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Qutline

® Can free propagation work to get exact answers
(~50 electrons)

® Multireference methods

® Selected configuration interaction (~20 electrons)

® Multireference perturbation theory (> /00 electrons)



Free propagation

Ankit Mahajan



Imaginary time propagation (cooling the system)
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Can we use it? (Sort of)

We cannot do it deterministically.

Can use Stochastic methods (via a trick called Hubbard-Stratonovich transformation)
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Can we use it? (Sort of)

We cannot do it deterministically.
Can use Stochastic methods (via a trick called Hubbard-Stratonovich transformation)

0.001 au = 0.6 Kcal/mole

—0.36

This is the famous sign problem!!!
5| \
Most algorithms introduce constrains (bias) e.g
DMC, cp-AFQMC, GFMC, FCIQMC etc

O

—0.44




Can we do better

We can chose to use better initial state

N2 2.4 Bohr cc-pVDZ basis  0.00] au = 0.6 Kcal/mole

0261 S

—0.281

—~
|

& _0.301

|
=
o
K

|
-
w0
e~

Correlation Energy
)r

|
=
o
>

\\
~
\\
“ .
S
-~
S
= o-
—_———
-
-
_____
-




Can we do better

We can chose to use better initial state

N2 2.4 Bohr cc-pVDZ basis  0.00] au = 0.6 Kcal/mole

—0.26 1

« --- ccsd
--o- rhf

—0.281

—~
|

& _0.301

|
=
o
K

|
-
w0
e~

Correlation Energy
/.‘

\\
~
\\
"
-~
SN

|
=
o
>

-~ ~
-~ ~
- -
- i .
Bl T N o———___

___..______—.——————-—_—-—-— ====




Can we do better

We can chose to use better initial state
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Can we do better

We can chose to use better initial state
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Can we do better

We can chose to use better initial state

N2 2.4 Bohr cc-pVDZ basis  0.00] au = 0.6 Kcal/mole
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Dealing with multislater wavefunctions

| —@— Algorithm |, e = 1077
Algorithm |, € = 107°
| —®— Algorithm Il

Computational time (s)

02 1810t 10
Number of configurations

JCP, 152,2020, 194108

Generalization of Filippi,Assaraf algorithm (JCP, 144,2016, 194105)



What about basis set (H20)

For every cardinal number (DZ,TZ, QZ) the cost increases by about a factor of 8.



What about basis set (H20)

For every cardinal number (DZ,TZ, QZ) the cost increases by about a factor of 8.

Time TZ-DZ QL-TL
0.5 -0.1008  -0.0967
1.0 -0.1011  -0.1000
|.5 -0.1017  -0.1025
2.0 -0.1006 -0.1023

The energies change almost in parallel

JCP, 149,2018, 194301 (DFT based correction)



Lets do something a bit more challenging

Cu-Oxygen complexes in biology and synthetic chemistry are used for C-H bond activation.

O
/ \ H Cu ------ ‘ ------ Cu
~ / O
blS(,LL 0X0) 1 — n? : n*-peroxo

(32¢, 1080)
Hilbert space -1 0%
I 8 hours on 4 nodes

Chem Rev, 104,2004, 1013
Chem Rev, 104,2004, 1047
Chem Rev, 1 17,2017, 2059
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Lets do something a bit more challenging

Cu-Oxygen complexes in biology and synthetic chemistry are used for C-H bond activation.

O
/ \ H Cu ------ ‘ ------ Cu
~ / O
blS(,LL 0X0) 1 — n? : n*-peroxo

(32e, 1080)
Hilbert space -1 0%

|8 hours on 4 nodes Method Kcal/mole
MP2 79
(52e, 1080) CCSD 41
Hilbert space -10°Y CCSD(T) 30
x/ CASPT2 (16,14) |
B3LYP 52

Chem Rev, 104,2004, 1013 o AFOMC 5 ()

Chem Rev, 104,2004, 1047
Chem Rev, 1 17,2017, 2059



Cholesky decomposition/density fitting

H=K+V

V =Z(zﬂkl a, ajakal LL i|7) (k) a! ajakal

17kl Y 1jkl

=Y (O _Gilmaja;)(D_(Klly)ajar)

Y 1) kl

2

exp(—ATV?) = /al:zie_m7 exp(zvV —ATV)

Motta, Zhang https://arxiv.org/abs/|711.02242



https://arxiv.org/abs/1711.02242
https://arxiv.org/abs/1711.02242

Hubbard Stratonovich

— exp(—7H) = exp(—ATH)"

