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ABSTRACT

Delving Into Dissipative Quantum Dynamics:

From Approximate to Numerically Exact Approaches
Hsing-Ta Chen

In this thesis, I explore dissipative quantum dynamics of several prototypical model systems
via various approaches, ranging from approximate to numerically exact schemes. In par-
ticular, in the realm of the approximate I explore the accuracy of Padé-resummed master
equations and the fewest switches surface hopping (FSSH) algorithm for the spin—boson
model , and non-crossing approximations (NCA) for the Anderson-Holstein model. Next, I
develop new and exact Monte Carlo approaches and test them on the spin—boson model. T
propose well-defined criteria for assessing the accuracy of Padé-resummed quantum master
equations, which correctly demarcate the regions of parameter space where the Padé ap-
proximation is reliable. I continue the investigation of spin—boson dynamics by benchmark
comparisons of the semiclassical FSSH algorithm to exact dynamics over a wide range of pa-
rameters. Despite small deviations from golden-rule scaling in the Marcus regime, standard
surface hopping algorithm is found to be accurate over a large portion of parameter space.
The inclusion of decoherence corrections via the augmented FSSH algorithm improves the
accuracy of dynamical behavior compared to exact simulations, but the effects are generally
not dramatic for the cases I consider. Next, I introduce new methods for numerically exact
real-time simulation based on real-time diagrammatic QMC and the inchworm algorithm.

These methods optimally recycle Monte Carlo information from earlier times to greatly sup-



press the dynamical sign problem. In the context of the spin-boson model, I formulate the
inchworm expansion in two distinct ways: the first with respect to an expansion in the sys-
tem—bath coupling and the second as an expansion in the diabatic coupling. In addition, a
cumulant version of the inchworm Monte Carlo method is motivated by the latter expansion,
which allows for further suppression of the growth of the sign error. I provide a comprehen-
sive comparison of the performance of the inchworm Monte Carlo algorithms to other exact
methodologies as well as a discussion of the relative advantages and disadvantages of each.
Finally, I investigate the dynamical interplay between the electron—electron interaction and
the electron—phonon coupling within the Anderson—Holstein model via two complementary
NCAs: the first is constructed around the weak-coupling limit and the second around the
polaron limit. The influence of phonons on spectral and transport properties is explored
in equilibrium, for non-equilibrium steady state and for transient dynamics after a quench.
I find the two NCAs disagree in nontrivial ways, indicating that more reliable approaches
to the problem are needed. The complementary frameworks used here pave the way for
numerically exact methods based on inchworm QMC algorithms capable of treating open

systems simultaneously coupled to multiple fermionic and bosonic baths.
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2.1

Parameter space diagram for the spin-boson model with zero bias (¢ = 0) and
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indicated as functions of X\. The green region (w. > w((;a)) is the regime where

dynamics are expected to be quantitatively accurate, the yellow region (wﬁb) <

(a)

we < we ) is the regime where dynamics are expected to be semi—quantitatively

accurate and the red region (w. < W)

) is the regime where the Padé-resummed
approach is expected to be unreliable or even unstable. The lower panels are
the corresponding population dynamics along the vertical cuts (indicated as solid
squares connected by dashed lines) calculated by the HEOM approach (red solid
lines), Padé-resummed GQME (PADE, green dash lines), and NIBA (blue doted
lines). The upper right label in each population dynamics panel denotes the

value of (A, w.)/A. The symbol X in the phase diagram refers to the parameters

corresponding to Fig. 1(d) of Ref. 135. . . . . . ... .. .. ... . ... ..
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Parameter space diagram with increasing bias energies ¢/A = 0.5, 1, 1.5 at high
temperatures (kgT = 2A) for the spin—boson model. The critical frequencies

wt? and W&

are indicated as functions of A\ with color regions as in Fig. 2.1.
The lower panels are the corresponding population dynamics along the vertical
cuts calculated by the HEOM approach (red solid line) and the Padé-resummed
GQME (PADE, green dash line). The upper right label in each population dy-
namics plot denotes the value of (A, w.)/A. The symbol X in panel (a) refers to
the parameters corresponding to Fig. 3(b) of Ref. 135, while that in panel (b)
corresponds to Fig. 4(b) of Ref. 135. . . . . . . . ...
Parameter space diagrams with zero bias energy (e = 0) as a function of decreas-
ing temperature kT /A = 1.0, 0.6, 0.2 from left to right. The critical frequencies
w and w? are indicated as functions of A with color regions as in Fig. 2.1. The
lower panels are the corresponding population dynamics along the vertical cuts
calculated by the HEOM approach (red solid line) and Padé-resummed GQME
(PADE, green dash line). The upper right label in each population dynamics
panel denotes the value of (A, w.)/A. The symbol X in panel (¢) refers to the

parameters corresponding to Fig. 2(b) of Ref. 135. The symbol ® indicates the
same (\,w.) of Fig. 3(c) of Ref. 135, but with e =0. . . .. ... ... ... ..
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Diabatic population transfer rates (k) as a function of diabatic coupling A for
FSSH (blue), A-FSSH (red), and HEOM (black) in the unbiased ¢/A = 0 and
biased /A = 0.4 cases. The bath temperature is assumed to be in the classical
limit, 7" = 300 K. The reorganization energy is E, = 520 cm™!, while the bath
frequency scale w. is tuned so that A/w. < 1. The dashed lines are reference
markers of sub-quadratic and quadratic dependence, respectively. The diabatic
population transfer rates is extracted from the population dynamics by exponen-
tial fitting. . . . . . e
Population dynamics of the for FSSH, A-FSSH, and HEOM in the (a) unbiased
¢/A =0 and (b) biased e¢/\ = 0.4 cases. The lower panels show the surface and
coherence terms separately, as defined in Eq. (3.33). The bath temperature is
T = 300 K, the reorganization energy is A = 520 em ™!, and w, = 85 cm ™!,

High temperature dynamics with intermediate electronic coupling strength. We
employ a reference unit of energy of 104 cm™!. Parameters are kT = 2 (T =
300K), A =w.=0.2, (a)e/A =0, (b)e/A =1, and (c)e/A = 2. Reorganization
energies (£, = A\/A) are scanned from small to large and are listed on each panel.
“Dephase” refers to the use of Eqs. (3.24)-(3.26). . . . . . .. .. ... ... ...
High temperature dynamics in the adiabatic regime. We employ a reference unit
of energy of 104 cm~!. Parameters are kT = 2 (T = 300 K), A = 1, w, = 0.2,
(a)e/A =1 and (b)e/A = 2. Reorganization energies (E, = A/A) are scanned
from small to large and are listed on each panel. “Dephase” refers to the use of

Bqs. (3.24)-(3.26). . . . . o
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High temperature dynamics in the adiabatic regime. We employ a reference unit
of energy of 104 em™!. Parameters are kT = 2 (T = 300 K), A =1, w. = 0.2,
and € = 0. Reorganization energies (E, = A/A) are scanned from small to large
and are listed on each panel. “Dephase” refers to the use of Eqs. (3.24)-(3.26).

Low temperature dynamics in the intermediate regime. We employ a reference
unit of energy of 104 cm™!. Parameters are kT = 0.2 (T' =30 K), A =2, w, = 2,
kT = 0.2, (a) /A =0, and (b) ¢/A = 1/2. Reorganization energies (E, = \/A)
are scanned from small to large and are listed on each panel. . . . . . . . .. ..
Intermediate and low temperature dynamics in the adiabatic regime. We employ

1

a reference unit of energy of 104 cm™". € = 0 and reorganization energy is large

A/A = 5. Parameters are (left) A = 10, w. = 1, kT = 1 and (right) A = 20,
we = 2, kT = 0.2. “Dephase” refers to the use of Eqs. (3.24)-(3.26). . . . .. ..

(a) A configuration s drawn on the Keldysh contour, with physical times ¢; on
the forward or + branch and ¢, on the backward or — branch. Below, the config-
uration is shown on the unfolded contour with contour times s;. The X indicates
the tip or fold of the contour and the ticks indicate interaction operators H'.
(b) General framework of bare dQMC. The thin line represents an unperturbed

—iHos while the thick line represents the exact sum over all possible

propagator e
configurations contributing to some observable (O (¢)). (1) is the zeroth (m = 0)
order contribution, <eiH0tOe_iH()t>. (2)-(4) are examples of second (m = 2) order

contributions with (2)n = 1, (3)n = 2, and (4)n = 0. (5) and (6) are examples

of fourth (m = 4) order configurations. . . . . . . .. .. ... ... ... ...,
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4.4

4.5

Diagrammatic representation of the bare restricted propagator G (thin solid
line) and the full restricted propagator G (thick solid line) of the subinterval
si, s¢] on an unfolded Keldysh contour. . . . . . ... ... ... ... .. ....
(a) The bare dQMC expression for the system-bath coupling expansion. The
arched curves connecting pairs of vertices within each configuration describe the
coupling interaction. (b) The inchworm algorithm in the system-bath coupling
expansion. All the full restricted propagators are assumed to be known for any
subinterval to the left of the sy time. . . . . . ... ..o 00000
A configuration including sy = s; and s,,41 = sy for the diabatic coupling expan-
sion. The state of the system flips at every s;. . . . .. .. .. ... ... ...
(a) Diagrams appearing in bare dQMC. The dashed curve (12) indicates an in-
teraction line in either the numerator (above the contour) or the denominator
(below it). Only one diagram corresponds to each configuration. (b) The naive
inchworm scheme. Diagrams with no vertices after sy (such as (b.3) and (b.5))
are contained in the zeroth order term (b.1) and need not be summed. Other

diagrams, such as (b.4) and (b.6), are analogous to those of the bare dQMC. . .
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4.7

4.8

The real-time coordinate is represented by the thin double lines. The bare double
line segment [0, t.x] corresponds to the bare propagator in the diabatic expan-
sion on the Keldysh contour folded at tya.x. A m'" order moment of a real
time configuration (79,72 ,7,) is illustrated as a dashed-edged box from 7
to 7, with solid vertical ticks at each configuration time. There are 4 distinct
diagrams on the Keldysh contour associated with the 2" moment s, (11, T2):
s=(r,m), (7)., (" 7). (", ). These diagrams are plotted by con-
necting the vertices with the diabatic interaction lines as in Fig. (4.5). The 4
moment contains 2% diagrams on the contour. Here, we demonstrate only 4 ex-
ample diagrams. . . . . ...
The COP cumulants of a real-time configuration (71,75 - -+ , 7,,,) are illustrated as
a solid-edged box with vertical ticks at each configuration time. Here, we show
the diagrammatic representation of Eq. (4.67) and (4.68), which illustrate the 2"
and 4" cumulants in terms of the moments. . . . . . .. ... ... ... ....
Diagrammatic representation of the naive prescription of the inchworm algorithm,
Eq. (4.73). The solid-edged boxes with vertical ticks are the COP cumulants as
shown in Fig. (4.6). The 74 is indicated as the 1 on the physical time coordinate.
Each configuration corresponds to one single diagram. Diagrams (3) and (4)
have all cumulant boxes lying in the known region (to the left of 1) and are
considered been included in diagram (1) for this inchworm step. The cumulant
boxes in diagrams (2) and (6) straddle the 74 time and their contribution can be
calculated by Eq. (4.71). Diagrams (5) and (7) have all cumulant boxes located

to the right of the 1, are unknown for this inchworm step in the naive version.
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(a) The unwound dQMC expression for the full cumulant expansion. The thick
solid lines are the exact dynamics of expectation value and the thin double lines
are the unperturbed value 1 within the diabatic expansion. The solid-edged
boxes with vertical ticks are the COP cumulants as shown in Fig. (4.6). (b)
The cumulant inchworm algorithm. Any diagram that has a stand alone part (a
cumulant box) to the left of the 1 has been included in the other diagrams and
needs to be neglected in the inchworm step. . . . . . .. .. .. ... ... ...
Spin—boson model parameter space with zero bias ¢ = 0. The z-axis is A/A in
log scale and the y-axis is w./A in linear scale. The bath temperatures are (a)
BA =0.5, (b)SA =5, and (¢) SA = 50. In each “phase diagram”, the estimated
region of rapid convergence for the SBCI approach is to the left of the dashed
line (red) and is to the right of the dotted line (blue) for the DCCI approach.
Points indicate the parameters for plots presented in this work. . . .. ... ..
Nonequilibrium population difference (o, (¢)) (top subplots) and corresponding
error estimates (bottom subplots) as a function of time in the weak coupling
(A/A = 0.1) and high temperature (SA = 0.5) regime. The bias energy is € = 0.
The results calculated by the SBCI (left panels, red and orange) and DCCI (right
panels, blue and green) inchworm expansions are plotted for (a) a non-adiabatic
(fast) bath with w./A =5, and (b) an adiabatic (slow) bath with w./A = 0.25.
Maximum order for an inchworm step is indicated by M. The thickness of the
Monte Carlo results results from our error estimates. The dashed lines are the
QUAPT results with (a)At = 0.1, kpax = 6 and (b)At = 0.1, kpax = 12. The
triangles indicate the HEOM result with K =2and L=20. . ... ... .. ..
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Nonequilibrium population difference (o, (¢)) (top subplots) and corresponding
error estimates (bottom subplots) as a function of time in the strong coupling
(A/A =10) and high temperature (A = 0.5) regime. The bias energy is ¢ = 0.
The results calculated by the SBCI (left panels, red and orange) and DCCI (right
panels, blue and green) inchworm expansions are plotted for (a) a non-adiabatic
(fast) bath with w./A =5, and (b) an adiabatic (slow) bath with w./A = 0.25.
The error estimate of the SBCI calculation is for one single run. Maximum order
for a inchworm step is indicated by M. The thickness of the Monte Carlo results
results from our error estimates. The dashed lines are the QUAPI results with
(a)At = 0.1, kpax = 6 and (b)At = 0.3, kpax = 11. The triangles indicate the
HEOM result with K =2and L=20. . .. ... .. ... .. ... ......
Nonequilibrium Population difference (o, (t)) (top subplots) and corresponding
error estimates (bottom subplots) as a function of time in the intermediate cou-
pling (A/A = 1) and high temperature (5A = 0.5) regime. The bias energy is
¢ = 0. The results calculated by the SBCI (left panels, red and orange) and DCCI
(right panels, blue and green) expansions are plotted for (a) a non-adiabatic (fast)
bath with w./A =5, (b) an intermediate bath with w./A = 1, and (c¢) an adi-
abatic (slow) bath with w./A = 0.25. Maximum order for a inchworm step is
indicated by M. The thickness of the Monte Carlo results results from our error
estimates. The dashed line are the QUAPIT results with (a) At = 0.1, kpax = 6,
(b) At = 0.2, kpax = 10, and (¢) At = 0.3, kpax = 11. The triangles indicate the
HEOM result with K =2and L=20. . .. ... ... ... ... ......
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Nonequilibrium Population difference (o, (t)) (top subplots) and corresponding
error estimates (bottom subplots) as a function of time in the intermediate cou-
pling (A\/A = 1) and low temperature (A = 5) regime. The bias energy is € = 0.
The results calculated by the SBCI (red lines) expansions are plotted for (a) an
intermediate bath with w./A = 1 and (b) an adiabatic bath with w./A = 0.25.
The maximum order for the inchworm step shown is M = 1. The thickness of
the Monte Carlo results results from our error estimates. The dashed lines are
the QUAPI results with (a) At = 0.1, kpax = 6 and (b) At = 0.1, kyax = 10.
The triangles indicate the HEOM result with K = 2 and L = 20. The MCTDH
data is reported in Ref. 144. . . . . . . .. . ...
Nonequilibrium Population difference (o, (t)) (top subplots) and corresponding
error estimates (bottom subplots) as a function of time in the strong coupling
(A/A = 10) and low temperature (SA = 5) regime. The bias energy is € = 0.
The results calculated by the DCCI (blue and green lines) expansions are plotted
for (a) an intermediate bath with w./A = 1 and (b) an adiabatic bath with
we/A = 0.25. Maximum order for a inchworm step is indicated by M. The
thickness of the Monte Carlo results results from our error estimates. The dashed
line are the QUAPI results with (a) At = 0.2, kpax = 11 and (b) At = 0.4,
kmax = 10. The triangles indicate the HEOM result with K = 3 and L = 20.
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Nonequilibrium population difference (o, (¢)) (top subplots) and corresponding
error estimates (bottom subplots) as a function of time in the intermediate cou-
pling (A\/A = 1) and very low temperature (GA = 50) regime. The bias energy
is € = 0. The results calculated by the SBCI (left panels) and the DCCI (right
panels) expansions are plotted for (a) a non-adiabatic (fast) bath with w./A =5
and (b) an intermediate bath with w./A = 1. Maximum order for each inchworm
step is indicated by M. The thickness of the Monte Carlo results results from
our error estimates. The dashed line are the QUAPI results with At = 0.1 and
kmax = 10. The MCTDH data is reported in Ref. 144. . . . . . . . .. ... ...
Nonequilibrium population difference (o, (¢)) (top subplots) and corresponding
error estimates (bottom subplots) as a function of time in the intermediate cou-
pling (A\/A = 1) and non-adiabatic (w./A = 5) regime. The bias energy is ¢ = A.
The results calculated by the SBCI (left panels) and the DCCI (right panels) ex-
pansions are plotted for (a) high temperature with SA = 0.5 and (b) very low
temperature with SA = 50. Maximum order for each inchworm step is indicated
by M. The thickness of the Monte Carlo results results from our error estimates.
The dashed line are the QUAPI results with At = 0.1 and k.« = 10. The
MCTDH data is reported in Ref. 144. . . . . . . . . . .. .. .. ... ... ...
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(a) The elements of the unperturbed propagator G4 (left column, thin lines) and
of the NCA propagator G, (right column, bold lines). The upper line represents
spin up occupation and the lower line spin down occupation. The dotted line sig-
nifies that the spin level is unoccupied, while a solid line marks it as occupied. (b)
An example of a diagram included in the reduced propagator Ggg. Electronic hy-
bridization lines are shown as wiggly lines, and phonon interaction lines as gluon
lines. (c¢) An example of a diagram on the Keldysh contour with inter-branch
lines and a special hybridization line ending at the final time, corresponding to a
contribution to the current. . . . . . .. .. Lo oL
The electron hybridization diagrams included in the bare NCA self energy, where
the wiggly lines denote electronic dot—lead hybridization lines. The pairs of
straight lines represent the dot’s electronic state, with the two lines standing
for the two possible spins: a solid line represents an occupied spin level, whereas
dashed lines stand for empty spin levels. . . . . . . ... ... ... ... ...,
The phonon interaction diagrams for the bare NCA self energy in the symmetric
case 0 = 1. The curly lines denote phonon interaction lines, and straight lines
are asin Fig. 5.2, . . . . Lo
(a) The diagrams representing the different matrix elements of the dressed NCA
self energy. The wiggly double lines denote electron hybridization lines dressed
by phonon interactions. (b) An example of a bare NCA diagram of the lowest
order is not included in the dressed NCA diagrams. . . .. ... ... ... ..

The phonon interaction diagrams for asymmetrical model. . . . . . . .. .. ..
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5.7

5.8

5.9

(left panels) The time evolution of the spectral function A(w;t) within the bare
NCA is shown for different phonon frequencies. (right panels) Time dependence
of cuts at w = 0 (blue) and w = U/2 (green). The time scale 27 /wy related
to the phonon frequency is also plotted for comparison. A symmetric dot with
U = —2e¢ = 10T is considered at equilibrium V' = 0. The phonon coupling is set
to A = 1.5I" and the counter term is symmetric (6 = 1). The inverse temperature
of all bathsis B =10/T. . . . . . .. .. .
The same as Fig. 5.6 within the dressed NCA.. A symmetric dot with U = —2¢ =
10T" is considered at equilibrium V' = 0. The phonon coupling is symmetric with
A = 1.5I" and the inverse temperature of all baths is = 10/". . . . . . . .. ..
The wy dependence of the spectral function A(w) is calculated by (a) bare NCA
and (b) dressed NCA for a symmetric dot at equilibrium V = 0 with U =
—2¢e = 10I". The phonon coupling is A = 1.5I" and the counter term is symmetric
(0 = 1). All baths at the same inverse temperature § = 10/T". The dashed
lines indicate the renormalized charge transfer peak at wy = + (e + 3—2) The
wp-dependence of the central peak at w = 0 is plotted in (¢). . . . ... ... ..
The A dependence of the spectral function A(w) as calculated within the (a)
bare NCA and (b) dressed NCA for a symmetric dot with U = —2¢ = 10T
at equilibrium V' = 0. The phonon coupling is wy = 1.0I' and the counter term
is symmetric (0 = 1). All baths at the same inverse temperature § = 10/T". The
dashed lines indicate the renormalized charge transfer peak at wy = + (6 + 2—2)

The A-dependence of the central peak at w = 0 is plotted in (¢). . . . . . .. ..
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5.12

5.13

The wo-dependence of the spectral function A(w) for a symmetric dot with U =
—2¢ = 10" under a nonequilibrium symmetrically applied bias voltage V' = 2I"
within the (a) bare NCA and (b) dressed NCA. The phonon coupling is
A = 1.5I" and the counter term is symmetric (0 = 1). All baths at the same
inverse temperature 5 =10/T". . . . . . . .. ..
(left panels) The time evolution of the spectral function A(w;t) within the bare
NCA is shown for different phonon frequencies. The frequency oscillations of
the CT peaks along with an illustration of the expected energy oscillations in the
adiabatic limit (dash lines) are also exhibited. (right panels) Time dependence
of cuts at w = 0 (blue) and w = U/2 (green). The time scale 27 /wy related to
the phonon frequency is also plotted for comparison. The dot is symmetric with
U = —2e¢ = 10I'" at equilibrium V' = 0. The phonon coupling is A = 1.5I" and
the counter term is asymmetric (§ = 0). The inverse temperature of all baths is
B=10/T. . .
The same as Fig. 5.11 within the dressed NCA. The dot is symmetric with
U = —2e¢ = 10I'" at equilibrium V = 0. The phonon coupling is asymmetric
(0 = 0) with A = 1.5I" and the inverse temperature is § = 10/I". . . . . . . . ..
The wp-dependence of the spectral function A(w) for a dot in equilibrium as cal-
culated within the (a) bare NCA and (b) dressed NCA. The electron-phonon
coupling is asymmetric (6 = 0) and the coupling strength is A = 1.5T". The dot
is symmetric with U = —2¢ = 10I". All baths at the same inverse temperature

B=T10/T. . . .
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5.15

5.16

The A-dependence of the spectral function A(w) as calculated within the (a)
bare NCA and the (b) dressed NCA for an equilibrium symmetric dot with
U = —2¢ = 10I". The phonon frequency is wy/I" = 2.5. The dashed lines indicate
the center of the CT peaks as estimated by the energy renormalization at the
anti-adiabatic limit w/p /T = —e + 3—2 and wop /I = € + 32—2. All baths at the
same inverse temperature §=10/. . . . ... ..o o000
The conductance G(V) as calculated within the bare NCA for different elec-
tron—phonon coupling (a)A\/T" = 1 and (b)A/T" = 2 with a symmetrically applied
bias puy = pur = V. The dot is also symmetric with U = —2¢ = 10I". Panel (c)
shows the wg-dependence of the central peak at w = 0. All baths at the same
inverse temperature 5= 10/T". . . . . ...
Upper: Evolution of the spectral function across the metal-insulator transition
(gap closing) by increasing the phonon coupling. Lower: The spectral function
A(w) in the strong coupling regime is calculated within the dressed NCA for a
symmetric dot with U = —2¢ = 101" at equilibrium V' = 0. The density of state is
of the semi-circular form I' (w) = v/4t2 — w? with ¢ = 1. The phonon coupling is
wp = 3.0I" and the counter term is symmetric (6 = 1). The baths are maintained

at a temperature SI'=50. . . . .. ...
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Chapter 1

Introduction

1.1 Motivation

One of the central challenges in chemical physics research is to simulate the dynamics of open
quantum systems. At first glance, this task seems to be solvable using modern computer
simulation as long as one can write down differential equations that govern the time evolution
of the quantum system. However, when trying to implement this in the condensed phase, one
soon finds that the common truth of “conservation of difficulty”. No matter what approach
one takes, the task is nearly always complicated by numerical scaling or stability issues.
Despite decades of research and a wide spectrum of methodologies that have been developed,
a universal approach to the simulation of quantum dynamics is still difficult to impossible
even for model systems. Therefore, understanding the accuracy of existing approaches and
developing novel methods are both of great importance.

The challenge of exact real-time quantum dynamics remain substantial for several rea-
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sons. First, the size of Hilbert and Fock space scales exponentially with the size of the
quantum system, rendering simple numerically exact methods feasible only for small sys-
tems. For example, a system of 10 interacting spins formally requires the description of 2!
many-body states making the direct simulation of such a system unfeasible. In addition, re-
duced quantities play an important role in dissipative quantum dynamics, and here one needs
to keep track of the history of the system and take time non-local dynamics into account.
This non-locality in time may manifest itself as strong memory effects which significantly
complicate the simulation of quantum dynamics. Lastly, for systems in the condensed phase,
multiple distinct types of interactions are presented. The dynamical interplay among these
interactions, for example the hybridization of an tagged electron with conduction band elec-
trons and the electron—phonon coupling, may produce myriad subtle physical effects. The
existing approaches are often tailored to the needs of a particular system and mechanism at
the expense of general accuracy and feasibility.

In this thesis I concentrate on the dynamics of prototypical dissipative quantum systems,
describing an electronic subsystem interacting with a simple environment|[1-3|. Specifically,
[ investigate the spin-boson model (a two-level system interacting with an oscillator bath)
and the Anderson-Holstein model (a small electronic system interacting with electron and
phonon baths). These models are known to provide reasonable descriptions of the essential
physics of dissipative quantum systems and the successful simulation of their behavior should
be considered a stringent test which any new approach to quantum dynamics must pass.

As mentioned above, the spin—boson model consists of a two-level system coupled lin-
early to a bosonic bath with a broad band spectrum. It has been used as the basic proxy for

dissipative dynamics in many contexts, such as electron and energy transfer in condensed
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phases and biological systems|4-11], singlet fission dynamics[12-16], and entanglement and
decoherence of qubits in condensed media[l17-19]. The Anderson—Holstein model[20—-22]
differs from the spin—boson model in the fact that the electronic system, which takes the
form of a correlated impurity site, is coupled to a non-interacting electron reservoir, as
well as to phonons. It is a minimal model that embodies the dynamical interplay between
electron—electron interactions and electron—phonon coupling, and has implications for the
study of superconductivity|23—-28|, photon-induced metal-insulator transitions in correlated
materials|25, 29-32], and the Kondo effect in non-equilibrium nanoscale devices[33-40]. Fui-
thermore, it can be used a basic model for correlated materials with active phonon degrees of
freedom. In particular, a strongly-correlated material with active phonon degrees of freedom
is precisely mapped onto to the Anderson—Holstein model within the framework of DMFT

(dynamical mean-field theory)[41].

1.2 Theoretical approaches

1.2.1 Spin—boson model

A variety of approaches for solving the dynamics of the spin—-boson model have emerged
over the past several decades. They can be categorized into three sets: perturbation the-
ories, semiclassical approaches, and numerically exact schemes. In general, perturbation
theories are limited to specific regions of parameter space; semiclassical approximations can
be efficient and scalable but often involve uncontrolled approximations; numerically exact
approaches often scale unfavorably in their computational cost with the simulation time and

with the dimensionality of the system. In the following I briefly discuss the relative benefits
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and drawbacks of the classes of approaches.

Perturbation theories

Perturbative theories are generally carried out with respect to particular coupling parame-
ters of the model to yield solvable equations of motion. The most widely-used perturbation
parameters of the spin—boson model are the system—bath coupling and the electronic (di-
abatic) coupling. Perturbation expansions carried out to second order in the system-bath
coupling yields the so-called Redfield equations[42, 43]. A series of treatments and gener-
alizations|44-47] have been developed based on the Redfield expansion. Expansion in the
diabatic coupling yields another family of methods, which includes the noninteracting blip
approximation (NIBA) [48, 49| and Padé-resummed master equation approach[50-55]. All
such treatments are only reliable within a restricted region of parameter space where the
perturbation parameter is sufficiently small, and may lead to unphysical results if the under-
lying perturbation series does not converge. While extensions of perturbation theories have
been proposed|46, 56-58|, it is usually unclear how reliable they are in the full parameter

space.

