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Time-Sliced Simulations of Quantum Processes

() = [ dxafcle 0 ) ),
The essence of the approach is to time-slice matrix elements of the
quantum mechanical propagator by repeatedly inserting the resolu-
tion of identity

= [ axx)

yielding
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where ty < # < ... < t,_1 < t,. For sufficiently thin time slices

(i.e., when 7 = &y — #x—1 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).




MP/SOFT Method (Trotter Expansion)

Wu, Y. and Batista, V.S. J. Chem. Phys. 118, 6720 (2003);
Ibid. 118, 6720 (2003); ibid. submitted (2004).
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Here, H = ;% + V(x), and FT indicates the action of the multidi-

mensional Fourier transform.




Analytically Continued MP/SOFT Method

e Step [1]: Decompose {xﬁq} = {x|e_%l}{x}%|‘1&} in a matching-

pursiit coherent-state expansion:

(x[Us) o Y eix]s),
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Here, {x|7} are N-dimensional coherent-states,
N

{KU#' = H _Flj[:;t':]e_-‘--":'l::”:‘r':'l::'_'r..":k:ll:.-’i E‘". p; (k) (k)= ; (k)
k=1
with complex-valued coordinates z;(k) = c;(k) + id;(k), momenta p;(k) =

g;(k) + if;(k), and scaling parameters ~;(k) = a;(k) + ib;(k). The normal-
ization constants are A;(k) = (a; [:Ef:];"?r:]1-""4631][—%aj[:k:]dj (k)* — d;(k)g;(k) —

(b; (k)d; (k) 4+ f3(k))7 /(2a;(k))].




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 coefficient ¢;

as the overlap. Therefore,
[¥s) = i 1) + ea), (-5)
e Step [1.2]: Goto [1.1], replacing |‘FI?¢} by |&1}. Therefore,
lex} = e2l2) + [ea), (-5)
where ¢3 = {2[e1).

After n successive orthogonal projections, the norm of the residual

vector |en) 18 smaller than a desired precision e,

el = (|1 =D lesf <« (-5)
j=1

Norm conservation is maintained within a desired precision.




e Step [2]: Analytically Fourier transform the coherent-state

expansion to the momentum representation, apply the kinetic

;2
energy part of the Trotter expansion E_%%T, and analytically

inverse Fourier transform the resulting expression back to the

coordinate representation to obtain the time evolved wavehine-

tion:
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Equilibrium Density Matrix

(x| pslxo) = (x]e™7|x0)
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Electron Tunneling in Multidimensional Systems

Model I:
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with n = 1.3544,
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Electron Tunneling in Multidimensional Systems

Model |1
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wherem; =10 au.,w; =1.0au and ¢; =0.1au for 3 = 1—N with N = 1—20.

with n = 1.3544,
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Benchmark calculation:
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TS/SC-1VR Approach

Burant, J. and Batista, V.S. J. Chem. Phys. 116, 2748 (2002).
Wu, Y. and Batista, V.S. J. Phys. Chem. B 106, 8271 {2002).
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where D is the number of muclear degrees of freedom and | p.q.}

are the minimum uncertainty wavepackets, or coherent states (CS},
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The (TS) implementation avoids most of the difficulties of the standard SC-IVR,
since the propagator is applied only for short time-slices while the semiclassical
approximation is still accurate and efficient. However, the method introduces a
new challenge: the reinitialization of the time-evolved wavefunction after each

propagation time-slice.

In order to optimize the efficiency of the re-expansion procedure, the time-

evolved wavefunction Is

represented (“compressed”) at the end of each

propagation time-slice according to a matching-pursuit coherent-state expansion.
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TS/SC-1VR Approach

Photodissociation of H;O in the A 'B; Band
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Survivial Amplitudes
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Conclusions

We have introduced the MP/SOFT method for time-sliced simulations of
guantum 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. The accuracy and efficiency of the resulting method
were demonstrated in simulations of deep-tunneling quantum dynamics for
systems with up to 20 coupled degrees of freedom.

\Work in progress involves simulations of excited-state intramolecular proton
transfer in 2,2’-hydroxyphenyl-oxazole as well as calculations of the equilibrium
density matrix (equilibrium properties of quantum systems).

e\We have also introduced the TS/SC-IVR approach, a method that concatenates
finite-time propagators and computes real-time path integrals based on the HK
SC-IVR. We have shown that the approach significantly improves not only the
accuracy of simulations of deep-tunneling quantum dynamics based on the HK
SC-IVR but also the accuracy of computations of photo-dissociation cross
sections of vibrationally hot molecules (sensitive to subtle interference effects).




Acknowledgment

e NSF Career Award

e ACS Petroleum Research Funds (Type G)
e Research Corporation, Innovation Award
e Hellman Family Fellowship

e Anderson Fellowship

e Yale University, Start-Up Package




