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Many-electron Schrodinger equation (in the Born-Oppenheimer approximation):

N
1
H———ZV2 + Z —|I"—I“|+Zvne(ri) ri7R ER?)
1<i<j<N '* J i=1
h/—/ —— e
T ‘A/ee Vext or Vne Une Z |I' T

ground state electronic energy as a function of the nuclear positions

Eo = Eo(R4,...Ry) = @%@m

fermionic N-particle wfs.

(BT + V| ®) + Etixe [pq>]} Kohn-Sham DFT

(DT + Ve + Vio|®) Hartree-Fock

Slater determinants EC — <\IJ|H|\IJ> — <(I)|H|(I)
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Adiabatic connections

DFT
HYT =T + AV + Vet + Vil
Vilpl © pr=p1=p YA
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n=2

A — 00 [/ SCE

WOt > WO+ ——+ ..

VA

Large-coupling in DFT and HF adiabatic connections

Hartree-Fock

HYY =T + VI 4 Vo + A (Ve — V)

VHE — JpHF] — K[{¢'"F}] A—independent
pro = pF
P Pr=1 = p
Wkl = (U [Vee = VIF[WL) — (0| Vee — VI |W)
1
EM = [ Wi dx
0
A—0 o
W. 5 — Z n EMPn \n—1
n=2
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Why studying the large-coupling strength limit?

DFT: ideas on how the density is transformed into an electron-electron interaction:
Which ingredients appear in this exact limit?

A
Chemical Accuracy

bitals

(o3 ‘double hybrid: wB97X-2, XYG3, B2PLYP

B3LYP, mMPW1K  M06-2X, M11,TPSSH

zor +dependence on the kinetic energy density
V2p(r)  meta-GGA: THCTH,TPSS, M06-L
.

Simplicity
Accuracy

+dependence on the gradient of the density
GGA: PBE, BLYP, OLYP

Vp(r)

{

Hartree Fock theory
v
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Why studying the large-coupling strength limit?

DFT: ideas on how the density is transformed into an electron-electron interaction:
Which ingredients appear in this exact limit?

A
Chemical Accuracy

~ +dep on virt

(o3 double hybrid: wB97X-2, XYG3, B2PLYP

~ hybrid-GGA: hyper-meta-GGA:
- B3LYP, mPW1K  MO06-2X, M11,TPSSH

&x

Different structure/ingredients

zor +dependence on the kinetic energy density
V2p(r) meta-GGA: THCTH,TPSS, M06-L

from the strong coupling limit

Simplicity
Accuracy

1+dependence on the gradient of the density
V() GGA: PBE, BLYP, OLYP

dependence on the density
PO _
Hartree Fock theory
v

DFT and HF: Build interpolations \ 1
between small and large coupling Ee= [ WeadA
strengths Wea

(can also be done locally, in each W
point of space) _ L o
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Large coupling in the DFT adiabatic connection

1
Egelp] = / WilpldA W, ] 1 A

0

Wilo] = (UA[p]|Vee|[ WA lp]) — Ulp] E.fo

Us[p] = arg min (|1 + AV, ¥) & A = oo
1Y ~_
W]
WECE(p]
DFT SCE 2 —5/4 —VA
Wwors — W2 [p]Jr—\/X +O(>\ )—|—O(e )

N——

spin state
Waolp] = VEST o] — Ulp]
VECEp] = min (U|V,.|¥)
—p

Seidl, PRA 60, 438 (1999) v

Seidl, Gori-Giorgi & Savin, PRA 75, 042511 (2007) . .
Gori-Giorgi, Vignale & Seidl, JCTC 5, 743 (2009) XC functional tends to SCE in
Grossi, Kooi, Giesbertz, Seidl, Cohen, Mori-Sanchez, Gori-Giorgi, JCTC 13, 6089 (2017) the Iow-density or

Lewin, arXiv:1706.02199 strong-coupling Iimit
Cotar, Friesecke, & Kluppelberg, arXiv:1706.05676
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Large coupling in the DFT adiabatic connection

1
Egelp] = / WilpldA W, ] 1 A
0
Walp] = (WA [p][Vee| WA [p]) — Ulp] E.{o]
Ux[p) = arg min (V|7 + AVee| V) Eclo \ 5 o0
1Y —~
W_[p]
WwPrT @ m +0 (A—5/4) +0(e™ V)
N——
spin state
highly non-local Woolp] = VeSeCE[P] — Ulp]
VP [p] = min [V, |¥)
Seidl, PRA 60, 438 (1999) V=p

Seidl, Gori-Giorgi & Savin, PRA 75, 042511 (2007)
Gori-Giorgi, Vignale & Seidl, JCTC 5, 743 (2009)

