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Learning on molecular data

Learn on molecules:
p (Zp rl’

Data has built-in symmetry

— Use covariant activations!
F(ri,ro,...,7n)
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The multipole expansion

Y Zifle—ril= QoY°(®)/r+ QuY'®)/r*+ QY?(#)/r+...

© - ° © 1951
monopole dipole quadrupole

@ Qp: ¢-th multipole moment

o Y!: (-th spherical harmonic
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Covariant rotations

Consider a 90° CCW-rotation R:
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Covariant rotations

Consider a 90° CCW-rotation R:

After a rotation:

‘©‘
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Covariant rotations

Consider a 90° CCW-rotation R:

After a rotation:

‘©‘ 7 |
o@ ° 8 &3

All moments rotate “covariantly”:
Q — DY(R) Qs
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Clebsch-Gordan Transformation

Group theory:

L1402
D“(R) ® D%(R) = c}l’b[ P D‘(R)] Co,. 0,
=605
D*(R): Wigner-D (Rotation) matrix

Co,z,: Clebsch-Gordan matrix
R € SO(3)
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SO(3)-Vectors

SO(3)-Vector: Fy .
e Transforms covariantly: Fy. — DE(R)F&C
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SO(3)-Vectors

SO(3)-Vector: Fy .

e Transforms covariantly: Fy. — DE(R)F&C
Limited operations available:

o Linearly mixed: > Fy o Were
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SO(3)-Vectors

SO(3)-Vector: Fy .
e Transforms covariantly: Fy. — DE(R)F&C
Limited operations available:
o Linearly mixed: > Fy o Were
o Clebsch-Gordan product: Fy, c ®ca Fe,.c = Coit, [GBEI:TE—M Fg,c]
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SO(3)-Vectors

SO(3)-Vector: Fy .
e Transforms covariantly: Fy. — DE(R)F&C
Limited operations available:
o Linearly mixed: > Fy o Were
o Clebsch-Gordan product: Fy, c ®ca Fe,.c = Coit, [GBEI:TE—M Fg,c]

o Construct scalars: Zm\[Fg]m\z
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Aggregation

Fout = p(g)Fout

Font Clebsch-Gordan aggregation:
F; = Z Ej ®ca F;
- P ieN()
F F3— p(9)Fs  — Ensures covariance!
Fy v p(g) Fy

Fy = p(g) F2
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Experiments

Table 1. GDB-9 results Table 2. MD-17 results

Cormorant | SchNet [3] | NMP [4] | WaveScatt [5] Cormorant | DeepMD [6] | DTNN [7] | SchNet [3] | GDML [2] | sGDML [8]

Ty | 008 | 0z | omz | 01 il B IO I R

Ace (eV) 0.061 0.063 0.069 0.118 Ethanol 0.027 0.055 - 0.050 0.150 0.070

oo (V) || 0038 | 006 | 0063 | oo | e o | g | o | nm | o | o

eLumo (V) 0.038 0.034 0.038 0.076 Saliylc Acd | 0.066 0106 0410 | 0100 | 0120 0.120

1 (D) 0.038 0.033 0.030 0.340 Toluene 0.034 0.085 0.180 0.090 0.120 0.100

C, (cal/mol K) | 0.026 0.033 0.040 0.049 Uraci 0023 | o0ss - 0100 | ou0 | o110
G (eV) 0.020 0.014 0.019 0.022
H (eV) 0.021 0.014 0.017 0.022
R? (bohr?) 0.961 0.073 0.180 0.410
U (eV) 0.021 0.019 0.020 0.022
Uo (eV) 0.022 0.014 0.020 0.022
ZPVE (meV) 2.027 1.700 1.500 2.000
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