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Introduction

Classical molecular dynamics - neglects nuclear quantum effects
(ZPE, tunneling,...)

T = 300 K; ω = 1600 cm−1
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Molecular Quantum Dynamics

the total wave function in the electronic basis {|s⟩}

|Ψtot⟩ =
∑
s

∣∣∣Ψ(s)
〉
|s⟩

a 2 state Hamiltonian in the diabatic basis has the form

H =

(
T̂ 0

0 T̂

)
+

(
V11 V12
V21 V22

)

nuclear wave function written in a basis of Hartree products

Ψ(s)(Q1, ..., Qm, t) =
∑

j1,...,jm

Cj1,...,jm(t)
m∏

κ=1

ψ
(κ)
jκ

(Qκ)

number of Hartree products grows exponentially: 9 DOF, 32 basis
functions per mode - 3.5× 1013 Hartree products
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Photodissociation

J. Chem. Theory Comput. 2025, 21, 15, 7267–7278
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MCTDH
time-dependent basis functions allow efficient truncation of the
basis set

Ψ(s)(Q1, ..., Qm, t) =
∑

j1,...,jm

A
(s)
j1,...,jm

(t)

m∏
κ=1

ϕ
(κ,s)
jκ

(Qκ, t)

=
∑
J

A
(s)
J Φ

(s)
J

EOMs derived from the Dirac-Frenkel variational principle:

⟨δΨ| Ĥ − i∂t |Ψ⟩ = 0

to make the propagation uniquely defined:〈
ϕ
(κ)
j (0)

∣∣∣ϕ(κ)l (0)
〉
= δjl

⟨ϕj(t)|∂tϕl(t)⟩ = 0
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MCTDH

EOMs for the coefficients and the basis functions

i∂tA
(s)
J =

∑
s′,L

〈
Φ
(s)
J

∣∣∣H(ss′)
∣∣∣Φ(s′)

L

〉
A

(s′)
L

i∂tϕ
(κ,s) = (1− P (κ,s))(ρ(κ,s))−1

∑
s′

〈
H(ss′)

〉(κ)
ϕ(κ,s

′)

where
P (κ,s) =

∑
jκ

∣∣∣ϕ(κ,s)jκ

〉〈
ϕ
(κ,s)
jκ

∣∣∣
is the projection operator (= 1 for the full basis set), ρ(κ,s) is the
density matrix and〈
H(ss′)

〉(κ)

ab
=

∑
j1

· · ·
∑
jκ−1

∑
jκ+1

· · ·
∑
jm

A
(s)∗
j1...jκ−1ajκ+1...jm

A
(s′)
j1...jκ−1bjκ+1...jm〈

ϕ
(s,1)
j1

. . . ϕ
(s,κ−1)
jκ−1

ϕ
(s,κ+1)
jκ+1

. . . ϕ
(s,m)
jm

∣∣∣H(ss′)
∣∣∣ϕ(s′,1)j1

. . . ϕ
(s′,κ−1)
jκ−1

ϕ
(s′,κ+1)
jκ+1

. . . ϕ
(s′,m)
jm

〉
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Monte Carlo Canonical Polyadic Decomposition

numerical evaluation of N dimensional integrals with ngrid points
scales as nNgrid

〈
H(ss′)

〉(κ)
and

〈
Φ
(s)
J

∣∣∣H(ss′)
∣∣∣Φ(s′)

L

〉
can be written as a sum of

products of low dimensional integrals if Hamiltonian (PES) is
written as a sum of products:〈

ϕ
(s,1)
j1

. . . ϕ
(s,m)
jm

∣∣∣H(ss′)
∣∣∣ϕ(s′,1)j1

. . . ϕ
(s′,m)
jm

〉
=∑

r

cr

〈
ϕ
(s,1)
j1

∣∣∣h(s,s′)r (Q1)
∣∣∣ϕ(s′,1)j1

〉
. . .

〈
ϕ
(s,m)
jm

∣∣∣h(s,s′)r (Qm)
∣∣∣ϕ(s′,m)

jm

〉

MCCPD transforms V11, V12 and V22 into a sum of products form
Monte Carlo integrals to avoid exact numerical integration during
the transformation to SOP form
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Simulated Systems

source: J. Chem. Theory Comput. 2022, 18, 4627-4638
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Ammonia

J. Chem. Theory Comput. 2022, 18, 4627-4638
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Hydroxymethyl Radical

J. Chem. Theory Comput. 2022, 18, 4627-4638
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Conclusion

time dependent basis functions enable quantum dynamics
simulations of high dimensional systems
long lived resonances and chaotic dynamics NH3 remain a
challenge for MCTDH
full dimensional simulation of hydroxymethyl radical validate
previous 4D model
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