XC functional tends to SCE in

Grossi, Kooi, Giesbertz, Seidl, Cohen, Mori-Sanchez, Gori-Giorgi, JCTC 13, 6089 (2017) the Iow-density or
Lewin, ar.X/v:l 706.02199 . strong-coupling limit
Cotar, Friesecke, & Kluppelberg, arXiv:1706.05676
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SCE functional: rigorous results

SCE . ’
Vee [IO] — m1n<\:[}“/€€|\:[j>
VU—p
equivalent to an optimal transport (or mass transportation theory)
problem with Coulomb cost

- Buttazzo, De Pascale, & Gori-Giorgi, Phys. Rev. A. 85, 062502 (2012)

- Cotar, Friesecke, & Kluppelberg, Comm. Pure Appl. Math. 66, 548 (2013)
- Pass, Nonlinearity 26, 2731 (2013)

- Mendl & Lin, Phys. Rev. B 87, 125106 (2013)

- Chen, Friesecke, & Mend|, J. Chem. Theory Comput 10, 4360 (2014)

- Colombo, De Pascale, Di Marino, Can. J. Math. 67, 350 (2015)

- Benamou, Carlier, Cuturi, Nenna, L.; Peyré, arXiv:1412.5154

- Benamou, Carlier, Nenna, arXiv:1505.01136v2

- Friesecke, Mendl|, Pass, Cotar & Kluppelberg, J. Chem. Phys. 139, 164109 (2013)
De Pascale, arXiv:1503.07063

Colombo & Stra, arXiv:1507.08522

Lewin, arXiv:1706.02199

Cotar, Friesecke, & Kluppelberg, arXiv:1706.05676
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http://arxiv.org/abs/1503.07063
http://arxiv.org/abs/1507.08522

SCE functional

Weolp] = Vi P[] = Ulpl Vee Blp) = fnin (U Vee| W)

|\IJSCE(I'1, ro,... ,I'N)‘2 = % Z/ds%é(rl — fp(l)(s))é(m — fp(2) (S))(S(I‘N — fp(N) (S))
P

the wavefunction collapses to a 3D subspace of the full 3N-dimensional configuration space

i) =r,
£,(r) = £(r),
p(fi(r))df;(r) = p(r)dr £3(r) = £(f(r)),

£, (r) = £(£(£(r))),

f(f(. .. f(f(r))))l =r,

N times

Seidl, PRA 60, 4387 (1999)
Seidl, Gori-Giorgi and Savin, PRA 75, 042511 (2007)

Malet & Gori-Giorgi, PRL 109 246402 (2012)
Malet, Mirtschink, Cremon, Reimann & Gori-Giorgi, PRB 87 115146 (2013)
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SCE functional and functional derivative

p
VR pl =
\_
Ve p
5/)(1')[ - Usor(r)

shortcut to the functional derivative

VHxc(T) — vscr(r)

low-density (strong coupling) limit
Seidl, Gori-Giorgi and Savin, PRA 75, 042511 (2007) Y ( g P g)

Malet & Gori-Giorgi, PRL 109 246402 (2012)
Malet, Mirtschink, Cremon, Reimann & Gori-Giorgi, PRB 87 115146 (2013)
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1D case is transparent (and as cheap as LDA)

51 10 NN
A&,O. : N\ 0.6% ap = Ne_l(k)
T f2(z) f3(z)

fi(z) = Ng " [Ne(z) +4 — 1] T < AN41—
] Net[Ne(z) +i—1 - N] T > AN+1—i,

Written on simple physical considerations: M. Seidl, PRA 60, 4387 (1999)

Rigorous Proof: M. Colombo, L. De Pascale, S. Di Marino, Can. J. Math. 67, 350 (2015)

KS SCE applied to 1D physics:  Malet & Gori-Giorgi, PRL 109 246402 (2012);
Malet, Mirtschink, Cremon, Reimann & Gori-Giorgi, PRB 87 115146 (2013)
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N=2 electrons in 1D: SCE and exact functional
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N=2 electrons in 1D: SCE and exact functional

4

Paula Mori-Sanchez

U, [p] = arg \1£1n_1>I[1)<\IJ|T + AV, |T)

Mori-Sanchez & Cohen, J. Phys. Chem. Lett. 9, 4910 (2018)
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N=2 electrons in 1D: SCE and exact functional

E[’A[P] ($17$2) 01t Paula Mori-Sanchez

005 }

W, [p] = arg min (U|T 4+ \V,.|¥)

20 v—p

Mori-Sanchez & Cohen, J. Phys. Chem. Lett. 9, 4910 (2018)
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Uylpl(z1,22) A= 185.0
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Uylpl(z1,22) A= 2770
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Uylpl(z1,22) A= 416.0
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Uylpl(z1,22) A= 16660
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see also: Chen & Friesecke, Multiscale Modeling & Simulation 13, 1259 (2015)
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Next leading term in DFT

(wl{’zz)
WEE[p]
WP 5 WEEp] + —2—— + ..