Semiclassical approaches

The semiclassical approaches 1 will discuss in this thesis rely on the idea that the sys-
tem must be described quantum mechanically while the bath degrees of freedom can be
treated as a swarm of classical trajectories. Many such methods have been developed, for
example the linearized semiclassical initial value representation (LSC-IVR) scheme[59-61],

the time-dependent self-consistent field (TDSCF) method|62, 63|, and the fewest-switches
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surface hopping (FSSH) approach|64-66]. These methods are in principle inexpensive, non-
perturbative, and can be used to treat realistic anharmonic baths and large systems. How-
ever, the effectively classical description of the bath degrees of freedom renders them in-
capable of capturing some quantum mechanical effects, such as nuclear tunneling at low
temperatures|67—-69]. More importantly, the approximations underlying these methods are
uncontrolled, which make it difficult to determine their reliability.

Among these methods, the FSSH approach has proven to be one of the most popular
techniques for the calculation of non-adiabatic dynamics in the condensed phase|70-72].
The FSSH provides a superior description of branching processes and microscopic detailed
balance. Its wide use can be attributed to the fact that it can conveniently be employed in
conjunction with electronic structure calculations in the adiabatic representation. However,
aside from the drawbacks associated with its underlying classical dynamics approximation,
a long-recognized shortcoming of standard FSSH is the fact that the algorithm does not
provide any electronic decoherence mechanism. Recent research efforts have attempted to

formulate descriptions of decoherence within FSSH to account for decoherence|73-86].

Numerically exact schemes

Various numerically exact schemes have been proposed for the spin—-boson model based on
different quantum mechanical tools, including wavefunction, density matrix, and path inte-
gral representations. One of the most successful numerically exact schemes for spin-boson
dynamics is the multi-layer multi—configurational time—dependent Hartree (ML-MCTDH)
method[87-89|, which is a wavefunction-based, fully quantum mechanical approach. ML-

MCTDH has been particularly accurate over a quite wide swath of parameter space for
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equilibrium spin—boson problems, but has difficulty converging for transport problems far
from equilibrium|[90-92]. The hierarchical equation of motion (HEOM) method[45, 93, 94]
is based on the density matrix description. It introduces an infinite hierarchy of auxiliary
density matrices and a Matsubara expansion for the bath density matrix. In its standard
implementation, the HEOM method relies on the truncation of the infinite coupled differen-
tial equations, which make it difficult to converge for the cases of low bath temperatures or
strong system—bath coupling.

The path integral description provides a different means of computing exact dynamical
properties in the spin—boson model. Two such path integral methods are the quasi—adiabatic
propagator path integral (QUAPI) representation|95-98| and Quantum Monte Carlo (QMC)
approaches|[99-102]. QUAPT is based on the time discretization of the quantum mechanical
propagator and a truncation of the temporal range of the influence functional in the path
integral representation. However, systematic errors can arise from both the truncation of
non-local retarded interactions and the Trotter decomposition that is used to disentangle
the system and bath propagators[103]. QMC techniques can provide an unbiased, efficient
estimation of the propagator in the path integral description, but the evaluation of dynam-
ical properties requires a summation of complex propagators, which result in a dynamical
sign problem. The sign problem causes the computational cost to scale exponentially with
increasing time and restricts QMC methods to short times. Recent developments in QMC
techniques[101, 104-106] bring the hope for the exact QMC calculation of long-time dynam-

ics closer to reality.
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1.2.2 Anderson—Holstein model

Despite the importance and simplicity of the Anderson—Holstein model, there is little known
about its real-time dynamical properties beyond simple limits where perturbative arguments
can be made. Several limits (or simplified forms) of the model, such as the zero and infi-
nite Coulomb interaction cases, have been extensively investigated and provide conceptually
essential insight regarding phonon effects[107-113]. However, there are only a handful of
approaches that are capable of calculating dynamical properties in the Anderson—Holstein
model for generic cases. These approaches largely originate from existing methods for the

Anderson impurity model and are tailored to the needs of particular limits.

Numerical renormalization group

The numerical renormalization group (NRG) has been developed based on the low energy
theory of the Anderson impurity model and can be extended to include electron—phonon in-
teraction. For the Anderson—Holstein model, the NRG results capture interesting features,
such as Kondo peak broadening and replication[107, 114-119]. Nevertheless, NRG is gener-
ally reliable only for the low energy properties of the system, and remains difficult to apply

out of equilibrium.

Quantum Monte Carlo

QMC-based methods, such as the auxiliary-field QMC and real-time diagrammatic QMC,
are particularly successful in solving the dynamics of the Anderson model, and allow for the
exploration of transient dynamics and non-equilibrium transport properties over a wide range

of parameters. Their extension to the Anderson—Holstein model poses additional challenges
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and complications. The auxiliary-field QMC method relies on an analytical continuation to
obtain real-time dynamical properties from the density of states calculated under the influ-
ence of the phonons in imaginary time[120]. However, the density of states description is only
valid for equilibrium and linear response properties and the analytical continuation is uncon-
trolled and can be problematic for certain parameters[121, 122]. The real-time diagrammatic
QMC method evaluates dynamical properties directly by stochastically sampling real-time
diagrams|[123-128]. In conjunction with partial resummations of the exact diagrammatic
series[129] and reduced dynamics techniques[130, 131], it can be used to obtain results up
to previously unreachable timescales, at least for the Anderson model[132]. Although it is
generically plagued by the dynamical sign problem, recent algorithmic advances, such as the
bold-line techniques and the “inchworm” algorithm[106, 121, 122, 129|, might allow for an
amelioration of the sign problem in real-time QMC simulations for the Anderson—Holstein

problem, although such calculations have yet to attempted for this model.

1.3 Outline of thesis

The organization of the dissertation is as follows: In Chapter 2, I start with perturbative
treatments of spin—boson dynamics. I propose well-defined criteria for assessing the ac-
curacy of quantum master equations whose memory functions are approximated by Padé
resummation of the first two moments in the electronic coupling. These criteria parti-
tion the parameter space into distinct levels of expected accuracy. Extensive comparison
of Padé—resummed master equations with numerically exact results in the context of the

spin—boson model demonstrate that the proposed criteria correctly demarcate the regions
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of parameter space where the Padé approximation is reliable. The applicability analysis I
present is not confined to the specifics of the Hamiltonian under consideration and should
provide guidelines for other classes of resummation techniques.

In Chapter 3, I continue the investigation of spin—boson dynamics via the semiclassical
surface hopping algorithm. I perform extensive benchmark comparisons of surface hopping
dynamics with numerically exact calculations for the spin-boson model over a wide range
of parameters. FSSH is found to be surprisingly accurate over a large swath of parameter
space. The inclusion of decoherence corrections via the augmented FSSH (A-FSSH) algo-
rithm improves the accuracy of dynamical behavior compared to exact simulations, but the
effects are generally not dramatic, at least for the case of an environment modeled with the
commonly used Debye spectral density.

In Chapter 4, I introduce a set of new methods for the spin—boson model based on real-
time diagrammatic QMC and inchworm algorithm. A detailed description of the inchworm
Monte Carlo formalism is provided for the exact study of real-time non-adiabatic dynam-
ics. This method optimally recycles Monte Carlo information from earlier times to greatly
suppress the dynamical sign problem. Using the example of the spin-boson model, T formu-
late the inchworm expansion in two distinct ways: the first with respect to an expansion
in the system-bath coupling and the second as an expansion in the diabatic coupling. The
latter approach motivates the development of a cumulant version of the inchworm Monte
Carlo method which has the benefit of further suppression of the growth of the sign error.
[ provide a comprehensive comparison of the performance of the inchworm Monte Carlo
algorithms to other exact methodologies as well as a discussion of the relative advantages

and disadvantages of each.
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In Chapter 5, I turn attention to the Anderson—Holstein model. T investigate the dynam-
ical interplay between electron—electron interactions and electron—phonon coupling via two
complementary non-crossing approximations (NCA). The first NCA is constructed around
the weak-coupling limit and the second around the polaron limit. The influence of phonons
on spectral and transport properties is explored in equilibrium, for non-equilibrium steady
state and for transient dynamics after a quench. Both the particle-hole symmetric and
the more generic particle-hole asymmetric cases are studied. In general, the two methods
disagree in nontrivial ways, indicating that more reliable approaches to the problem are
needed. Importantly, the frameworks used here can form the starting point for numeri-
cally exact methods based on bold-line QMC algorithms capable of treating open systems

simultaneously coupled to multiple fermionic and bosonic baths.
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Chapter 2

Padé-Resummed Master Equation
Approach to Dissipative Quantum

Dynamics”®

2.1 Introduction

Schemes based on projection operator techniques[133] and generalized quantum master
equations (GQMEs) have been used both to design successful approximate approaches and

as a platform to develop numerically exact methods|2, 3, 42, 43, 93|. The projection operator

*Based on work published in J. Chem. Phys. 144, 154106 (2016). Copyright 2016, American Institute
of Physics.
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technique partitions the Hilbert space into system and bath subspaces, leading to the deriva-
tion of GQME for the system subspace which accounts for the bath’s dynamical influence
on the system via a memory kernel. Exact and approximate techniques for the evaluation of
the memory kernel have been developed that make use of perturbation theories|45, 46, 48,
49, 56], resummation techniques|[50, 51, 54, 55, 134, 135], and self-consistent expansions|130,
131, 136, 137|. Recent progress afforded by these methods has illustrated several advantages
of the GQME scheme. First, the memory kernel may decay on a shorter timescale than the
system dynamics under study, so that approximate memory kernels may yield more accu-
rate dynamics than would be obtained by direct simulation of the system dynamics using
the same level of approximation. Second, the GQME scheme is general enough to treat
realistic anharmonic baths[134, 137] and arbitrary system-bath coupling|[137]. Finally, the
flexibility of different projection operator formulations allows for facile extension to more
general situations, such as nonequilibrium initial preparation[52, 53|, as well as more com-
plex correlation functions|138]. However, despite these notable results, it remains a difficult
task to accurately calculate memory kernels in many regimes of general quantum dissipative

systems.

The Padé resummation approach approximates the memory kernel as an infinite resum-
mation based on the kernel’s second and fourth moments[50, 51, 139]. At the expense of
fourth—order perturbation theory in the electronic coupling, the Padé-resummed GQME is
capable of producing an accuracy that exceeds that of simple perturbation theory for the
spin—boson model|134], and resummation of higher order kernels provide quantitative cor-

rections[140]. Recently, however, it has been demonstrated that this approach can lead to

12



2.1. INTRODUCTION

unphysical, divergent dynamics in the strong electronic coupling regime|135], and the appli-
cability and accuracy of the Padé approximations throughout the entire parameter space is
still difficult to evaluate. The aim of the present work is to provide feasible estimates of the

applicability based on analysis of the Padé approximation itself.

We propose well-defined criteria in terms of the kernel’s second and fourth moments
that correspond to conditions leading to “physically reasonable” results within the Padé re-
summation scheme. To examine the proposed criteria, we perform systematic benchmark
comparisons of Padé-resummation with numerically exact results for a prototypical dissipa-
tive open quantum system, namely the spin—boson model with a Debye spectral density. The
proposed criteria divide the parameter space into subspaces associated with different levels
of accuracy, and we confirm that the systematic comparison of population dynamics with
exact results clearly demarcate when the approach should provide quantitatively reliable re-
sults. It should be noted that the proposed criteria are not limited to the spin—boson model,
but are generally applicable for estimating the accuracy of Padé—resummed memory kernels
for generic open quantum systems. In addition, the present work may provide guidelines
for the applicability of other types of resummation techniques, such as the Landau—Zener

resummation|135].

The outline of the chapter is as follows. We present in Sec. 2.2 a brief review of the
nonequilibrium Padé-resummed GQME approach to a generic open quantum system. In
Sec. 2.3, we analyze the Padé resummation and define the criteria for the validity of the

approximation. We apply the proposed criteria to the spin—boson model in Sec. 2.4 and
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show the correspondence of the different regions of the applicability phase diagrams with

exactly computed population dynamics. In Sec. 2.5, we conclude.

2.2 The Padé resummed GQME approach

We consider an open quantum system whose Hamiltonian takes the form, H=H,+ H, +
V, where H, and H, correspond to the system and bath Hamiltonians, respectively, and
V denotes the system-bath coupling. We denote the quantum states of the system by
the kets |j) and the bath density operator by p. It is convenient to adopt the Liouville
space notation|[50, 51| for the total density operator, W = |IW)), and define the product
((A|B)) = Tr,Tr,{ ATB} where Tr, and Tr;, are partial traces over the states of the system and
bath, respectively. Time evolution of the density operator is governed by the Liouville-von
Neumann equation

d 4
W) = —iLIWw(B)), (2.1)

where the Liouville super-operator (the Liouvillian) is defined by £|W (t))) = [H, W (t)] and
we set h = 1 throughout this chapter. The reduced density matrix of the system can be
written as o;(t) = Tr, {|k) (J|W(t)} = ((JE|W (t))) where the Liouville state is given by
7)) = |) (k|®1 and 1 is the unit operator for the bath. Then we can denote the population

dynamics as
Py(t) = (({IW @), (2.2)

where the diagonal elements are expressed as [jj)) — |j)) for simplicity.
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We implement the standard projection operator technique[141] via the super—operator
P = lip){Ul (2.3)
J

where [jp;)) = |7) (j| ® p; and the bath density operator p; is taken to be in equilibrium
in the electronic state |j). The projected version of Eq. (2.1) yields the GQME for the

population of the j-th state,

Pt = T,(1) - > /0 drksu(t — 7) Py(r), (2.4)

where the memory kernel matrix is

K (t) = ((jIPLeT " QLIkpy)), (2.5)
and the inhomogeneous terms are given by

T;(t) = —i{(j|PLeT QW (0))), (2.6)

with @ = 1 — P. The inhomogeneous terms result from the fact that the initial condition
for the total density operator will generally satisfy Q|W(0))) # 0. For cases Q|W(0))) = 0,
Z;(t) = 0. In the frequency domain, Eq. (2.4) can be transformed from an integro-differential
equation into the algebraic form

sp;(s) = pi(t = 0) + Li(s) = Y Kjr(s)pr(s) (2.7)

k

with the use of the one-side Laplace transformation, f(s) = [~ e *F(t)dt, where s is a
complex number. It should be noted that calculation of the memory kernel matrix and the
inhomogeneous terms is difficult in part because dynamical evolution involves a projected

propagator e "<t
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To approximate the projected propagator, one can carry out a perturbation treatment
with respect to a perturbation H' and an unperturbed Hamiltonian Hy = H — H'. The
Liouvillian can be decomposed as L = Ly + £ and Eq. (2.5) and (2.6) can be expanded
in terms of £'. As a result, the memory matrix and the inhomogeneous terms in frequency

domain can be expressed as a moment expansion

Kji(s) =Y K"(s) (2.8)

and
Li(s) =Y 1(s) (2.9)

with
K3 (s) = (G| [L'Gols)L'Go(s) Q" L'Go(s)L|kpr)), (2.10)

and
I (s) = ((j|L'Go ()| QL Go(s)" 1 QW (0))), (2.11)

where the unperturbed Green’s function is Go(s) = (s +iLy) . In practice, evaluating the
(2n)-th order moment requires a Laplace transformation for each time variable in a (2n —1)-
time correlation function. Clearly, the complexity of the terms in the moment expansion
grows quickly as the moment order increases.

The memory matrix and inhomogeneous terms may be approximated by a Padé resum-
mation using the second and fourth moments in the frequency domain,

G ()P
K3 () = K5 (5)

J

Ki(s) ~ : (2.12)
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(s) ~ [IJ(Q)(S)P

IS (2) @
I;7(s) = I;7(s)

It should be noted that the Padé resummation is a rational expression that include infinite

(2.13)

orders of the perturbation f[’, but the contributions of higher order than the fourth are
2

approximated; for example, K](.z) 2 [K](.:)(s)} / K](.,z)(s). The expressions of this section have

been discussed before[55], but a systematic analysis is lacking. We now focus precisely on

this issue.

2.3 Applicability Analysis and Criteria

The accuracy of the Padé resummation is unknown and depends on the analyticity of an
unknown function in the complex plane. Despite this fundamental difficulty, we may esti-
mate its validity via simple convergence properties and physical requirements of the memory
kernels. For simplicity below, the criteria are expressed in terms of a single memory ker-
nel element K (s), thereby suppressing the indices associated with memory functions and
inhomogeneous terms.

The Padé resummation can be viewed as a complex geometric series which is expected
to yield well-behaved results only within the disk of convergence of the Laurent series that
represents the expansion in the complex plane. A necessary condition for such convergence
is | K@ (s)/K®(s)|| < 1, for all complex number s, where K((s) is the n-th order expres-
sion given in Eq. (2.10). Since the inverse Laplace transformation is performed along the

imaginary axis s = iw, we restrict this condition to

(a) | K@ (iw) /K P (iw)| < 1 for real w. (2.14)

17
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The above condition is quite strict and may be relaxed by consideration of the physical
requirements of a generic memory kernel. Consider the Laplace inversion via the contour
integration of the Bromwich integral K(t) = 7= [, K(s)e*'ds, where C is the vertical con-
tour in the complex plane chosen to include all singularities of K(s) to the left of it|142,
143]. The asymptotic physical behavior of the memory kernel dictates that the poles of the
Padé-resummed approximation cannot have a non—negative real part, otherwise the mem-
ory function would not be guaranteed to decay to zero as t — co. We assume that the
distribution of poles changes continuously and smoothly as the parameters of the model
changes, allowing us to focus on the imaginary axis s = iw and monitor the behavior of
K®(iw)/K®(iw). In particular, the equality Re[K® (iw*)/K® (iw*)] = 1 is a necessary
(albeit not sufficient) condition for the occurrence of a pole on the imaginary axis at s = iw*,
which obviate the asymptotic decay of the memory kernel in real-time. We thus propose a

second condition
(b) Re[KW (iw) /K® (iw)] < 1 for real w, (2.15)

which, excepting random occurrences, maintains that all poles are confined to the left of the
imaginary axis in the complex plane and that the memory function is well behaved. Note
that the first criterion is stricter than the second since it corresponds to the interior of a
unit circle in the complex plane while the latter condition corresponds to the entire complex
plane to the left of the boundary at Re[z] = 1.

These criteria are indeed crude because they rely on the the limited information of
the first two terms of an infinite expansion. We will employ these conditions below as

demarcation lines in parameter space to gauge the reliability of the Padé approximation. As
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will be demonstrated, the criteria provide robust if conservative guidelines for the domain

of applicability for Padé—resummed master equations.

2.4 Results for the Spin—Boson Model

2.4.1 The Spin—Boson Model

In this section, we examine the criteria suggested above via investigation of the population
dynamics in the spin—boson model. The spin-boson model is an idealization of an open
quantum system which contains most of the important generic features of more complicated
dissipative quantum systems while offering the advantage that numerically exact algorithms
exist for the calculation of its dynamics over a wide range of parameter space|93, 95, 96,
144]. To produce benchmark results for the spin-boson model in this work, we use the
numerically exact hierarchical equations of motion (HEOM) methodology in the Parallel
Hierarchy Integrator (PHI) [94].

We consider a two-level system with energy bias € and constant electronic coupling A

H, = eb, + Ady,
and ¢, = |1) (1] —|2) (2] and 6, = |1) (2| + |2) (1|. The two-level system is coupled to a
bath consisting of an infinite set of harmonic oscillators

2

3 Pa 1 2 A2
H,=>)_ S+ Jwala (2.16)

Here, the frequency of the a-th bath mode is w,, while Pa, Qa refer to the mass—weighted

momenta and coordinates of the a-th mode. The system—bath coupling is taken to be of the
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form

V=06 cQa: (2.17)

«

where ¢, is the coupling strength between the two-level system and the a-th harmonic
oscillator. The spectral density compactly describes the influence of the bath on the dynamics
of the system, and takes the form

CQ

J(w) =2 —*0(w - wa). (2.18)

2 — Wa
In our study we choose the commonly used Debye spectral density[144]

A wwe
— a5 9 ., o
2w? +w?

J(w) (2.19)

which is Ohmic at low frequency with a Lorentzian cutoff at high frequency. The Debye
spectral density is characterized by two parameters: the characteristic bath frequency w,,
which represents the average timescale of the bath response, and the reorganization energy
A=3",c2/2w?, which is a direct measure of the coupling strength between the system and
the bath. In electron—transfer theory, the Debye spectral density is commonly used for the
description of a solvent environment with Debye dielectric relaxation (i.e. exponential in
time).
Throughout this work, we employ an initial density operator for the bath of the form

) e—BHb

Po = ma (2.20)
where 8 = 1/kgT is the inverse temperature of the bath. This initial condition corresponds
to thermal equilibrium in the reservoir in the absence of the system-bath coupling and is

the initial density operator of relevance for the description of an impulsive Franck—Condon

excitation.
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We implement a commonly used projection operator of the form[50, 51],

P = [Lp0) (1] + [202)){(2], (2.21)

where fully—dressed equilibrium bath density operators of the form
e=AH;

= (2.22)

are employed with H; = £(e + 3., caQq) + Hy(+ for 1 and — for 2). Note that with the
use of the projector (2.21), factorized initial conditions with an uncorrelated bath (2.20) will
necessitate the evolution of inhomogeneous terms (2.13) in the GQME. The second—order
moments of the memory kernels (K (i)) result in an expression equivalent to the noninteract-
ing blip approximation (NIBA) [3]. We carry out the time integrations of the memory kernels
and the inhomogeneous terms by the techniques outlined in Ref. 134 and the same Gaus-
sian quadrature subroutine (DCUTRI) [145|. The population dynamics of the Padé-resummed
GQME is calculated via the accuracy—improved numerical method for Laplace inversion|143].

For this spin—boson model, the Padé-—resummed GQME approach has lead to population
dynamics in near perfect agreement with numerically exact simulations[54, 55, 134]. On the
other hand, Van Voorhis and coworkers have shown the breakdown of the Padé-resummed
GQME approach in the strong electronic coupling region[135]. Our goal in the following is
to systematically delineate the regime of validity of the approach based on the criteria of

Sec 2.3.
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2.4.2 Parameter Space Diagrams

The model we study in this work can be parametrized by five independent energy scales. We
use the electronic coupling A as the unit of energy so that four dimensionless parameters
characterize the parameter space. These are: the electronic bias ¢/A, the reorganization
energy A/A, the bath’s characteristic frequency w./A, and the thermal energy of the bath
kgT/A.

To systematically scan parameter space, We consider variation in the scaled w.—\ plane
for different scaled temperature and bias cuts. It is expected that, for a given system—bath
coupling A, smaller values of w./A render the Padé approximation less accurate due to the
fact that the perturbation series is ordered by A. Therefore, we define critical characteristic

frequencies, wga)()\) and wéb)(A), as the lower bound of scaled w,. to satisfy the criteria (a)

and (b) for all elements of the memory kernels respectively. The boundaries wﬁa)()\) and

wgb)(/\) are determined by the conditions that there exists a single imaginary number iw* for
which either

(a) 1 (i) /K@ ()| = 1,

or

(b)  Re[KW(iw")/K®(iw")] =1,

is satisfied. The critical characteristic frequencies indicate the boundaries of the proposed
criteria that partition parameter space into three distinct regions of different levels of accu-
racy.

Because K (t) and I(t) have similar structure that should decay to zero after a transient

time and the Padé approximation takes the same form for both K (s) and I(s), we expect the
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proposed criteria also apply to the inhomogeneous term. In fact, Refs. 54-134 have shown
that the initial preparation of the bath, captured by the inhomogeneous term, is crucial for
obtaining the correct dynamics. We only focus here on the memory kernel and expect the
inhomogeneous term have similar analytical behaviors.

For illustrative purposes, we show a phase diagram for an unbiased (¢ = 0), high temper-
ature (kgT = 2A) system in Fig. 2.1 and the corresponding population dynamics of selected
points in parameter space calculated by the HEOM, Padé and NIBA approaches in the lower

panels. For this example the three regions may be partitioned as:

1. we > w (quantitatively accurate):

In this regime, the results of the Padé approach achieve almost perfect agreement
with the numerically exact results. This regime covers the weak electronic coupling
(non-adiabatic) limit (w./A > 1), where the A-perturbation based methods works
well. We also find that the Padé-resummed approach provides a significant improve-
ment over NIBA in the large system—bath coupling regime, as can be seen in the upper

panels of Fig. 2.1 (b).

(a)

2. w < w, < wl” (semi-quantitatively accurate):

The population dynamics of the Padé approach in this region are not quite as ac-
curate as in the “quantitatively accurate” regime, but the Padé-resummed method
still captures most of the important features in a semi—quantitative manner, such as
the long-lived oscillations and dissipative relaxation. Since the electronic coupling is
considered to be intermediate, the NIBA results become worse while the Padé results

remain accurate.
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Figure 2.1: Parameter space diagram for the spin-boson model with zero bias (¢ = 0) and

at high temperature (kgT = 2A). The critical frequencies W and w

functions of X\. The green region (w. > w((;a)) is the regime where dynamics are expected to

be quantitatively accurate, the yellow region (w((;b) <we < wﬁa)

are indicated as

) is the regime where dynamics
are expected to be semi—quantitatively accurate and the red region (w, < wgb)) is the regime
where the Padé—resummed approach is expected to be unreliable or even unstable. The
lower panels are the corresponding population dynamics along the vertical cuts (indicated
as solid squares connected by dashed lines) calculated by the HEOM approach (red solid
lines), Padé-resummed GQME (PADE, green dash lines), and NIBA (blue doted lines).
The upper right label in each population dynamics panel denotes the value of (\,w.)/A.
The symbol X in the phase diagram refers to the parameters corresponding to Fig. 1(d) of

Ref. 135.
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2.4. RESULTS FOR THE SPIN-BOSON MODEL

3. w. < w (unreliable):

The discrepancies in the population dynamics between the Padé approach and the
HEOM generally become larger in this regime since the large electronic coupling
(A/w, > 1) renders the perturbation theory in A questionable. In this regime, the
Padé approach may lead to a shift of the oscillation frequency of the population (see
panels labeled by (A, w.)/A = (0.2,0.4), (0.2,0.2), (1.8,0.2)), as well as overly coher-
ent behavior (see the panel labeled by (A, w.)/A = (1.0,0.2)). Extreme cases in the
strong electronic coupling (adiabatic) limit may cause the Padé resummation break-
down and result in unphysical population dynamics. Importantly, the parameters of
Fig. 1(d) of Ref. 135 lie in the “unreliable” region (labeled by X in the phase diagram).
In this case the Padé-resummed approach yields unphysical population dynamics for

the long time behavior.

Despite qualitatively similar behaviors, we notice that our results near the parameters
marked by X appear to be more accurate than those of Ref. 135. One possible reason
may be attributed to numerical errors of the FFT-based Laplace inversion method of Honig
and Hirdes|146]. Here, we employ a simple improved method proposed by Yonemoto et
al.[143]. In addition, we note that Ref. 135 assumes [;(s) = 0 which may yield different

population dynamics for short times.
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Figure 2.2: Parameter space diagram with increasing bias energies ¢/A = 0.5, 1, 1.5 at

(a)
c

high temperatures (kg1 = 2A) for the spin-boson model. The critical frequencies we ’ and

w® are indicated as functions of A with color regions as in Fig. 2.1. The lower panels are
the corresponding population dynamics along the vertical cuts calculated by the HEOM
approach (red solid line) and the Padé-resummed GQME (PADE, green dash line). The
upper right label in each population dynamics plot denotes the value of (A, w.)/A. The
symbol X in panel (a) refers to the parameters corresponding to Fig. 3(b) of Ref. 135, while

that in panel (b) corresponds to Fig. 4(b) of Ref. 135.

26



2.4. RESULTS FOR THE SPIN-BOSON MODEL

2.4.3 Energetic Bias Dependence

The bias dependence of the parameter space phase diagram is shown in Fig. 2.2, as well
as the corresponding population dynamics. We find that, as the energetic bias grows, both
critical frequencies increase in the low A region. Furthermore, in the region when w, < wﬁb),
the Padé approach may lead to incorrect steady state population values (see the panels
labeled (A, w.)/A = (0.2,0.6) for e = A and (\,w.)/A = (0.2,0.2) for e = 3A) as well as an
unphysical “recoherence” behavior (namely the envelope of the population does not decay
monotonically) as illustrated in the panels (A, w.)/A = (1.0, 0.2) for all biases. This effect can
be attributed to near singularities in the approximate kernels when the Padé resummation
does not satisfy the criterion (b). The population dynamics in Fig. 3(b) and Fig. 4(b) of
Ref. 135 show qualitatively similar discrepancies from exact calculations as illustrated here.
The parameters for these two cases (labeled as (x) in Fig. 2.2) lie in the expected regions
of parameter space.

