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Why do we need four-center integrals?
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Why do we need four-center integrals?
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Motivation

Why do we need four-center integrals?

\e\._“\ar simy, %

Numeric atom-centered Orbitals

-strict localization at given radius

-can include correct near-nuclear behavior
-can include correct asymptotic behavior

-no analytic solutions for four-center integrals

Arvid Conrad Ihrig Fritz-Haber Institut der Max-Planck-Gesellschaft

Localized Resolution of Identity



Theory

Theoretical framework: RI-V!
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Theoretical framework: RI-V!
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Theoretical framework: RI-V!
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Theory

Theoretical framework: RI-V!
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Theory

Theoretical framework: RI-V!

Example: Cu,, cluster
(40 basis functions per atom)
(ij]kl):  395.5 GB

(ij|p) and (p|v): 4.2 GB
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Theoretical framework: RI-LVL

1Alex Sodt and Martin Head-Gordon, The Journal of chemical physics 10, (2008)

2Palrick Merlot et al., Journal of computational chemistry 17, (2013)
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Theoretical framework: RI-LVL

Can we exploit the locality of the product density?'?
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Theoretical framework: RI-LVL

Can we exploit the locality of the product density?'?
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Theory

Theoretical framework: RI-LVL

Can we exploit the locality of the product density?'?

pi(t)~> ChP (r)~ Y  CLP,(r) 0

2 peP(I,J)

L= (Vi)
> LI (i) ve P
Ci;i= ueP(IJ)
0 else
= (ijlkl) ~ > (ijI\) LAV, LEE (o|kl)
vAo
GMT(IJ)

1Alex Sodt and Martin Head-Gordon, The Journal of chemical physics 10, (2008)
2Palrick Merlot et al., Journal of computational chemistry 17, (2013)

Fritz-Haber Institut der Max-Plan




Theory

Theoretical framework: RI-LVL

Can we exploit the locality of the product density?'?

'OU ZC (r) ~ Z Cw u

peEP(I,J)
LIIJ;{, = (VIJI)V,u,

> LI (ulij) veP)
Ci;i= ueP(IJ)
0

else

ApprHvo

= (ij|kl) ~ (ij|\) LI V., LEL (o|kl)

[N
eP(1J)

RIV: (ijk0) ~ 3 (ijlu0) VL (v]k0)

v

1Alex Sodt and Martin Head-Gordon, The Journal of chemical physics 10, (2008)
2Palrick Merlot et al., Journal of computational chemistry 17, (2013)

Fritz-Haber Institut der Max-Planck-Gesellschaft




Theory

Theoretical framework: RI-LVL

Can we exploit the locality of the product density?'?

'OU ZC (r) ~ Z Cw u

peEP(I,J)
LIIJ;{, = (VIJI)V,u,

> LI (ulij) veP)
Ci;i= ueP(IJ)
0

else

ApprHvo

= (ij|kl) ~ (ij|\) LI V., LEL (o|kl)

[N
eP(1J)

RIV: (ijk0) ~ 3 (ijlu0) VL (v]k0)

v

1Alex Sodt and Martin Head-Gordon, The Journal of chemical physics 10, (2008)
2Palrick Merlot et al., Journal of computational chemistry 17, (2013)

Fritz-Haber Institut der Max-Planck-Gesellschaft




Theory

Theoretical framework: RI-LVL

Example: Cu,, cluster
(40 basis functions per atom)
(ij]kl):  395.5 GB

(ij|p) and (p|v): 4.2 GB
sparse (ij|p) and (u|v): 0.7 GB
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Theoretical framework: Auxiliary Basis Construction'

radial basis functions u ;. ;(7)
of orbital basis set (OBS)
s: species index

k: function index
[: angular momentum

1Xinguo Ren et al., New Journal of Physics 5, (2012).
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Motivation Theory

Theoretical framework: Auxiliary Basis Construction'
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Motivation Theory

Theoretical framework: Auxiliary Basis Construction'

radial basis functions u ;. ;(7)
of orbital basis set (OBS)
s: species index

k: function index
[: angular momentum W

onsite radial products maximal angular mo-
Ugto 1, (T) = Ugpyr, (T) menta [7*** per species

Gram-Schmidt orthonor- angular momentum channels
malization to remove 0...207**® for each species
linear dependencies

auxiliary basis set for
product functions P, (1) with system (ABS/ABS+)
= lo| <1< Iy + 1o

1 Xinguo Ren et al., New Journal of Physics 5, (2012).




Accuracy I

Accuracy I - The S22 test set

§ /}, X’J »)

Accuracy Analysis I
The S22! test set

L S

lPetr.lureEka etal., Phys. Chem. Chem. Phys. 17, (2006).
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Accuracy [

Accuracy of RI schemes in FHI-aims with a cc-pVTZ basis

Accuracy of RI-schemes

FHI-aims — NAO-based, RI-V and RI-LVL
NWChem — Gaussian-based, no RI needed

Use cc-pVTZ basis set (Gaussians) and
NWChem as benchmark reference!
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Accuracy I

