z) = —ili(—iz), we have
Ji(—2t J1(2

Asymptotic behavior of the Bessel function when x — +o0 is

Ji(z) ~ \/gcos (:v - ‘%”) . (C41)

Consequently, g(t) ~ t73 as t — +oo. This is sufficiently fast convergence to make the time integral of the Cj;(t)
finite, which then leads to finite dc mobility.

Appendix D: Evaluation of Cj;(t) and C};'(t) in the 5 — 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
oscillators. The appropriate Hamiltonian reads as (the oscillator mass is set to unity)

w2

2
h = % + 70332 +Czcle, (D1)
[
hpn(z,p)

where x and p are respectively the classical coordinate and momentum of the oscillator, while C' = gv/2wg. The
greater Green’s function can be expressed as [see also Eq. (AT3))

wia?

dx e~ P~z —iCat ) 242
/ = —jeitrle= 5 (D2)

fdi[] dp o—Bhon(z,p) g —iCat et

G~ (t) = —ie'rt
[ dx dp e=Bhen(@:p) ![dxefﬁi@f

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

2.2
—Bhpn ,—BCx ,—iCaxt —BX0E _BCx,—iCat
iei“Fteﬂ“Fde dpe phe e _ iewFteB“FIdme 7 e e

[ d dp e=Pher [ de e

- iequteﬂuFeé(ﬂ-i-it)z . (D3)

g=(t) =

The electron number is

-252

(cTey g = ePrre =, (D4)

Let us now consider an N-site chain and start from Eq. (I7) determining C}P!(¢). 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. (I7) is readily evaluated
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using Eq. @), >, j2 = 2t3N. The total electron number (Ne)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. (20]).

We continue by applying the same approximations to Eq. (I0) defining C};(t). Because of the assumed locality and
classicality of phonons, we can approximate the Hamiltonian [Eq. ()] as

HNZ p—g—i-w—g:f +ngc cle (D5)
~ - 2 2 r - rerbr,

Hpn (x,p)

where x and p respectively denote (classical) coordinates and momenta of oscillators. Since the traces in Eq. (I0) are
to be evaluated over the single-electron subspace, we can replace cl.c, — |r){r|, so that

efaH ~ e*OCth(xap) ZefaczT|r><T|, (DG)

Inserting Eq. (DE) (with o = 3, +it) into Eq. ({T), one obtains

() = [ dxdp e PHmR) Sy |jlr)[2 e~ iCmr g~ (BinCa o
R Tdxdp 3, e PHm(xp) -0, :

Because of the current operator in the real-space representation is j = —itg Zm |r +~){r|, we have r; = r + v, where
v = +1, and Eq. (D7) is recast as

2.2
L0ty wiw?

2a2 . ,
BT Sy |Jdor e 0000 [fatn ) 5 00 [ g St
Cj;(t) =

(D8)

2.2
T

wiz wZa2
Er |:f dIT 6_6026501{| Hs;érfdxs e_ﬂDT

The integrals in the numerator have been evaluated in the single-site limit, see Eqs. (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. (28]).
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SI. HEOM

For the sake of completeness, here, we present the equations that we solve to obtain numerically exact and bubble-
approximation results for the current—current correlation function and the dynamical-mobility profile.

A. Dynamical equations of the HEOM for C};(t)

As we have discussed in Ref. [, the totally symmetric (¢ = 0) phonon mode does not affect the dynamics of
Cj; = Tre{ju(t)}, which follows from the evolution of the purely electronic operator

W(t) = Z ' Trpp{e 1t je=PH i) (S1)

The operator ¢(t) is at the root of the hierarchy of dynamical equations, whose higher-order members L,(a") (t) describe
the dynamics of n—phonon assisted processes determined by the vector n = {ngm|q # 0;m = 0,1} of non-negative

I
integers ng,, that obey Z Ngm = n. The total momentum exchanged between the electron and phonons in the
qm
!/
phonon-assisted process described by n is k, = Z qngm- In the following, primed sums over ¢ exclude the ¢ =0
qm

term. By virtue of the translational symmetry, the only non-zero matrix elements of 13" (t) are <k|L51") (t)|k + kn), and
their time evolution is governed by

Ou (ke (DK + kn) =

—i(er = Ehrion + i) (K[ (8)[k + k)

/
0 /(L ngm)em (k= ale (0 + k)
o Ngm
/
— iy /(A ngn)em KLV @)k + ko + )
o Ngm
. / (n—1)
+i Y /Tgmem (b +ale” P (O]k + k)
qm
. 4 Cm n—1
—zqzmj Vi (Kl P Ok + = a)

+ [at<k|bg"> (0)[k + kn>]

close

In Eq. (82, ptn = wo Z;(”qo — ng1). The operator L,(n”) (t) couples to analogous operators at depths n + 1, which are

. j: j: _ .
characterized by vectors ny;,, whose components are [nqm}q,m, = Ng'pms £ dgqOm/m- The coefficients c,,, are defined

in Egs. (A8) and (A9) of Appendix A. The last term on the right-hand side of Eq. (S2)) represents the closing term,
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which renders the HEOM truncated at the maximum depth D numerically stable. In Ref. [1, we have checked that
the following closing term

EICHRICIEE S
close 83)
) (
- 5n,D§ (7';@_1 + T]{;—-‘:k;n) <k|L;(an) )]k + kn)

stabilizes the HEOM in Eq. (S2) without compromising final results for the dynamical-mobility profile. The closing
term comprises the rates at which the electron is scattered out of the free-electron state |k)

7t =20 ST 4 npn)d(en — nyq — wo)
k N; ph k k—q 0 (84)

+npnd(er — ep—q + wo)],

which can be computed analytically in the limit N — oo.

B. Dynamical equations of the HEOM for G=(k,t)

The dynamics of the current—current correlation function in the bubble approximation follows from the dynamics
of G7(k,t) and G<(k,t) as defined in Eqs. (A13) and (A14) of Appendix A. Both quantities can be computed by
solving the same set of dynamical equations that have been presented in Ref. [2 and read as

GE™ (k — kn,t) =
—i(ep_p, + pin)GE™ (k — kn,t)

/
+iY T+ ngm/em G%:H) (k—kn —q,t)
qm

I
+1 Z VTogm/Cm Gfﬁ’"il) (k—kn+q,t)
qm
+ [@Gf’") (k - kna t)]close-

To ensure that G2 decays to zero at sufficiently long times, we use the closing term [(%G,(n%’n) (k — kn,t)]close- 1ts
form after truncation of Eq. (88) at the maximum depth D can be derived along the lines presented in Ref. [l. The
final expression for the closing term is analogous to that presented in Eq. (S3) and reads as

[6tG$127") (k - kna t)]close -
1 S6
B 5n7D§T1€_—1knG$127n) (k - kl’lv t) ) ( )

where 73, is defined in Eq. (S4)).
The propagation of Eq. (B8) is additionally stabilized by transferring to the rotating-wave frame and solving

equations for the envelope éslz’")(t) defined as

G (k — kn,t) =exp [—i(eh_p, + pin)t] X

- (S7)
GE™ (k — kn,t).

We note that the HEOM in Eq. (SH) has a smaller number of equations than the HEOM we solved in Ref. [2. This
reduction in HEOM size is possible because the part of the dynamics governed by the zero-momentum phonon mode

can be solved analytically. Additionally, this implies G=Z (k,t) # Géz’o)(k, t), and we now establish the relationship
between the quantity of our interest GZ(k,t) and the quantity at the root of the hierarchy ng’o)(k,t). The g =0
phonon mode couples to the unit operator in the subspace containing a single electron, i.e., Vy—g = 1ic, meaning
that the action of the corresponding ¢ = 0 components of the influence phases ¢4 (t) and p3(t, 8) [see Egs. (A16) and
(A18) of Appendix A] can be evaluated analytically. The analytical procedure is, up to prefactors N1, identical to
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that presented in Sec. STl and produces the following final results for G (k,t):