We find that w'® and w!” become insensitive to the energetic bias in the limit A > e.
Since the reorganization processes dominate the incoherent decay in this limit, the fluctua-
tions induced by the energetic bias becomes less important here. Hence, the boundaries of

accuracy of the Padé-resummed GQME approach do not change when system—bath coupling

becomes very large.

2.4.4 Temperature Dependence

In general, the Padé—resummed GQME approach becomes less accurate for lower tem-
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perature baths. Fig. 2.3 shows that, as the temperature decreases, the critical frequencies
increase significantly throughout the entire range of reorganization energies. This may be
explained by the fact that the bath degrees of freedom progressively populate lower frequency
modes as temperature decreases, rendering A relatively larger with respect to the participat-
ing low—frequency modes. However, the Padé approach can still properly capture the dynam-
ical effect of the bath and yield qualitatively reasonable results in the semi—quantitatively
accurate region.

In the regions of lower accuracy, the Padé approach tends to overestimate the coherent
oscillations. In addition, the coherent oscillations are generally shifted toward lower frequen-
cies. In addition, we observe spurious recoherence in the panel labeled (\,w.)/A = (1.0,0.6)
for kgT = 0.2A. Once again the most sever deviations from exact calculation are found in
the region w. < wgb)()\) as expected.

The value (A, w.)/A = (1.0,0.3) of Fig. 3(c) of Ref. 135 is labeled (®) in panel (c) of
Fig. 2.3. However, note that the values of the energetic bias are different in this comparison.
As discussed above, we expect both critical frequencies to increase in the low A region as the
value of bias grows. Hence, we infer by this trend that the value of (A, w.)/A in the biased
case should lie in the region of parameter space where the Padé approach is expected to be

unreliable.

2.5 Conclusions

In this chapter we provide criteria to estimate the accuracy and applicability of the

nonequilibrium Padé-—resummed GQME approach to dissipative quantum dynamics. For
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Figure 2.3: Parameter space diagrams with zero bias energy (¢ = 0) as a function of de-
creasing temperature kgT /A = 1.0, 0.6, 0.2 from left to right. The critical frequencies wéa)

and wéb)

are indicated as functions of A\ with color regions as in Fig. 2.1. The lower panels
are the corresponding population dynamics along the vertical cuts calculated by the HEOM
approach (red solid line) and Padé-resummed GQME (PADE, green dash line). The upper
right label in each population dynamics panel denotes the value of (A, w.)/A. The symbol
X in panel (c) refers to the parameters corresponding to Fig. 2(b) of Ref. 135. The symbol

® indicates the same (A, w,) of Fig. 3(c) of Ref. 135, but with € = 0.
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the spin-boson model, the criteria yield critical frequencies wé“)()\) and wﬁb)()\) that parti-

tion the parameter space into three distinct regions of expected accuracy. One particularly
significant outcome of our analysis is the fact that the difficult intermediate coupling regime,
where all energy scales are comparable, falls frequently into a region of parameter space where
the Padé approach is expected to be accurate, and indeed we find that the Padé—resummed
GQME can still capture significant features of population dynamics within this regime.
When w, < w((;b)()\), the Padé-resummed GQME is demonstrated to often exhibit spurious
long-time behavior, overestimate oscillations with shifted frequencies, and display unphys-
ical recoherence. Overall, we find that the accuracy of the Padé resummation is relatively
insensitive to the system bias and reorganization energy, but becomes worse with decreasing
bath frequency and decreasing temperature.

The criteria should be generally applicable in the larger reorganization energy regime
than we present here. In fact, the NIBA approach is capable of producing quantitatively
accurate results in the “golden rule” regime where the reorganization energy is sufficiently
larger than the diabatic coupling (A > A). In addition, Fig 1 (a) and (b) of Ref. 135 show
that Padé GQME approach does capture the dynamics well for large \/A. Therefore, we
expect the asymptotic behavior of the Padé GQME approach to be as good as or better
than the NIBA approach in this regime.

The criteria of accuracy we propose is crude for several reasons. First, it is only based on
the analytic properties of the first two moments of an infinite expansion. Second, even with
regard to these moments, we merely search for the boundaries in the complex plane where
a single pole may obviate physical properties required of generic memory functions. In this

sense, the boundaries of accuracy are conservative and we expect to see cases where the Padé
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approach may still yield accurate results even if w (N <w < w®

when w, < wgb)()\) . Indeed, we do find cases where exact calculations demonstrate that the

(M) and even occasionally

approximate results may be more accurate than expected. However, overall we find that the
trends predicted by the criteria of Sec. 2.3 faithfully delineate the trends of accuracy of the
Padé-—resummed generalized master equation approach.

The proposed criteria should be valid for Padé resummations used to approximate the
memory kernels produced by other types of projection operators, and our applicability anal-
ysis may provide guidelines for assessing the domain of validity of other resummation tech-
niques. In particular, one can construct applicability phase diagrams for other theories, such
as the Landau—Zener resummation, leading to an increased understanding of the domain of
validity of complimentary approaches. This line of investigation will be taken up in future

work.
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Chapter 3

Surface Hopping Algorithm for
Condensed Phase Non-adiabatic

Dynamics *

3.1 Introduction

Electronically non-adiabatic transitions lie at the heart of some of the most important dy-
namical processes in the physical sciences[147]. Phenomena ranging from gas phase atomic
and molecular collisions|[148| to electron and energy transfer in the condensed phase[2] are
often intimately influenced by the coupling between distinct potential energy surfaces that is

induced by nuclear motion. Theoretically, the accurate treatment of non-adiabatic dynamics

*Based on work published in J. Chem. Phys. 144, 094104 (2016). Copyright 2016, American Institute
of Physics.
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is challenging, in particular in condensed phase applications where the interplay between the
large number of nuclear degrees of freedom with multiple coupled electronic states greatly
increases the complexity of the problem. Exact results may be obtained for specific idealized
models such as spin-boson systems where potential energy surfaces are harmonic and lin-
early displaced[93, 95, 96, 144|. In more realistic condensed phase situations, exact solutions
are currently out of reach, despite much recent progress|67].

Among the myriad approximate methods for treating non-adiabatic dynamics, the surface
hopping approach|64-66, 149] stands out for several reasons. First, the method is equally
applicable to gas phase and condensed phase problems, and can be used to treat realistic
anharmonic nuclear motion on potential energy surfaces, albeit in a classical manner|70-72].
Surface hopping has the advantage that it is naturally formulated in the adiabatic picture, so
that it can conveniently be employed in conjunction with electronic structure calculations.
The method is also inexpensive, non-perturbative, and provides a superior description of
branching processes and detailed balance when compared to other approaches, such as the
Ehrenfest method|[150]. Despite these appealing features, surface hopping naturally suffers
from several deficiencies[151-154]. Clearly the description of nuclear motion as classical
renders the approach incapable of capturing low temperature effects such as nuclear tun-
neling on a single potential surface|67-69]. More generally, while surface hopping does not
employ perturbation theory in any parameter, as with nearly all mixed quantum-classical
approaches to non-adiabatic dynamics, it cannot be systematically derived from an exact

starting point|[155, 156]." This fact makes it difficult to evaluate surface hopping’s domain

tClearly, Ref. 155 and 156 outline steps towards a complete derivation of the FSSH algorithm starting
from the exact equation of motion for the density matrix. In each case, however, there is at least one step
that needs to be assumed for which the domain of validity is difficult to assess. It is in this strict sense that
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of validity.

One long recognized shortcoming of surface hopping is the fact that, in its standard
implementation, the algorithm does not provide decoherence for electronic amplitudes. This
knowledge has led to the development of important modifications of surface hopping aimed
at more accurately describing decoherence|73-86|. In an important recent series of studies,
Landry and Subotnik showed that a striking consequence of the neglect of decoherence in
surface hopping is the failure to properly capture the golden-rule scaling of the non-adiabatic
transfer rate in the Marcus regime|[157, 158|. It should be noted, however, that there has
been some debate as to just how pervasive this problem is[159-163]. One of the goals of this
chapter is to provide an in depth examination of this issue.

More broadly we aim to compare surface hopping, with and without corrections for de-
coherence, to exact calculations in a model condensed phase system, namely the spin—boson
model[48, 164]. Although the spin—boson model is an idealized proxy for a real condensed
phase system exhibiting non-adiabatic transitions, it offers the advantage that algorithms
now exist that enable the calculation of exact dynamics over a wide swath of the relevant
parameter space|93, 95, 96, 144|. While in the past surface hopping was compared to exact
benchmark calculations of low dimensional scattering problems|65, 66, 83|, we now can pro-
vide guidelines for understanding the successes and failures of the surface hopping approach
in a broader condensed phase setting. It should be noted, however, that we will restrict our
comparison to the "overdamped" case of the coupling to a Debye spectral density, since it
is here that facile exact simulations may be performed. While the Debye case represents

perhaps the most commonly employed model of a condensed environment in the spin—boson

we refer to the lack of a systematic derivation of FSSH.
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context, our choice implies that some aspects related to the interplay between surface hop-
ping trajectories and decoherence which are expected to be most dramatic and subtle in the
underdamped limit, may not arise[79, 163, 165]. Regardless, this chapter should at least
provide a starting point for assessing how surface hopping performs in generic condensed
phase settings.

Our chapter is organized as follows: We begin in Sec. 3.2 with a review of the standard
surface hopping algorithm for the spin—boson model and various formulations of decoherence
corrections. In Sec. 3.3, we present our results for the scaling of the non-adiabatic transfer
rate with respect to the electronic coupling in the golden-rule regime. In Sec. 3.4, we explore
the full parameter space of spin—boson model. We summarize our results and conclude in

Sec. 3.5.

3.2 Fewest Switch Surface Hopping (FSSH) and

Decoherence

3.2.1 Spin-Boson Model

We consider the spin-boson model, H = H, + H, + Hg,, which describes a two-level system

with energy bias € and constant diabatic coupling A
H, =¢eo, + Aoy, (3.1)

interacting with an infinite set of harmonic oscillators (bath)

1
Hy=> 3 (n5 +wid}) (3.2)

J
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where w; is the frequency of the j-th bath mode[3]. The isolated electronic system and the
bath are coupled bilinearly
Hy =0, Z 954 (3.3)
J
where g; is the coupling strength between the two-level system and the j-th harmonic os-
cillator. We adopt the Pauli matrix notation o, = |1) (2| + |2) (1| and o, = |1) (1| —|2) (2]
where |i) indicate the diabatic states of the system. Throughout the present chapter, we use
mass scaled coordinates and momenta for the bath modes, ¢; = \/EQ]- and p; = P]/\/M,
where M, are the effective mass of nucleus for the j-th harmonic oscillator and set h = 1.
We denote bold letters q, p by the vector of nuclear degrees of freedom.
The influence of the bath on the dynamics of the system can be captured in the compact

form of a spectral density,

2
_r Z 9j
J(W) = 5 : w—j(s (w — (.x.)j) . (34)
In the present chapter, we consider the Debye model of the spectral density[144],

A wwe
2 w2+ w?’

T (w) (3.5)

which is appropriate for the description of a solvent environment with Debye dielectric
relaxation. The Debye spectral density function is characterized by two parameters, the
reorganization energy A, and the characteristic bath frequency w,.. In electron-transfer theory,
the reorganization energy represents a direct measure of the coupling strength between the
system and the bath. The characteristic frequency is related to the relaxation time scale
of the bath, 7 = 1/w.. The Debye spectral density spans broader frequency than the
standard Ohmic (J(w) o we™/*¢) and Brownian forms (J(w) oc w/((w? — w?)? + 7%w?)).

Following the procedure outlined in Refs. 166 and 87, it is convenient to discretize the
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Debye spectral density function via w; = tan ((j — 0.5) tan™! (wmax/we) /N) where wyayx is
the largest frequency and NV is the number of oscillators employed in the discretization.

The population dynamics of the spin—boson model can be calculated by the numerically
exact hierarchical equations of motion (HEOM) methodology|93], implemented in the Par-
allel Hierarchy Integrator (PHI) [94]. The HEOM method is easier to use when the spectral
density take the Debye form so that the bath correlation function can be written as a sum of
exponentially decaying functions in time[136, 167]. We use the HEOM method to produce
all of our benchmark results for the spin—boson model.

We focus on the reduced population dynamics of the system

P (t) = Ty {p (0) ™ i (if e=""} (3.6)

where we assume a factorized initial condition p (0) = p,|1) (1] and

efﬁHb 7

S — 3.
Po Trb {e_BHb} ( )
with the inverse temperature of the bath, § = 1/kT. The initial condition of the system
corresponds to an impulsive Franck-Condon transition with the bath in a state independent

of the system with oscillators centered at ¢; = 0.

3.2.2 FSSH and Its Variants

The fewest-switches surface hopping (FSSH) algorithm is a mixed quantum-classical method
that treats the bath degrees of freedom classically and the electronic system quantum me-
chanically[64-66]. A swarm of classical nuclear trajectories evolve on the adiabatic potential

energy surfaces associated with the electronic states with each individual trajectory evolving
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on a single active surface. Along each trajectory, the electronic wave function propagates
according to the Schrodinger equation with the classical nuclear variables evolving as pa-
rameters. The essence of FSSH is to simulate the population of the electronic states via
the density of trajectories on each surface. For this purpose, a surface-hopping scheme is
introduced to allow trajectories to hop among the adiabatic energy surfaces and match the
electronic populations. The hopping probability of the classical bath trajectories depends
on the electronic wave functions with specific conditions for the acceptance of non-adiabatic
transitions. Instead of listing these conditions, we describe them within the context of the
spin—boson model.

To implement the FSSH algorithm for the spin—boson model, we transform the model
to its adiabatic representation by diagonalizing the Hamiltonian H|®;(q)) = (%2 +
Vi (@))|; (q)) where

Vila) = 33wt + (1 (g -+ e + 2 (3.8)

are the adiabatic potential energy surfaces and g - q = Zj g;j¢;- One may transform the
diabatic states to the adiabatic representation via the unitary transformation |®;(q)) =
>-; Uij (@) |7) where

sinf (q) —cosf(q)

U(q) = . 39)
cosf(q) sinf(q)
The adiabatic-diabatic mixing angle is defined as 6 (q) = 5 tan™" (A/(g - g + €)) which de-

pends on the bath coordinates. Within the adiabatic representation, the electronic wavefunc-

tion can be written as | (t)) = ¢; () |P1(q)) + ¢2 () |P2 (q)) and the adiabatic amplitudes
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satisfy an implicit time-dependent Schrodinger equation

%Ci () =—iVi(@ei(t) =) p-dy(@)ex(t), (3.10)

where &, = (®; (q)| % |®k (q)) is the derivative coupling matrix. For the spin—-boson model,
J

the derivative coupling matrix elements are d?, = d}, = 0 and

9j A
2(g-q+¢€)?2+ A%

diy = —djy = (3.11)

We define the pure state electronic density matrix ¢ by o, = c;cj, and the equivalent equation

for the density matrix can be written as

~

S (t)=—i|V(9).5 ()| - [pdla).a). (3.12)
where the potential energy matrix is Vi, (@) = Vi (q).

The bath in the FSSH algorithm is described via a swarm of trajectories evolving clas-
sically on adiabatic potential surfaces. Each individual trajectory propagates on the active
adiabatic potential surface, V, (q), via ¢ = p and p = —9V,/0q, and the bath configura-
tion is followed by monitoring the time-dependence of (q(")7p(”), a,(”)) forn =1,--+, Niaj.
Each trajectory is allowed to switch active surfaces in order to force the relative number of
trajectories on each surface to mimic the adiabatic probability calculated by the adiabatic
amplitudes. To accomplish this, a minimal switching probability for a hop from surface a

(active) to surface b (other) during each time step dt may be employed as|65]

0] 2 * *
vsz = dtw [Im (Vi (@) cacy) + Re(p - dpcacy)] - (3.13)

For the spin—boson model, the hopping probability is determined entirely by the derivative
coupling and the adiabatic coherence c,c;. In addition to the hopping probability, trajecto-

ries must have enough energy to hop to a new surface and obey energy conservation. If the
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trajectory switches to a new active surface, the momentum is rescaled in the direction of the
derivative coupling by p’ = p + rkdg, satisfying |p + kdw|? + 2V; (@) = |p|* + 2V, (q).

At time t = 0, we require that the initial configuration of the bath mimics the initial elec-
tronic density in the adiabatic representation. The initial configuration for the bath modes
are sampled from the thermal Wigner distribution, p, o exp{—>_; %tanh(%)(%p& +
swiqg;)}, with the trace over the bath approximated as Tr, {p,---} ~ ﬁ D laopy) =
(---). In addition, we initialize the active configuration a(™ accordingly by distributing the
initial phase terms on surface 1 with the probability |c¢; (0) |? and on surface 2 via probability
le2 (0) |*.

Given that the electronic amplitudes are propagated in the adiabatic representation and
the bath trajectories move along adiabatic energy surfaces according to the FSSH algorithm,
it is non-trivial to extract diabatic electronic populations. We adopt the interpretation of
mixed quantum-classical density matrix|[168] for the diabatic population on state 7, which is

given by

P = <Z Ui (@) 6ja + Y 2Re [Uy; (q) ojuUs, (Q)}> : (3.14)

i<k
Note that the expression for P; includes information from the active surface (a) as well as the

adiabatic amplitude (o;z). For the spin-boson model, we can express the reduced population

dynamics of state 1 as

Pp = (sin® 6 (q) 61, + cos® 0 (q) 024 )
+ (2sin 6 (q) cosb (q) Re [e1¢5]) (3.15)
which is composed of a portion associated with the active surface and a portion contributed

by the adiabatic coherence.
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3.2.3 Decoherence

Within the standard FSSH algorithm, a difficulty arises when a trajectory passes through
the coupling region and the electronic wavefunction may bifurcate on different surfaces|65,
74, 169, 170]. Before the bifurcation event, each FSSH trajectory carries a particular elec-
tronic amplitude. After the trajectory passes through the coupling region, the wavefunction
retains its phase and the density matrix remains pure, even if the trajectories are separated
on different surfaces. This failure to incorporate decoherence may lead to an inaccurate
description of electronic dynamics.

The augmented FSSH (A-FSSH) [171]| has been proposed to resolve this problem by
collapsing the electronic state on the inactive surfaces and projecting onto the active surface
according to a decoherence rate calculated on the fly. The full procedure of the A-FSSH
algorithm is outlined in Ref. 171. Here, for completeness, we briefly review the A-FSSH
scheme.

The decoherence rate depends on the matrix of augmented moments of the bath co-
ordinate and momentum (dq,dp) which provide information regarding the separation of a
proxy wave packet in phase space. The augmented moments evolve along a trajectory which

follows the equations of motion

d . .

Eédj =T —T?,.1, (3.16)
d . .

E(Sﬁj =17 =171, (3.17)

where 79 and TP are obtained by expanding the full quantum Liouville equation to first
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order in A (linearized approximation)

~

70 =i [V, 5@} + 8P — Z - [dk, 5@} , (3.18)

=i [f/,d@-] {(5Fj,a} Zpk [dk,apj], (3.19)

and the matrix of forces is given by FJ = —GV/aqj]q and 5Fj = Fj - ijf. Via the
augmented moments, one can derive the off-diagonal correction to the equation of motion

for the reduced electronic density matrix,

o= =ilV,0] — [p-d.o| +i[F.0q]. (3.20)

which incorporates the decoherence mechanism in the last term. The estimated decoherence
rate for the separation of wavepackets on the active surface a and the inactive surface b is

of the form

Fpy— Fo,) -0
m‘}a—dt{( = oo q””—2|Fab-6qbb|}, (3.21)

which is obtained by assuming frozen Gaussian wave packets for the bath wavefunction
outside of the derivative coupling region (Ei = 0) and reducing the decoherence rate for
non-zero derivative couplings. The A-FSSH algorithm also permits resetting the augmented
moments to avoid the failure of the linearized approximation. The proposed reset rate is

given by bifurcate

(Fop — Faa) - 0qy,
5 .

Voo = —dt (3.22)

Note that +;, is the negative collapsing rate since the moments become invalid when
wavepackets aggregate.
A more traditional approach to decoherence corrections within surface hopping consists

of damping the coherence of the density matrix via a pure-dephasing-like rate|79, 80, 86|.
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Within this simpler density-matrix approach, we treat the evolution of the adiabatic co-
herence outside the derivative coupling region (El = 0) as pure dephasing in a stochastic
formulation|172]. Inside the zero derivative coupling region, the population transfer is ex-
cluded and the adiabatic coherences satisfy %ajk = —i(V; — Vi)ojx and the formal solution
is ok, (t +7) = 0ji (t) (exp{—i tHT dt'[V; (t') — Vi (t')]})w- The pure-dephasing time within
this stochastic formulation is obtained via the energy difference correlation function|[172]

1 1

o3/ WO-V@l 0 - Vo, (3.23)

To simulate the decay of the adiabatic coherence within the FSSH algorithm, we introduce
a decoherence terms that leads to an exponential decay of the adiabatic coherences. In
particular, decoherence is modeled as a Poisson process with the probability that a coherence
decay occurs in the time interval [¢,¢ + dt] gives by Prob{N|o; (t)] — N|oji (t + dt)] =1} =
e~ U5 dt )Ty =~ dt/Ty where N[oj, (t)] is the number of trajectories whose density matrix
retains coherence. However, for the spin-boson model, estimation of 75 along each trajectory
via Eq. (3.23) is not well defined. To circumvent this problem, we assume the decoherence

time scale takes a similar form for each trajectory

Tjkzl(t) N %/0 (Vi (#) = Vi () (V; (0) = Vi (0)) dt” (3.24)

which gives an estimate of the pure-dephasing time outside of the derivative coupling region.

The decoherence rate for the off-diagonal term o, is then given by

dt
ik (1)

7, (8) = (3.25)

A decoherence factor for the off-diagonal density matrix elements may be defined as oj;, =
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In(k)
d

Figure 3.1: Diabatic population transfer rates (k) as a function of diabatic coupling A
for FSSH (blue), A-FSSH (red), and HEOM (black) in the unbiased ¢/\ = 0 and biased
€/A = 0.4 cases. The bath temperature is assumed to be in the classical limit, 7" = 300 K.
The reorganization energy is E, = 520 cm~!, while the bath frequency scale w, is tuned
so that A/w, < 1. The dashed lines are reference markers of sub-quadratic and quadratic
dependence, respectively. The diabatic population transfer rates is extracted from the pop-

ulation dynamics by exponential fitting.

njkC;iCr, s0 that the hopping rate, namely the analogy of Eq. (3.13), becomes

2

‘Ca|

AROP — (it Re(p - dou)- (3.26)

2

For every time step, we calculate the decoherence timescale 7, (¢) by accumulating energy
difference correlations along the trajectory. If a decoherence event occurs, the associated
factor n;;, is set to zero. Then we symmetrize the density matrix and continue the trajectory

propagation.
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e/A=0 /A =04

times[ps] times([ps]

Figure 3.2: Population dynamics of the for FSSH, A-FSSH, and HEOM in the (a) unbiased
¢/A = 0 and (b) biased ¢/\ = 0.4 cases. The lower panels show the surface and coher-
ence terms separately, as defined in Eq. (3.33). The bath temperature is T = 300 K, the

reorganization energy is A = 520 cm ™!, and w, = 85 cm ™.

3.3 The Golden-Rule Regime

A surprising feature of the standard FSSH algorithm that has recently been discovered
is its failure to capture the quadratic dependence of the (diabatic) transfer rate in the
weak coupling regime. The generality of this behavior remains somewhat controversial.
Furthermore, the fundamental origin of this apparent failure is unclear. Landry and Subotnik
noted an interesting aspect of the simple one-dimensional Landau-Zener (LZ) problem|[157].
In the standard treatment of the LZ problem with initial electronic population on one surface
only, a single voyage through the crossing region produces population differences in harmony
with the expected quadratic coupling dependence of the rate. However, if the system is

prepared initially with arbitrary population on both diabatic surfaces, then a passage through
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the crossing point induces a population change that is proportional to both the electronic
coupling itself as well as its square. It may then be argued that since traversal of the
crossing region mixes the populations, multiple crossings will produce a rate with a sub-
quadratic coupling dependence. With the addition of decoherence, however, populations are
localized after each crossing, such that the rate always retains its proper quadratic golden-
rule form. Below we show that while this argument cannot explain the deviations from
Marcus golden-rule behavior exhibited by FSSH, the notion that decoherence can alter the
coupling dependence of the rate in a favorable way is indeed correct.

Let us briefly revisit the simple one dimensional L.Z example. As in Ref. 157, let us take

an electronic propagator of the form

U— Ve Vi=¢ , (3.27)

~VI=E  VE

where
27 A?

T B =By = exp [—nA?] (3.28)

§=exp |-
is the LZ parameter which depends on the crossing velocity v and the difference in the

(diabatic) forces, Fy — Fy, at the crossing point, and the electronic coupling, A. Clearly a

pure initial wave packet with amplitude placed entirely on surface a, namely

P(0) = , (3.29)

produces a population difference on surface 2 after one crossing that is proportional to A?
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for small A. On the other hand, if the initial packet has the form

P(0) = : (3.30)

where o and 3 are arbitrary constants satisfying a? + 32 = 1, then after one passage the
population difference on the surface b is given by (£ — 1)3% + (1 — &)a? — 24/£(1 — §)af ~
(o — B%)nA? — \/nAaf. The linear term in the electronic coupling heralds an apparent
subquadratic dependence of the rate on A. Importantly, however, it should be noted that
the mixing of populations that occurs during passage through the crossing region depends

on A. In particular, starting from the "pure" initial state

P(0) = , (3.31)

passage through the crossing region produces populations on each diabatic state that are

non-zero, but do depend on A and are thus not arbitrary constants. Via consideration of

P(n)=U" ! : (3.32)
0

it is straightforward to demonstrate that even in the absence of decoherence, multiple cross-
ings do not generate spurious terms in the b-state population that are linear in A within
this simple model.

To explore the issue of the behavior predicted by surface hopping in the Marcus regime, we
turn to direct simulation. In Fig. 3.1, compare the exact diabatic population transfer rates,
numerically extracted from HEOM simulations in the high temperature, weak electronic

coupling regime to both the results predicted by FSSH as well as the decoherence based
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A-FSSH algorithm. In both cases, we use Eq. (3.15) to extract diabatic quantities. The
exact HEOM simulations are not confined to the strict high temperature limit. Thus we
expect rates that scale as A2, but do not necessarily conform quantitatively to standard
Marcus theory. The results are shown for both an unbiased and strongly biased cases of the
spin—boson problem. Several important features should be noted. First, in the symmetric
situation, the FSSH approach yields the correct scaling of the rate with A and produces
results that are essentially indistinguishable from those of A-FSSH. This is true even as
the electronic coupling is varied over a wider range, and for all values of the reorganization
energy. On the other hand, when there is a sizable energetic bias, the rate indeed violates
Marcus scaling and behaves in a manner qualitatively similar to that described in Ref. 171.F
Importantly, however, the magnitude of the deviations we find are significantly smaller than
that expected from the calculations of Ref. 171. Remarkably, the inclusion of decoherence
corrects this failing, producing results in quantitative correspondence with exact numerics.
Thus, violations of the expected golden-rule behavior as well| as the impact of decoherence
in the weak-coupling regime appear to depend sensitively on the electronic bias.

To gain a deeper understanding of this surprising result, we decompose the non-adiabatic
population into terms that have an explicit dependence on the dynamics on a given surface

the coherence between surfaces, respectively. It may be shown that Eq. (3.15) can be recast

iThe recently published paper, Jain and Subotnik, J. Phys. Chem. Lett. 6 , 4809 (2015), makes a
nearly identical observation. We thank Joseph Subotnik for making us aware of this during the writing of
this manuscript.
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as

Pl - Psur+Pcoh

_ /11 g-q-+e B
- <2+2\/(g-q+e)2+A2(5” 5”>>
A *
+<\/(g-q+e)2+A2Re[CICQ]>7 (3.33)

where we have labeled the two relevant terms in Eq. (3.33) as the "surface" term, Py, and

the "coherence" term, P.,,. Note that we are using the diabatic interpretation of Ref. 168,
so in essence it is the "surface" term that is expected to be most sensitive to decoherence
corrections applied in the adiabatic basis, not the "coherence" term. Furthermore, note that
it is the surface term that has the stronger explicit dependence on the energetic bias, in
harmony with the notion that the distinction between FSSH and its decoherence corrected
variants will depend on bias as reflected in the way decoherence alters the behavior of the
first term of Eq. (3.15). In Fig. 3.2 we show the temporal decay of population in both the
unbiased and biased cases, within both FSSH and A-FSSH. We also show separately the
surface and coherence terms. For the unbiased case, FSSH and A-FSSH yield essentially
identical results, while in the biased case A-FSSH is in near quantitative agreement with the
exact result while the standard FSSH result decays too rapidly. The difference between the
two results is noticeable only in the surface term, which dominates over the coherence term.
Thus, we find that distinction between the unbiased and biased cases reflects the manner in

which the bias couples to coherence-sensitive terms as exposed in Eq. (3.33).
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Figure 3.3: High temperature dynamics with intermediate electronic coupling strength. We

employ a reference unit of energy of 104 cm™'. Parameters are kT = 2 (T = 300 K),
A =w. =02, (a)¢/A =0, (b)e/A = 1, and (c)e/A = 2. Reorganization energies

(E. = A/A) are scanned from small to large and are listed on each panel. “Dephase” refers

to the use of Eqgs. (3.24)-(3.26).
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Figure 3.4: High temperature dynamics in the adiabatic regime. We employ a reference unit

of energy of 104 cm™'. Parameters are kT = 2 (T = 300 K), A = 1, w. = 0.2, (a)e/A =1

and (b)e/A = 2. Reorganization energies (£, = A\/A) are scanned from small to large and

are listed on each panel. “Dephase” refers to the use of Eqgs. (3.24)-(3.26).