Accuracy of RI schemes in FHI-aims with a cc-pVTZ basis

10% e e e
[ ]| == RI-V,HF
102 F .
{| ®—* RI-V, MP2
101 E
— i
(O = ]
% 10 log scale
E linear scale
e
- 0 r HF RI-V [meV]
S RMSD (total) 0.383
= MAX (total) 0.716
Lﬂ RMSD (atom) 0.038
<l 100 F i MAX (atom) 0.082
1E B MP2 RI-V [meV]
—10* [ ] RMSD (total) 0.182
i MAX (total) 0.445
E RMSD (atom 0.028
—102 [ ] MAX(fm[)m)) 0.085
o S [ s [ E Values:
12345678 910111213141516171819202122 - NWChem (no RD)

system index [S22 testset]

Fritz-Haber Institut der Max-Plan

on of Identity



Accuracy of RI schemes in FHI-aims with a cc-pVTZ basis

Accuracy I
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Accuracy I

Accuracy of RI schemes in FHI-aims with a cc-pVTZ basis

radial basis functions wu; (7)
of orbital basis set (OBS)

s: species index
c: function index
N angular momentum
onsite radial products

Usk,1, (r) - Uskyly (r)

maximal angular mo-
menta [7**® per species

Gram-Schmidt orthonor- angular momentum channels
malization to remove 0...217*2* for each species

linear dependencies
auxiliary basis set for
product functions P, (r) with system (ABS/ABS+)

1l =l <1< |l; +15]
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Accuracy I

Accuracy of RI schemes in FHI-aims with a cc-pVTZ basis

radial basis functions wu; (7) additional functions from the
of orbital basis set (OBS) enhanced orbital basis (OBS+)

s: species index
c: function index
: angular momentum
onsite radial products

Usk,1, (r) - Uskyly (r)

maximal angular mo-
menta [7**® per species

Gram-Schmidt orthonor- angular momentum channels
malization to remove 0...217*2* for each species

linear dependencies
auxiliary basis set for
product functions P, (r) with system (ABS/ABS+)

1l =l <1< |l; +15]
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Accuracy [

RI-LVL convergence for MP2

Accuracy of RI-LVL for MP2

RI-LVL — NAO-VCC-3Z basis sets with enhanced auxiliary basis
RI-V — NAO-VCC-3Z basis sets (reference point)
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Accuracy I

RI-LVL convergence for MP2
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RI-LVL convergence for MP2
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RI-LVL convergence for MP2
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Accuracy I

RI-LVL convergence for MP2
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RI-LVL convergence for MP2
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Accuracy I

RI-LVL convergence for MP2
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RI-LVL convergence for MP2
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Fully Extended Polyalanine - A scaling prototype

Scaling Analysis:
HF for Fully Extended Polyalanine
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Scaling

Total Computational Time and Exchange Matrix Evaluation

Scaling of RI-V and RI-LVL for HF

RI-LVL — tier 2 basis sets with enhanced auxiliary basis (g[z=6])
RI-V — tier 2 basis sets

All calculations use tight settings and are executed on 180 cpus.
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Scaling

Total Computational Time and Exchange Matrix Evaluation

105 F : — -
[ 1| e RI-V, total time
s 4| = & RI-V, time for
10 F q[e—° RI-LVL, total time
72! i h .
o) 4| = ® RI-LVL, time for
= I |
O o3
O 10° F 3
) L ]
A 4
E 2 | ]
102 F 3
g [ ]
o 3 .
~—
101 | E
B R Test setup:
E — fully extended Polyalanine
— Hartree-Fock calculation
| T — 180 cpus
100 L " " L L P — tight in‘legration settings
—RI-V: tier 2
10! 10 CRILVL tier 2 elo6)

System size (number of atoms)

Fritz-Haber Institut der Max-Plan

on of Identity



Scaling

Memory Consumption
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Total Energy Errors
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Accuracy 11

Accuracy II - Heavy Elements
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Accuracy 11

Accuracy for Copper clusters

Accuracy of RI-LVL for heavy elements

RI-V — tierl basis sets with custom integration settings
RI-LVL — tierl basis sets with the same custom integration settings
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Accuracy for Copper clusters

log scale
| | linear scale
102 |- I PBEO

[ [ RPA

Test setup:
— RPA@PBEO calculations
— tier 1 basis sets
— custom integration settings
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Accuracy for Gold clusters

log scale
| | linear scale
102 |- I PBEO

[ [ RPA

Test setup:
— RPA@PBEO calculations
— tier 1 basis sets
— custom integration settings
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Summary

Summary and Conclusions

m Results
m RI-LVL in combination with a suitably chosen auxiliary basis gives very accurate
results for light elements
m RI-LVL is very accurate for heavier elements, even without modifications of the
auxiliary basis
m explicit use of the sparsity exhibits superior scaling, as shown for exact exchange
m Outlook

m implement RI-LVL for RPA and GW

Fritz-Haber Institut der Max-Plan

on of Identity



Thank you for your attention!

ution of Identi



	Motivation
	Theory
	Accuracy I - Convergence and Accurracy for light elements
	Scaling Analysis of RI-LVL vs. RI-V
	Accuracy II - RI-LVL for heavy elements
	Summary

