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Relative molecular energies determine stability
and reactivity
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From molecular reactivity to mechanism
elucidation



Iterative refinement of reaction mechanism
hypothesis

                                     

                               

                     

              

                                         
                   

                    

        

 

 

 

    

  
 

  
  

  
 

                                         



Requirement on computational energy
determination



Solving the electronic Schrödinger equation to
assign energies



Obtaining a chemically faithful representation



Obtaining a chemically faithful representation



Catalyst I II II-III V

AS 

(Ne,No)
(48,52) (70,62) (74,65) (68,60)

Catalyst VIII VIII-IX IX XVIII

AS 

(Ne,No)
(76,65) (72,59) (68,62) (64,56)

Active space sizes at the classical limit



Hamiltonian represented in this basis set choice



Quantum phase estimation

|𝜓𝑗⟩ 𝑈
+

𝑈2 𝑈4

+

+

⋯

𝑄𝐹𝑇† 𝜙𝑗 in binary



Prep Prep†

Select
|ψ⟩

|0⟩

Prep|0⟩ σj∈[𝑑]

𝛼𝑗

𝛼
|𝑗⟩ w/ 𝑑 Non-Clifford gates = σ𝑗 |j⟩⟨𝑗| ⊗ 𝑃𝑗Select

=
σ𝑗 𝛼𝑗𝑃𝑗

𝛼
⋯

⋮ ⋱

LCU Lemma [Childs, Wiebe 2012], [Berry, Childs, Kothari 2015]

1Hamiltonian simulation by qubitization, Low, Chuang Quantum 3, 163 (2019)



Hamiltonian σ𝑝𝑞 ℎ𝑝𝑞𝑎𝑝
†𝑎𝑞+ # terms 𝛼 = 𝛼free + 𝑂(⋅)*

Unfactorized σ𝑝𝑞𝑟𝑠 ℎ𝑝𝑞𝑟𝑠𝑎𝑝
†𝑎𝑞𝑎𝑟

†𝑎𝑠 𝑂(𝑁4) σ𝑝𝑞𝑟𝑠 ℎ𝑝𝑞𝑟𝑠 ~10,600

Single-factorized σ𝑟∈[𝑅] σ𝑝𝑞 𝐿𝑝𝑞
(𝑟)
𝑎𝑝
†𝑎𝑞

2 𝑂(𝑅𝑁2)
σ𝑟σ𝑝𝑞 𝐿𝑝𝑞

𝑟
2
~42,200

Double-factorized σ𝑟∈[𝑅] σ𝑗∈ Ξ ,𝑝,𝑞 𝜆𝑗
(𝑟)
𝑢𝑝
(𝑟,𝑗)

𝑢𝑞
(𝑟,𝑗)

𝑎𝑝
†𝑎𝑞

2

𝑂(𝑅𝑁Ξ)

σ𝑟σ𝑝𝑞 𝜆𝑗
(𝑟)
𝑢𝑝
(𝑟,𝑗)

𝑢𝑞
(𝑟,𝑗) 2

Double-factorized

(Givens rotated)
σ𝑟∈[𝑅]𝐺

(𝑟) σ𝑗∈[Ξ] 𝜆𝑗
(𝑟)
𝑛𝑗

2
𝐺(𝑟)† σ𝑟σ𝑝𝑞 𝜆𝑗

(𝑟) 2
~570

# terms

*Ruthenium catalyst configuration VIII with 130 spin-orbitals





σ𝑝𝑞 𝐿𝑝𝑞
(𝑟)
𝑎𝑝
†𝑎𝑞 = 𝐺 𝑟 σ𝑗∈[Ξ] 𝜆𝑗

(𝑟)
𝑛𝑗 𝐺(𝑟)†

𝑈𝑟 =

𝑉𝑟 =

𝑉 =
σ𝑟

σ𝑟 /2



Idea: LCU of rotated number operators

𝐺 σ𝑗 𝜆𝑗𝑛𝑗 𝐺† = σ𝑗 𝜆𝑗(𝐺𝑗𝑛𝑗𝐺𝑗
†)

𝐴 = σ𝑗
σ𝑗 𝑛𝑗

𝐵 = σ𝑗 𝐺𝑗

σ𝑗 𝜆𝑗/𝜆

Prep Prep†

𝐴

|ψ⟩

|0⟩

𝐵 𝐵

=
𝐺 σ𝑗 𝜆𝑗𝑛𝑗 𝐺†/𝜆 ⋯

⋮ ⋱



1. Ancilla-assisted 
arXiv:1812.00954

• σ𝑟∈ 𝑅 ,𝑗∈[Ξ] w/ 

• vs σ𝑟∈ 𝑅 w/ 
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FeMoco Catalyst 

1mHa precision
Reiher et al.

1605.03590

Low et al.

1904.01131

Berry et al. 

1902.02134

von Burg et al. 

2007.14460

Method
Trotter-Suzuki 

(Provable)

Trotter-Suzuki

(Optimistic)

Qubitization

(Provable)

Qubitization

(Empirical)

Qubitization

(Empirical)

T-gate cost 1021 1014 1014 1012 1010

105 1
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1Report to the president and congress: Designing a digital future, 2010, pg 71
2Quantum computing enhanced computational catalysis, von Burg et al., arXiv:2007.14460
2Even more efficient quantum computations of chemistry through tensor hypercontraction, Lee et al., arXiv:2011.03494

Application

Quantum Algorithm

Error correction code

Quantum control

Quantum computing substrate

Laws of nature


