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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. [I, the totally symmetric (¢ = 0) phonon mode does not affect the dynamics of
Cjj = Tre{ju(t)}, which follows from the evolution of the purely electronic operator

((t) = Z " Trpp{e HljePH Y (S1)

The operator ¢(t) is at the root of the hierarchy of dynamical equations, whose higher-order members LL”)(t) describe
the dynamics of n—phonon assisted processes determined by the vector n = {ngm,|¢ # 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
am

!
phonon-assisted process described by n is k,, = Z gngm- In the following, primed sums over ¢ exclude the ¢ =0
qm

term. By virtue of the translational symmetry, the only non-zero matrix elements of ¢" (t) are <k|L£,") (t)|k + kn), and
their time evolution is governed by
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In Eq. (S2)), ptn = wo Z;(nqo — ng1). The operator z,ﬁf)(t) couples to analogous operators at depths n & 1, which are

. i :t _ .
characterized by vectors ny;,, whose components are [nqm} gme = T’ + 0g/qOm'm. The coefficients ¢, are defined

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

[8t<klbfq”> )|k + kn>} _
close (83)

1 — - n
— 5n7D§ (Tk Ly Tkﬁkn) <k‘|L£1 )(t)|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)

2
_ g § :I
T 1 _ 27TN q [(1 + nph)(s(é'k —Ek—q — WO) (84)

+nph5(5k — Ek—q T+ w())] ,

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

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

The dynamics of the current—current correlation function in the bubble approximation follows from the dynamics
of G”(k,t) and G<(k,t) as defined in Egs. (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

0GE™ (k — kn,t) =
— (k) GE™ (k= kn,t)

!
0 VIF g G2 (k= ko — q.1)
qm

+i 3 gm/em G (k — ko + q,1)
qm
+ [atGS1>7n) (k - knv t)]closm

To ensure that G2 decays to zero at sufficiently long times, we use the closing term [8tG£12’") (k — kn,t)]close- 1ts
form after truncation of Eq. at the maximum depth D can be derived along the lines presented in Ref. [I. The
final expression for the closing term is analogous to that presented in Eq. and reads as

[atGglzm) (k - kn7 t)]close =

|

S6
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where 73, is defined in Eq. (S4]).
The propagation of Eq. (S5 is additionally stabilized by transferring to the rotating-wave frame and solving

equations for the envelope G (t) defined as

GE™(k — kn,t) =exp [—i(eh_k, + pn)t] X

_ (S7)
GE™ (k — kg, t).

We note that the HEOM in Eq. has a smaller number of equations than the HEOM we solved in Ref. 2l 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 G2 (k,t) # GE)%’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 ¢ = 0
phonon mode couples to the unit operator in the subspace containing a single electron, i.e., Vo—g = 1i., 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. and produces the following final results for G=Z (k,t):
G (k1) = Gy (k, t)e =t
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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 — ke, 0) = —idn0. (S10)

The initial conditions under which the HEOM for «(t) [Eq. (S2)] and G< [Eq. (SH)] is solved is determined by
the equilibrium state of the interacting electron—phonon system [I, 2]. In Ref. 2 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| (7) [ + Kn)
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+ ) (L + ngm)em(k — q|afl’3:”(r)|k+kn> (S11)
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Ngm

Equations (S11)) are propagated from 7 = 0 to 7 = 8 with the initial condition <k|a,(,n) (T)|k + kn) = 0n.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 (O)[k + kn) = Zo ' %

(S12)
(=2) sin(k) (Klo () (B)|k + kn),
while the initial condition for the propagation of Eq. governing the dynamics of G< is
G (ke — e, 0) = Z5 x z<k Q) (6)‘ k+ kn> . (S13)

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

Z. =Y (plog (B)Ip). (S14)

p
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D. Propagation algorithm

The HEOM embodied in Eq. 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. is recast as the HEOM for the envelope G2 [Eq. ], 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 [4] with the time
step woAt = (1 —2) x 1072, depending on the values of model parameters.

