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Motivation
• Simulating quantum dynamics of 

vibronic coupling systems helps 
understand photo-electron 
chemical process

• Simulating statistical mechanics of 
vibronic coupling systems helps 
understand mechanism of chemical 
reactions

Illustration of the non-adiabatic dynamics process [1]

Illustration of the chemical reaction pathway [2]

1. Yaghoubi Jouybari, Martha, et al. Journal of Chemical Theory and Computation 16.9 
(2020): 5792-5808.

2. Retrieved from: https://en.wikipedia.org/wiki/Transition_state_theory
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• TFCC

!𝐷 	→ 𝑒 !" 𝜃
'𝑂 → ⟨𝜃| '𝑂	𝑒 !"

#.%.
|𝜃⟩

• TNOE

	 !𝐷 → {𝑒 &'}!𝐷(
'𝑂 → 𝑜( + { '𝑂}{𝑒 &'} #.%.

!𝐷 ≡ 𝑒)*	 ,- '𝑂 ≡ ".( !0,1)
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• Calculate thermal properties:

• The two approaches are equivalent
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Application: thermal electronic structure problem
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(a) N2  Occupation scheme (b) N2 active orbital



Application: thermal electronic structure problem
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∀	𝜆, 𝑤3 ≥ 0	 𝑎𝑛𝑑:
3

𝑤3 = 1

• N-representability problem

• Positivity constraints
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Diabatic PESAdiabatic PES

Conical 
intersection
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Illustrationof the non-adiabatic dynamics process [1]

1. Yaghoubi Jouybari, Martha, et al. Journal of Chemical Theory and Computation 16.9 (2020): 5792-5808.

• Vibronic model Hamiltonian in 
second quantized representation:

'𝐻012, = ∑-2 |𝑎⟩ 𝑏 	(ℎ2- + ∑1 ℎ2-1	 ̂𝚤3 +
∑1 ℎ21- 	 ̂𝚤 + ∑14 ℎ24-1 ̂𝚤3 ̂𝚥 + 5

&
∑14 ℎ2

-14 ̂𝚤3 ̂𝚥3  
+ 5&∑14 ℎ214

- 	 ̂𝚤 ̂𝚥 )

• Time dependent Schrödinger 
equation (TDSE):

𝑖ℏ
𝑑
𝑑𝑡

Ψ 𝑡 = '𝐻012,	|Ψ 𝑡 ⟩
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Application: non-adiabatic nuclear dynamics

• Problem:
1. The exponential ansatz is not unitary:    𝑒 !"

4
≠ 𝑒)!"

 
2.The CC-EOM is not connected:    ∑67 𝑒!89 -6

'𝐻 67 𝑒 89 72 ≠ '𝐻𝑒 89 :.6.
-2

Ψ 𝜏 ≡$
!"

𝑒 #$(&) Ψ 0 ; (𝑇 	=$
!"

|𝑎⟩ 𝑏 	(𝑡"! +$
(
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2
$
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Application: non-adiabatic nuclear dynamics

• Solution:
1. Mixed CC/CI ansatz:                    Ψ 𝜏 ≡ 𝑒 !" 5 ∑6 A𝑍6 𝜏 |0, 𝑥⟩

2. Modified projection manifold: ⟨0, 𝑏|!Ω7
4𝑒)!" → ⟨0, 𝑏|!Ω7

4𝑒 !"!𝑒)!"

 
3.  Ehrenfest parameterization:



14

Application: non-adiabatic nuclear dynamics
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Application: non-adiabatic nuclear dynamics

Simulated diabatic state 
population for water

Simulated diabatic state 
population for ammonia
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Experimental and simulation absorption spectra for hexahelicene (14 states, 63 modes)

1. Aranda, D., & Santoro, F. (2021). Journal of Chemical Theory and Computation, 17(3), 1691-1700.
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Application: thermal properties of vibronic coupling systems
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d dominate orbitals of CoF!" anion 𝑒 ⊗ 𝐸 PES of  CoF!" anion  
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Conclusion 
§ General TNOE and TFCC approaches are developed for stat mech and quantum 

dynamics simulations in quantum chemistry 

§ The application of the approach on electronic structure fails to give accurate result 
due to the N-representability problem.

§ The approach with some modifications manage to simulate dynamics and thermal 
equilibrium properties of vibronic coupling systems with impressive efficiency and 
accuracy.
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