— (exp(—%K)eXP( ATV)GXP(_%K)) +O(AT7)

p— 2 S A _
(l | \/%e exp( K) exp(— E Ty TV, ) exp( 5 K

Motta, Zhang https://arxiv.org/abs/|711.02242

)) + O(AT)


https://arxiv.org/abs/1711.02242
https://arxiv.org/abs/1711.02242

Multireference methods



Nomenclature and background

Molecular orbitals
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Low-energy phenomena

* Low energy effective Hamiltonian lives in the active space
» Correlation in active space: strong correlation, static correlation



Nomenclature and background

Molecular orbitals

Virtual

—  Active

Energy
|

Core

SrCu0s3

Low-energy phenomena

* Low energy effective Hamiltonian lives in the active space
» Correlation in active space: strong correlation, static correlation
e Other electrons and orbitals play a role in screening: weak correlation, dynamical correlation



Active space FCI

Adam Holmes
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James Smith Xubo Wang
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Fe-porphyrin

Active space - (32e,290)

Hilbert space > 10'* determinants
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Useful Observation

Variational energy
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Converges slowly polynomial decay
Final error - 6 kcal/mole



Basic Idea

Variational energy
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Basic procedure

Solve with a small set of “important”
H\WVqy) = Eg|V¥
o) 0|¥o) determinants upto €1

How to quickly select determinants

Huron, Daudey, Malrieu JCP 75,75, (1983)
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Basic procedure

H|Uo) = Eo|U) Solve with a smaII set of “important

P R T T iy N N p'l

(D VW)  2_;¢Hi;

E,—FEy  E;— E )

® T max\chZ-j\

Huron, Daudey, Malrieu JCP 75,75, (1983)
Holmes, Tubman, Umrigar JCTC 12,3674, (2016)



Trick | (trivial to screen arrays that are in
descending order)

(D;|H|D;) > ¢
D;) >|Dj)

Holmes, Tubman, Umrigar JCTC 12,3674, (2016)



Trick | (trivial to screen arrays that are in
descending order)

(D;|H|D;) > ¢
D;) >|Dj)

Holmes, Tubman, Umrigar JCTC 12,3674, (2016)
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Trick | (trivial to screen arrays that are in
descending order)

(D;|H|D;) > ¢
D;) >|Dj)

electrons in orbitals pg get excited to orbitals rs

(D;|H|D;) = (pq||rs)

pqg — {(pql|ris1), (pql|r2sz2), (pql|rsss), - - }

descending order by magnitude
Sorting is only slightly more expensive than reading the integrals

Holmes, Tubman, Umrigar JCTC 12,3674, (2016)



Trick | (trivial to screen arrays that are in

Used in FCIQMC
Used in VMC

Can Even make
Hartree Fock faster

pq — {(r

Sabzevari, Sharma JCTC 14,6276, (2018)
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Basic procedure

For a small set of “important”
determinants upto €1

How to quickly select determinants

H|Wq) = Eop|¥y)

(we screen)

Perform perturbative correction to

Hy— Eg)|WVq) = V|V
(Ho 0)|¥1) =V[¥o) the zeroth order wavefunction

How to overcome memory bottleneck
(we use stochastic method)



Trick Il (Perturbation theory can be done
stochastically)

~ 1 ~
Ey = (Uo|V = Viwg,)

Hy — E,

Sharma, Holmes, Umrigar JCTC 13, 1595, (2017)



Trick Il (Perturbation theory can be done
stochastically)

R Ik Vs Y/ e\

Used in FCIQMC

Used in DMRG

Can be used to correct (almost) any
variational calculation

Guo, Li, Chan JCP 148,221104, (2018)
Blunt JCTC 15, 3537,(2019)



Overall method

® No sign problem
® No auto-correlation length

® SHCI has only one parameter €1

Holmes, Umrigar, Sharma JCP 147, 164111, (2017)



Overall method

® No sign problem
® No auto-correlation length

® SHCI has only one parameter €1

[ ] | | | |
@-® Data
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Total Energy +688 (Ha)

—0.724




Carbon dimer
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Holmes, Umrigar, Sharma JCP 147, 164111, (2017)



Carbon dimer

! I
Single point - | Hour on I Node

g g
_75.5 | v—V SHU 13+ 3 .
e I ?;i '_‘ IEQ Hilbert Space - 10
A v Stochastic noise - 0.02 mH
P> g