PGG, Vignale, Seidl, JCTC 5, 743 (2009)
Grossi, Kooi, Giesbertz, Seidl, Cohen, Mori-Sanchez, P.GG, JCTC 13, 6089 (2017)
Colombo, Di Marino, Stra, arXiv:2106.06282
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Spherically symmetric systems

ansatz: 1D solution for the radial part + relative angles minimization

Seidl, Gori-Giorgi and Savin, PRA 75, 042511 (2007)

not always the lowest solution (it depends on the density)

Colombo & Stra, arXiv:1507.08522

however, the 1D-like solution is very close to the true minimum, and the potential
computed from it is the functional derivative of the 1D-like SCE functional

Seidl, Di Marino, Gerolin, Nenna, Giesbertz & Gori-Giorgi, arXiv:1702.05022
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Accuracy of KS SCE for low-density

electrons in 2D harmonic trap

1
Vext () = §w2r2

plr)

0.0006 |

Eyelp] = Weo|p)

0.0003

10 20 30 40 50 60 70
energy accuracy
N =3, w=0.001
p(r) ¢ of ~1 mH* (~4%)

"

0.0001

0.00005

0 100 150 200" QMC: D. Guclu and C.J. Umrigar

Mend|, Malet & Gori-Giorgi, PRB 89, 125106 (2014)
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General 3D geometry: algorithms from optimal transport

VeSQCE[,O] = \rIjnin<\If‘Vee|\Il> mass transportation (Monge-Kantorovich) problem
—p

Kantorovich dual formulation: theory
- Buttazzo, De Pascale, & Gori-Giorgi, Phys. Rev. A. 85, 062502 (2012)

- De Pascale, arXiv:1503.07063
Linear programming algorithm based on the dual formulation:
- Mend! & Lin, Phys. Rev. B 87, 125106 (2013)

Discretised linear programming algorithm
-Chen, Friesecke, Mend|, J. Chem. Theory Comput, 10, 4360 (2014)

Entropic regularization algorithm
- Benamou, Carlier, Nenna, arXiv:1505.01136v2
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General 3D geometry: algorithms from optimal transport

VGSQCE[,O] = \rynin<\11“/;e|\11> mass transportation (Monge-Kantorovich) problem
—p

Kantorovich dual formulation: theory
- Buttazzo, De Pascale, & Gori-Giorgi, Phys. Rev. A. 85, 062502 (2012)
- De Pascale, arXiv:1503.07063

Linear programming algorithm based on the dual formulation:
- Mend! & Lin, Phys. Rev. B 87, 125106 (2Q

arXiv.org > math > arXiv:1905.08322

Mathematics > Optimization and Control

Dlscretlsed Imear programming algorlthn Semidefinite relaxation of multi-marginal optimal transport for strictly

_Chen Friesecke Mend/ J Chem Theor correlated electrons in second quantization
/ / / w Yuehaw Khoo, Lin Lin, Michael Lindsey, Lexing Ying |

Entropic regularization algorithm mathematics > probability

_ ; P Approximation of Optimal Transport problems with marginal moments
Benamou, Carlier, Nenna, arXiv:15 constraints

Aurélien Alfonsi, Rafaél Coyaud, Virginie Ehrlacher, Damiano Lombardi

Mathemat (Submitted on 14 May 2019)

Breaking the curse of dimension in multi-marginal Kantorovich optimal
transport on finite state spaces

C. Friesecke, D. Vogler
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_ ; P Approximation of Optimal Transport problems with marginal moments
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Better to design approximations inspired to the SCE form ?
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H, molecule (SCE from Kantorovich formulation)

o RKS PBE
FCI
e KS SCE

2 4 6 8 10 12

Vuckovic, Wagner, Mirtschink & Gori-Giorgi, JCTC 11, 3153 (2015)
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H, molecule (SCE from Kantorovich formulation)

oo RKS PBE

qaf | FCI
: —mmmee KS SCE
1.4
. L 1 L L L 1 L N N 1 N L L 1 N L L 1 L L L 1 L L
2 4 6 8 10 12
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H, molecule (SCE from Kantorovich formulation)

-0.9

-1.1

wo |l
-1.2p !
i —-emeems RKS PBE
i X ——=
1.3 ‘| R3 FCI
1 s KS SCE
1af - we do not account for the
| 7 BT R T — “price” in kinetic energy to make
R (a.u)

this perfect correlation
- you get attraction also for
perfectly spherical densities
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H, molecule (SCE from Kantorovich formulation)

-0.9F

ER1S

|
w ! .
-1.2F ! /
F i ; o — —eremmem RKS PBE
\ 7 3
13f | / R FCI
L e KS SCE
-1 4_' '\ ./‘
[ 4
L 1 1 1 L 1 L L L 1 L L
2 4 6 10 12

Large-coupling in DFT and HF adiabatic connections

- we do not account for the
“price” in kinetic energy to make
this perfect correlation

- you get attraction also for
perfectly spherical densities

Talk today:

Derk Kooi
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SCE and chemistry

- approximate SCE density functionals (integrals of the density as main

ingredient) non-local radius (NLR) model
Wagner & PG-G, PRA 90, 052512 (2014)

Zhou, Bahmann & Ernzerhof, JCP 143, 124013 (2015)

shell model
Bahmann, Zhou & Ernzerhof, JCP 145, 124014 (2016)

- use input from the weakly correlated regime
local interpolation along the adiabatic connection
Vuckovic, Irons, Savin, Teale & PG-G, JCTC 12, 2598 (2016)
Vuckovic, Irons, Wagner, Teale & PG-G, PCCP 19, 6169 (2017)

global interpolations (can use semilocal approximations for SCE)
Fabiano, PG-G, Seidl, Della Sala JCTC 12, 4885 (2016)

Giarrusso, PG-G, Della Sala, Fabiano, JCP 148, 134106 (2018)
Vuckovic, PG-G, Della Sala, Fabiano, JPCL 9, 3137 (2018)

- build approximations for the physical coupling strength rescaling SCE

multi-radii functional (MRF)
Vuckovic & PG-G, J. Phys. Chem. Lett. 8, 2799 (2017)

Vuckovic, J. Chem. Theory Comput. 15, 3580 (2019)
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Vuckovic & PG-G, J. Phys. Chem. Lett. 8, 2799 (2017)

Vuckovic, J. Chem. Theory Comput. 15, 3580 (2019)
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Global interpolations (old idea: Seidl, Perdew, Levy 1999)

global AC integrand W [p] 1 \

E,[p]

Erelp] = /0 | WilpldA

Wilp] = (WA [p]|Vee | Ta[p]) — Ulp).

W_lp]
Global Interpolations:
- No gauge issue e.g., the S66 data set (kcal/mol)
(can use semilocal approx.)
method MAE variance
- size-consistency error rev-ISI 0.33 0.08 different
ISI 0.33 0.09 . .
: JPCL 137 (201
can be corrected: JPCL 9, 3137 (2018) SPL, 035 011 interpolation
LB 0.31 0.14 formulas
Results: MP2 045  0.29
SCS-MI-MP2 0.19 0.10
- work reasonably only with HF orbitals SCS-CCSD 0.27 0.05
B2PLYP 1.71 1.26
- usually better than MP2, MP3 and
MP4 for interaction energies
Vuckovic, PGG, Della Sala, Fabiano, JPCL 9, 3137 (2018)
_ small variance Giarrusso, PGG, Della Sala, Fabiano, JCP 148, 134106 (2018)
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Global interpolations (old idea: Seidl, Perdew, Levy 1999)

global AC integrand W [p] 1 \

E,[p]

Erclp] = /0 WilpldA

Wilp] = (WA [p]|Vee | Ta[p]) — Ulp).

W_lp]
Global Interpolations:
- No gauge issue e.g., the S66 data set (kcal/mol)
(can use semilocal approx.)
method MAE variance
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Size consistency: The problem and the correction

Typical example of an interpolation formula:

SPL 1 _ 4B
Wcl =I'Vcool_— b= W
’ ' V1 + bA c,00
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Size consistency: The problem and the correction

Typical example of an interpolation formula:

1 4EMP2
Wei =Wl - ——— b=
’ ’ V1 + bA €00
Itis si . A A A
IS size-extensive P o o

WENINA] = NWESH[A]

Large-coupling in DFT and HF adiabatic connections GDR NBODY 2022




Size consistency: The problem and the correction

Typical example of an interpolation formula: .
MP2 Ec:/o Weadd
SPL 1 4E, We
WC:{ =I,VCN 1_ T b: W “\ PT2
’ ! J1 + bA c,00 \}fVC,,\zZEC A .
] . . A A A ’-"-"-”-”-”i’;\:"p‘:’-"-”l-”-’]’;”-”-”-"’-”-efge
It is size-extensive ° & = 00 G5 10152028 80
PL SPL
WoXHINA] = NW2RH[A]
But not size consistent 4 B y o ETAL+ EYTRLB)
. ® A = A+ W B)
1
WESE[A 4 B] = (We so[A] + Weno[B]) [ 1 = — | # WSLL[A] + WL B
sl | = (We,oo[4] 00| BJ) T b A A A 1B
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Size consistency: The problem and the correction

Typical example of an interpolation formula: .
P Ec:/o WendA
SPL 1 4E, W
WC'{ =I,VCOO 1_ B el b: W \ PT2
’ » 1+ b/{ c,00 \}\/I/C,AzZEC A
””””””” : ