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Motivation




Situation
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Challenge : —p(t) = — > H,p(1)]
* High-dimensional (open) systems ( nuclei, electrons, photons )
* Compatible with both model Hamiltonians and ab initio methods.

* “Accuracy” in different physical and chemical settings.

* Computational cost less than or equal to ...
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Challenge : —p(t) = — > H,p(1)]
* High-dimensional systems ( nuclei, electrons, photons )

* Compatible with both model Hamiltonians and ab initio methods.

* “Accuracy” in different physical and chemical settings.

* Computational cost less than or equal to ... MEAN FIELD THEORY.

* Systematic improvability would also be nice....
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* Quantum - classical dynamics and Ehrenfest mean-field theory

* The Nakajima-Zwanzig generalized quantum master equation

e Trajectorv-based dvnamics methods via wavefunction ansatze
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Quantum Dynamics




Quantum Dynamics ot

: /
pw(R,P) = (2mn) N [az e MR~ p|R+ 5




Quantum Dynamics ot

Z

pw(RP) = (220) Y [az P 2MR—Z|pIR+2)

Vo

(AB),, (R.P) = Ay (R,P)"™/? By (R, P)




d i

Quantum Dynamics EP (1) = ) H,p(t)]

: VA /Z
pw(R.P) = 2an) N [ az PR~ |pIR +

5)

(AB),, (R,P) = Ay (R,P)"™*'By (R, P)

apng’P’t) — _% (ﬁw(R,P)ehA/ZiﬁW(RyPJ) —ﬁW(RaPJ)ehA/ZiﬁW(Rap))




Quantum Dynamics
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Quantum Dynamics
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Quantum-Classical Dynamics
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Quantum-Classical Dynamics




System-Bath Model

Bath: H b\

] ] Adiabatic: /A << 1
Characterized by timescale: ()
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Surface Hopping

* A natural choice for trajectory-based simulations is to work in the adiabatic basis, which often leads to
surface-hopping type algorithmes.

* e.g Fewest Switches Surface Hopping ( FSSH )

* However, other (more rigorous) surface-hopping schemes are also available
* e.g Momentum-jump approximation to the QCLE
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QCLE - Surface Hopping

~— et
(&)
()
o
T
m.
%
w=
{0 < I
o+ _ I
o
luN/
},
P
O o 5.
o o

CLITESETTg] :o:m.:.aoﬂ_




Hierarchy of Trajectory Based Approaches

Cost
Full semiclassical
/\ e.g. SC-IVR, QCLE, ILDM A lot!
_ Partially linearized
Increas'mg e.g. PLDM, FBTS ~20x-40x
dynamical
correlation

(and accuracy)

Linearized semiclassical e.g.
LSC-1VR, PBME, LAND-

map ~10x

A A A Mean field theory e.g.
p(t) — Ps (t)pb(t) Ehrenfest Ix




Mean Field Theory from Quantum-Classical Dynamics
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Mean Field Theory is “Uncorrelated” Quantum-Classical Dynamics
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Mean Field Theory is “Uncorrelated” Quantum-Classical Dynamics
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Mean Field Theory from Quantum-Classical Dynamics
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Mean Field Theory from Quantum-Classical Dynamics
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Mean Field Theory from Quantum-Classical Dynamics
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Heat Transport through a Molecular Junction




Heat Transport through a Molecular Junction

»,=400cm”,£=0.5,T, =100K, T, =150 K

0.08} — Redfield

—— NEGF+Redfield Left Bath: T
= MFT -
' ooel ® ML-MCTDH
e
§ 0.0a
=

0.02}

0 ' ' ' 1000 %

AK, JCP 2019




Heat Transport through a Molecular Junction
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Spontaneous Emission of Radiation (in a Cavity )
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Spontaneous Emission of Radiation (in a Cavity )

Intensity [a.u-1073]
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Spontaneous Emission of Radiation (in a Cavity )
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The Generalized Quantum Master Equation: Reduced Dynamics
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The Generalized Quantum Master Equation: Reduced Dynamics
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The Generalized Quantum Master Equation




The Generalized Quantum Master Equation
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Photo-induced Electron Transfer




Disparate Time Scales in the Electron — Transfer Regime Lead to Massive Computational Speed-ups
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Donor State Population Evolution T
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Electron Transfer Rates
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Exciton Transport in LHC-II
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Exciton Transport in LHC-II
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Going Beyond Mean Field Theory: Mapping - QCLE
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Going Beyond Mean Field Theory: Mapping - QCLE
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Going Beyond Mean Field Theory: Mapping - QCLE
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Going Beyond Mean Field Theory

P2 1 —w
H,(X) = M + Vo(R) + %h (R)(ryrn + po.pr)

Poisson Bracket Mapping Equation
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Going Beyond Mean Field Theory: PBME
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Improving Linearized Semiclassics with “Minimal Effort”
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Improving Linearized Semiclassics with “Minimal Effort”

O, = (S—1)|n)(n| - Z\m
m=+n

1 e m e g o
Pocm(t) = & <S+Tr {PbﬂelHthe lHt} + Tr {PmeelHthe 1Ht:| )

Cig, (1) = (9“(X,P) Qn(X (1), P(1)))
C0,,0,(1) = (0“(X,P) O (X, P) On(X(2),P(2)))



Improving Linearized Semiclassics with “Minimal Effort”

Ohmic Spectral Density Debye Spectral Density
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Improving Linearized Semiclassics with “Minimal Effort”
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Improving Linearized Semiclassics with “Minimal Effort”

== n=1 == n=4 n=7

1.0 \ nN=2 == n=5 === HEOM |
=== n=3 == n=6
0.8 . T=300K
0.6 ]
T 04r }
S
0.2 }

0.0F #




Going Beyond Mean Field Theory ( II)

Recall: Mean Field Theory

U(r, R, t) =y (r,t)x(R,1)




Coupled Mean-Field Trajectories Recall: Mean Field Theory
U(r, R,t) = (r, t)x(R, 1)

Wavefunction Ansatz:

1Y (t,0)) = UQ0,0)|a) @ |z2) + U 0,1)|8) ® |7)

S. A. Sato, A. Kelly, and A. Rubio, Phys. Rev. B, 2018 (In Press) IE



Going Beyond Mean Field Theory

(B(t)) = Tr[B(t)p]
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Going Beyond Mean Field Theory

(B(t)) = Tr[B(t)p]

2 /
(B(1)) = Z] f (o] ® (z}p{1B) ® |2)}

27
X —f dOe " (Y (t,0)|B|v(2,0))

1Y (t,0)) = U0,0)|a) ® |z) +€°U0,0)|8) ® |7)



Dynamics Algorithm from the Time-Dependent Variational Principle

P(t) = [a(t)) @ [2(2)) +[6(2)) @ [2'(1))

T m<w(t)!w(t)> ; (W (@)|P(t)) () H (1)
d 0L oL d 0L 9oL
dt d(a(t)]  Aa(t)] 0 dt9z;  0z;

S. A. Sato, A. Kelly, and A. Rubio, Phys. Rev. B, 2018. I
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Charge Transport and Polaron Format

“Molecular Wires”
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Holstein Polaron Model \ A/@

H = Hpy;p + th + Hcoup o ! mE
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Real-time Dynamics of Polaron Formation (at zero Kelvin)
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S.A. Sato, A. Rubio, and A. Kelly, (In Progress)




Summary

* Trajectory-based quantum-classical approaches to quantum dynamics can accurately
capture the physics of a wide range of energy and charge transfer problems.

* Applications to spectroscopy and transport properties are ongoing.
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