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The expansion of atomic potential energy could be written by:
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• 𝜙# �̂�!" is a set of orthogonal basis functions to describe the spatial relations between two 

atoms. 

• �̂�!" denotes the relative position pointing from atom 𝑖 to atom 𝑗.

• 𝑣 indicates the functions’ polynomial degree. 

• 𝑐# indicates the expansion coefficients.
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ACE leverages the density trick to reduce the computational overhead.
Atomic base 𝐴!,% :
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A-basis 𝐴!,𝐯 :
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𝐴!,% , 𝐯 = 𝜐-, … , 𝜐.

Since 𝐴!,𝐯 is not rotationally invariant, we need additional Clebsch-Gordan coefficients 𝐶% to 
construct fully permutation and isometry-invariant basis functions (B-basis):
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Methods - Positional Encoding for Geometric Molecule Modeling

Theorem 1 Given two cluster 𝜎! and 𝜎" and their basis functions, there exists a set of invariant 
basis functions for the merged cluster 𝜎!" to describe integrated cluster potentials 8𝐸!".



Theorem 2 Given one molecule with 𝑁 atoms, there exists a positional encoding matrix 𝐶/ ∈
ℝ'×', which naturally describes the interatomic potentials. In particular, 𝐶/ is directly multiplied 
with Query and Key before scaling, serving as the positional encoding in Transformer:

𝛼 = 𝑋𝑊1 𝑋𝑊2
3⊙𝐶/
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Methods - Geometric Transformer for molecules



Mean absolute errors (MAE) of 12 kinds of molecular properties on QM9 compared with state-of-
the-art algorithms. 

Experiments



Visualization of IPE 𝐶/ on molecules GDB65488, GDB101712, GDB87153 and GDB56373 in 
QM9 test set. 

Experiments



Thanks