—75.6 | |

—75.7

Energy /E},

—175.8

~75.9 ' ' ' '
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Interatomic distance /an

Holmes, Umrigar, Sharma JCP 147, 164111, (2017)



Chromium dimer
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Chromium dimer

- SHCI with 28 correlated electrons
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Chromium dimer
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Chromium dimer

O T ' T ' T - T T T - T :
SHCI with 28 correlated electrons
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Li, Yao, Holmes, Otten, Sun, Sharma, Umrigar PRR 2,012015, (2020)



Core ionized states (K-edge ionization)

ionized
electron

X-ray

Le, Sharma (unpublished)



Core ionized states (K-edge ionization)

Le, Sharma (unpublished)

ionized

electron
o

X-ray

Molecule IP(eV)  Error
N2 410.01 0.03
CHy4 291.04  0.12
HCN*  406.6] 0.12
HC*N  293.60 O.I1
CO* 54243  0.08




Core ionized states (K-edge ionization)

The main goal is to study
L-edge spectroscopy in transition
metal systems
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Relativistic Hamiltonian

S i)+ 5 37 400,4) + Vv

17

4-components  hp (i) = (8 — La) + c(ay - Pi)

N 1 o ¢ O Q- O oy - Iy ) (o - 1y
g(Z,]): T J | ( J ( J)( J J))

3
T Tij 274 2735
Coulomb Gaunt Breit



Relativistic Hamiltonian

Z}ALD + = ZQZ] ‘|‘VNN

* The size of the Hilbert space of the pbroblem sharply increases
* The wavefunction becomes 4-component (or 2-component quantity)
* Important in, phosphorosence, magnetic spectroscopy etc.

e Comparable to electron correlation in heavy atoms

\ - /
Coulomb Gaunt Breit



Photoionization spectrum
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Photoionization spectrum
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Photoionization spectrum

ey DC-CASSCF(10e,80) . DC-HCISCF(10e,180)
12000 15000
10000 4 | 12500 1
= 3
|
§ 4000 - § 10000 1 .
= =
S S
@ 9000 - @ 7500 -
= =
Y] W
4000 - 5000
2000 ~ 2500
0 0 4
26 27 28 29 30 31 3.2 33 34 26 27 28 29 3D 31 3,2 33 34
R(A) R(A)

State  (l0e,80) (10e,180)  Expt

2u 8918 8969 8245
Ou- 8178 9884 9900

Wang, Sharma (unpublished)
Asthana, Liu, Cheng JCP, 150, 074102




H + X2C (SOQ) in single step
(not QDPT/state-interaction)

1.0
CASSCF-SO  DMRG-SISO CASSCF-SO  DMRG-SISO
(110,11e) (450,19¢) (110,11e) (570,43e)
0.8 }  CASPT2-SO HCI  CASPT2-SO HCI
| (110,11e)  (1720,19¢) (110,11e)  (1500,25¢)
0.6 F
S 04 F
2L
S
LLj 0.2 F
0.0
-0.2 F
-0.4

x2c scalar relativistic and SOC integrals from pysc

Mussard et al JCTC 14, 154, (2018)



Fe-porphyrin

m”“:"""\ o A Mossbauer spectra indicates
TN Fe has S=1 state

% MYAY (detects chemical shift in
. vy gamma-ray spectrum of nucleus)

J J

Fe-porphyrin

Active space - (44 e, 440)

Smith et al JCTC 13, 5468, (2017)



Fe-porphyrin

Fe-porphyrin dOPP le L sh lﬁ

Active space - (44 e, 440)

Source Gamma ravs Sample
Fe 4 Fe

Smith et al JCTC 13, 5468, (2017)



Fe-porphyrin

Fe-porphyrin
Active space - (44 e, 440)

Experimentally determined spin is S=1
Most theoretical methods have found $S=2 as the ground state

Smith et al JCTC 13, 5468, (2017)



Fe-porphyrin

Fe-porphyrin
Active space - (44 e, 440) wrong order
CAS(290, 32e)
cc-pVDZ ° Ag -2244.9980 -2245.0314(5) [ 16.7 J
cc-pVDZ *Big -2244.9776  -2245.0049(6) '

Smith et al JCTC 13, 5468, (2017)