G (k,t) = G50 (k, t)e =t
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X exp —Zcme Him ]
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L ™M

2
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_ 92
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X exp
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C. Initial conditions

The initial condition under which the HEOM for G [Eq. (S5)] is solved reads as [2]

G (k = kn,0) = —id,, 0. (S10)
The initial conditions under which the HEOM for «(¢) [Eq. | and G< [Eq. (SH)] is solved is determined by

the equilibrium state of the interacting electron—phonon system |1, ] In Ref. , we derived that the hierarchical
representation of this state is obtained by propagating the following imaginary-time HEOM:

O (klo S (7)|k + kn) =
= (ek + ) (k[ (T) [k + Kn)

!
+ 3\ At ngm)en(k = alo s (lk + ko) (S11)
qm

/
+ Z /TegmCm (k + q|a$;l)(7')|k + kn).
qm

Equations (SII) are propagated from 7 = 0 to 7 = 3 with the initial condition (k|oS" (7)|k + kn) = On.0, which is
representative of the electron—phonon system at infinite temperature. The initial condition for the propagation of
Eq. (S2) then reads as

(kI )1k + kn) = Z5 ' %

(S12)
(=2) sin(k) (Klo ) (B)[k + kn),
while the initial condition for the propagation of Eq. (SH) governing the dynamics of G< is
G (k= ki, 0) = 2 i (I agn>(5)‘k+kn>. (S13)

The so-called electronic partition sum Z, = Z/Z,), entering Eqs. (S12) and (S13)) reads as

Z. =Y (ploy (B)p). (S14)

p
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D. Propagation algorithm

The HEOM embodied in Eq. (S§2) is propagated using the scheme originally proposed in Ref. 3. We use the
fourth-order Wilkins—Dattani scheme with the time step woAt = (1 — 2) x 1072, depending on the values of model
parameters.

When the HEOM embodied in Eq. (S5 is recast as the HEOM for the envelope G= [Eq. (S7))], it becomes a system
of first-order linear differential equations with time-dependent coefficients. Because of its non-constant coefficients,
the resulting HEOM for the envelope is propagated using the fourth-order Runge-Kutta algorithm @] with the time
step woAt = (1 —2) x 1072, depending on the values of model parameters.

SII. VANISHING VERTEX CORRECTIONS IN THE LIMIT ¢y — 0: INSIGHTS FROM FORMALLY
EXACT EXPRESSIONS

Starting from the formally exact expressions of Appendix A, this section presents the proof of the equality C};(t) =
CPPH(t) in the limit to — 0.

As argued in the main text, the dominant term in the expansion of Cj;(t) and C’;?Jbl(t) in powers of small ¢y is
proportional to ¢3. This term can be obtained from the formally exact expressions by replacing all operators e~*He
by the unit operator 1i. in the subspace containing a single electron. In particular, this means that all the real-
time/imaginary-time hyperoperators entering the expressions for influence phases become time-independent, which
makes the time-ordering sign ineffective and permits us to perform the real-time and/or imaginary-time integrals and
sums over g analytically.

Let us first consider how these simplifications are reflected in the influence phases 1 (t), p2(5), and 3(t, ) governing
the single-particle dynamics. The phase ¢1(t) [Eq. (A16) of Appendix A] simplifies to

Y VEVS,

q

e1(t) =

3 ;—’; (67 4 it — 1) | . (S15)

mm

Because of V,V_, = 14, we can replace sum over ¢ by N, meaning that o1 (¢) acts as a scalar that reads as

2

wo (S16)
[(1+npn)e™ ™" + nppe™" +iwgt — (1+ 2npn)] -

In the same vein,

92
902(t) = ﬁw_()’ (817)
while
Zo = ]\/'(3—16’.(]2/0-)07 (S18)

where the factor N comes from the trace of the unit matrix that replaces the operator e #¢ in Eq. (A12) of
Appendix A. We thus see that the action of yo(f) is cancelled by the normalization Z,. The result for ¢5(¢, 8) reads
as