SII. VANISHING VERTEX CORRECTIONS IN THE LIMIT ¢, — 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) =
CyPY(t) in the limit tg — 0.

As argued in the main text, the dominant term in the expansion of Cj;(t) and CPP!(t) in powers of small to is
proportional to 3. This term can be obtained from the formally exact expressions by replacing all operators e~He
by the unit operator 1;, 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), 2(8), and @3(t, 8) governing
the single-particle dynamics. The phase @1 (t) [Eq. (A16) of Appendix A] simplifies to

D ViVE,

q

p1(t) =

3 % (et 4t — 1) | - (S15)

mm

Because of V,V_, = 11e, we can replace sum over ¢ by N, meaning that ¢ (t) acts as a scalar that reads as

2

(&) (816)

In the same vein,

pa(t) = B2, (S17)
wo
while
Zo = Ne P9/, (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 ¢o(f) is cancelled by the normalization Z,. The result for ¢3(¢, 3) reads
as

Y et 1) 1) (S19)

m m

<P3(t,ﬁ) =

Z V:]C CV,q

q

Since @3(t,8) acts on the unit operator in Eq. (Al4) of Appendix A, it effectively acts as a scalar (V,1:.V_, =
V4V_q = 11.) whose value reads as

2

QDB(tvﬁ) — (e—iwot o eiwot) . (820)

&S

We finally obtain

1 . «
C’;?Jbl(t) - < ij e~ P1(M)—pr1(1)" —ps(t.B)" (S21)
k



Since the terms in the exponent do not depend on k, one uses
NS = N7 T {57 = 245
k

to finally arrive at

() = 2 1 0-er -

We now turn to Cj;(t), starting from
D, (t) = g— coth Bwo [1 — cos(wot)] Z VSV
W2 2 N
9 1
4 . X [e]
3 [sin(wot) — iwot] i ; VEVE -
The action of the hyperoperator % > q 7 V_Xq on the current operator j reduces to

Z Vy Vi =2
because of

NZVqJV NZ]p q|p p|*0
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(S22)

(S23)

(524)
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which follows from N~} 2 €'’ = 0 (under PBCs). In other words, one can replace 3 >, Vo V2, by 2 in Eq. (S24).
Along the same line, we conclude that % > p V) V2, can be replaced by 0 in Eq. (S24). We can thus replace the

original ®(¢) by the scalar that reads as
2 .
Oy (t) = =2 (2nph +1) [2 — ot — e
wo

In a similar manner,

g2
C
O3(t, B) = —2w—zsm wot) ( ZVX V_ )

0

Using the same reasoning as above, we find that
1 % C . .
TV Vegi =i
q
so that the influence phase ®5(¢, 8) effectively acts as the following scalar:
Da(t,8) = L5 (et = emint)
0
Collecting all pieces together, we remain with
1 29 — — .
Cjj(t) = 55 Tre{j? e~ (0020,

The equality Cj;(t) = C;?}Jl(t) then follows from Egs. (S16]), (S20), (527), and (S30).
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(S30)

(S31)



SIII.

SUMMARY OF THE PARAMETER REGIMES EXAMINED

HEOM| QMC

Method || tpoM | QMC | bubble | bubble | DMFT
(wo/to, \)
(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
(5.5) 1,10] | [1,10] | [1,10] | [1,10] | [1,10
(3.3) 1,10] [[0.1,10]| [1,10] [[0.1,10][[0.1,10]
(3.1) [1,5] | [1,10] | [1,5] | [1,10] | [t,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] | [1,10] | [1,10
(3,1) 2,10] | [1,10] | [2,10] | [1,10] | [1,10
(3,2) X 1,10 X 1,10] | [1,10

S6

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 (Timin/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 wg/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. IILF of Ref. [I], which is indicated by 7 x”.



SIV. EXTENSIVE COMPARISONS OF HEOM AND DMFT RESULTS

S7

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;(¢), and (i)—(1) the diffusion constant D(¢). 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 (wo/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 (T" =5 and 10).