3.4 Full Parameter Space

In this section, we explore more broadly the comparison of surface hopping to benchmark
calculations of dynamics in the spin—boson model. Fig. 3.2 illustrates that in the golden-rule
regime, standard FSSH produces results in qualitative agreement with the exact behavior
produced by HEOM calculations. The inclusion of decoherence can lead to improved and
even quantitatively accurate results, however the improvement over FSSH will depends sen-
sitively on the parameters of the underlying Hamiltonian, such as the energetic bias. Similar

behavior is seen away from the weak coupling limit.
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Figure 3.5: High temperature dynamics in the adiabatic regime. We employ a reference unit
of energy of 104 cm™'. Parameters are kT = 2 (T = 300 K), A =1, w, = 0.2, and € = 0.
Reorganization energies (F, = A\/A) are scanned from small to large and are listed on each

panel. “Dephase” refers to the use of Eqs. (3.24)-(3.26).

3.4.1 High Temperature Regime

For intermediate electronic coupling and high temperature (kT /w. > 1), a regime often
difficult to treat via approximate perturbative approaches, we find that FSSH is quite ac-
curate, with an accuracy that is not altered by inclusion of decoherence within the A-FSSH
approach. On the other hand, direct decoherence damping with a pure-dephasing-type rate
generally leads to less accurate results than FSSH in this regime, especially when the reor-
ganization energy is large. These observations are illustrated in Fig. 3.3. In the adiabatic
regime, where the electronic coupling is large, we again find that FSSH is in good agreement

with the exact behavior of the simulated non-equilibrium populations at high temperatures,
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especially for large reorganization energies. Some select examples of this comparison are
illustrated in Fig. 3.4. In situations where the reorganization energy is small and the system
has no energetic bias, the upper left panel of Fig. 3.4(a) and the upper right panel of Fig. 3.5
illustrate how A-FSSH provides a damping of population oscillations that brings the ap-
proximate results into quantitative correspondence with exact simulations. With respect to
more phenomenological treatments of decoherence, two new features stand out. First, direct
decoherence damping with a pure-dephasing rate generally leads to more accurate results in
the strong-coupling regime than it does in situations where the electronic coupling is inter-
mediate or small as compared to other energy scales in the problem. In particular, unlike
in the case of intermediate coupling, the more phenomenological treatment of decoherence
appears not to lead to gross overestimates of the rate of population decay in energetically
biased cases for large electronic couplings. Furthermore, we find, for the first time, exam-
ples where a simple "pure dephasing" correction leads to clearly improved accuracy over
both FSSH and A-FSSH. We emphasize however that in general we find A-FSSH to be, on

average, the most accurate approach across the full parameter space.

3.4.2 Low Temperature Regime

Lastly, we turn to situations where the temperature is comparable to, or lower than, the
characteristic bath frequency. In such situations we expect any surface hopping approach to
be unreliable due to the fact that the dynamics of the nuclei are treated classically. Thus
processes such as nuclear quantum tunneling cannot be described. While we find this to
be generally the case, there are situations where the surface hopping approaches find some

success even in this "quantum bath" regime. In particular, when the electronic coupling
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Figure 3.6: Low temperature dynamics in the intermediate regime. We employ a reference
unit of energy of 104 cm~!. Parameters are kT = 0.2 (T =30 K), A =2, w. =2, kT = 0.2,
(a) ¢/A =0, and (b) ¢/A = 1/2. Reorganization energies (E, = A\/A) are scanned from

small to large and are listed on each panel.
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Figure 3.7: Intermediate and low temperature dynamics in the adiabatic regime. We employ

a reference unit of energy of 104 cm™!.
Parameters are (left) A = 10, w, = 1, kT = 1 and (right) A = 20, w. = 2, kT = 0.2.

“Dephase” refers to the use of Eqs. (3.24)-(3.26).

¢ = 0 and reorganization energy is large A\/A = 5.
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is strong and the time scale is relatively short, both FSSH and A-FSSH can accurately
model the Rabi-like oscillations for several periods of motion as illustrated in the upper left
panel of Fig. 3.6 (a) and (b). For intermediate temperatures A-FSSH can accurately correct
the decay rate of the amplitude of oscillations, however its accuracy diminishes at lower
temperatures as shown in Fig. 3.7. In general, however, surface hopping fails to quantitatively
capture population relaxation in these regimes, with some "worst-case" examples illustrated

in Fig. 3.6.

3.5 Conclusions

In this chapter we have provided, to the best of our knowledge, the first detailed comparison
of surface hopping with exact quantum dynamics for an idealized but non-trivial model of
condensed phase non-adiabatic dynamics. In particular, we have focused on the role played
by decoherence across the entire parameter space in general, and in the incoherent golden-
rule regime in particular. Our results provide both an understanding of how decoherence
influences behavior in the weak electronic coupling regime as well as general guidelines for
the reliability of surface hopping with or without decoherence corrections across all regimes.

With respect to recovery of Marcus golden-rule scaling behavior, we present several novel
findings. First, we find that deviations from golden-rule scaling, at least within the confines
of the spin—boson model with a standard Debye spectral density, do not occur for symmetric
systems and only become apparent in systems with a large energetic bias. In biased cases
the inclusion of decoherence appears to correct the errant behavior of the standard FSSH

approach. On the other hand, we show that the origins of the inability of FSSH to yield
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golden-rule behavior are subtle and the departure from the quadratic scaling are smaller
than expected from past work. Lastly, we note that while it is clear that the decoherence
based A-FSSH algorithm alters the electronic dependence of the transfer rate in the weak
coupling limit so that the standard golden-rule is recovered, we have no analytical argument
that demonstrates that this should occur, or that it will continue to be true over a wider
range of A than we have investigated.

A systematic survey of parameter space provides important guidelines concerning the
accuracy of surface hopping and its decoherence-corrected variants. One major conclusion
that can be immediately reached is that, in general, the standard FSSH is surprisingly
accurate in large portions of parameter space. Furthermore, while the decoherence-based
A-FSSH approach often leads to some improvement in the description of the temporal decay
of non-equilibrium population, on average the corrections are not dramatic. The largest
improvements fostered by the inclusion of decoherence provided within the A-FSSH approach
are found in the previously discussed golden-rule regime (c.f. Fig. 3.2) as well as in cases
where decoherence damps otherwise oscillatory population decay. Thus, at least with respect
condensed phase environments with widely dispersed spectral properties, the standard FSSH
approach should generally provide a reasonable description of dynamics.

All of the surface hopping approaches we have employed in this chapter have difficulty
in accurately describing low temperature situations, with the exception of symmetric cases
where the electronic coupling is so weak that essentially pure Rabi oscillations are observed on
short to intermediate time scales. However this breakdown of surface hopping is unsurprising
as the approach is incapable of capturing nuclear tunneling effects. Quantitative breakdowns

also appear at high and intermediate temperatures not only in the golden-rule limit, but also
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for intermediate to strong electronic coupling when the coupling to the bath (as given in
the reorganization energy) is also sizable. However, even in these regimes failures appear as
isolated examples more than generic trends.

We have also investigated decoherence corrections that are perhaps less well justified than
that provided by A-FSSH but are simpler conceptually. In particular, we have explored an
approach similar to the earliest decoherence corrections which employs a simple damping
term given by the pure dephasing rate along a trajectory. In general we find that such an
approach decoheres relaxation dynamics too strongly, often worsening agreement between
the standard FSSH algorithm and the exact results. Somewhat surprisingly however, the
degree of decoherence provided by this approach may be seen to quantitatively correct the
failures of both FSSH and A-FSSH in the "isolated" cases where both fail, namely the regimes
of sizable electronic and system-bath couplings mentioned above. This coincidence should
be investigated further, as it may foster a deeper understanding of the physics associated

with these isolated examples, something that we currently have been unable to provide.
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Chapter 4

Inchworm Quantum Monte Carlo
Method for Exact Non-adiabatic

Dynamics

4.1 Introduction

The description of real-time dynamics in many-body quantum systems continues to provide
major challenges for current research. An accurate theoretical understanding of nonequilib-
rium processes ranging from charge and energy transport in quantum dots and molecular
junctions|34] to laser-induced electronic phase transformations|31] is crucial for the inter-
pretation of experimental results and the eventual design of new materials and technologies.
Quantum Monte Carlo (QMC) techniques form the basis for the exact description of the ther-

modynamics of systems dominated by quantum fluctuations|173]. In this setting, a variety
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of QMC methods may be used to ezactly calculate the properties of lattice and continuum
systems, including systems where boson particle statistics induce non-trivial collective phe-
nomena such as the transition to a superfluid state[174]. The inclusion of fermionic statistics
within QMC is more difficult, reflecting the NP-hardness of the generic electronic structure
problem[174-176]. This difficulty reveals itself in the "fermionic sign problem," where Monte
Carlo summands alternate sign, leading to a poor signal-to-noise ratio that can inhibit the
accurate calculation of the thermodynamic properties of fermionic assemblies. Despite this
difficulty, the umbrella of QMC techniques has essentially solved the problem of the thermo-
dynamics of non-fermionic systems|177|, while great progress continues to be made towards
the development of accurate QMC approaches for fermions[101, 103, 178-180].

The simulation of real-time quantum dynamics presents another layer of difficulty that
is absent when thermodynamics alone is considered. In general, when considering the exact
simulation of quantum dynamics, the computational cost scales exponentially with increasing
time. This poor scaling manifests in distinct ways in different methodologies[124, 127, 129,
181-185]. Within attempts to extend QMC to the real-time axis, exponentially poor scaling
arises from the oscillating phase factors generated by the time evolution operator e~#7t. The
summation of random phase information leads to a shrinking signal to noise ratio known as
the "dynamical sign problem". This afflicts all dynamical QMC simulations, regardless of
the nature of the underlying particle statistics.

Modern diagrammatic variants of QMC (dQMC) have proven extremely powerful in the
study of thermodynamic properties of impurity models, which consist of a small interacting
subsystem coupled to noninteracting fermionic or bosonic baths[127|. The extension of these

approaches to real-time dynamics has also met with some success[124, 182-184, 186, 187|. In

59



CHAPTER 4. INCHWORM QUANTUM MONTE CARLO METHOD

particular, in conjunction with partial resummations of the exact diagrammatic series|127,
129] and reduced dynamics techniques|130, 131], real-time dQMC has proven capable of the
exact simulation of nonequilibrium properties in the paradigmatic Anderson model for non-
trivial time scales in select parameter regimes|132]. Despite the aforementioned successes,
previous real-time dQMC methods have all been plagued by the dynamical sign problem
to differing degrees[124, 182-184, 186, 187]. Very recently, a new dQMC method, dubbed
the "inchworm algorithm," has been introduced that largely overcomes the dynamical sign
problem[106]. The inchworm algorithm optimally recycles diagrammatic information so that
the computational cost scales approximately quadratically, as opposed to exponentially, with
time. For the case of the Anderson model, the inchworm algorithm has enabled exact real-
time simulation even deep within strongly correlated regions of the parameter space, such
as the Kondo and mixed valence regimes.

While progress for the Anderson model has been impressive, it should be noted that
the number and range of exact benchmarks for this model are far fewer and less impressive
than those available for a simpler impurity model: the spin—boson model. The spin—boson
model consists of a two-level system coupled linearly to a bosonic bath, and constitutes
the basic proxy for dissipative condensed phase charge and energy transfer problems|2, 3,
48]. Two decades of numerical effort aimed at the spin—boson problem have produced a
suite of methodologies capable of long-time simulation of nonequilibrium observables over
essentially the entire parameter space of the model[87, 88, 93-96, 99-102, 144|. In this
sense, the spin—boson model embodies a stringent test which should be passed by any new
numerically exact approach to real-time quantum dynamics.

While the spin-boson model employs seemingly unrealistic features such as linear cou-
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pling to a harmonic reservoir, even anharmonic systems may be mapped to this form of
environmental interaction within linear response theory[188-192|. This generality explains
the wide usage of the spin—boson paradigm in the modeling of systems ranging from charge
and energy transfer in condensed phases and biological systems[4-11| to the relaxation of
dilute impurities in the solid state[193-195] and in Josephson junction arrays[196]. In the
rotating wave approximation, the spin-boson model is reduced to the Jaynes—-Cummings
model, which is of great importance in quantum optics.[197-199]

In the following work, we use the spin—-boson model as a platform to provide the essential
details of the inchworm approach and to improve and expand upon the methodology. In
particular we describe two diagrammatic expansions (and their resummations within the
inchworm framework) rooted in distinct exactly solvable reference systems. We further
introduce a new cumulant-based approach[200-203] that reduces the computational cost
from quadratic to linear in time. In essence, the use of cumulants allows for the construction
of an inchworm expansion for the memory function directly from the moment expansion and
without the need for any a priori information about the memory kernel itself. We argue that
taken together, the distinct inchworm algorithms presented here should essentially cover the
relevant parameter space of the spin—boson model.

In this work we compare the results of the inchworm algorithm to those produced by
the other methodologies mentioned above in essentially all regimes of interest. Our results
allow us to compare and contrast the strengths and weakness of the relative approaches. We
demonstrate that the inchworm algorithm is competitive with the most advanced real-time
approaches and is capable of producing converged long-time results even in some regimes

difficult for several prominent approaches. The success of the inchworm algorithm as outlined
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in this work paves the way for a host of novel applications, a few of which we enumerate at
the conclusion of this chapter.

The organization of the chapter is as follows. In Sec. 4.2, we review the real-time dQMC
scheme and the inchworm algorithm in a general formalism. In Sec. 4.3, we formulate the
system—bath coupling expansion and its corresponding inchworm expansion. In Sec. 4.4,
the diabatic coupling expansion is described. In Sec. 4.5, we introduce cumulant inchworm
expansions based on the diabatic coupling expansion. In Sec. 4.6, we provide an analysis
of convergence for the system—bath coupling inchworm (SBCI) and the diabatic coupling
cumulant inchworm (DCCI) approaches. In Sec. 4.7, the detailed comparison of our new
approach to established benchmarks, as well as a discussion of the relative benefits and

drawbacks of our approach, are presented. A conclusion is presented in Sec. 4.8.

4.2 dQMC Scheme and the Inchworm Algorithm

In this section, we briefly review the real-time dQMC approach|[127], the dynamical sign
problem and the inchworm algorithm|106| in a general framework.

We consider a generic Hamiltonian of an open quantum system in the form
H=H,+ Hy,+ Hy, (4.1)

where H, and H, are the Hamiltonian of the system and the bath, respectively, and Hg,
describes the system-bath coupling. For a given observable O, we are interested in its

time-dependent expectation value
(O (t)) = Tr { poe'™ O™} | (4.2)
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Here, (-) = Tr{po-} is the trace performed over all degrees of freedom and pg is the initial
density matrix of the full system. It should be noted that equilibrium time correlation
functions may also be calculated within the framework outlined below[121, 132|, however for

simplicity we focus on one-time non-equilibrium quantities of the form (4.2).

4.2.1 Dyson Series

To evaluate the dynamics of the observable (O (t)), a key needed element is the propagator
et which is difficult to calculate in a computationally useful form. In general, we can

expand the propagator in a perturbative fashion by writing the Hamiltonian as
H = Hy+ H', (4.3)

thus partitioning H into a (solvable) Hy and an interaction Hamiltonian H’. In this inter-

action picture, the dynamics of an operator O is given by

eMtoe= Mt — Ut (1) O (1) U (1), (4.4)

iHote—illt Ve denote the time-dependent

where the propagator is U (t) given by U (t) = e
operator in the interaction picture by 9] (t) = etHotQe~ot One can expand the propagator
using the time-ordered Dyson series (h = 1)

U (t) =§:(—i)” /Ot dty /Otl dt?"'/otn_ldt” (4.5)

n=0

x H' (t1) H' (to)- -~ H' (t,)

which contains a series of interaction operators H' (t;) = et H'e=o! with the chronological

time ordering t > t; >ty > --- > t, > 0. If this expansion is applied to the two interaction
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picture propagators in Eq. 4.4, the folded Keldysh contour naturally emerges from the se-
quence of interaction operators generated by the product. The interaction operators arising
from U (t) have time arguments denoted as {¢]}, and are thought of as existing on the
forward or + branch of the contour, while those emanating from UT (¢) have time arguments
denoted as {t; }, and exist on the backward or — branch. This is illustrated in Fig. 4.1a.
The contour is folded at ¢ = t,,.,, where the observable operator is applied. Each set of time
arguments, {¢; } and {¢; }, is time ordered: tpa.x > t7 > t3 > -+ > 0%, where 0 denote

the initial time on the £ branch, respectively. Therefore, we can write Eq. 4.4 as

2 flmax tf A
O (t) :Z/ dtf/ dt;../ dtf x
=00 0 0
0 rtmax ty t
dt—/ dt—.../ dt;, x
S ) (1)

(=) " H () - H (t7) x

n/
O (tmax) H' (tF) - H' (£5) .
For brevity, it will be convenient to write the two types of time arguments on the two

branches of the contour in terms of a single time argument label s;:

S;r = trt—i—&—l i < n,
s; =1, n<i<m.

Here, m = n+n' and {s;} is ordered according to the Keldysh contour causality, s; < --- <

sm as shown in Fig. 4.1. We define s; < s; if s; occurs before s; on the Keldysh contour.

64



4.2. DQMC SCHEME AND THE INCHWORM ALGORITHM

Therefore, we can write Eq. 4.4 as an expansion in terms of s;,

O (1) :ii/dsmm/dsl(—l)"imx

m=0 n=0 (48)
H' (8m) - H' (8n+1) O (tmax) H' (8n) - H' (s1),
where the integration [ ds,,--- [ds; is taken to represent
bmax tf A
/dsm---/ds1 :/ dtf/ dt;../ det
0 0 0 (4.9)

tmax ty t
[t [T [T
0 0 0

Each term in the expansion can be represented by diagrams, in which a vertex or open circle
in Fig. 1(a) represents the interactions occurring at the times {s;} and a cross symbol indi-
cates the tip or the folding time ¢, of the Keldysh contour where the observable operator
acts. For instance, Fig. 4.1b shows the diagrams of the unperturbed term (m = 0) and some
example diagrams of second order (m = 2, two vertices) and of fourth order (m = 4, four

vertices).

4.2.2 Real-time path integral formulation

The dynamical quantities of interest can be expressed in the form of a path integral, or more

generally the integral over the contour configuration space

(O(t)) = / dsO (s), (4.10)
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Figure 4.1: (a) A configuration s drawn on the Keldysh contour, with physical times ¢; on
the forward or + branch and ¢, on the backward or — branch. Below, the configuration
is shown on the unfolded contour with contour times s;. The X indicates the tip or fold
of the contour and the ticks indicate interaction operators H'. (b) General framework of
bare dAQMC. The thin line represents an unperturbed propagator e~ while the thick line
represents the exact sum over all possible configurations contributing to some observable
(O (t)). (1) is the zeroth (m = 0) order contribution, <e"H0tOe*iH0t>. (2)-(4) are examples
of second (m = 2) order contributions with (2)n = 1, (3)n = 2, and (4)n = 0. (5) and (6)

are examples of fourth (m = 4) order configurations.
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where we denote s = {s;} as the contour configuration. Note that this expression is implicitly
time-ordered and the integration [ ds is taken to mean

/ds:ii/dsm---/dsl. (1.11)

m=0 n=0

The contribution of a given configuration s is given by

O (s) = (=1)" " (I (s) -+ H' (s11) %
(4.12)

O (ta) H' (0) -+ H' (s1)).
This object is a seemingly complicated multi-time quantity, but in many cases is that it can
be efficiently evaluated since it is defined by an interaction picture under the propagation
associated with a solvable H.

The dQMC method provides an unbiased estimator for the infinite-dimensional integral
over all configuration parameters, [ dsO (s), by summing over a set of sample configurations

s; drawn from some normalized probability distribution defined by

_ o w(s) _w(s)
Prob (s) = Tdsw (s) 7

(4.13)

The Metropolis-Hastings algorithm[204, 205]| is method for generating a sample set of this
type when only w(s) is known. To see how this works, consider that for any prescribed

weight function w (s), we have

/ds@ (s) = Zw/dso <S)Prob (s). (4.14)

w ()

Given that the {s;} for i € {1, ..., M} are drawn from Prob (s), in the limit of large M one

2(2). a9

obtains

/ds(’) (s) ~ %Zl SV)((EZ))
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Importantly, we note that Z, is completely independent of the observable calculated.
Therefore, to remove the dependence on 7, we introduce a “normalizing” observable
N = [dsN (s) which can be evaluated analytically. Evaluating N via the same Monte
Carlo procedure, one obtains

W

N = /dsN(s) ~ 7, <N>W. (4.16)

With this normalization, Z, cancels out of all final expressions:

_ 4500 2 (S)y (D)
/ds@(s)—NfdsN,<8)_NZW<%/>W—N<%/>W. (4.17)

Since we have complete freedom in the choice of IV, one is therefore free to choose a quantity

which is easy to evaluate in both the Monte Carlo and the analytical calculation. The choice
used here is N (s) = 1, such that N is simply the hypervolume of the multidimensional
space of interaction times. Since this hypervolume normalization is positive definite, it
cannot have a sign problem, and all potential sign problems must appear in the nominator.
For w (), we typically choose the absolute value |O (s)| of the contribution to the observable
itself or a closely related property, such that the summation is optimized for summing large
contributions to a particular observable. It is currently unknown whether this choice is

optimal.

4.2.3 Dynamical sign problem and inchworm algorithms

Unfortunately, summing individual contributions to an observable in this manner, the so-
called bare dQMC algorithm, generally involves a dynamical sign problem. In real-time
dQMC, the dynamical sign problem is caused by the oscillatory nature of real-time propaga-

tors which results an exponentially growing computational cost as time increases|124, 182,
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186, 206]. To circumvent the dynamical sign problem, we employ inchworm expansions|106].
This allows us to efficiently reuse quantities propagated within short time intervals in the cal-
culation of quantities propagated between longer times. Two concrete examples of practical
inchworm algorithms for the spin-boson model will be developed below.

We briefly introduce the general concept behind inchworm expansions. Let s; < sy <
sy be three times: an “initial,” “inchworm” and “final” time, respectively. Assume some
set of properties have been exactly evaluated for all cases where all interaction vertices
are restricted to the time interval [s;, st]. Given knowledge of these auxiliary restricted
quantities, it is often possible to construct an efficient expansion for the same set of quantities
with the vertices restricted to the longer interval [s;, s¢]. This describes an inchworm step,
or the process of inching. A series of inchworm steps allows one to start with a set of easily
evaluated restricted quantities defined over very short intervals, eventually obtaining the set
of unrestricted physical quantities for which interaction vertices span the full length of the
Keldysh contour.

The inchworm algorithm has the distinct advantage that much fewer diagrams must
be sampled to obtain a converged answer, since each inchworm diagram contains an infinite
number of bare diagrams, such that often relatively few low-order inchworm diagrams contain
all important contributions from the relevant bare diagrams at all orders. This advantage
comes at two important costs. First, as when working with nonequilibrium Green’s func-
tions, one is forced to calculate a complete set of two-time properties even if only single-time
properties are of interest. Specifically, all propagators between any two points in [s;, s4| are
required to obtain a propagator between s; and s;. Second, Monte Carlo evaluations at long

times are no longer independent of short-time evaluations, and errors are carried forward
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in time during the stepping procedure. This has profound computational implications in
that the algorithm is not “embarrassingly parallel” like standard Monte Carlo techniques,
since information concerning short-time propagators must be distributed between the various
computer nodes performing the calculation. Furthermore, careful error analysis is required
in order to take error propagation into account. Essentially, a series of completely indepen-
dent calculations must be carried out to evaluate the statistical errors, and one must then
verify that systematic errors due to the error propagation (in addition to the statistical ones
common to all Monte Carlo techniques) are assessed and converged to within the desired
accuracy.

Within the formulation of inchworm algorithm, each single inchworm step is numerically
exact if Monte Carlo samples are sufficient for the convergence. The sequence/grid of inch-
worm steps with finite size is formally exact if all propagators of shorter times are smooth
enough and well-representative in the discrete sequence/grid. In practice, we have to trun-
cate the maximum order of sampled configuration for each inchworm step and interpolate

the discrete propagator data.

4.2.4 Spin—boson model

We now specialize the discussion to the case of the spin—boson model. This allows us to give
explicit expressions for the terms that emerge in expansions that employ different choices
of Hy. The form of the Hamiltonian is given by Eq. (4.1). The system Hamiltonian H; is

taken to be a two-level system in the diabatic basis |a) € {|1),2)},

H, = €6, + A6, (4.18)
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In this notation, 6, = |1) (1] — |2) (2| and &, = |1) (2| 4+ |2) (1]. The energetic bias € is the
energy difference between the two diabatic states, and the diabatic coupling A characterizes
spin flip processes within the electronic system. The boson bath consists of a set of harmonic

oscillators with frequencies w, described by the bath Hamiltonian

1 1
Hy, = Z 3 (p] +wiz}) = Zwe (bzbg + 5) . (4.19)
¢ ¢

The system—bath coupling Hy, is assumed to be linear in the bath coordinates

Hsb = é’ZZCgl’g. (420)
L

The coupling constants ¢, describe the strength of the interaction between the harmonic
modes and the spin. The system—bath coupling is typically parametrized in compact form

by the spectral density
T

J (W) = 5%:;—25@1 — W) (4.21)

We specify the system—bath coupling strength by a spectral density that is linear for small
w and has a Lorentzian cutoff for large w:

A Wew
2w? + w?’

Jp (W) (4.22)

namely the so-called the Debye spectral density. For this spectral density, we define the
reorganization energy as A = 4 [Zqy = 257 ¢2/w? which provides a measure of the
system—bath coupling strength. The cutoff frequency of the Lorentzian function, w,., char-
acterize the frequency of the bath. Therefore, a spin—boson model can be characterized by
five parameters (with 7 = 1): the diabatic coupling A, the bias energy e of the electronic
system, the cut-off frequency w,, the temperature kT = 1/ of the boson bath, and the

reorganization energy A characterizing system-bath coupling.
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Throughout this work, we will concentrate on the local dynamics of the spin &, in the

diabatic basis

(0. (t)) = Tr {poe™ 6.7} . (4.23)

Here we only address factorized initial conditions corresponding to thermal equilibrium of the

bath in the absence of the system—bath coupling, such that the initial density matrix is given
e~ PHy
Trb{efﬁHb} )

We specify the initial condition of the spin as ps = |1) (1|. Treatment of more general initial

by the factorized form py = ps ® py, with the bath initially in equilibrium p, =

conditions is simple but will not be discussed further here.

There are several useful ways of partitioning H into Hy and H' such that the perturbation
series of Eq. 4.3 can be carried out, each yielding a different type of expansion. We will discuss
two such choices. One treatment takes H' = H,, expanding with respect to the system—bath
coupling. Another takes H' = Ad,, expanding in the diabatic coupling A. In the following

sections, we discuss these expansions and their inchworm Monte Carlo implementations.

4.3 System—Bath Coupling Inchworm (SBCI)

Expansion

4.3.1 Bare dQMC

We start with the example of the bare dQMC expansion in terms of the system—bath cou-
pling H = Hg. This expansion is the analogous to the hybridization expansion in the
Anderson model, for which the first inchworm expansion was formulated. The unperturbed

Hamiltonian is taken to be Hy = Hy + Hy, and the initial density matrix is pg = |1) (1| @ pp.
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To write a dQMC expression for the expectation value of the observable O = ., we must
determine the contribution O (s) of any given configuration s to this expectation value in

the form of Eq. 4.12:

O(s) = (—1)" @'m<Hsb (5m) - Hyp ($n41) X
(4.24)

5. (t) Hy () - - Hap (51)>.