903(t7 6) =

Z V:ZC Cv_q

q

£ 5w -] =

mm

Since @3(t, §) acts on the unit operator in Eq. (Al4) of Appendix A, it effectively acts as a scalar (Vy11.V_4 =
VoV_q = 11.) whose value reads as

2 . .
pa(t,B) = Ly (70t — gioty (S20)
Wo
We finally obtain
1

O (1) = 1 3 e OO sl (521)
k



Since the terms in the exponent do not depend on k, one uses
NS = NI ) - 26
k

to finally arrive at

CVPI(1) = 242 =91 (D=1 (0 —paltd)”

We now turn to Cj;(t), starting from

0 :f}_gCOth (%) [1 — cos(wot)] (NZVX >
9—2 [sin(wot) — iwot] (N Z VSV °q> .
“o

The action of the hyperoperator % > q qu qu on the current operator j reduces to
Z Vi V2 =2
because of

1 , 1 .
N > VaiVog = N > dp-alp)pl =0,
q qp

S5

(S22)

(S23)

(S24)

(S25)

(526)

which follows from N='37 ¢/ = 0 (under PBCs). In other words, one can replace § Y-, V,* V2 by 2 in Eq. (524).
Along the same line, we conclude that 3 > oV V2, can be replaced by 0 in Eq. (524). We can thus replace the

original ®(¢) by the scalar that reads as

Oy (t) = (2nph +1) [2 — ot — et

Q
oml\-’)

In a similar manner,

e
D5(t, B) = —2w—z sin(wot) < ZVX ‘v )
0

Using the same reasoning as above, we find that
1 x C . .
N2V Veai = i,
q
so that the influence phase ®5(¢, 8) effectively acts as the following scalar:

(t ﬁ) g_g ( iwot e—iwot) .

Collecting all pieces together, we remain with

1
Cij (1) = Trof 2 pe (07209,

The equality Cj;(t) = CPP\(t) then follows from Eqs. (SI6), (S20), (S27), and (S30).

(S27)

(528)

(S29)

(S30)

(S31)
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SIII. SUMMARY OF THE PARAMETER REGIMES EXAMINED

HEOM| QMC

Method|| oo | Quic bub(l)ole bubble | DMFT
(wo/to, A)
(1, 5) 1,10] | [1,10] | [1,10] | [1,10] | [1,10
(1, %) 1,10] | [1,10] | [1,10] | [1,10] | [1,10
(1,3) [0.4,10]|[0.2, 10] |[0.4, 10]|[0.2, 10]|[0.2, 10]
(1,1) [2,10] | [1,10] | [2,10] | [1,10] | [1,10
(1,2) x 1,10 X 1,10] | [1,10
(3. 5) 1,10] | [1,10] | [1,10] | [1,10] | [1,10
(3.3) 1,10] | [1,10] [ [1,10] | [1,10] | [1,10
(5.2) 1,10] [[0.1,10]| [1,10] [[0.1,10]][0.1, 10]
(3.1) [1,5] | [1,10] | [1,5] | [1,10] | [1,10
(5.2) X 1,10 X 1,10] | [1,10
(3,%) 5,10] | [2,10] | [5,10] | [2,10] | [2,10
(3,3) 2,10] | [1,10] | [2,10] | [1,1 1,1
(3,1) 2,10] | [1,10] | [2,10] | [1,1 1,1
(3,2) x 1,10 X 1,1 1,1

TABLE S1. Summary of parameter regimes [determined by pairs (wo/to, A)] and numerical methods that are used to assess
the importance of vertex corrections. For each parameter regime and each method, we provide the minimum (Tiin/to) and
maximum (Tmax/to) temperature at which we performed computations. The choice of parameter values is largely dictated by
the feasibility of HEOM and HEOM bubble computations. We emphasize that the DMFT results for the dynamical mobility
are available for all values of wo/to, A, and T', and the same applies to QMC and QMC bubble results for short-time dynamics
of Cj;. For A = 2, HEOM and HEOM bubble computations could be performed only on short time scales [comparable to those
accessible by QMC (bubble), see also Sec. ITLF of Ref. [1], which is indicated by ”x”.
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SIV. EXTENSIVE COMPARISONS OF HEOM AND DMFT RESULTS