S9

C. Fast phonons (wo/to = 3)

A=1/2 A=1

T T T I - — IIII IIII IIIII LI B | LI I | I.I LI B | I LI
15K ) T Eb) ' Solid = HEOM
— b4 Hoi1ofF & Dashed=DMFT _
1.0 3 0.1 A% | i 1y Inall panels _
= - 3 A N iy Ml . weo=3" T ]
3 SN Bp A YT T =2 ]
S Lo 71 0.05 N L Y —— T=5 -
05: ' :“““: ," ‘|““ ,: ""\“I‘ ,"::\ — T=10:
, RV SAVER VA~ SN
0.0ff . 000k S Nt
0 2 4 6 0 5 ]&S) 15 20
2P (d)]
1F ““|‘ =
[ . ]
W\ ]
L ‘\\ i 4
OF AR | VP —
3F SR B ELLLALL B
- 1 0.6 (f) r? -
L = | I i
[ i R
2k - . s .
s | 1% e -
Q [ ] [ [/ ]
L o P 1 0.2} / =
Y Y o r - / -
i ) e ]

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(¢). 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

1
H =73 hij({a}ele; + Y smwia?, (S32)
(%) 7

where

1]({(1}) tO( @,j+1 + 52 J— 1) + g\/ WOQZ R (833)

The operator ¢; is the electron annihilation operator at site ¢, ¢; is the coordinate of the phonon at site ¢, m is the
oscillator mass, the symbol {q} denotes all phonon coordlnates while phonon momenta p; and the correspondmg

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

=3 hl{eheles + 30 548, (534)

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

Tr 6721Hj6722Hj
Cij(t) = ( Sy ) (S36)

(with 21 = B — it, 22 = it) by expressing the trace in the basis [{z}n(,}), where |ng,,) are the eigenstates of h({z})
with phonon coordinates {x} treated as classical variables. The matrix element of the Hamiltonian in this basis reads

({zyngay [H[{yymeyy) = 6({z} = {y})dmn [em({x}) +> ;xQ] : (S37)
where €,,({z}) are the eigenvalues of h({z}). Consequently, we find

({@hnga e [{yhmyy) = 5({a} = {y})dpne 1o DT, (38)
The trace in the numerator in Eq. (S36)) reads
Tr (e” = H je==H j) */d{:z:} Z ({xymygyle P je = j|{a}msy) (S39)
et
which leads to
Tr (e=#1 M jem=2M /d{x} > Hatmpyle P il{aingg) ({@ngle =" i[{ztmay) (540)
M {2} N}
and eventually
Tr (efZlH] 722Hj) /d{x}e BY 5 Z “Bemiay ol (g’"{ -} E"{m})x
) ) (541)
(miaylilngy) (nglilme)
as well as

Tr (e 7H) = /d{:v}e BEi 37 Z e ey, (S42)

M {a}
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The correlation function given in Eq. 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 Egs. and can be interpreted as
averages over classical phonon coordinates {x}. 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 (Ne)y, G<(k,t) and G~ (k,t) which are needed to evaluate C;?Jbl(t)
in accordance with Eq. (17) of the main paper. We obtain

Ja{aye PRy, e e e (o))

g> k7t = —ieiHFt | 843
(k,t) [d{a}e P ri e ($43)
2 _ i .
G=(k,t) = jeBHitur fd{x}eiﬂ i Zm{z} ¢~ (PHit)em sy |cmk({$})|2 (S44)
o [ d{z}e P >, Smwga? ,
dz}ePTizely e
(Ne)y = e7hr / (=) : (S45)

f d{x}e_ﬁ Zi %x?

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

In Fig. [S4| we present Cj;(t) and D(t) for two parameters sets (A=13, T=1,¢ty=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 wg = 1/3 are closer to the adiabatic limit results than
the exact results for wg = 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 "THEOM’ denote the numerically exact results obtained using
the hierarchical equations of motion method for two values of phonon frequncies wp = 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[S5|compares some of our HEOM and DMFT results for p14c, 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.
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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 tg = wp =1 and A = 1/100 and 1/2.
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