In the interaction picture Hy, (s) = €108 Hye=H0% can be factorized as

Hy(s) = 5. (s) x Y _ iy (s), (4.25)
V4

and we define the operator of the bath part as

B(s) =Y c(s). (4.26)

It turns out that for a linear coupling of the form of Eq. (4.20), one can write Eq. (4.24) as

a product of a system influence functional U (s) and a bath influence functional £ (s):
O(s)=(—1)"i"U(s) L(s). (4.27)
The system influence functional U (s) for the given initial condition |1) (1] is defined as

U (8) = <1| 6-/z (Sm) o 52 (Sn-i-l) X
(4.28)

0 (tmax) 0= (8n) -+ 02 (1) [1) -

For the spin—% case, all operators can be written in the form of matrices of rank 2 in the
basis of the Hilbert space of the isolated spin. Eq. (4.28) can then be efficiently evaluated as
a matrix product of unperturbed system propagators of the form e~ #s(5:=5:-1) sandwiched

between ¢, operators with s; —s; denoting the difference of physical times given by Eq. (4.7).
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The bath influence functional is given by an m-time interaction picture correlation func-

tion of the bath operator B (s) in the form of

L(s) = <B (5p) -+ B (31)>b, (4.29)

where we denote (-), = Tr, {ps-} and p, is the initial bath density matrix. Using Wick’s
theorem, which is valid for the bath operators within the interaction picture, one can express

L (s) as a sum of products of two-time correlation functions by use of the identity

<§(3m)---§(31)>b: S I <§(sk)§(sj)>b. (4.30)

qum (jvk)Eq
The bath influence functional is zero for odd m. Q,, denotes the set of possible distinct pair-
ings of the integers 1, 2, ..., m: each element ¢ € Q,, is a set of ordered tuples corresponding

to a single pairing. For example, for m = 2 there is only one pairing, ¢ = {(2,1)}, and

Q= {{(L,2)}}.

For m = 4 there are three possible pairings:

Q= {{(1,2),(3,4)},{(1,3),(2,4)} ,{(1,4),(2,3)}},

and so on. With these definitions, the bath influence functional takes the form

L(s)= > L,(s), (4.31)

q€E9Qm

where the functional of a given pairing ¢;

L) = T] (B0 B(s),. (4.32)
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corresponding to a particular diagram with the coupling lines connecting s; and s; on the
Keldysh contour (see Fig. 4.3a). Diagram (a.1) is the zeroth order contribution. Diagram
(a.2) is the diagram associated with a given 2°¢ order configuration (s;,s). Diagrams
(a.3)—(a.b) are three diagrams (corresponding to three possible pairings of Q,) associated
with a 4™ order configuration (si, so, 83, 54).

The two-time correlation function of the harmonic bath in the interaction picture can be

evaluated semi-analytically prior to the start of the dQMC calculation as
~ ~ 2
(B Bs) =~ /de () x
T

(4.33)
[Coth (%) cosw (s — s5) — isinw (s, — ;)

In practice, an m-time path configuration includes (m — 1)!! diagrams, and computing each
diagram requires m/2 evaluations of the bath correlation function. Thus, calculating an
m—time correlation function requires a total of (m — 1)!! (m/2) function evaluation, which
approaches 7 (m/e)™* in the large m limit. This rapidly becomes a bottleneck for high
perturbation order. However, rather than explicitly summing over all diagrams in a config-
uration, it is possible to sum over the pairings as defined in Eq. (4.31) within the Monte

Carlo procedure, thus effectively removing this scaling issue at the cost of an overall increase

in the sign problem.

4.3.2 Restricted propagators and observable

To facilitate our discussion of the inchworm algorithm, we now define restricted propagators
on contour subintervals. Propagators are defined with respect to particular physical observ-

ables. The bare restricted propagator Ggg (sf,s;) is defined as follows. When the subinterval
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+

[si, s¢] is on a single branch of the contour, such that s;

,s;f < tmax OF 87,57 > tmax , then

G5 (s5.55) = (ale (70 |5). (431)

i
When the endpoints of the interval are on two different branches, it is defined differently in

order to account for the observable at the contour’s folding point:
0 — —1Hs (s, —tmax —1Hs max_s+
G (s7,5F) = (a] e rler=tme) g e (tme=sD) | ) (4.35)

These restricted propagators are designated by thin solid lines in the diagrammatic repre-
sentation (see Fig. 4.2). The full restricted propagator from s; to sy can be defined in terms

of an integral over configurations

Gus(sro50 = [ dsGuals). (4.36)
8€|5i,5¢

The notation s € [s;, sy| indicates that the vertex times appearing in the configuration s are
restricted to the interval [s;, s¢]. The influence functional then takes the same general form
as Eq. (4.27)

Gap (8) = (=1)"i" U5 () L (), (4.37)
namely it is composed of system and bath parts, U5 (s) and L£(s). The bath influence
functional is identical to the one given by Eqs. (4.31) and (4.32), and the system influence
functional will be discussed immediately below.

The system influence functional, like the bare propagator, takes on different forms for
intervals on a single branch as compared to across branches. For a single branch interval, it
is

o (s € [st57]) =

o (4.38)
(al €75 (s7) -+ 0= (s7) € [B),
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Figure 4.2: Diagrammatic representation of the bare restricted propagator G(® (thin solid
line) and the full restricted propagator G (thick solid line) of the subinterval [s;, s;] on an
unfolded Keldysh contour.

while for a cross-branch interval it becomes

U (s € [s],57]) =

(al ™51 5, (57) G (8744) X (4.39)
G. (1) 5. (s5) 5. (s7) e |3) .
Note that if s} = s]f or s; = s;, with both times on the same branch, the restricted

propagator is trivially equal to G (s¢, s;) = G (sf, sy) = 1. However, if s} = sy, with the

+

times appearing on opposite branches, G,z (s;, s; ) becomes the expectation value of the

observable given that the the system density matrix was initially in the state |5) («|:

Gag (s7.57) = ((alo= (t = 57)18)),- (4.40)

In terms of diagrams, the full restricted propagator is represented by a thick segment (see

Fig. 4.2).

4.3.3 Inchworm algorithm

Suppose that the full set of restricted propagators Gug (si, s;) for all s; < s;j, s, < s4 is

known, and one wants to evaluate a restricted propagator over a longer interval [s;, s7], with
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sy > sy. It is possible to define an extended propagator for the interval [s;, s¢| by appending

the bare propagator to the full propagator:

(

GO (s, s;) Sj, 8K > S¢,

G (s, 85) = G (sk, S;) Sj, 5k < 8¢, (4.41)

GO (s1,81) G (s1,85) 85 < 81 < 8p..
\

Since the contributions of all configurations s € [s;, s3] are included in the extended propa-
gator, it is only necessary to sum over configurations in which every inclusion has at least
one vertex contained in the interval [s4, s¢] . The propagator over the entire interval [s;, s¢|

can then be constructed as a path integral over configurations
G (s}, 55) = / A5G (s). (4.42)
sec 8i)Sf

The influence functional Eag is defined in terms of extended propagators and a bath influence
functional. It takes the form
G(8) =G (sg,5m) -G (52,51) G (s1,8) x > Lg(s). (4.43)
q€Q m
The bath influence functional } o, L, (s) is similar to that of Eq. (4.30), but summation
is only carried out over @/ C Q,,, a subset of the pairings including only inchworm proper
pairings.
To define inchworm propriety, we first define two pairs to be connected if their interaction
lines, which are drawn between the members of each pair, cross each other. As connected-
ness is clearly an equivalence relation, any pairing can be partitioned into disjoint sets of

connected pairs. A pairing or diagram is inchworm proper if there does not exist any such
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set with all of its vertices contained in [s;, s4]. Put differently, to check whether a particular
diagram is inchworm proper one should cluster together sets of interaction lines which cross
each other. If and only if every cluster includes at least one line with an endpoint in [sy, s¢] is
the diagram inchworm proper. This is illustrated in Fig. 4.3, where two examples of improper
diagrams are crossed out. In Fig. 4.3b, diagram (b.1) is the zeroth order inchworm diagram.
Diagram (b.2), (b.4) and (b.5) are all inchworm proper 2"¢ order diagrams. Diagrams (b.3)
is an inchworm improper diagram that is included in diagram (b.1). Diagrams (b.6)—(b.8)
are associated with the same 4™order configuration. Diagrams (b.6) and (b.7) are included
in diagrams (b.4) and (b.5), respectively and only diagram (b.8) is inchworm proper.

It is straightforward to prove that any diagram in the bare expansion is accounted for
once and only once within the inchworm scheme; therefore, it is formally exact. However,
every inchworm diagram contains an infinite number of bare diagrams, making the expansion
substantially more efficient than the bare one.

This method will be referred to as the System-Bath Coupling Inchworm (SBCI) approach

in the following.

4.4 Diabatic Coupling Expansion

4.4.1 Polaron transformation

We now consider an expansion in terms of the diabatic coupling H' = Ao,, i.e. the spin-
flip interaction. The unperturbed Hamiltonian is in this case Hy = H, + 0, (€ + Ek CETE)-
Since Hy commutes with o, its eigenstates maintain the spin quantum number ¢ = +1,

which partitions them into two subspaces. Within each subspace the Hamiltonian is easily
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Figure 4.3: (a) The bare dQMC expression for the system—bath coupling expansion. The
arched curves connecting pairs of vertices within each configuration describe the coupling
interaction. (b) The inchworm algorithm in the system-bath coupling expansion. All the
full restricted propagators are assumed to be known for any subinterval to the left of the s

time.
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diagonalized by a polaron transformation. The effective Hamiltonian for the ¢ = +1 and

o = —1 subspaces, respectively, is

H,=Hy,+0o (e + Zcm> : (4.44)
J4

We apply the transformation

B,H,B = Hy+ oe— Y Z—% (4.45)
l
where
B, =e’, (4.46)
Cy
0, =0~ (b} - bg> . (4.47)
¢ WY

2
Since #, = —6_, it is convenient to write Bj; = Bs. We also define ¢, = 0e — ), f}—é With
4

these definitions, the unperturbed propagator can be written in the form

et = 3" e Bre B, |o) (o] (4.48)
o=%

In this form the interaction picture time evolution will turn out to be very easy to evaluate,
as discussed below.

The natural initial condition for the expansion in the diabatic coupling is p, =
exp [—fH], and using one of these two choices simplifies the expressions substantially.
However, in order to allow for rigorous comparison with the system-bath coupling expan-
sion, we choose to start from a state described by p, = exp[—SHp|. Unfortunately, this
introduces additional complications in the expressions given below, and we will comment on

this as we proceed. The choice of initial condition does not otherwise impact the formalism.
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4.4.2 Bare dQMC

To obtain a dQMC algorithm for the expectation value of O = &,, we must write the

contribution O (s) of a configuration s in the form of Eq. 4.12. In the interaction picture,

0, (5) = etlosg eH0s wwe can write
O (5) = (=1)" " A5, (s10) - o (5011) X
(4.49)
. (1) 5o (50) - 5o (31)>.
We designate the state between [sg sgi1] as o1 for k € {0,...,m — 1}, with s = 0" and

Sm+1 = 07. The observable o, at the tip of the contour does not change the state, while
every application of o, flips the state from o to . Since the initial condition of the spin
is specified p, = [1) (1| = |+) (+], we have 01 = 0,11 = +. The contribution O (s) of a
configuration s to the expectation value of O = ¢, can then be expressed as a product of a

system influence functional ® (s) and a bath influence functional J (s):
O(8)=(—1D)"i"A"™D (s) T (s). (4.50)
The system functional ® (s) handles the influence of propagation within the system,

D (s) = (+1| 0¥ oo™ |+1)
m+1 (451)
X exp [—i Z €0y (SK — Sk—l)] )

k=1

whiles the bath functional 7 (s) is a multi-time correlation function of bath operators

J (s) = <z§, (sms1) [T B2, (s) By (50)>b. (4.52)

Here (-), = Tr, {ps-} and p, is the initial bath density matrix. The first and last factors are

induced by the initial condition. By a generalized Wick’s theorem for polaron shift operator
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(see Appendix 4.A), we can write J (s) as a product of two-time correlation functions,

H(j,k)ecgndfz C (Sk, Sj>1”k~1".'i
Himecqs © (5.5

T (s) = (4.53)

)T’k’f’j N

where r; = 1 if ¢« = 1, m + 1, otherwise r; = 2. The fact that the powers in the numerator

and denominator may differ arises from the initial condition. Here we have defined

Cﬁx—?—% = {(j> k) € Cm—i-?‘ ‘k - ]| even}, (454)
and
CoM, = {(j,k) € Cpuyal [k — j| odd}. (4.55)

which are subsets of all possible pairings of m + 2 elements. The pairings of m elements, C,),,
denotes the set of all ordered tuples composed of different integers between 0 and m — 1.

For example,
Cot ={(0, 1)}, &5 = {},

where {} denotes the empty set and

C =1{(0,1),(1.2),(2.3),(0,3)},

Ci " ={(0,2),(1,3)}.
The correlation function C (s, s;) is one of the expressions complicated by the initial con-
dition, and is given by

C (st51) = (B~ () Bi (59)), (4.56)

In general, we can write the two-time correlation function of the polaron shift operator as

(see Appendix. (4.A))

C (s, s5) = e~ Q2(5) =@ () (4.57)
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5051 82 -+ Sp tmax Sntl -+ Sm Sm+1

Figure 4.4: A configuration including sy = s; and s,,y1 = sy for the diabatic coupling
expansion. The state of the system flips at every s;.

with
Q1 (s) = %/dw Ju(;}) sin ws, (4.58)

and
Q2 (s) = %/dw Ju(;u) coth (%u) (1 —cosws). (4.59)

In the diagrammatic representation shown in Fig. 4.4, the two-time correlation function is
represented by dashed lines. There exists an extra set of lines due to the initial condition,
which connect every vertex to the edges of the diagram. To avoid overcrowding the diagram
with information, these are not shown. A dashed line above the contour describes a con-
tribution to the numerator, while one under the contour describes one associated with the
denominator. Each vertex is connected by such interaction lines to every other vertex in the
configuration, and since only one way to do this exists, each configuration generates exactly
one diagram. The bare Monte Carlo implementation based on this expansion is illustrated

in Fig. 4.5a.

4.4.3 Inchworm algorithm

The process of formulating an inchworm expansion is analogous to that of Sec. 4.3.3, but

with the diagrammatic structure of the diabatic coupling expansion. Inchworm proper and
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improper diagrams are illustrated in Fig. 4.5b. The main difference is that whereas diagrams
in the system—bath coupling expansion include interaction lines only between vertices paired
within a particular pairing, the diabatic coupling expansion includes an interaction line
between every two vertices. Therefore, there is only one “cluster” of vertices in every diagram,
and that diagram is required to have at least one vertex in [t4,ts]. The only diagram not
containing such a cluster is the order zero diagram (shown as (1) in Fig. 4.5b). This is also
the only diagram containing an infinite number of bare diagrams: each diagram containing
a cluster is completely identical to the one and only bare diagram that it represents.

The main advantages of the inchworm algorithm are therefore lost in the direct diabatic
coupling scheme described here, and indeed we have verified that upon implementation of
such an algorithm an exponential dynamical sign problem appears (not shown). However,
in the remainder of this chapter, it will be shown that this problem can be circumvented
by transforming the expansion to a cumulant form. From this perspective, a very useful

inchworm algorithm then emerges.

4.5 Diabatic Coupling Cumulant Inchworm (DCCI)
Expansion

As noted in Sec. 4.4, the diabatic coupling expansion in its direct Keldysh formulation has
a peculiar diagrammatic structure in which each interaction vertex is directly connected to
every other vertex. As such, this expansion does not significantly benefit from the inchworm
algorithm, which relies on the ability to cut diagrams into weakly-connected subgraphs.

We now show that by reformulating the diabatic coupling expansion in cumulant form,
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Figure 4.5: (a) Diagrams appearing in bare dQMC. The dashed curve (12) indicates an
interaction line in either the numerator (above the contour) or the denominator (below
it). Only one diagram corresponds to each configuration. (b) The naive inchworm scheme.
Diagrams with no vertices after sy (such as (b.3) and (b.5)) are contained in the zeroth order

term (b.1) and need not be summed. Other diagrams, such as (b.4) and (b.6), are analogous

to those of the bare dAQMC.
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one obtains a formalism which is much more amenable to inchworm dQMC. The cumulant
formalism has the additional advantage of being written in physical (rather than contour)
time, such that in the absence of a sign problem the computation scales linearly with time,
as will be demonstrated in the following discussion.

Since cumulants are most conveniently defined in terms of moments, the moment form
of the expansion will first be presented. Cumulants and the cumulant inchworm algorithm

will then be presented.

4.5.1 Moments

Consider the evaluation of the dynamics of an observable O in terms of its moments,
fom (T1, ..., T). Given that we have Eq. (4.10), such that (O (¢)) = [ dsO (s), the observable

can be written in terms of a moment expansion

/ dsO (s) = g / A1 (712 T2, 1 7om) - (4.60)

While the integration f ds is performed over contour time, the integration f dT is performed

over physical times 7, > 79 > --- > 7,, such that

t T1 Tm—1
/dT = / dTl/ dry - - / dr,,. (4.61)
0 0 0

An m'-order moment fi,, (71,72, -+, 7n) is defined as
o (T1 oo ) = Y O(Te [, omom]), (4.62)
Ocie{'h—}

where 7. indicates contour time ordering and the o; = + are the Keldysh branch indices.

The moments are defined as functions of a set of real times, and the Keldysh branch indices
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are summed over. This is equivalent to simultaneously collecting the contributions from
entire classes of path configurations associated with the real times, 71, ..., 7;,,, as illustrated
diagrammatically in Fig. 4.6a. Notably, it is exponentially expensive as a function of the
order m to evaluate moments in terms of diagrams, as an m'" order moment is the sum of
2™ diagrams.

For the population operator O = o, in the diabatic coupling expansion, the 0" order
moment is o = 1 and odd moments vanish, pio,+1 = 0. The expectation value of o, can

therefore be written in terms of the even moments

(0. (£)) = 1+/0th1 /O drapta (71, 72)

t T1 ) T3
+ / d7'1 / dT2 / d7'3 / d’7'4
0 0 0 0 (4.63)

X by (7—17 T2, T3, 7-4)
4+ ...
With the initial density matrix |1) (1| e=? specified earlier, the second population moment

simplifies to

po (11,72) = —4ARe {¥ ) 7 (0%, 7, 7F,07) ), (4.64)
and the fourth moment to
pa (11, T2, T3, T4) = 4A? X Re{
e2ieln=mtms =) 7 (0t o mt nh mh07) +
erie(n=—m2—mtm) 7 (O+, T T Ty, 0_) + (4.65)
e 2e(n—m2mTatT) o7 (0, 7,7, 07) +

6_2“(71_72+T3_T4)j (0+, 7';, 7'2+, 7'1+7 Ty 0_) }
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The diagrammatic description of moments is shown in Fig. 4.6.

Evaluating the moments within dQMC is therefore an alternative scheme for calculating
dynamics. While linear in time (rather than quadratic, like the Keldysh formalism which
involves two times), this expansion involves an additional exponential cost in the diagram
order, due to the summation over the Keldysh indices. However, bare moment expansions
typically converge very slowly if at all, and hold no real advantage over a direct calculation
(though they may be of help with sign problems in certain cases[207]). It is therefore often
advantageous to resum moments into cumulants. It turns out that a relationship exists

between cumulant resummation and the inchworm algorithm, and this will be shown below.

4.5.2 Cumulants

Moment expansions can be immediately resummed into cumulant expansions in several ways.
For the present purpose, it is advantageous to choose the chronological ordering prescription

(COP) cumulant expansion|203|, which yields the time-nonlocal equation of motion

d t oo t 1 Tm—2
—<UZ ( >> = Z / dT1 / dTQ... / dTm_1
dt m=2"0 0 0

X Y (6715 ooy Tine1) (05 (Tin—1)) -

(4.66)

An advantage from the inchworm perspective is immediately apparent: the expression de-
pends on the population at shorter times, such that previously calculated properties can
perhaps be reused. The m-th order COP cumulant ~,, (¢, 71, ..., 7;n—1) can be obtained by

plugging Eq. (4.63) into both sides of Eq. (4.66) and equating terms of equal order. For
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Figure 4.6: The real-time coordinate is represented by the thin double lines. The bare
double line segment [0, t;,.x] corresponds to the bare propagator in the diabatic expansion
on the Keldysh contour folded at ty... A m'™ order moment of a real time configuration
(11, T2+ -+, Tm) is illustrated as a dashed-edged box from 7 to 7, with solid vertical ticks at
each configuration time. There are 4 distinct diagrams on the Keldysh contour associated
with the 24 moment o (11, 7): s = (17,75 ), (75,71 ) . (.75 ), (77, 71 ). These diagrams
are plotted by connecting the vertices with the diabatic interaction lines as in Fig. (4.5).
The 4™ moment contains 2* diagrams on the contour. Here, we demonstrate only 4 example

diagrams.
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example,

Y2 (7'1,7'2)2,&2 (7—1’7-2)’ (4-67)
Y4 (71,72,73774) = 4 (71772773774) — M2 (71772)M2 (73774)7 (4-68)

and 7, 1 = 0. A general m-th order cumulant, ,,, can be obtained recursively:

Yo (715 cn ) = Y — (1) x

(4.69)
H Han (Til y Tig ** 7Ti2n) :
(41,42, yizn)EP
The set P,, describes all possible ways of partitioning a sequence of integers 1,2, ..., m into

subsequences of adjacent numbers, each having an even number elements. Each partition
p € P, can be represented by a set of ordered tuples (iy,1is,...,17,) corresponding to one

subsequence, and |p| is the number of subsequences within the partition. For instance,
P, = {{(L2)},
Py = {{(17 2,3, 4)} ) {(17 2) ) (37 4>}} )
P = {{(17 2,3,4,5, 6)} ) {<17 2) ) (37 4,5, 6)} )

{(1,2,3,4),(5,6)},{(1,2),(3,4) , (5,6)} } .

The diagrammatic description of COP cumulants in terms of moments is shown in Fig. 4.7.
A cumulant of any given order can be expressed in terms of moments up to and and including

the same order.

4.5.3 Naive inchworm algorithm

The dynamics of (o, (¢)) within the COP cumulant expansion can be evaluated by dQMC.

To simplify the notation, it is convenient to redefine the times ¢, 71, ..., T_1 aS T1, To..., T,
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Figure 4.7: The COP cumulants of a real-time configuration (7,7 -- - , 7,,) are illustrated as
a solid-edged box with vertical ticks at each configuration time. Here, we show the diagram-

matic representation of Eq. (4.67) and (4.68), which illustrate the 2"¢ and 4™ cumulants in

terms of the moments.

respectively; these obey the physical time ordering 74 > --- > 7,,. As before, the times will
be indicated by the vector quantity 7 when possible. By carrying out the integration fot dr

on both sides of Eq. (4.66), an expression for (o, (t)) in terms of itself is obtained:

(o, (1) =1 +/ drK (1), (4.70)

0

K (1) =Ym (71, ey Tm) (02 (7)) - (4.71)

Since 79,1 = 0, the path integration fg d7T can be explicitly written as

t t T1 Tm—1
/dT: Z /dﬁ/ dTQ.../ d7im. (4.72)
0 0 0 0

me&Eeven,>2

Since the functional IC (7) depends on (o, (t,,)), the observable is evaluated at the small-
est time in the configuration 7. Since this is the quantity being evaluated, it is not known to
begin with and there is no bare expansion of the COP type. However, it is straightforward
to implement a simple inchworm algorithm: assume (o, (7)) is known for all 7 € [0, 7]. The

expectation value at ¢ > 7 can then be expressed as:

(0, (1)) = (0, (1)) +/ drC (7). (4.73)

Tt

92



4.5. DIABATIC COUPLING CUMULANT INCHWORM (DCCI) EXPANSION

Here f; dT represents the path integral

t S t T1 Tm—1
/dT: Z/ dﬁ/ dTQ.../ AT, (4.74)
T m=2 " Tt 0 0

which describes integration over the configuration subspace for which at least one 7 is within
the interval |74, ¢]. This defines a formally exact inchworm step, which appears to leverage
knowledge of (o, (7)) for times up to 7 in order to obtain the same observable for the final
time t. Examples of diagrams appearing in this expansion are shown in Fig. 4.8. Diagrams
in which the rightmost time index is to the left of 7 (crossed out in the figure) are included
in the 0 order contribution (diagram (1) in Fig. 4.8) and need not be summed.
Unfortunately, the inchworm step we have just described cannot be implemented as it
stands, and has been introduced chiefly for didactic purposes. This is because it includes
contributions where (o, (7)) is needed at time argument 7 > 74. Two examples are overlaid
with a question mark in Fig. 4.8. Such contributions are unknown and must be dropped
from the expansion, leading to an error the magnitude of which can be shown to be linear
in At =t — 7. In practice, this makes convergence of the algorithm to the exact result (by
progressively reducing the size of the inching time step At) very hard to achieve. However,
as the next subsection shows, this issue can be completely overcome by taking a closer look

at the structure of the diagrams.

4.5.4 Cumulant inchworm algorithm

It is now necessary to solve the problem raised in the previous subsection, namely the fact
that one is unable to evaluate diagrams from configurations having 7,,, > 7 for some m.

To do so, it is possible to first unwind the resumming done implicitly by the cumulant
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Figure 4.8: Diagrammatic representation of the naive prescription of the inchworm algo-
rithm, Eq. (4.73). The solid-edged boxes with vertical ticks are the COP cumulants as
shown in Fig. (4.6). The 7 is indicated as the 1 on the physical time coordinate. Each
configuration corresponds to one single diagram. Diagrams (3) and (4) have all cumulant
boxes lying in the known region (to the left of 1) and are considered been included in dia-
gram (1) for this inchworm step. The cumulant boxes in diagrams (2) and (6) straddle the
74 time and their contribution can be calculated by Eq. (4.71). Diagrams (5) and (7) have
all cumulant boxes located to the right of the 1, are unknown for this inchworm step in the

naive version.

expansion, then reintroduce it wherever possible. To see how this works, one inserts the

functional Eqs. (4.70) and (4.71). This gives
t
(o, (t)) =1 +/ drvym (1)
0
t Tm
+/ ATy, (T)/ dr'K (')
0 0

and we sample an additional configuration 7’ for the integration fOT’" d7’. This can be

(4.75)

iterated any number of times, generating an expansion in terms of multiple cumulants, with
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the population pushed to increasingly high-order terms. Examples of terms appearing in
this unwound cumulant expansion are shown in Fig. 4.9a. Each configuration may yield
more than one diagram: 2-time configurations gives one 2" order diagram (a.2); 4-time
configurations yield diagrams (a.3) and (a.4) corresponding to 2 partitions in P,; 6-time
configurations contain diagrams (a.5)—(a.8) corresponding to 4 partitions in Ps. The term
“wound / wind” is used to distinguish this procedure from “dressing / dress” used in the
context of Dyson equations, and in particular to distinguish “unwound” from “bare.”

The unwound expansion can be written as

(0. (1) =1+ /d‘rF (1), (4.76)

where the functional " depends only on the COP cumulants. At a general (even) order m,

I' contains terms of various partitions P,,, as introduced in Sec. 4.5.2:

U (71,0 ) = Z H Yon (Tiys Tig =+ * s Tigy ) - (4.77)

PEPm (i1,i2, i2n)EP

For instance, the lowest order functional (m = 2) is simply
[ (71, 72) =72 (1, 72), (4.78)
while that with m = 4 contains two terms originating from the iteration procedure:
U (71, 72, 73,74) = 74 (71, T2, T3, 7a) 4 72 (71, 72) Y2 (73, 74) - (4.79)

Unlike the original bare expansion in diabatic coupling, each configuration now generates
multiple diagrams (corresponding to partitions). For instance, as we show in Fig. 4.9a, a

4™ order configuration generates 2 diagrams, (a.3) and (a.4), and a 6 order configuration
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generates 4 diagrams, (a.5)—(a.8). We note briefly that it is easy to show that the unwound
expansion corresponds exactly to the moment expansion, in the sense that I'; = p;. However,
the advantages of the unwound representation will immediately become apparent.