A. Intermediate-frequency phonons (wo/to = 1)
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FIG. S1. Comparison of HEOM (solid lines) and DMFT (dashed lines) results for (a)-(d) the dynamical-mobility profile,
(e)—(h) the real part of the current—current correlation function Cj;(t), and (i)—(1) the diffusion constant D(t). In all panels,
to = wo = 1. The strength of the electron—phonon interaction is determined by the cited values of A, while the temperatures
are T = 1,2,5, and 10. The insets in panels (a)—(d) zoom in the dynamical-mobility profiles for the highest temperatures
considered (7' =5 and 10).
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B. Slow phonons (wq/to = 1/3)
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FIG. S2. Comparison of HEOM (solid lines) and DMFT (dashed lines) results for (a)—(d) the dynamical-mobility profile,
(e)—(h) the real part of the current—current correlation function Cj;(t), and (i)—(1) the diffusion constant D(t). In all panels,
to = 1,wo = 1/3. The strength of the electron—phonon interaction is determined by the cited values of A, while the temperatures
are T' = 1,2,5, and 10. The insets in panels (a)—(d) zoom in the dynamical-mobility profiles for the highest temperatures
considered (7" =5 and 10).
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C. Fast phonons (wo/to = 3)
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FIG. S3. Comparison of HEOM (solid lines) and DMFT (dashed lines) results for (a) and (b) the dynamical-mobility profile,

(c) and (d) the real part of the current—current correlation function Cj;(t), and (e) and (f) the diffusion constant D(t).

In

all panels, to = 1,wo = 3. The strength of the electron—phonon interaction is determined by the cited values of A, while the
temperatures are T'= 2,5, and 10. The inset in panel (a) zooms in the dynamical-mobility profile for the highest temperatures
considered (7' =5 and 10).
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SV. REAL-TIME QMC IN THE LIMIT wy — 0

Phonon momentum can be neglected in the adiabatic limit. For this reason QMC methodology becomes much
simpler in this case and can be efficiently performed to obtain the relevant quantities in real time. In this section, we
first derive the relevant equations and then present selected results for C;;(t) and D(¢) in the adiabatic limit.

The Holstein Hamiltonian in this limit takes the form

H = Z hi;({q}) al 1Cj + Z 2mw0ql, (S32)

where

1]({(1}) = —to( ij+1 51] 1) + gV wOQz e (833)
The operator ¢; is the electron annihilation operator at site i, ¢; is the coordinate of the phonon at site i, m is the
oscillator mass, the symbol {q} denotes all phonon coordinates, while phonon momenta p; and the corresponding

kinetic energy 5% Pi were neglected. With the substitution of variables x; = g;wo+/m, the Hamiltonian reduces to

H= Z hij({x})czcj + Z %q?, (S34)

with
hij({2}) = —to(0i 41 + dij—1) + 2/ Mogidij- (S35)
We evaluate the correlation function [see Eq. (10) of the main paper]

Tr (eleHje’”Hj)
Cj;(t) = Ty o—BH

(S36)

(with z1 = B — it, 22 = it) by expressing the trace in the basis [{z}n(,}), where |ng,,) are the eigenstates of h({z})
with phonon coordinates {«} treated as classical variables. The matrix element of the Hamiltonian in this basis reads

(@i | H|lwhmiy) = 8} = ()b [squ}) +Y éx] , (s37)
where &,,({x}) are the eigenvalues of h({z}). Consequently, we find

