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Numerically Exact Methods for Multidimensional Wave-Packet
Propagation Based on Expansions of Coherent-States/Configurations
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Q Multiple Spawning (MS) method
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[ Matching-Pursuit Split-Operator Fourier Transform (MP/SOFT) method
Wu, Chen, Batista




- Time-Sliced Simulations of Quantum Processes

(x[¥,) = f dixo (x|~ a0 B ) (x| W),

The essence of the approach is to time-slice matrix elements of the
quantum mechanical propagator by repeatedly inserting the resolu-

tion of identity
1= [ axx)(al,

yielding
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where fy < £} < ... < t,—1 < t,. For sufficiently thin time slices

(i.e., when T = £ — {x—; is sufficiently small) each finite-time propa-

gator can be approximated by a semiclassical (e.g., HK SC-IVR) or

a quantum-mechanical expansion (e.g., Trotter expansion).




Trotter Expansion (Strang Splitting)
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Here, H = % + f/(x), and FT indicates the action of the multidi-

mensional Fourier transform.
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Analytically Continued MP/SOFT Method

e Step [1]: Decompose {x|¥;) = (x|e'%mx)%|%> in a matching-

pursuit coherent-state expansion:
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j=1
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Here. (xlﬂ are N-dimensional coherent-states,

(x|5) = H A (k) e N2, (D2 i () (k)5 ())

with complex-valued comdmates z;(k) = ¢;(k) + id;(k), momenta p;(k) =

g;(k) + if;(k). and scaling parameters ~;(k) = a;(k) + ¢b;(k). The normal-
ization constants are A;(k) = (a;(k)/m) *exp[—3a;(k)d;(k)* — d;(k)g;(k) —
(2a;(k))]-
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e Step [2]: Analytically Fourier transform the coherent-state
expansion to the momentum representation, apply the kinetic
energy part of the Trotter expansion e‘if;f, and analytically
inverse Fourier transform the resulting expression back to the

coordinate representation to obtain the time evolved wavefunc-

tion:
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Matching-Pursuit Coherent-State Expansion

e Step [1.1]: Maximize the norm of the overlap of a trial
coherent-state with the target state [{j|¥,}|. Define |1} accord-
ing to the optimum parameters and the expansion coeflicient ¢;

as the overlap. Therefore,
|93) = cal1) + Jex), (-5)
e Step [1.2]: Goto [1.1], replacing [¥,} by |e1}. Therefore,
le1) = ]2} + [ea), (-5)
where ¢ = {2|e1).

After n successive orthogonal projections, the norm of the residual

vector |e,) is smaller than a desired precision e,

n

leal = | 1= D leil* <e. (-5)

j=1

Norm conservation is maintained within a desired precision.




MP/SOFT Decomposition
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Contraction Mapping
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Computation of Observables

Absorption Spectrum:

_ 1 oG Tt
TN = 5o [ db (D) €,
with w = 2re/A, and

E(t) = (o | e HH% | Wo) = (W | Ty,

Time dependent reactant population:

P(t) = (U, | e7p(q)e 7% | W),
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Electron Tunneling in Multidimensional Systems

Model 11
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Benchmark calculation: Wu,Y.; Batista, V.S. J. Chem. Phys. 121, 1676 (2004)
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Thermal Correlation Functions
Chen, X., Wu,Y.; Batista, V.S. J. Chem. Phys. 122, 64102 (2005)
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Time-Dependent Boltzmann Ensemble Averages
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Bloch Equation: MP/SOFT Integration
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o Step [1]: Decompose (X|px/) = e~

matching-purcuit coherent-ctate expancion:

n
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Here (x|¢;) are N-dimensional coherent-ctates,
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with complex-valued coordinates z, (k) = 7, (k) +1dy,(k),
momenta py. (k) = go,(k) + 1fs,(k) and scaling parame-
ters vy, (k) = ap(k) + ibo (k). "The normalization con-
stants are A, (k) = (ag,(k)/7)" Hexpl[—1a,, J(k)dg, (k)? —
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Calculations of Thermal Correlation Functions

Position-Position Correlation Function:

C(t) = 2"1/ "b‘/ d"'/ dx" (x|e” 2 Po|x) A(x') (X [e it BeT it |X") (x| e 0|x),

AX)=xX and B =%
Time-Dependent Position Ensemble Average
Ax')=1land B=1z

Model System:

a N )

| 1 a |
Vo(z) = smw’(z — a)° = c(z — a)° + c(z — a)

1
2

4

)

7 2.2 3 4
Vilz) = -mw ™z™ — cx” + cx”,




Chen, X., Wu,Y.; Batista, V.S. J. Chem. Phys. 122, 64102 (2005)
Time-Dependent Position Ensemble Average
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Position-Position Correlation Function

1.6

1.24
0.8
0.4
04
0.4
-0.8

Re[C(V]

1.2
1.6

1

!