The unwinding completely removes the dependence on the population (o, (7)), but does
so at the cost that the resummation properties of COP expansion are lost. We now partially
rewind the series wherever this does not interfere with the assumption of the inchworm step,
in particular the fact that we only have access to populations for 7 < 7. The inchworm step
is performed by stochastically sampling configurations 7 = (71, ..., 7,) € [0, ], as before

t
(02 () = - () + [ i (7). (4.80)
™
For each configuration, one sums only diagrams stemming from a proper subset of the
partitions, P/, C P,,, obtained by excluding partitions with subsequences (parts) having all
times in [0, 7+]. With this, we define

=Y I e 7)., (4.81)

pE'P;” (il 77"27"' ,iQn)Gp

such that the functional to be summed is

K (r) = (1) (o, (tm)) if T < 74, (4.52)

I (7T) (o, (1)) if 7 > 7.
The diagrammatic representation of this cumulant inchworm expansion is illustrated in
Fig. 4.9b, where three examples of improper partitions (diagrams) are crossed out. Dia-
gram (b.3) is included in diagram (b.1); diagram (b.4) is included in diagram (b.2); diagram
(b.7) is included in diagram (b.5). Note that the contribution of diagram (b.8) takes into

account the missing diagrams by the naive inchworm algorithm.
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Figure 4.9: (a) The unwound dQMC expression for the full cuamulant expansion. The thick
solid lines are the exact dynamics of expectation value and the thin double lines are the
unperturbed value 1 within the diabatic expansion. The solid-edged boxes with vertical
ticks are the COP cumulants as shown in Fig. (4.6). (b) The cumulant inchworm algorithm.
Any diagram that has a stand alone part (a cumulant box) to the left of the 1 has been

included in the other diagrams and needs to be neglected in the inchworm step.
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To justify that the cumulant inchworm expansion is formally equivalent to the unwound
expansion, it must be shown that the two sets of diagrams generated by respective expansions
are identical. To do so, we have to prove that (a) these two sets of diagrams contain each
other, in the sense that every unwound diagram in one set is represented in the other; and
(b), each diagram in one set is mapped to only a single diagram in the other set (such
that the measure is conserved under summation). We will proceed by example, rather than
presenting a formal proof.

To argue point (a), we need to show a containment relationship in both directions. First,
any cumulant inchworm diagram generates only diagrams contained in the set of unwound
diagrams. This is trivial since the thick solid segment in each cumulant inchworm diagram
can be considered an infinite sum of unwound diagrams within that segment. In the reverse
direction, any unwound diagram can be found in the set of cumulant inchworm diagrams:
given an unwound diagram, one can construct a cumulant inchworm diagram containing it
by Eqgs. (4.81) and (4.82). As an example, we consider the lowest order in Fig. 4.9b with
a 2" order configuration 7 = (71, 72). The configuration generates one unwound diagram
of the (a.2) type. For the same configuration’s cumulant inchworm diagram, three cases
are possible: 7 > 7 > Ty, 74 > 71 > 7o, and 71 > 7o > 7, which correspond to diagrams
(b.2), (b.3), and (b.5), respectively. It is clear that diagram (b.3) is improper and has been
included in diagram (b.1). Thus, an unwound diagram of the (a.2) type is contained in (b.2),
(b.3), or (b.1) depending on its relationship with 7.

Point (b) requires unique correspondence in both directions. One direction is triv-
ial—each cumulant inchworm diagram can be written as an infinite sum of unique un-

wound diagrams. In the other direction, we need to show that if there exist two cumulant
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inchworm diagrams which contain the same unwound diagram, one of these two cumulant
inchworm diagrams must be eliminated. The propriety of cumulant inchworm diagrams en-
sures this uniqueness: consider a 4"-order unwound diagram of type (a.4) with configuration
T = (71, T2, T3,74). If 74 > 7 > 7, the unwound diagram could in principle be contained in
two (not necessarily proper) cumulant inchworm diagrams, (b.2) and (b.4). Diagram (b.4)
is then eliminated by the requirement of propriety. Similarly, if 7 > 74 > 73, the unwound
diagram could be contained in two cumulant inchworm diagrams, (b.5) and (b.7), but (b.7) is
improper and therefore can be eliminated. For other cases, the uniqueness is trivial: there is
only one (necessarily proper) cumulant inchworm diagram containing the unwound diagram.
For example, if 73 > 7+ > 74, only diagram (b.8) can contain it.

With points (a) and (b) justified, it is clear that an exact correspondence exists between
the cumulant inchworm expansion and the unwound expansion. Every diagram in the cu-
mulant inchworm expansion corresponds to an infinite number of unwound diagrams, and
while the expansion does not perform resummation over the entire length of the contour like
the system—bath coupling expansion, it also has the distinct advantage of scaling linearly
in time. It therefore constitutes a highly efficient method which is complementary to the
system—bath coupling inchworm approach.

This method will be referred to as the Diabatic Coupling Cumulant Inchworm (DCCI)

approach in the following.
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4.6 Convergence Estimation

To have an estimate of how rapidly the inchworm approaches are expected to converge in
different regions of parameter space, we focus on the lowest-order nontrivial contribution in
each type of expansion and determine its magnitude as a function of model parameters. We
consider the 2"-order term of the SBCI and DCCI expansions, which in both cases can be

written in the form
t to
0 0

Here, C (t1,ts) is the bath correlation function associated with each expansion. Loosely
speaking, one might expect an expansion to converge rapidly as long as the corresponding
G5 (t) is not significantly greater than unity. Given the functional form of the Debye spectral
density, we can easily estimate G5 (t) in a semi-analytical fashion.

For the SBCI expansion, we can evaluate Gy (t) in the high and low temperature limits
and then derive the convergence conditions from the appropriate dimensionless parame-
ters that emerge. This scheme is analogous to one which has been used to determine the
limitations of Redfield theory|47]. The bath correlation function in the SBCI expansion
is given by C (t1,t2) = <§ (t,) B (t2)>b where B (t) = > 0 CeZy (t), and with the definition
(), = Try {pp-}. The integral takes the form G, (t) = £g(t), where £ is a dimensionless
parameter and ¢ (¢) is a time-dependent dimensionless function. We expect the expansion

to converge rapidly as long as & < 1. In the high temperature limit fw. < 1, and we can

2

5o and obtain the dimensionless form for &:

approximate coth (%“’) R~

A A
5_5_(,‘)2_12(,00'

(4.84)

100



4.6. CONVERGENCE ESTIMATION

Thus, in this regime, an estimate for the condition for convergence of the SBCI approach is

A
R (4.85)

In the low temperature limit Sw. > 1, we can use coth (%w) ~ 1, but cannot carry out the

integral analytically. In the same spirit, we factor out the dimensionless scale of the integral,

Re [Gy (t)] = % fdxﬂlﬂi (1 — cosw,xt), which yields a convergence condition for the low

temperature limit
A

TWe

<1. (4.86)

It is noteworthy that since G (f) is proportional to Acoth (fw/2), the SBCI expansion
becomes more difficult to converge as A increases or 3 decreases.

The explicit form of the bath correlation function in the DCCI expansion is given by

C (ty,ty) = e~ 1Q(ti—t2)=HQ(i—t2) wwhere

Qi (t) = %/dw JDM(;}) sin wt, (4.87)
Q, (t) = %/dw JDW(;U) coth (%) (1 — coswt). (4.88)

Due to the complicated form of these correlation functions, one cannot obtain an analytical
expression to extract a dimensionless scale parameter. Therefore, we evaluate the integral
numerically at a large enough time for given model parameters. We also note that Q; and
Q, are linearly dependent on A, which yields a 1/\? dependence for G (t). Therefore, the
DCCT expansion becomes easier to converge as A increases.

A two-dimensional “phase diagram” can be drawn as cuts of the full parameter space
with varying A and w,, shown in Fig. 4.10. Here we limit the discussion to the subspace with

zero energy bias € = 0. The horizontal axis is the scaled reorganization energy (A/A) in
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(a) BA = 0.5 (b) BA =5 (c) BA = 50
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Figure 4.10: Spin-boson model parameter space with zero bias € = 0. The z-axis is A\/A in
log scale and the y-axis is w./A in linear scale. The bath temperatures are (a) SA = 0.5,
(b)BA = 5, and (¢) SA = 50. In each “phase diagram”, the estimated region of rapid
convergence for the SBCI approach is to the left of the dashed line (red) and is to the right
of the dotted line (blue) for the DCCI approach. Points indicate the parameters for plots

presented in this work.

log scale and the vertical axis is the scaled cutoff frequency (w./A). Within this coordinate
system, we can demarcate the estimated region of facile convergence for the SBCI and DCCI
expansions by the conditions given above. The red regions indicate the subspace satisfying
Eq. (4.85) and (4.86), in which the SBCI approach is expected to converge rapidly. The blue
regions are obtained by semi-analytical estimation of the analogous condition for the DCCI
approach.

Fig. 4.10 exhibits these complementary regions and shows that their combined area covers
much of the relevant parameter space. We will briefly point out some important features of

the phase diagram. First, for any cutoff frequency w,., the SBCI converges better in the small
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A direction while the DCCI is expected to work better as A increases. Second, the region of
utility for the SBCI expansion shrinks in the adiabatic regime (small w.), which is due to
the fact that the correlation functions in the SBCI expansion have a longer correlation time
when w, is small. Lastly, as the temperature decreases, the regions of rapid convergence of
both the SBCI and DCCI approaches expand and cover almost the entire parameter space.

While Fig. 4.10 provides an illustration of applicable regions of our approach, the re-
gions are determined by rough estimation of lowest order contribution. In principle, our
inchworm expansions are numerically exact in the entire parameter space, as discussed in
previous sections. In the “uncovered” or white region, our approaches should continue yield
exact dynamical behavior at least on some time scales, albeit with potentially much greater

numerical effort.

4.7 Results

In the following, we present a detailed comparison of our new approaches to established
benchmarks, as well as a discussion of the relative benefits and drawbacks of our approach

in comparison to established methods.

4.7.1 Computational Methodology

Each inchworm step is limited to a fixed run time and the order of each individual inch-
worm diagram is restricted to a maximum order M. We use dtA = 0.1 for the size of the
inchworm step in the following calculation, unless otherwise specified. One may then check

for convergence by systematically increasing M, decreasing dt and increasing the number of
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Monte Carlo samples[106]. The SBCI calculation requires the full information contained in
two-time restricted propagators, thus for the SBCI propagation to a time ¢t = Ndt requires
N? inchworm steps (in fact, by taking advantage of time-reversal symmetry and the contour
ordering of the time arguments, the number of steps needed turns out to be ~ }LNQ). On the
other hand, the DCCI expansion is phrased solely in terms of single-time properties, such
that it requires only N inchworm steps to reach a simulation time ¢ = Nd¢. For both ap-
proaches, we perform multiple inchworm calculations in order to properly account for error
propagation|[106].

We compare our calculations with several existing numerically exact methods, including
the quasi-adiabatic propagator path integral (QUAPI) approach|[95-98|, hierarchical equa-
tions of motion (HEOM) method[45, 93, 94|, and the multi-configuration time-dependent
Hartree (MCTDH) approach[87, 88, 144]. QUAPI is based on the discretization of influ-
ence functional for reduced propagation on the Keldysh contour. The maximum number
of short-time propagators that the path integral spans is determined by a parameter k.,
which governs the the memory length. The approach becomes difficult to converge when
the memory length is long. The HEOM approach introduces a hierarchy of auxiliary density
matrices and employs a Mastsubara expansion for the bath density matrix. The hierarchy
truncation level L and number of Matsubara terms K are numerical parameters that are
tuned to converge the HEOM calculation. A standard, highly parallel implementation is
available[94], known to be accurate in the high temperature limit and for the Debye spectral
density. Generically, the HEOM approach has more difficulty for low temperatures and non-
Debye spectral densities. The MCTDH approach is based on the expansion of the interacting

many-body wave function as a tensor product of wavefunctions defined in a convenient set
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of orbitals. A highly efficient protocol may then be used to control, in a time-dependent
manner, the number of orbitals needed for exact convergence. Exact MCTDH results for
the spin—boson model are reported in Ref. 144.

We will be using the benchmarks to investigate accuracy, and will make no attempt to
compare numerical efficiency beyond general points having to to with the computational
scaling of the algorithms. To provide a general idea, we will say that using our current
implementation, most of the (linear scaling in time) DCCI results presented here can be
comfortably obtained on a laptop in minutes to hours, whereas the (quadratically scaling
in time) SBCI results typically require a small cluster. However, it should be noted that
the data below was obtained with a very flexible but not at all optimized code written in
the high-level Python programming language. From our experience with similar algorithms
for the Anderson impurity model[106], we estimate that 1-2 orders of magnitude in overall
runtime could be achieved by writing an efficient code, or simply by switching to a compiled

language.

4.7.2 High Temperature Regime

We start our comparison of the inchworm approaches with other exact methods in the high
temperature regime (Fig. (4.10)(a)), specifically A = 0.5 (kgT/A = 2), and consider the
vertical cuts at weak coupling A\/A = 0.1, strong coupling \/A = 10, and intermediate

coupling A\/A =1 in the following.
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Weak coupling

In the weak system-bath coupling regime, we consider cases with scaled reorganization
energy (A/A = 0.1) where we expect the SBCI expansion to converge more easily than the
DCCI expansion. In Fig. 4.11, we find that the lowest order (M = 1) results for the SBCI
expansion always gives a quantitative account of the dynamics with the error remaining
nearly constant over the simulation time. The SBCI result also converges rapidly upon
increasing the maximum order M of each inchworm step. We note that a smaller cut-off
frequency yields a greater statistical error (see the lower panels of Fig. 4.11(a) and (b)) with
the same computational cost. This is due to the long correlation time induced by a small w,,
which makes it more difficult to converge the SBCI expansion. On the other hand, the DCCI
calculation also yields surprisingly accurate results. However, for a small cut-off frequency,
it becomes more difficult to converge the DCCI approach, as can be seen in the right panel
of Fig.4.11(b). Note that for the DCCI approach, the M = 2 case actually yields results
that are less accurate than M = 1. This lack of convergence is due to the carrying of the
large short-time errors to longer times by the inchworm algorithm, and could in principle be
overcome by a larger investment of computer time or a faster code.

Thus, in the high temperature, weak coupling regime, both inchworm approaches appear
capable of reproducing the results obtained by the HEOM method, which easily converges to
the exact answer for the Debye spectral density at high temperatures. The DCCI approach
does show some convergence difficulties in this regime for the slow bath case. We could

not converge QUAPI in the slow bath regime, and quantitative discrepancies can be found

between QUAPI and HEOM here, as seen in Fig. 4.11.
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Figure 4.11: Nonequilibrium population difference (o, (¢)) (top subplots) and corresponding
error estimates (bottom subplots) as a function of time in the weak coupling (A\/A = 0.1)
and high temperature (A = 0.5) regime. The bias energy is € = 0. The results calculated
by the SBCI (left panels, red and orange) and DCCI (right panels, blue and green) inchworm
expansions are plotted for (a) a non-adiabatic (fast) bath with w./A = 5, and (b) an
adiabatic (slow) bath with w./A = 0.25. Maximum order for an inchworm step is indicated
by M. The thickness of the Monte Carlo results results from our error estimates. The dashed
lines are the QUAPI results with (a)At = 0.1, kpax = 6 and (b)At = 0.1, kpax = 12. The
triangles indicate the HEOM result with K = 2 and L = 20.

Strong coupling

For strong system-bath coupling (A\/A = 10), we anticipate that the SBCI expansion will
be difficult to converge and the DCCI expansion will show rapid convergence. The right
panels of Fig. 4.12(a) and (b) show that the DCCI results converge to accurate population
dynamics as we increase the maximum order M of each inchworm step, but that at least

M = 4 is required for convergence. As expected, the SBCI expansion is difficult to converge
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in this parameter regime. The origins of this convergence issue can be gleaned from the
behavior of the error estimate. In particular, the error estimates found in the left panels
in Fig. 4.12 show the statistical error for one single SBCI calculation, which indicates the
error of the Monte Carlo estimation of the integral within each inchworm step. This is an
underestimate of the error margin, as it does not take into account the error propagation
from shorter times; other plots in this section show the full error analysis. We note that
even the single run error increases exponentially with time, so that it is clear that the origin
of the exponential growth in noise to signal ratio is actually the Monte Carlo and not error
propagation. Within an inchworm step of finite size dtA = 0.1, the weight of high order
configurations to the integral becomes large when X increases. To capture these high order
contributions, one may increase M, however, as shown in Fig. 4.12, the slope of the statistical
error grows unfavorably in this case as we increase M, rendering the SBCI expansion difficult

to converge.

Intermediate coupling

Lastly, we focus on the intermediate system—bath coupling regime where the scaled reorga-
nization energy is A\/A = 1. Fig. 4.13 exhibits a general feature of the inchworm approaches:
convergence with respect to the maximum order becomes more difficult to obtain as the
cut-off frequency decreases. For a fast bath (w./A = 5), both the SBCI and DCCI ex-
pansions yield quite accurate results at lowest order. For w./A = 1, the parameter set
(A A w./A) = (1,1) is located outside of the “safe” regions for the SBCI and DCCI as
demarcated in Fig. 4.10(a). Here we observe clear, but small, discrepancies between the

SBCI/DCCI results for M = 1 and numerically exact dynamics. By systematically in-
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Figure 4.12: Nonequilibrium population difference (o, (¢)) (top subplots) and corresponding

error estimates (bottom subplots) as a function of time in the strong coupling (A/A = 10)

and high temperature (A = 0.5) regime. The bias energy is e = 0. The results calculated

by the SBCI (left panels, red and orange) and DCCI (right panels, blue and green) inchworm

expansions are plotted for (a) a non-adiabatic (fast) bath with w./A = 5, and (b) an

adiabatic (slow) bath with w./A = 0.25. The error estimate of the SBCI calculation is

for one single run. Maximum order for a inchworm step is indicated by M. The thickness of

the Monte Carlo results results from our error estimates. The dashed lines are the QUAPI

results with (a)At = 0.1, kpax = 6 and (b)At = 0.3, kyax = 11. The triangles indicate the
HEOM result with X = 2 and L = 20.
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creasing M, the discrepancies can be corrected. When the cut-off frequency is small, the
parameter set (A/A,w./A) = (1,0.25) is particularly difficult for both SBCI and DCCI ex-
pansions, although convergence is still seen for M = 6. Lastly, note that here, as in Fig. 4.12,
some notable discrepancies exist between the HEOM and QUAPI results. The inchworm
expansions always converge to the HEOM results, which are expected to be more accurate

in the high temperature regime.

4.7.3 Low Temperature Regime

We now turn the attention to the phase diagram in the low temperature regime, specifically
BA =5 (kgT/A = 0.2), and concentrate on vertical cuts at intermediate coupling A\/A =1
and strong coupling A/A = 10, using the more suitable of the two methods in each case.

These parameters correspond to Fig. 4.10(b).

Intermediate coupling

For intermediate coupling strength (A/A = 1), the SBCI expansion is expected to converge
at low temperatures more easily than in the high temperature regime. In particular, Fig. 4.10
shows the region of rapid convergence for the SBCI expansion becomes larger at low tem-
peratures (b) than high temperatures (a). In Fig. 4.14, we find that the SBCI expansion
can provide accurate results even at M = 1 for the parameter sets (A\/A, w./A) = (1,1) and
(1,0.25), which would be more difficult to converge in the high temperature regime discussed

in Sec. 4.7.2.
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Figure 4.13: Nonequilibrium Population difference (o, (t)) (top subplots) and corresponding

error estimates (bottom subplots) as a function of time in the intermediate coupling (A\/A =

1) and high temperature (A = 0.5) regime. The bias energy is € = 0. The results calculated

by the SBCI (left panels, red and orange) and DCCI (right panels, blue and green) expansions

are plotted for (a) a non-adiabatic (fast) bath with w./A =5, (b) an intermediate bath with

w./A = 1, and (c) an adiabatic (slow) bath with w./A = 0.25. Maximum order for a

inchworm step is indicated by M. The thickness of the Monte Carlo results results from our
error estimates. The dashed line are the QUAPI results with (a) At = 0.1, kpax = 6, (b)
At = 0.2, kpax = 10, and (¢) At = 0.3, kpax = 11. The triangles indicate the HEOM result

with K =2 and L = 20. 111
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Figure 4.14: Nonequilibrium Population difference (o, (¢)) (top subplots) and corresponding
error estimates (bottom subplots) as a function of time in the intermediate coupling (A\/A =
1) and low temperature (SA = 5) regime. The bias energy is € = 0. The results calculated
by the SBCI (red lines) expansions are plotted for (a) an intermediate bath with w./A =1
and (b) an adiabatic bath with w./A = 0.25. The maximum order for the inchworm step
shown is M = 1. The thickness of the Monte Carlo results results from our error estimates.
The dashed lines are the QUAPT results with (a) At = 0.1, kpna.x = 6 and (b) At = 0.1,
kmax = 10. The triangles indicate the HEOM result with K = 2 and L = 20. The MCTDH
data is reported in Ref. 144.

Strong coupling

In the strong coupling regime (A/A = 10), the DCCI approach is more rapidly conver-
gent and efficient than the SBCI expansion (see Fig. 4.15). In particular, we show the
DCCI results for parameter sets in the the adiabatic and intermediate regime, namely
(A A w./A) = (10,1) and (10,0.25). In these regimes, the lowest order DCCI results tend to

over-estimate the incoherent decay of the population. Including higher order contributions
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within each inchworm step is necessary, as it provides significant corrections to population
dynamics leading to agreement with the HEOM and MCTDH results. At small w./A, one
needs to go as far as M = 8, which is too difficult to fully converge with our current proto-
type code without spending a great deal of computer time. In the adiabatic regime (small
w.), QUAPI also tends to overestimate the decay for the long time behavior. To obtain
correct long-time dynamics, one would need to increase the truncation of the memory length

Emax, which greatly increases the need for memory and makes QUAPI difficult to converge.

4.7.4 Very Low Temperature Limit

Finally, we explore the very low temperature limit SA = 50 (kT /A = 0.02) corresponding
to the phase diagram Fig. 4.10(c). In this limit, the standard HEOM implementation|94]
can be computationally expensive to converge. Indeed, the lower the bath temperature,
the more Matsubara terms that are needed to capture the bath density matrix and the
more hierarchical levels are required to converge the long-time dynamics. We find that the
HEOM implementation available to us becomes unfeasible for very low temperatures, though
we not that recent advances may ameliorate this problem in at least some instances|208—
212]. Fig. 4.10 suggests that the SBCI and DCCI expansions hold an advantage over HEOM
(though not MCTDH) at low temperatures, in that the computational cost does not increase
with decreasing temperature. However, since at low enough temperatures strong correlation
effects may alter the picture, it is not trivial that the simple analysis used to generate this
figure should hold.

In Fig. 4.10(c), the combined area of strong convergence for the SBCI and DCCI expan-

sions covers almost the entire parameter space in the very low temperature case. For the
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Figure 4.15: Nonequilibrium Population difference (o, (¢)) (top subplots) and corresponding
error estimates (bottom subplots) as a function of time in the strong coupling (A/A = 10)
and low temperature (BA = 5) regime. The bias energy is € = 0. The results calculated by
the DCCI (blue and green lines) expansions are plotted for (a) an intermediate bath with
we/A =1 and (b) an adiabatic bath with w./A = 0.25. Maximum order for a inchworm
step is indicated by M. The thickness of the Monte Carlo results results from our error
estimates. The dashed line are the QUAPI results with (a) At = 0.2, kpax = 11 and (b)
At = 0.4, kpax = 10. The triangles indicate the HEOM result with K = 3 and L = 20. The
MCTDH data is reported in Ref. 144.

fast bath case (w./A = 5), the parameter set falls out of the region of facile convergence for
the DCCI approach, however we find that the DCCI expansion can still provide accurate
population dynamics, and is in fact more efficient than the SBCI expansion. On the other
hand, for the intermediate cut-off frequency case (w./A = 1), the SBCI expansion results in
the population dynamics that agree perfectly with the MCTDH result, while we note that

the DCCI expansion is difficult to converge with respect to the maximum order M. This
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Figure 4.16: Nonequilibrium population difference (o, (¢)) (top subplots) and corresponding
error estimates (bottom subplots) as a function of time in the intermediate coupling (A\/A =
1) and very low temperature (A = 50) regime. The bias energy is € = 0. The results
calculated by the SBCI (left panels) and the DCCIT (right panels) expansions are plotted for
(a) a non-adiabatic (fast) bath with w./A =5 and (b) an intermediate bath with w./A = 1.
Maximum order for each inchworm step is indicated by M. The thickness of the Monte
Carlo results results from our error estimates. The dashed line are the QUAPT results with

At = 0.1 and k. = 10. The MCTDH data is reported in Ref. 144.

clearly does not agree with our naive estimates for convergence of the DCCI expansion.

4.7.5 Biased Systems

We now turn to a discussion of the last dimension of the parameter space of the spin-boson
model, namely the bias energy of the spin subsystem. We expect the SBCI and DCCI
approaches have similar behavior with respect to convergence within parameter space for

non-zero bias energy. However, non-zero bias energy may introduce an additional phase in
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Figure 4.17: Nonequilibrium population difference (o, (¢)) (top subplots) and corresponding
error estimates (bottom subplots) as a function of time in the intermediate coupling (A\/A =
1) and non-adiabatic (w./A = 5) regime. The bias energy is € = A. The results calculated
by the SBCI (left panels) and the DCCI (right panels) expansions are plotted for (a) high
temperature with SA = 0.5 and (b) very low temperature with SA = 50. Maximum order for
each inchworm step is indicated by M. The thickness of the Monte Carlo results results from
our error estimates. The dashed line are the QUAPI results with At = 0.1 and k., = 10.
The MCTDH data is reported in Ref. 144.

the reduced propagators and cause a more difficult dynamical sign problem.
For the SBCI expansion, the e-dependence is only found within the system influence

iHst -~

o.ze—iHst

functional, explicitly in the operators in the interaction picture, o, (t) = e , where
H, = e, + Ad,. The bath influence functional does not depend on the bias energy, so
that the inchworm propriety of an individual diagram remains unchanged. Therefore, it is

straightforward to account for the bias energy within the SBCI algorithm. On the other

hand, the DCCI algorithm only contains e-dependence in the phase influence functional
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® (s). Note that the phase functional is a real number only if ¢ = 0, while € # 0 renders
® (s) complex and thus potentially increases the dynamical sign problem of the dQMC
method, making the DCCI algorithm somewhat more difficult to converge.

In Fig. 4.17, we show the SBCI and DCCI results for non-zero bias energy ¢ = A
cases at high temperature SA = 0.5 and the very low temperature case SA = 50. The
system-bath coupling is taken to be A/A =1 and a cut-off frequency of w./A =5 is used.
In general, the error estimate of the SBCI expansion grows more rapidly with time, so that
more computational effort to control the error propagation is needed. The DCCI expansion
shows a clear convergence with respect to the maximum order M. Compared to the same
parameter set A\/A =1, w./A =5, and SA = 50 for zero bias energy, we note that the non-

zero bias energy does increase the computational effort, especially for the DCCI approach.

4.8 Conclusions

In this chapter we develop two complementary dQMC inchworm approaches for the simu-
lation of exact real-time non-adiabatic dynamics. These approaches are based on generic
expansions in either the system—bath coupling or the diabatic coupling, respectively, and
thus should be of general utility. For concreteness, as well as to permit benchmarking of the
approach, we specialize to the case of the spin—boson model.

Our first approach is based on a system—bath coupling expansion, analogous to the
hybridization expansion in the Anderson model. Indeed the scheme is nearly identical to that
employed in original inchworm algorithm formulated for the Anderson impurity model.[106]

We formally show that proper inchworm diagrams account for any diagram in the bare
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Monte Carlo expansion once and only once. The major advantages of the SBCI approach
are twofold: there are far fewer proper inchworm diagrams than bare diagrams and an infinite
number of bare diagrams are resummed in the inchworm expansion. However, this advantage
comes at a cost, namely one has to calculate two-time restricted propagators and perform a
more involved error analysis during inchworm propagation.

The second inchworm approach is based on the diabatic coupling expansion and its cu-
mulant form. Due to the fact that diagrams within the diabatic coupling expansion include
an interaction line between every two vertices, the main advantages of the inchworm algo-
rithm are lost if one follow the previous scheme. To circumvent this problem, we introduce
a cumulant form of the expansion and propose an alternative inchworm approach, the dia-
batic coupling cumulant inchworm (DCCI) expansion. The DCCI expansion has the notable
advantage that only single-time properties are needed, and the simulation scales linearly in
time. Since cumulant forms can also be used in other inchworm expansions (namely the
SBCI approach), this property should be of general utility. We also note that since the
DCCI and SBCI expansions converge differently in distinct parameter regimes, we expect
their combined use to cover much, if not all, of the relevant parameter space.