{xngy e [{yhmey) = 6({z} — {y})dmne LEn EDIES] (538)
The trace in the numerator in Eq. (S36) reads
Tr (e =" je =1 j) = /d{:z:} Z ({aymysy|e = Hje =" j|{a}my) (S39)
Mz}
which leads to
Tr (e je2H /d{ﬂf} > Uatmpyle P il{aingg) ({@dngle =" i|{ztmay) (540)
M} Nz}
and eventually
Tr (eleHjef”Hj) = /d{:z:}eiﬁ Xz Z “hemay ¢l (am{ } E"{z}) X
M {2} N {x} (541)
(miaylilny) (nglilme)
as well as

Tr (e—BH) — /d{x}e—ﬁzi 377 Z e Pemiay | (542)

M}
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The correlation function given in Eq. (S36) can then be evaluated by sampling the phonon coordinates as Gaussians
with standard deviation 02 = % and performing the summation of the terms in the numerator and denominator. These
summations are much less demanding than the summations in full Monte Carlo simulations because the number of
phonon coordinates in this case is equal to the number of sites, while in full Monte Carlo simulations it is equal to
the number of sites times the number of timesteps. The summations in Eqs. (§40) and ([S42)) can be interpreted as
averages over classical phonon coordinates {«}. One should, however, note that the assumption of classical phonons
was not introduced in the derivation. It is the neglect of phonon momentum that led to the expression which can be
interpreted this way.

Next, we also give expression for the quantities (No)y, G<(k,t) and G~ (k,t) which are needed to evaluate CPP(t)
in accordance with Eq. (17) of the main paper. We obtain

Jdate st s, e e e ({2

G~ (k,t) = —ierr? , (S43)

G<(k,t) =i (ﬁ+it>wfd{x}eiﬁ2i%x? Lona) e T ey ({a}) wu
o [ d{w}e P i bmeda? ’ (844)

5 fd{$}676 ¥ pal Em{ ) e_BEm{m}
HF z

Ne = 1.2
< >K € fd{x}e_BZiimi

where cpi,({z}) is the overlap of the electronic state of momentum |k) and the electronic state |my,y) given as
cmk({2}) = (k[m(zy).

In Fig. 54 we present Cj;(t) and D(t) for two parameters sets (A=3, T=1,tg=1) and (A =1, T =2, t; = 1).
The numerically exact results obtained using HEOM are presented, as well as the results in the adiabatic limit obtained
as described in this section. As expected, the exact results for wy = 1/3 are closer to the adiabatic limit results than
the exact results for wy = 1. Nevertheless, both of these sets of results are still quite far from the adiabatic limit
results. As discussed in the main paper, this is consistent with the fact that vertex corrections for these parameter
sets are not very strong. We also present the bubble approximation results in the adiabatic limit. These results
which yield a non-zero mobility strongly differ from the exact results which give a zero mobility, in accordance with
expectations.
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FIG. S4. The current-current correlation function Cj;(t) and the diffusion constant D(t) for two parameters sets (A = 3, T = 1)
and (A =1, T'=2) (to = 1 in both cases). The results labeled as "HEOM’ denote the numerically exact results obtained using
the hierarchical equations of motion method for two values of phonon frequncies wo = 1 and wo = 1/3, the results labeled as
’adiabatic limit’ denoted the results obtained in the adiabatic limit using the methodology described in this section, while the

results labeled as 'adiabatic bubble’ are the results obtained with the bubble approximation in the adiabatic limit.

SVI. COMPARISON OF THE RESULTS FOR DC MOBILITY OBTAINED FROM REAL-TIME AND
IMAGINARY-TIME COMPUTATIONS

Figure[S5lcompares some of our HEOM and DMFT results for p4c, both of which follow from real-axis computations,
with the corresponding results of Ref. 5, which were extracted from imaginary-axis data using numerical analytical
continuation. While all the results are virtually the same in the weak-interaction regime A = 1/100, the results of
Ref. [5 seem to severely underestimate pq. (by approximately an order of magnitude) in the intermediate-interaction
regime A = 1/2.

2
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FIG. S5. Comparison of HEOM (full symbols), DMFT (empty symbols), and imaginary-axis QMC (crosses) results of Ref. 5]
for the temperature dependent dc mobility. The model parameters are to = wo = 1 and A = 1/100 and 1/2.
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