Fe-porphyrin

Fe-porphyrin
Active space - (44 e, 440) wrong order
CAS(290, 32e) N
cc-pVDZ ° Ag -2244.9980 -2245.0314(5) 16.7
cc-pVDZ  °By, -2244.9776  -2245.0049(6 '
cc-pVTZ °Ag -2245.2229  -2245.2549(5 16.4
cc-pVTZ  °Big 122451958  -2245.2288(6) \—m—/

Smith et al JCTC 13, 5468, (2017)



Fe-porphyrin

Fe-porphyrin
Active space - (44 e, 440)

CAS(290, 32¢)

[ N
cc-pVDZ ° Ag 16.7
cc-pVDZ *Big '
ce-pVTZ ° A, 16.4
cc-pVTZ *Big |
CAS(440,44e)

cc-pVDZ °Ag

-2.0
cc-pVDZ 3 Bi, . ) Correct order

Smith et al JCTC 13, 5468, (2017)



Fe-porphyrin
‘\‘ Virtual excitations

2
low spin vs high spin

Atom with ligands

Fe-porphyrin
Active space - (44 e, 440)

CAS(290, 32¢)

4 )
cc-pVDZ ° Ag 16.7
cc-pVDZ *Big |
cc-pVTZ °Ag 16 4
cc-pVTZ *Big |
CAS(440,44e)

cc-pVDZ ° Ag

-2.0
cc-pVDZ 3 B, . ) Correct order

Smith et al JCTC 13, 5468, (2017)



Dynamic Correlation

Ankit Mahajan Nick Blunt



Larger virtual spaces

SHCI runs out of steam




Internal contraction

SHCI runs out of steam




Perturbation theory NEVPT2

2 [V @g)]?
B =2 T

E;  require up to 3 and 4 reduced density matrices

(V| Ho|¥;)

F, =
()

Angeli et al JCP 114,10252,(2001)



Internal contraction
double excitation

Hy — VT%qE;S 4 active indices
;) = Egg‘\lf0> 2 active indices
E; = (U;|Ho|¥p) 8 active indices

Naive application of Wick’s theorem would require 4 RDM

But| o) is an eigenfunction of Hy , only 3 RDMs required

40 orbitals > 32 Gb




Perturbation theory NEVPT2

2 [V @g)]?
B =2 T

E;  require up to 3 and 4 reduced density matrices

(W1 |Ho|Wy)

B, —
l (W Wy)

(n|Ho|¥y)

(| 1)

_ ([ ¥y[f
_zn: (W W)

=(EL[n])p, \

Mahajan, Blunt, Sabzevari, Sharma JCP 151,21102, (2019)

Pn



Scaling with virtual orbitals
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Scaling with virtual orbitals

—®&— Norms sampling time
100 1 Energy sampling time
—®— Total time
» 80+
£
@ 601
.9
Eg 40- _—
S Roughly scales linearly with
20 1 . .
virtual space for a fixed active space
) _o—

20 A0 60 0 100 120 140 160
Number of virtual orbitals
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Shortcoming of reference state
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Shortcoming of reference state

# dets Eo Eo+NEVPT?2
11,563 -616.206 -617.435
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Shortcoming of reference state

# dets Eo Eo+NEVPT?2
11,563 -616.206 -617.435
235,090 -616.234 -617.438
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Shortcoming of reference state

H H H H H
# dets Eo
| 1,563 -616.206
235,090 -616.234
626,661 -616.239

n=16

Eo+NEVPT?2
-617.435
-617.438
-617.438



Shortcoming of reference state

# dets Eo

11,563 -616.206
235,090 -616.234
626,661 -616.239

6,414,554 -616.243

Eo+NEVPT?2
-617.435
-617.438
-617.438
-617.438
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Shortcoming of reference state

# dets Eo Eo+NEVPT?2
11,563 -616.206 -617.435
235,090 -616.234 -617.438
626,661 -616.239 -617.438
6,414,554 -616.243 -617.438

Scaling with active space ~ n® (probably can reduce to n>)



Sampling efficiency

44 core
(32e,290)
~330 virtuals
(DZ basis)

Mahajan, Blunt, Sabzevari, Sharma JCP 151,21102, (2019)



Sampling efficiency

44 core
(32e,290)
~330 virtuals
(DZ basis)

Sampling efficiency
107 out of 102 determinants visited
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Sampling efficiency

44 core
(32e,290)
~330 virtuals
(DZ basis)

Sampling efficiency
107 out of 102 determinants visited

CPU cost
20 hrs - | node

5 hrs - 4 node
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