In Sec. 4.7 we have presented benchmark calculations of the inchworm Monte Carlo
approach for the real-time nonequilibrium dynamics in the spin—boson model. A rather
extensive swath of the full parameter space has been explore and a detailed discussion of
the convergence properties of both the SBCI and DCCI has been made. We have compared
these inchworm expansions to several prominent, numerically exact schemes such as QUAPI,
HEOM, and MCTDH.

In general, we find that at least one of the inchworm expansions appears to converge to
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the exact result in essentially all tested regions of parameter space. This appears to include
regions of parameter space that are difficult for the QUAPI and HEOM methods. On the
other hand, at this stage the QUAPT and HEOM algorithms are simpler to employ. In par-
ticular, more work needs to be done to fully understand the factors that govern error growth
and convergence of the various inchworm approaches so that a general “black-box” imple-
mentation may be developed which would render inchworm Monte Carlo as user-friendly as
these approaches.

In our view, the MCTDH approach is the most reliable and stable approach for the
description of dynamics in the standard spin-boson problem. The inchworm approaches
presented here provide results that appear compatible, but not quite as robust, as those pro-
duced by MCTDH. Inchworm Monte Carlo is essentially an efficient means to stochastically
sample an exact perturbation expansion. This gives hope that the approach may provide a
general utility beyond the simplest incarnation of the spin—boson model, in cases where other
methods may not be viable. Indeed, inchworm works very well for the Anderson impurity
model, where QUAPT appears to suffer memory length issues[105] and MCTDH appears to
have trouble in strongly correlated regimes|213].

The biggest potential niche for the suite of inchworm Monte Carlo approaches outlined
here appears to be in nonequilibrium setting where transport occurs between two or more
reservoirs. In such situations, MCTDH is far more expensive, while diagrammatic Monte
Carlo actually becomes easier to converge[124, 129, 132]. A particularly interesting case is
nonequilibrium heat transport in the multi-bath spin—boson problem[90, 91, 214-216]. Here,
as far as we know, only one exact calculation has been performed|[90, 91|, but owing to the

numerical difficulty of the problem, a systematic study could not be performed. This is just
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one example of a class of physically important problems that may be probed in far greater

detail by the inchworm Monte Carlo methods of this work.
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Appendix

4.A Wick’s theorem in the diabatic coupling expansion

The multi-time correlation function of polaron shift operators given in Eq. (4.52) can be

written as
‘7(8)::<Ei(sm+1)gz(&n)-~ég(&)Eﬁ(s@>b. (4.A.1)

The explicit form of the polaron shift operator in the interaction picture is given by

B, (s) =e%®), (4.A.2)

6, (s) =0 Z % (ewsbz — e*"‘”@sbg> . (4.A.3)
¢ W

To simplify the notation, we drop the £ index for the time being and define § (s) = 7€',

such that
0, (s) =0 (£(s)bT —€(s)"D) . (4.A.4)
The arguments of the polaron shift operators product can be combined using the identity
evbhv*beubhu*b _ e(v+u)b77(v*+u*)b % elvu—viu)/2 (4.A.5)

for boson operators b and b' (as can easily be derived using the Baker-Campbell-Hausdorff

formula).
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Next, the two-time correlator of polaron shift operators is
B, (') BL (s) =exp {[0'1E (8') + or€ (s)] b — c.c.} x

exp {io’or'rIm [£ () £ (s)*]} -

(4.A.6)

We note that the boson operator part of the correlator takes the same form as the polaron
shift operator and an additional scalar factor (not a boson operator) emerges. Therefore, we
can recursively combine the argument using the above identity and find a general expression

for the multi-time correlator

H By (sj) =exp {Z o1& (s5) bl — c.c.} X
exp {z Z Z oorrrelm [€ (s5) € (sk)*]} .

J
J k<

(4.A.7)

The scalar factor part can be rewritten in the form Im [£ (s') £ (s)"] = 5—23 sinw (8" — s).
We now focus on the thermal average of the boson operator, exp {ZJ oiri€(s;) b — c.c.}.

The thermal average of free boson operator of the above form can be obtained as

« 1
Try, {pbe"‘m_“ b} = exp {—EI{I{* coth (%d) } , (4.A.8)

where p, = e #Ho. We can take the thermal average of the two-time correlator to obtain

Try, {png', (') BL (s)} =

2
exp {J/UT,T% [1 - cosw (s" = s)] coth <67w> } :

2
exp {ia'ar'r% sinw (8" — s)} : (4.A.9)
w

where a time-independent phase is dropped, since it cancels out when a configuration on

the Keldysh contour is considered. By choosing ¢/ = —1 and ¢ = 1 and putting the ¢ index
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back, we can carry out »_, in terms of spectral density J (w),

Tr, {psz’ (s) BT, <5)} -

exp {r'r [~Qa (s — 5) —iQ1 (5" — )]},

(4.A.10)

where Qjand Q5 are defined by Eqs. (4.58) and (4.59). The two-time correlation function,

Eq. (4.57), is then given by
C(s,s) " =Tr, {pbe (s") B} (5)} (4.A.11)

Finally, we take the thermal average of the multi-time correlator

2
Tr, {pb HBZ;JJ (Sj)} =exp {Z ZO’jO’kTﬂ"k% [1 — COoSw (Sj - Sk)] coth (%) } X

J o k<j
. 2 .
exp ZE E Ujakrjrkﬁsmw(sj—sk) .
J o k<j

(4.A.12)

We can finally carry out ), in terms of spectral density J (w), concluding that

" {p*’ e <Sj>} = [TTT (@ (s sy (4A.13)

J k<j
Since we have o; = 1 for j even and o; = —1 for j odd, the powers are
1 |7 — k| odd
—0j0f = : (4.A.14)

—1 |j— k| even
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Chapter 5

Two Flavors of the Non—Crossing

Approximation for the

Anderson—Holstein Model*

5.1 Introduction

The interaction between electrons and phonons plays an essential role in condensed matter
physics: it is for example the fundamental factor responsible for the resistivity of conduc-
tion electrons in crystals at relatively high temperatures and the onset of superconductivity
at low temperatures|23]. In non-equilibrium molecular electronics experiments|33-35|, elec-

tron—-phonon interactions are ever present and have major implications[38, 39| which can

*Based on work published in Phys. Rev. B 93, 174309 (2016). Copyright 2016, American Physical
Society.
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be exploited in the design of phononic devices|36, 37|. In addition, the interplay between
electron—electron interactions (responsible for Coulomb blockade and the Kondo effect) and
electron—phonon scattering leads to novel and subtle behaviors[40, 217]. For example, con-
ductance side peaks replicating the Kondo resonance|40, 218, 219] and negative differential
resistance at voltages corresponding to the vibrational energy of the molecule[112] have been
observed. In a broader sense, explicating the role played by electron—phonon interactions
in strongly correlated materials remains a fertile area of research, where recent interest has
focused, for example, on the role played by phonons in fulleride[24], cuprate|26] and pnictide
superconductors|27, 28] and the control of superconductivity and metal-insulator transitions

in correlated materials via strong laser fields|[25, 29-32].

A standard model that simultaneously describes both electronic interactions and elec-
tron—-phonon coupling in nanoscale devices is the Anderson—Holstein model|20, 21, 114]. This
model consists of a single interacting site (sometimes called the dot or impurity) coupled to a
non-interacting electron reservoir (or reservoirs) and to a set of localized phonon modes. The
Anderson—Holstein model can be considered a minimal description of the essential aspects
of a correlated electron system interacting with phonon excitations, and has been used to
describe vibrational effects in molecular electronics|113-115, 220]. Furthermore, within the
framework of dynamical mean-field theory (DMFT) [41], the characterization of a strongly
correlated material with active phonon degrees of freedom may be effectively reduced to the
Anderson—Holstein model and its variants|[126, 220, 221].

Despite the importance of the Anderson—Holstein model, there is surprisingly little known

about its real-time dynamical properties outside of simple limits where perturbation argu-
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ments can be made. The case of zero on-site electron—electron interactions can describe some
phenomena associated with the electron—phonon interaction,including non—equilibrium tran-
sient dynamics, inelastic transport, and phonon-induced side peaks|[107-111]. This limit has
been widely considered in the literature; despite its simplicity, it is non-trivial to solve, es-
pecially out of equilibrium. A variety of techniques have been used to analyze this model,
including perturbation theory in the electron—phonon coupling|222], a semi-classical treat-
ment[223], and master—equation approaches|222, 224-228|. Semi-analytical approximations
within nonequilibrium Keldysh Green’s functions (NEGF) [229-235], the equation-of-motion
(EOM) approach|236-239|, an interpolative ansatz|240|, and a recent dressed tunneling ap-
proximation|109] have been applied to the model in various limits. Numerically exact meth-
ods have also been applied, including real-time Quantum Monte Carlo (QMC) [110, 111,
124, 241], iterative path integral schemes[242-244| and the multi-layer multi-configuration
time-dependent Hartree (ML-MCTDH) method|88, 245].

Treatment of the combined effect of electron—electron and electron—phonon interactions
is simplest when the on-site Coulomb repulsion is effectively infinite (U — o0). In this
limit, some methods used to treat the non-interacting case can be adopted and generalized,
including certain Monte Carlo approaches|113, 246|, the equation-of-motion technique|247—
250], a decoupling scheme for NEGF[251], and the slave-boson technique|252, 253]. Studies
of the infinite—U Anderson—Holstein model predict non-trivial effects, such as the appearance
of Kondo replicas above and below the chemical potential and negative differential resistance
associated with the destruction of the Kondo resonance[112, 113]. However it remains unclear
if these predictions are valid outside of linear response from equilibrium, and in general

neither the U = 0 nor U — oo limits describe the bulk of interesting cases of experimental

126



5.1. INTRODUCTION

relevance.

Only a handful of approaches are capable of calculating properties of a generic Ander-
son—Holstein model outside of the idealized limits discussed above. Approximate methods,
such as the master equation approach, can accurately describe transport phenomena at high
temperatures and large voltages|[254]. The ML-MCTDH method is numerically exact, but
has difficulty converging for strong electron—phonon coupling or far from equilibrium|255,
256]. The numerical renormalization group (NRG) can also be extended to include elec-
tron—phonon interactions, but remains difficult to apply out of equilibrium and is generally
reliable only for the low energy properties of the system|107, 114-119]. The auxiliary-field
QMC method has been used to calculate the density of states under the influence of the
phonons in imaginary time[120], but application to dynamics involves an uncontrolled ana-
lytical continuation which is problematic at certain parameters[121, 122], and the Matsubara
formulation is only valid for equilibrium and linear response properties. Real time QMC pro-
vides an alternative numerically exact approach which has the ability to describe transient
dynamics and non-equilibrium transport properties over a wide range of parameters[123—
128]. In combination with reduced dynamics techniques|[130-132] it can sometimes be used
to obtain results over very long timescales|132]. However, real time QMC is generically
plagued by a dynamical sign problem which limits the accessible timescales. Although not
the direct focus of this manuscript, we note that the approaches described here can provide
a foundation to allow for an amelioration of the sign problem in QMC simulations|[121, 122,
129].

The self-consistent resummation of particular classes of interaction terms may allow for

an extension of the domain of validity provided by bare perturbation theory. A prominent
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example is provided by the non-crossing approximation (NCA) [257, 258]. The NCA is a
semi-analytical method based on the resummation to all orders of a specific subset of di-
agrams (those that do not cross temporally on the Keldysh contour) associated with the
hybridization between the impurity and the non-interacting leads. It provides a computa-
tionally inexpensive approach for solving generic impurity models out of equilibrium|259].
NCA is exact in the atomic limit, and works best in the limit of infinite U and finite e. The
approximation does not fully capture low energy properties and does not correctly reproduce
the noninteracting limit. But despite the quantitative inaccuracies, the NCA qualitatively
predicts the emergence and some properties of the Kondo resonance, and is generally ac-
curate for high-energy features. While the NCA as a "stand alone" approximation may
quantitatively fail, higher order approximations (e.g. one—crossing approximation) based on
the same principles have been used|260, 261], and recent numerically exact QMC approaches
have been formulated that sample corrections to the NCA in a numerically exact way[106,
121, 122, 127, 129].

The NCA has been extended to include the electron—phonon coupling, via the slave-boson
technique|252, 253], in nonequilibrium DMFT studies[126, 221], and within a pseudoparticle
picture[262]. A first goal of our work is to clearly formulate two complementary NCA-
like approximations in the full many-body basis of the impurity, in a form suitable for
studying the non-equilibrium behavior of the Anderson-Holstein model, and to compare
and contrast the predictions of these distinct self-consistent procedures. A second goal is to
clearly delineate the diagrammatic rules associated with each self-consistent resummation on
the Keldysh contour so that future exact QMC schemes which sample remaining diagrams

may be explicitly formulated. The outline of this chapter is as follows. In Sec. 5.2 we
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introduce the Anderson—Holstein model and provide the needed formalism. In Sec. 5.3, two
distinct types of NCA-like approximation are described. In Sec. 5.4, we present and compare
results for transient dynamics, steady state spectral function and differential conductance
for a generic Anderson—Holstein model in the Kondo regime. A summary and conclusion are

presented in Sec. 5.5.

5.2 Coupling Expansion for Anderson—Holstein Model

5.2.1 Model and definitions

We consider a single spin-degenerate impurity or quantum dot level with a linear coupling to
a phonon bath and to a pair of metallic leads which will be referred to as “left” (L) and “right”
(R). This model is described by the nonequilibrium Anderson—Holstein Hamiltonian[114,
115, 220]

H=Hy+H+V+ Y (H+V). (5.1)
leL,R

The electronic part of the dot Hamiltonian, Hy, is

H; = Z €N + Unyny, (5.2)
o="1,
where €, denotes the energy of singly-occupied states and U is the Coulomb interaction.

The operators d], creates an electron of spin o on the dot and the occupation n, = did,.

The local phonon bath Hamiltonian is

Hy = wgblb,. (5.3)
q
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Here the bjg are phonon creation operators, and w, is the frequency associated with a phonon
mode g. We will typically assume that the phonons are initially in equilibrium, such that
the occupation of the phonon modes is given by the Bose-Einstein distribution (bjlbq) =
eﬁdw—lq_l, Bq being the inverse temperature of the phonon bath. The electron—phonon coupling

Hamiltonian Vj is
Vo= 3" Ag(b} +b,) (ng — 8). (5.4)
q

where nqg = ) _n, is the total electronic occupation of the dot and A, the coupling strength
between the dot and phonon mode g. The parameter J is of no physical significance, in the
sense that it may be absorbed into a redefinition of the zero point of the oscillator coordinate.
However, it is convenient to set 6 = 1, so that ¢ = 0 describes the particle-hole symmetric
dot, and we will primarily consider this case. We will also investigate the case ¢ = 0, which
provide a more convenient description of a molecular junction in which polaron formation
is linked to the presence of extra electrons on the dot. In either case, the electron—phonon

coupling is characterized by a spectral density

J(w) = g 3y w_za (w— w,) - (5.5)

The left and right lead Hamiltonians are

Hg = Z Z ekczockg, (56)

kel o
with ¢ € {L, R} and the index k denoting a level within a lead. We assume the leads to
be non-interacting, such that they are fully described by the dispersion relation ¢, and the

creation operators c,zg. The leads are taken to each be initially isolated and at an equilibrium

state with density matrix py, and their thermodynamic properties characterized by an inverse
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temperature [, and a chemical potential p,. The initial density of states is then described
by a Fermi-Dirac distribution, (CLJ%Q = filex) = m.The hybridization V;, between

the dot and lead electrons is described by the dot-lead coupling Hamiltonian
=3 [tkd(,cga + t;dj,c,w] , (5.7)
ket o
where t;, enumerates the coupling strength between the dot and level k of lead ¢. We define
a coupling density

To(w) =21 Y [t*6 (w — €x) (5.8)

kel

which fully characterizes the t; within this model.

In steady state the dynamical response of a system is characterized by its spectral function

Alw) = %Tr {G"(w) — G*(w)}, (5.9)

which may be considered a probe of the density of electron and hole excitations as a function
of energy. To calculate the spectral function at frequency w’, we use the auxiliary current
method[121, 122| by appending two auxiliary leads to the model, H — H + H4 + V4, where
HA = Z ekazak, (510)

keA

and

=YY [tkd(,aL +ttdhay . (5.11)

keA o

These auxiliary leads are coupled to the dot at the single frequency w’ with a spectral density
' (w) = nd(w —w'). One lead is kept fully occupied, such that fa,(w) = 1; the other lead is

kept empty, such that fso(w) = 0. We can calculate the auziliary spectral function A (w;t)
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at any finite time by the following relation:

Afwst) = lim = 1%, () = o 0] (5.12)

Here, 14, (t) and I4, (t) are the currents flowing out of lead A0 and Al, respectively, at
time t. At long times, the auxiliary spectral function approaches the steady state spectral
function, Eq. 5.9. While at finite times the auxiliary spectral function does not conform to
the standard definition of a spectral function in terms of a Fourier transform of a correlation
function, it retains the appealing physical interpretation as a measure of the single-particle
excitation density in energies, and could in principle be accessed experimentally by way of
three-lead experiments[121, 122, 263, 264].

We shall also be interested in the differential conductance,

GV) = %(IL _In). (5.13)

which is directly accessible in transport experiments. Here, V = u; — pug is the bias voltage
between the two leads. The current I,(¢) out of lead ¢ is given by I,(t) = (Z,(t)), where the
current operator for a given lead,

T,=N=iY (tkc;gda - t,’;ckadl> , (5.14)

ket

describes the rate at which carriers flow out of that lead. The differential conductance is often
interpreted as an estimator for the equilibrium spectral function of the model. However, this
interpretation is only valid if the spectral function is independent of the bias voltage. In

practice, the two quantities may be qualitatively different[121].
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5.2.2 Coupling expansion: general formalism

We now formulate a double expansion in the electron—phonon and dot—lead couplings. A brief
review will be provided here for completeness; we refer readers interested in a more detailed
technical outline of the formalism and algorithm elsewhere[122]. We begin by recasting the
Hamiltonian as H = Hy + V. H, describes the isolated dot and bath subsystems, while
V =V, + >, Vi describes the coupling Hamiltonian.

The expectation value of an operator O at time ¢ can be written in the form (O(t)) =
(et Qe ) = (UT(H)Or (1)U (1)), where U(t) = eote=iHt and O;(t) = eo!QeHol| The
subscript I denotes an operator in the interaction picture. We also define thermal averaging
by way of the notation (O) = Tr{pO}, with the averaging performed with respect to the
uncorrelated initial density matrix formed by the product of subsystem density matrices:
p=pa® ][], pe ® pp. Thus the dynamics that appear in the following are not in equilibrium
and illustrate the approach to equilibrium in the appropriate limits. Other than in some very
special cases, a finite system coupled to an infinite thermal bath which is allowed to evolve
in time is generally found to reproduce the steady state results at long times. Moreover,
this is often the only rigorous way to construct the correct nonequilibrium steady state
in open quantum systems. Initial correlations allow the system to be thermalized at time
zero. Within DMFT[126, 187, 220, 221, 261|, one deals with an infinite interacting system
which is not coupled to a bath, and the role of the initial correlations therefore becomes
more important. They are needed to model an initially thermalized system, which might be
thought of as a system that had been weakly coupled to a bath and allowed to relax before
the beginning of the calculation.

We now describe the details of a Dyson expansion for the reduced propagator on the
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Keldysh contour. We can expand U(t) in a Dyson series
o0 t t1 tno1
U(t) = Z; (—z‘)”/o dt, /0 dt - - /0 dt, Vi (t) Vi (t2) - Vi (ta) (5.15)
such that the propagator can be expressed as e " = e~ 0!/ (), We adopt the many-body
atomic states of the isolated dot, {|a)} = {|00) = [0),| 1) =[1),| L) =12),| 1)) =|3)}, as a
basis, and define the reduced propagator matrix element G,4(t) = <a ’TrB {pe*th}’ 6>. The
trace is taken over the lead and phonon degrees of freedom: Trg = Tr,Tr,. The remaining
quantity is reduced to the dimensionality of the (many-body) dot subspace. We also define
the unperturbed reduced propagator G((IOB) (t) = <a ‘TrB {pe_iHot}’ 6>. G&Oﬁ) is diagonal for
the model treated here, and takes the form GSB (t) = ®(t)dape Fot. The state energy E,
is evaluated from the isolated dot Hamiltonian. The factor ®(t) = Trp {pe "(Ho-Hal} jg
related to fluctuations in the noninteracting baths, and is independent of the dot state. It is
exactly canceled when considering any quantity defined on the two branch Keldysh contour,
and can therefore be safely ignored.
The full, or perturbed, reduced propagator G,z (t) is also diagonal. Contributions to it
from the coupling Hamiltonian are nonzero only when the creation and annihilation operators

occur in pairs, such that only even orders must be accounted for:

Goa(t) =GO (1) — /t dty /t1 dts(a|Trp {pe Vi (t1)Vi(ta) } o) + -+ . (5.16)

This series can be represented as a summation of diagrams in which the coupling Hamiltonian
appears an even number of times. An example diagram is shown Fig. 5.1: in (a), the
representation of G (thin lines) and Gaq (bold lines) in terms of pairs of solid and dashed

lines is shown. In (b) a diagram is shown which contains Fermion hybridizations, denoted
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by wiggly lines which change the dot population, and phonon interactions, denoted by wavy
lines with loops which do not change the population (and may appear only within certain
dot states, as detailed below).

The reduced propagator satisfies a causal Dyson equation of the form

Gaalt) =GO (¢ /du/ dtaGO(t — 1)) aa(ts, t2)Gaalta), (5.17)

where all non-trivial aspects of the problem are contained in the (proper) self energy
Yaalti,ta). Solving the Dyson equation self-consistently is in itself an inexpensive com-
putation if the self energy is known. Within the hybridization expansion for the phonon-free
version of the model, the simplest approximation to the self energy includes only a single
pair of coupling Hamiltonians:

SEBAG —ty) = —(a|Tn, {pVe_iHO(tl_tQ)V} |a) (5.18)

= ZG t]__tQ XAB(l—t2)7
where the hybridization function is defined as

AZa(ts = t2) = —(a] Try {pVi(11)|8) (B|Vi (t2)} ). (5.19)

This is known as the second-order Born approximation (2BA). The non-crossing approxima-
tion (NCA), also known as the self-consistent Born approximation (SCBA), takes the same

form, but inserts the full propagator G into the self energy:
ShSMt — ) = Y Gaalts — ta) x Al (t1 — ta). (5.20)
B

With this self energy, we can obtain an approximate propagator containing an infinite, but

partial, subset of the diagrams contributing to the reduced propagator, namely all diagrams
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in which hybridization lines do not cross each other. In the following section, two ways of
generalizing this idea to the full Anderson—Holstein model will be described.

So far, in order to simplify the discussion, we have limited our attention to a reduced
propagator living on a single branch of the Keldysh contour. To calculate a physical ob-
servable, we must consider a two-branch Keldysh contour with the observable operator O
placed at the final time ¢, and take into account diagrams with lines crossing between the
two branches. To this end, we define a vertex function of the observable O, with the two
time variables ¢ and t’ placed on opposite branches of the contour. With ¢ — ¢, this object
yields the physical expectation value of observable O (¢). In particular, the current out of
the lead ¢ can be obtained from I,(t) = (Z,(t)), where the current operator

Ig = Ng = ZZ (tkCLgdU - tzckgd;rf) (521)

kel

and the ¢ and d operators are understood to be at the tip of the Keldysh contour.

Because Z, is composed of the same operators appearing in the dot—bath hybridization
Hamiltonian, within the coupling expansion the current can be obtained by summing over
diagrams which have a special hybridization line placing the current operator at the final

time of the Keldysh contour. An example of such a diagram is given in Fig. 5.1 (¢).

5.3 Two Types of NCA for Electron—phonon Coupling

In this section we lay out the construction of NCA-like approximations in two limits: First,
a bare NCA based on self-consistently resummed second order perturbation theory for the
electron—phonon and dot-lead and electron—phonon Hamiltonians. Second, a dressed NCA

in which the Hamiltonian is modified by a Lang-Firsov transformation so that the coupling
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Figure 5.1: (a) The elements of the unperturbed propagator G (left column, thin lines)
and of the NCA propagator G, (right column, bold lines). The upper line represents spin
up occupation and the lower line spin down occupation. The dotted line signifies that the
spin level is unoccupied, while a solid line marks it as occupied. (b) An example of a diagram
included in the reduced propagator Ggg. Electronic hybridization lines are shown as wiggly
lines, and phonon interaction lines as gluon lines. (¢) An example of a diagram on the
Keldysh contour with inter-branch lines and a special hybridization line ending at the final

time, corresponding to a contribution to the current.

Hamiltonian becomes a phonon-dressed dot-lead coupling, and includes non-crossing dia-
grams composed of phonon-dressed hybridization lines[126, 187, 220]. Both approximations
can be extended to higher orders, or used as the preliminary step withing a numerically exact
bold-line QMC algorithm. We initially formulate these two types of NCA for the symmet-
ric Anderson—Holstein model in the following two subsections, then discuss the asymmetric

case.

137



CHAPTER 5. TWO FLAVORS OF THE NON-CROSSING APPROXIMATION

5.3.1 Weak coupling perturbation theory
The bare NCA approximation is specified by the following equations
G'=G,' -2 -3 (5.22)

with G, Gy and ¥ matrices (diagonal, in the cases of interest here) in the Hilbert space of

the decoupled dot, and the lead (¢) and phonon (b) self energiesX given by:

Shaltits) = Gaa(ti ta) x AL, (1, 1) (5.23)
8
Zga(tb t2) = Gaa<tlat2) X Aaa(tlatQ) (524)

with the lead hybridization function

AL (b1, t2) = Y (aldo|8) (BldE ) D [t Tre | pec, (t1)ens (22)]

+ > (aldh|B)Bldsla) 3 14 Tre [prero(ti)el (82)] - (5.25)

We also define the lesser and greater hybridization functions A7 (r,7) =
> kee te|* T pcla(ﬁ)ckg(ﬁ)} for each lead ¢ and times 71, 75 on the Keldysh contour. A} is
used when 71 precedes 72, and Aj is used otherwise. The dot-lead hybridization function for
each lead can be expressed in terms of the coupling densities I'y(w) and the initial occupation

of that lead:

T dw

A7 (b, ta) =i / =TI, (w) [ = fulw — )] (5.26)
< [ dw —iw(ty—t2)

AJ(ty,ty) = —i —e NI (W) fo(w — pe). (5.27)

—0o0

s
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We similarly define the phonon hybridization function

Aaa(tr,t2) = (@] (na(t1) = 9) (na(tz) — 0) o) X

D ATy [ (b(t1) + by(t1)) (bl(t2) + by(t2))] - (5.28)

q

This is analogous (but not identical) to the pseudoparticle NCA approximation of ref. 262.
Since the the electron—phonon coupling V;, does not modify the electronic state of the dot,

one can write
(o (na(t) — 8) (na(tz) — ) la) = () ~5)". (5.29)

We also define the bath correlation function,

Bq(tl, tg) = Tl"b {)Ob (bg(tl) + bq(tl)) (b;(tg) + bq(tg))} . (530)

It can be expressed in terms of the frequency w, and the inverse temperature 3 of the local
phonon modes, B,(t) = coth(Sw,/2) cos (w,t) —isin (w,t), if we consider a bath initially com-
posed of free harmonic phonon modes. Thus, it is possible to recast the phonon hybridization

2
function as Ago(t1 — t2) = (nfia) — 5) X Ap(t; — ta), where

Ap(ty — ) ZAQ (ty — to). (5.31)

Just as the electronic hybridization functlon is described by I'y (w), the phonon bath is

usually characterized by its spectral density, J(w) = 5>, (Ag/wq) d(w — wy). In particular,

Ab(tl — tg) = g /dWJ((U)WBw(tl - tg) (532)

T
Fig. 5.2 and Fig. 5.3 illustrate the diagrams included in the self energy of the bare NCA

approach (for the symmetric case 6 = 1). The wiggly lines in Fig. 5.2 denote the dot-lead
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Figure 5.2: The electron hybridization diagrams included in the bare NCA self energy, where
the wiggly lines denote electronic dot—lead hybridization lines. The pairs of straight lines
represent the dot’s electronic state, with the two lines standing for the two possible spins: a

solid line represents an occupied spin level, whereas dashed lines stand for empty spin levels.

hybridization A?_(t; —t5), while the phonon lines of Fig. 5.3 symbolize the phonon coupling
Aoa(ti — t2). The computation of the Green’s function from the Dyson equation using
this approximate self energy embodies a self-consistent perturbative expansion including
the lowest order skeleton diagrams in both the dot-lead hybridization and electron—phonon
coupling. We expect this bare NCA approach to be more applicable in the regime where
both A\ and I are small. Additionally, the Green’s function resulting from the bare NCA does
not contain certain multi-phonon excitations, related to crossing diagrams, which might be
expected to affect the dot electron if the phonon relaxation is slow. This implies that the

bare NCA is more accurate in the limit of the fast phonon bath.
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sho= Gmd b g
22‘3:&4_

Figure 5.3: The phonon interaction diagrams for the bare NCA self energy in the symmetric
case 0 = 1. The curly lines denote phonon interaction lines, and straight lines are as in

Fig. 5.2.