[T EPepmpe |

0

1.6

R

=

20

( (a.u.)

30 40 50

60

70

1.2-
0.8
0.4-

Im[C(V)]

0.4-
-0.8

.5~
1.6

1

|

0

-

20

30 40 5

( (a.u.)

0

.

70

= 1+ Grid-Base Method
= 100 Coherent States
= = Classical




Chen, X., Wu,Y.; Batista, V.S. J. Chem. Phys. (2005) 122, 64102
Chen, X.; Batista, V.S. J. Chem. Phys. (2006) 125, 124313

Nonadiabatic Propagation
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MP/SOFT Nonadiabatic Propagation

* Step [I]. Propagate the wave-packets @ (x;7) and @2(x;7) adiabatically for time T,

¢} (x:1+1) sk o1 (x:1) 0
05 (x;7+71) 0 5tV |\ ga(xir)
* Step [II]. Mix the two wave-packet components @} (X;7+ 1) and @5 (x;7 + 1),
Oy (1 +7) | [ cos(2Ve(X)T) —sin(2Ve(R)T) | [ @) (%7 +7) )
05 (x;7 + 1) —sin(2V.(X)1) cos(2V,(X)1) ¢S (x;7 + 1)

e Step [III]. Propagate the mixed wave-packet components @ (X;7 + T) and @5 (x;7 4 T) adia-
batically for time T,
@1 (x;7427) e tTR) 0 ¢y (x57+71)

— A ) (3)
@2 (x;7+21) 0 e~ tV2(%)]t 05 (x;1+ 1)

Step [11I] is, however, combined with step [I] of the next propagation time sliced for all but

the last propagation time increment.
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Embedded Strang Splitting Expansion
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Single Avoided Crossing
Time-Dependent Populations
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Single Avoided Crossing
Transmission Probabilities
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Dual Avoided Crossings with quantum interferences
between the crossings
Stuckelberg oscillations in Transmission Probabilities
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Nonadiabatic Dynamics of Pyrazine

S,/S, Conical Intersection
Benchmark Calcs.: 4-mode model
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Nonadiabatic Dynamics of Pyrazine

S,/S, Conical Intersection
Benchmark Calcs.: 24-mode model
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Benchmark Calcs.:
24-mode model
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Ultrafast Excited State Intramolecular Proton Transfer in HBT

Transient appearance of the C=0 stretching mode of the
keto*-state of HBT after excitation of the enol — enol*
transition.
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Reaction Surface V(r,,r,)
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ESIPT or ESIHT ?

Ultrafast Charge Redistribution in HBT

Kim, J.; Wu, Y.; Batista, V.S. Israel J. Chem. (2009) 49, 187



ESIPT in HBT:

1.00
— Pg(t), (MP/SOFT)
— Pg(t), (TDSCF)
075 | Tr [p%(t)], (MP/SOFT)
' BN
050 -{ J ‘
11 0
0.25 -
1/ [t=50fs
0.00 /' | ' | ' | ' | ' |
0 200 400 600 800 1000

t (fs)



UV-Vis Photoabsorption Spectrum of HBT
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Ultrafast Excited State Intramolecular Proton Transfer in HBT
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Infrared spectra of HBT
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Transient infrared spectra of HBT
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Conclusions

e We have introduced the MP/SOFT method for time-sliced simulations of
quantum processes in systems with many degrees of freedom. The MP/SOFT
method generalizes the grid-based SOFT approach to non-orthogonal and
dynamically adaptive coherent-state representations generated according to
the matching-pursuit algorithm.

e The accuracy and efficiency of the resulting method were demonstrated in
simulations of excited-state intramolecular proton transfer in 2-(2'-
hydroxyphenyl)-oxazole (HPO), as modeled by an ab initio 35-dimensional
reaction surface Hamiltonian, as well as in benchmark simulations of
nonadiabatic quantum dynamics in pyrazine.

e Further, we have extended the MP/SOFT method for computations of
thermal equilibrium density matrices (equilibrium properties of quantum
systems), finite temperature time-dependent expectation values and time-
correlation functions. The extension involves solving the Bloch equation via
imaginary-time propagation of the density matrix in dynamically adaptive
coherent-state representations, and the evaluation of the Heisenberg time-
evolution operators through real-time propagation.
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