5.3.2 Strong coupling perturbation theory

In this section, we present a version of the non-crossing approximation more suitable to
strong coupling between the dot and the phonon bath to the propagator formulation. This
approach, which we will refer to as the dressed NCA, has previously been employed within
a standard Green’s function formulation in Ref. 220, 126.

We begin by performing the unitary Lang-Firsov transformation H = SHS™' with
S = e%(bLb)nd, which eliminates the explicit electron—phonon coupling in the Hamiltonian.

We set the unperturbed Hamiltonian to be Hy = H; + Hy + V;,. After the transformation,

this becomes

Hy = Eqig + Unyiy, (5.33)
Vo= 33" [tedocl, + tidiers] (5.34)
kel o

In the above expressions, the bare dot energy € and the Coulomb interaction strength U are

141



CHAPTER 5. TWO FLAVORS OF THE NON-CROSSING APPROXIMATION

replaced by the renormalized quantities
E=c+ (26 — 1)\*/wy, (5.35)

U=U —2)\*/wp. (5.36)

Also, the dot electron creation and annihilation operators become
d, = e se® g (5.37)

dl = exs®' Vgt (5.38)

g

All pairs of hybridization events are therefore connected by an infinite set of phonon hy-
bridization lines generated by these exponential phonon displacement operators.

Within the dressed NCA approximation for the self energy, we consider only the dressed
phonon lines appearing along the noncrossing fermionic hybridization lines, as illustrated
in Fig. 5.4. With this assumption, the effect of the electron—phonon interaction is simply
to reweigh each fermionic hybridization line with a phonon-dependent factor, such that the

NCA self energy takes the form

Zoa(

tl - tg) = w(t1 — tz) (539)

XZA tl—tg )(tl—tg)

The phonon weight w(t; — t5) is given by

w(t) = exp {— Z (ﬁ> X [(1 — coswyt) coth(Sw,/2) + isin wqt]} (5.40)

g \Wa
In terms of the bath spectral density J (w), this can be written as

w(t) = exp{—Qa(t) —iQ:(t)},
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(a)
SO S,
30, = + B
i% = %::::::::'F +
S = + M
-
NS S u——— Y VY
233 = g +

(b) eG(bare)
w $G(dressed)

Figure 5.4: (a) The diagrams representing the different matrix elements of the dressed NCA

self energy. The wiggly double lines denote electron hybridization lines dressed by phonon

interactions. (b) An example of a bare NCA diagram of the lowest order is not included in

the dressed NCA diagrams.

where

2 (W)

;/dij sin wt, (5.41)
%/dw@(l — coswt) coth(fw/2). (5.42)

The dressed NCA self energy includes many phonon interactions not included in the bare

NCA. The self energy diagrams composed of the transformed dot operators d, and JL can

be expanded in terms of the bare dot operators and effectively contain all the hybridization

diagram within the wiggly double lines. Also, the polaron shift of U and € is expliciltly

included within the dressed NCA, but not the bare NCA. One might expect it to be a more
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appropriate approximation in the polaron limit. On the other hand, it also misses some
contributions that are included in the bare NCA (see Fig. 5.4 (b)) and over-emphasizes
others, and at weak coupling to the phonons it might be expected to be less accurate. The
two approximations are therefore somewhat complementary, if in a non-rigorous sense; it is
reasonable to assume that conclusions supported by both may be robust to the nature of the
approximations, while conclusions supported by only are suspect and should be investigated

further.

5.3.3 NCA for asymmetric model

We now briefly discuss the structure of the non—crossing approximation for the case of an
asymmetric Anderson—Holstein model in which the counter term is not included (i.e. 6 =0
in Eq. (5.4)). The phonon can then only be created or destroyed in the single electron state
or the doubly occupied state, not in the empty state. Such a model might be considered
a more physically realistic description of a quantum junction, where one is interested in
vibrational states coupled to electrons.

In the bare NCA calculation, the phonon coupling lines only connect points with occupied
electron states. The interaction diagrams for the bare NCA self energy therefore no longer
have the symmetric structure of Fig. (5.4), but rather include a different number of phonon
inclusions for each of the matrix elements. This is illustrated in Fig. (5.5).

For the dressed NCA, the same Lang-Firsov transformation is performed to eliminate

the explicit electron—phonon coupling. The dressed coupling Hamiltonian then remains the

144



5.4. RESULTS

Figure 5.5: The phonon interaction diagrams for asymmetrical model.

same as in the symmetric case. However, the renormalized energy becomes

)\2
€ =¢€— — 5.43
= (543

while the renormalized interaction remains the same as Eq. (5.36).

With this coupling, € = 0 does not correspond to a particle-hole symmetric point. In the

absence of dot—lead coupling, the charge transfer bands are centered around w, = % + 3—2

)\2

and w_ = —%+3 .
wo

5.4 Results

We now discuss the application of the two NCA approaches described above to the Ander-

son—Holstein impurity model, focusing on a case where the dot has degenerate spin levels

(e = €, = €4) and obeys particle-hole symmetry (e, = —%) in the absence of phonons.
The leads are assumed to be flat with a soft cutoff: I'y(w) = (1+eu(w—nc>)F(§+e—u<w+nc))> where

Q. = 10 and v = 10. We consider only symmetrical couplings to the left and right leads,
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'y =T'gr = 0.5I', and apply the bias voltage V' symmetrically such that the chemical poten-
tials are given by u;, = —ur = 0.5V.

The methods we have described are suitable for the exploration of systems containing
multiple electron and phonon baths with complicated densities of states, but we focus on
a phonon bath with single mode, H, = wyb'b. The electron—phonon coupling Hamiltonian
becomes Vi, = A(b' + b) (nq — ) and the strength is characterized by by the parameter \.
We assume that all baths are initially at the same inverse temperature 5 = 10/I.

To calculate the spectral function A(w) by the double probe scheme, we attach a pair of

auxiliary leads to the system and measure the corresponding auxiliary currents. The spectral

density of the auxiliary leads is a Gaussian delta function I'y(w, w’) = 6@%6*[(‘”*“/)/ %a* where
n = 107" and 6, = 1072[". The dot is assumed to be initially empty, and the coupling to
the thermally equilibrated leads and phonon bath is turned on at time ¢ = 0. The auxiliary

spectral function exhibits some transient behavior, and approaches the physical steady state

spectral function at sufficiently long time, as discussed in Ref. 122.

5.4.1 Symmetric Model

We first consider the system which includes the counter term, 6 = 1. For this case, the
electron—phonon coupling does not break particle-hole symmetry and the spectral function

remains symmetric.

Transient dynamics

The left panels of Fig. 5.6 and Fig. 5.7 show the transient evolution of the spectral function

A(w;t). The corresponding right panels display single frequency cuts through this data,
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highlighting the time evolution of the central peak (w = 0) and the charge transfer (CT)
peak (w/U = 0.5). We observe an overshooting of the spectral function at short time due to
the instantaneous coupling between the dot and the leads. The bare NCA results (Fig. 5.6)
exhibit oscillatory behavior in the amplitude of the central peak. We observe that this
is composed of a slower oscillation with a period of 27 /wg, which is associated with the
phonon frequency; and a rapid oscillation with a period of 27/U, which comes from the
static energetics of the system. However, in the dressed NCA results (Fig. 5.7), oscillatory
behavior consistent with the phonon frequency is not apparent. The oscillatory behavior
predicted by the bare NCA is consistent with predictions made for the Anderson—Holstein
model in the spinless U = 0[241] and U = oo cases|252], where the local density of states
at w = 0 approaches the steady state in an oscillating manner with the periodicity of the
phonon mode. Here, the time-evolution of the entire frequency dependent auxiliary spectral
function additionally reveals the transient effect of electron—phonon coupling on the charge
transfer peaks.

At long times, the bare NCA exhibits a strong suppression of the CT peaks when the
phonon frequency is small. However, this suppression of the CT peaks is not nearly as evident
in the dressed NCA results. Conversely, the dressed NCA shows a strong enhancement of

the central peak at low phonon frequencies, which is not present in the bare NCA results.

Equilibrium steady state spectral function

We next explore the equilibrium spectral function A (w) of the system in the limit of long
times, where the system has reached its steady or equilibrium state. We consider two types

of cuts through the parameter space: the first is the dependence on the phonon frequency wy
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(a) wo/T" = 1.5
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Figure 5.6: (left panels) The time evolution of the spectral function A(w;t) within the bare
NCA is shown for different phonon frequencies. (right panels) Time dependence of cuts at
w = 0 (blue) and w = U/2 (green). The time scale 27 /wy related to the phonon frequency
is also plotted for comparison. A symmetric dot with U = —2¢ = 101" is considered at
equilibrium V' = 0. The phonon coupling is set to A = 1.5I' and the counter term is

symmetric (0 = 1). The inverse temperature of all baths is § = 10/T.
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Figure 5.7: The same as Fig. 5.6 within the dressed NCA. A symmetric dot with U =
—2¢ = 10T is considered at equilibrium V' = 0. The phonon coupling is symmetric with

A = 1.5I" and the inverse temperature of all baths is 5 = 10/T.
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at constant dot-phonon coupling strength A, and the second is the A dependence at constant
wo. Here, too, the bare and dressed NCA predict qualitatively different behaviors.

In Fig. 5.8, A(w) is shown for a range of phonon frequencies at intermediate elec-
tron-phonon coupling A = 1.5. Within bare NCA, shown in panel (a), a set of features
at w = +nwy with n € {1,2,3} is visible at low frequencies. These features, corresponding
to Kondo replicas or sidebands[107-109, 111, 114, 119|, appear as a sequence of positive
peaks at w = £ (2n + 1) wy and negative peaks at w = £2nwy, and are related to interfer-
ence effects. In the literature, the Anderson—Holstein impurity model is mostly assumed to
be spinless (U = 0), and one observes multiple positive side bands due to a resonance with
the phonon. For a generic Anderson—Holstein model, negative peaks have previously been
predicted in the T' ~ 0 regime by perturbation theory, but not are exhibited within numerical
renormalization group calculation[114, 119|. However, our calculation shows both positive
and negative side peaks exist at a finite temperature for generic Anderson—Holstein model.
In the high-frequency regime, the Kondo replicas die out and the CT peaks appear. The
CT peaks are suppressed by coupling to a low frequency phonon mode, which implies that
phonon-induced tunneling dominates the single particle excitation spectrum in this regime.

Replica-like features can also be observed at w = +wy in the dressed NCA, which is
plotted in Fig. 5.8 (b). However, these side peaks are substantially weaker than those
observed in the bare NCA calculation. In the dressed NCA the CT peaks are shifted by the
reorganization energy, such that their central frequencies are located at wy = + (e + ;\)—z>
(as illustrated by the dashed line). A significant enhancement in A (w) occurs when the two
renormalized CT peaks cross each other. In the low frequency regime wy < ]\—:‘, the two CT

peaks merge and form a wide central peak which is clearly unrelated to the Kondo effect.
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The Kondo peak only develops in the high frequency regime, and in general it is strongly
suppressed for a wide range of parameters.

The wy dependence of the central peak A (w = 0) exhibits consistent behavior for the two
flavors of NCA only at high frequencies (Fig. 5.8 (¢)). At low frequencies, both approxima-
tions exhibit enhancement of the central peak, but the context and perhaps the mechanism
of the enhancement is different between the two cases. In the bare NCA, the amplitude of
the Kondo peak is enhanced as wy decreases because the replicas of the Kondo peak merge
when the phonon quasi-states become nearly-degenerate as wy decreases. In the dressed
NCA, on the other hand, the enhancement is maximal where the two CT peaks merge at
wi = A?/e. The contrast with the bare case is even more notable when one considers that

in the bare NCA the CT peaks are almost entirely suppressed at low frequencies.

In Fig. 5.9 We repeat the previous analysis in a different plane of the parameter space,
by taking a cut at a constant (low) phonon frequency wy and a range of A values. In the bare
NCA (Fig 5.9 (a)), the CT peaks are suppressed as A increases. One can observe a set of
ridge-like features developing along with a strong enhancement of the central Kondo peak.
In the large A\ regime, the developed side peaks shifted linearly with A with a spacing of
approximately wy between peaks in frequency. These features resemble Kondo replicas|107,
109, 111, 114, 119], but a closer inspection reveals behavior more complicated than simply
side peaks generated at the phonon frequency |w| = nwg. A sharp Kondo peak is only
apparent before the crossing point of the ridges. It is significantly enhanced at the crossing

point, and is either completely suppressed or split beyond this point.
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Figure 5.8: The wy dependence of the spectral function A(w) is calculated by (a) bare NCA

and (b) dressed NCA for a symmetric dot at equilibrium V = 0 with U = —2¢ = 10T

The phonon coupling is A = 1.5I" and the counter term is symmetric (§ = 1). All baths at

the same inverse temperature 5 = 10/T". The dashed lines indicate the renormalized charge

transfer peak at wy = =+ (e + f“}—i) The wp-dependence of the central peak at w = 0 is

plotted in (c).
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Figure 5.9: The A dependence of the spectral function A(w) as calculated within the (a)
bare NCA and (b) dressed NCA for a symmetric dot with U = —2¢ = 10" at equilibrium
V' = 0. The phonon coupling is wy = 1.0I" and the counter term is symmetric (6 = 1). All
baths at the same inverse temperature 5 = 10/I". The dashed lines indicate the renormalized

charge transfer peak at wy = + (e + ;\)—z) The A-dependence of the central peak at w = 0 is
plotted in (c).
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No Kondo replicas are observed within the dressed NCA(Fig. 5.9 (b)). The CT peaks are
again renormalized, and appear centered at wy ~ + (e + j}—i) as illustrated by the dashed
lines. The crossing at \* = ,/ewy leads to a strong enhancement near w = 0. The Kondo peak
is only observable for A < A*, and is widened beyond the point where it can be distinguished
from the CT bands before the crossing point is reached. This widening effect is not observed
in the bare NCA. Past the crossing point, no central feature is visible, in agreement with
the bare NCA.

While the striking non-monotonic enhancement of the w = 0 spectral function is predicted
by both approximations, it occurs at a different value of A in each case (see Fig. 5.9 (c)).
The peak in the dressed NCA occurs precisely at the value of A for which the effective,
dressed U change sign. In this regard, the result is reminiscent of the NRG prediction of
Hewson and Meyer[114], where the negative-U Anderson-Holstein model flows to the U = 0
behavior. Within the bare NCA, the peak value of A(w = 0) occurs for a slightly larger
value of \. Here, the self—consistency of the perturbation theory presumably captures, in an
approximate manner, the terms leading to negativer behavior as well. Lastly, it should be
mentioned that this non-monotonic behavior is consistent with the prediction of Ref. 115.

We return to this point later in the manuscript.

Nonequilibrium steady state spectral function

We now consider a nonequilibrium system driven by a bias voltage V' = 2I'. The wq de-
pendence of A (w) is plotted in Fig. 5.10. The voltage splitting of Kondo peak|121, 265]
can be observed in both approximations. The central Kondo peak splits into two peaks at

w = +V/2 independently of the phonon frequency. Kondo replicas are not clearly distin-
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Figure 5.10: The wp-dependence of the spectral function A(w) for a symmetric dot with
U = —2¢ = 10I' under a nonequilibrium symmetrically applied bias voltage V' = 2I" within
the (a) bare NCA and (b) dressed NCA. The phonon coupling is A = 1.5I" and the

counter term is symmetric (0 = 1). All baths at the same inverse temperature 5 = 10/T.

guishable, since the splitting smears out the associated features. However, a set of linearly

dependent signatures remains visible.

5.4.2 Asymmetric Model

In the following subsection, we consider an Anderson—Holstein model without a counter
term, i.e. d =0 in Eq. (5.4). While the isolated dot Hamiltonian is still assumed to remain
particle-hole symmetric, the electron—phonon coupling breaks the particle-hole symmetry of
the system and results in an asymmetric spectral function. The two NCA formulations we
employ take this asymmetry into account in different ways, as pointed out in sec. 5.3.3. In

addition to the spectral function, we study the effects of the symmetry breaking on transport
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properties. This is of particular interest, because under a symmetrically applied bias the
differential conductance is a symmetric function of frequency even without particle—hole
symmetry. Additionally, one may not be able to observe the replicas directly in a transport
experiment, due to the nonequilibrium shifting or suppression of the Kondo peak, which
would also affect the replicas. We show that an indirect experimental signal of the replica

effect may remain.

Transient dynamics

Within the bare NCA, the CT peaks and Kondo peak oscillate at the phonon frequency wy,
but the oscillations are manifested in different ways (Fig. 5.11, left panels). In particular,
the CT peaks oscillate in frequency, while the Kondo peak oscillates in amplitude. At short

times and in the adiabatic limit, the CT peak oscillations can be explained by oscillating

energy levels (¢, = €, + % sin(wot + ¢g)) with some unknown initial phase. This is illustrated
by the black dashed lines in the left panels of Fig. 5.11. All these features are washed out

in the dressed NCA.

Steady state spectral function

To explore the effects of phonons on the equilibrium spectral function, we once again plot
first the wy dependence at constant A, and then the A dependence at constant wy. Within
the bare NCA, the Kondo replica features can clearly be seen in Fig. 5.13 (a), but harder
to distinguish in the cuts. They are mixed with a variety of other effect including the low-
frequency smearing of the Kondo resonance and the suppression of the positive CT peak.

The replica effect and the above-mentioned CT suppression are both stronger at positive
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(a) wo/T = 2.5

_5 w%
Figure 5.11: (left panels) The time evolution of the spectral function A(w;t) within the
bare NCA is shown for different phonon frequencies. The frequency oscillations of the CT
peaks along with an illustration of the expected energy oscillations in the adiabatic limit
(dash lines) are also exhibited. (right panels) Time dependence of cuts at w = 0 (blue) and
w = U/2 (green). The time scale 27 /wy related to the phonon frequency is also plotted for
comparison. The dot is symmetric with U = —2¢ = 10I" at equilibrium V' = 0. The phonon

coupling is A = 1.5I" and the counter term is asymmetric (6 = 0). The inverse temperature

of all baths is g = 10/I.
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10 (a) wo /T = I2.5

Figure 5.12: The same as Fig. 5.11 within the dressed NCA. The dot is symmetric with
U = —2¢ = 10T at equilibrium V' = 0. The phonon coupling is asymmetric (6 = 0) with
A = 1.5I" and the inverse temperature is § = 10/T".
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Figure 5.13: The wo-dependence of the spectral function A(w) for a dot in equilibrium as
calculated within the (a) bare NCA and (b) dressed NCA.. The electron-phonon coupling
is asymmetric (6 = 0) and the coupling strength is A = 1.5I". The dot is symmetric with
U = —2¢ = 10T". All baths at the same inverse temperature 5 = 10/T.

frequencies. At small phonon frequencies, the Kondo resonance merges with the negative
CT peak.

At the intermediate phonon frequency wy = |, — U| where the replicas are aligned with
the CT peaks, a non-monotonic enhancement of the central peak is evident, and is especially
strong at large A. This can be seen more clearly in the cut shown in Fig. 5.15 (¢). We believe
this is due to a phonon-assisted process which is similar to the Kondo spin-flip process, and
which becomes possible for electrons with energies closed to the chemical potential[22, 115].

The effects described here are largely washed out in the dressed NCA.

We continue to investigate the A dependence at constant wy. Here, we plot the results for

both approximations at a relatively large wy (Fig. 5.14). The bare NCA (panel (a)) shows
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Figure 5.14: The A-dependence of the spectral function A(w) as calculated within the (a)
bare NCA and the (b) dressed NCA for an equilibrium symmetric dot with U = —2¢ =
10T". The phonon frequency is wy/I" = 2.5. The dashed lines indicate the center of the CT
peaks as estimated by the energy renormalization at the anti-adiabatic limit w/,/T" = _6‘1"3_2

and wg,/T' =€+ 33—2. All baths at the same inverse temperature 5 = 10/T".

a suppression of the charge transfer bands and a widening of the Kondo peak. The dressed
NCA (panel (b)) shows an asymmetric shift of the CT peaks to approximately w, = % + 3—2
and w_ = —% + 3;\72, as might be expected in the anti-adiabatic limit. Some deviation from
this occurs, especially for the positive C'T band. More interestingly, as the CT peak merges

with the Kondo peak at A = %, a strong enhancement occurs. This enhancement is not

observed in the bare NCA.
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Figure 5.15: The conductance G(V') as calculated within the bare NCA for different elec-
tron—phonon coupling (a)\/T' = 1 and (b)A\/T' = 2 with a symmetrically applied bias
pur = pr = V. The dot is also symmetric with U = —2¢ = 10I". Panel (c) shows the

wo-dependence of the central peak at w = 0. All baths at the same inverse temperature

B =10/T.
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Steady state conductance

Despite the symmetry breaking of the spectral function, the differential conductance G(V') =

4L (V) under a symmetrically applied bias (u;, = —pg = V/2) remains a symmetric func-
tion of frequency even without the counter term. The replica effect and the non-monotonic
enhancement, as visible in, e.g., Fig. 5.13, appears in the spectral function, which could in
principle be accessible in spectroscopic experiments. However, spectroscopic studies of single
molecules in junctions and mesoscopic quantum dots are difficult to perform, and transport
experiments are far more common. It is interesting to consider whether these effects are
observable in the differential conductance as well as the spectral function; outside of linear
response these quantities may differ qualitatively[121]|. Fig. 5.15 shows the differential con-
ductance as it varies under the effect of the phonon frequency wy at two different phonon
coupling strengths A\. The non-monotonic enhancement remains clearly visible, while the
side peaks are substantially weaker than their counterparts in the spectral function. The
bare NCA therefore predicts that the non-monotonicity could be observed in transport ex-
periments. Since it is related to the side bands merging with the charge transfer bands, an
experimental observation of it could also be considered an indirect confirmation of the replica
effect. We note that the dressed NCA also predicts a non-monotonicity, but one which does
not appear related to the replica effect. It will take a more sophisticated theoretical treat-
ment to determine whether this effect is real or an artifact of the two NCA approaches, and
to understand more deeply the mechanism that lies behind it.

In Ref. 115, a non-monotonic effective Kondo temperature and zero-bias conductance has

been predicted in the Anderson—Holstein model via the consideration of two limiting cases.

In particular, for weak electron—phonon coupling 2A\%/wy < U, the low—energy excitations
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of the Anderson-Holstein model can be approximated by an isotropic Kondo Hamiltonian
with the coupling to phonons leading to an increase in the effective Kondo temperature.
On the other hand, for strong electron—phonon coupling 2A\%/wy > U, the low-energy ex-
citations can be approximated by an anisotropic Kondo Hamiltonian in which the effective
Kondo temperature decreases with increasing A. This crossover behavior is observed in both
NCAs, though the implied maximum in the spectral function occurs at a different A (see also
Fig. 5.9¢). Interestingly, when examining the spectral function at all energies simultaneously,
a set of higher energy features which appear to be shifted replicas of the maximum is also

revealed.

5.5 Conclusions

In this chapter we formulate and compare two distinct non-crossing approximations for the
study of the Anderson—Holstein model. The first approximation, which we call the bare NCA,
is a self-consistent resummation based on a self energy which contains the electron—phonon
coupling and hybridization with the leads to lowest order. Within the second approximation,
which we term the dressed NCA, a Lang—Firsov transformation is first applied, and the
resulting transformed set of interactions are then included in a self-consistent, lowest order
self energy. We focus on the predictions of both approximations with regard to transient
dynamics as well as the non-equilibrium steady state behavior of the spectral function. In
general, it should be expected that any flavor of NCA will be inaccurate for low—frequency
properties. For example, NCA predicts a broadened and suppressed Kondo resonance when

compared with exact numerics[122]. Due to the paucity of exact and global information
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related to the dynamical properties of the model, a detailed assessment of the success and
failure of the respective methods is not possible even for higher frequency features. On
the other hand, we believe it is plausible to favor the bare NCA when the electron—phonon
coupling is weak, the dressed NCA when it is strong, and both approaches when they produce
consistent results in the intermediate coupling regime. Since the two approximation are
based on disparate limits of the electron—phonon portion of the problem, we focus on the
intermediate coupling regime in an attempt to assess the validity of the two approximations.

We find that several features appear to be robust within both flavors of NCA. First, the
Kondo peak is enhanced in particular regimes, but is universally suppressed in the large
electron—phonon coupling regime. Second, low energy tunneling occurs and charge transfer
peaks are suppressed when phonon frequency is small compared to other relevant energy
scales. Lastly, the voltage splitting of the Kondo peak robustly occurs in the non-equilibrium
regime. We expect these features to be real and experimentally reproducible behaviors in
the Anderson—Holstein model.

Conversely, several striking dynamical properties appear only within one type of NCA
approximation. In particular, the oscillatory transient behavior exhibited in Fig. 5.11 and the
replication of the Kondo peak is only observed within the bare NCA, while polaronic shifts
of the charge transfer peaks occur only in the dressed NCA approximation. It is important
to note that these observations do not necessarily imply that such behaviors are artifacts. In
particular, since the bare NCA is expected to capture accurately the weak electron—phonon
situation, it is plausible that the features revealed in Fig. 5.9 and 5.11 are real properties
of the model in this regime. The dressed NCA may not predict this behavior due to the

fact that several low order diagrams associated with the interplay between hybridization
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and electron—phonon coupling are absent. On the other hand, polaronic effects may only
be captured within the dressed NCA, and thus strong coupling shifts of the charge transfer
peaks should be expected once the coupling to phonons is sizable.

Perhaps the most important aspect of the work presented here is that it lays the foun-
dation for exact real-time QMC approaches based on expansion around the NCA approxi-
mation. These “bold-line” approaches have been successful in the treatment of the simpler
Anderson model, and have enabled the simulation of relatively long real time information
before the dynamical sign problem becomes problematic. Convergence of these approaches
depends crucially on having a reasonably accurate partial summation of diagrams from the
outset. With respect to the work presented here, we expect that the bare and dressed NCA
approximations should provide a good starting point in the weak and strong electron—phonon
coupling regimes, respectively. In addition to validating or falsifying the predictions made by
the individual NCA approximations of this chapter, real-time QMC approaches that make
use of the bare and dressed NCA techniques should allow for the exact simulation of the

Anderson—Holstein model in regimes that are currently inaccessible.

165



Appendix

5.A Comparison with DMFT-based Monte Carlo results

The top panel of Fig. 3 of Ref. 187 illustrates the behavior of the spectral function of an
Anderson—Holstein problem computed via analytical continuation of ezact imaginary-time
quantum Monte Carlo as a function of increasing electron—phonon coupling, and is analogous
to our Fig. 5.9. While it is difficult to make a direct comparison between these results and
the results presented in our work due to the fact that the previous results were obtained self-
consistently in the context of dynamical mean field theory, we have computed the spectral
function for the same model and parameters within the NCA approaches outlined in this
chapter. In this sense, the results of Fig. 16 represent a type of non-iterated NCA impurity
solution in the DMFT context. The electron—phonon coupling parameters used in Fig. 3
of Ref. 187 are sufficiently large to render the bare NCA unstable. On the other hand, the
dressed NCA is in qualitative agreement with the analytically continued results.
Quantitatively, the dressed NCA produces peaks in positions similar to those obtained
by Monte Carlo for large A, but the w = 0 and low frequency peaks are broadened and sup-

pressed when compared to those of the analytically continued exact data. This broadening
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and suppression appears to be a general feature of NCA[122]. While the behavior of the
gap closing feature can be observed in both the NCA and the analytically continued Monte
Carlo data, it is still unclear to what degree the differences in the spectral functions are due

to the effects of analytical continuation and the self-consistency of the DMFT calculation.
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Figure 5.16: Upper: Evolution of the spectral function across the metal-insulator transition
(gap closing) by increasing the phonon coupling. Lower: The spectral function A(w) in
the strong coupling regime is calculated within the dressed NCA for a symmetric dot with
U = —2e¢ = 10I" at equilibrium V' = 0. The density of state is of the semi-circular form
I'(w) = V412 — w? with t = 1. The phonon coupling is wy = 3.0I" and the counter term is

symmetric (0 = 1). The baths are maintained at a temperature ST" = 50.
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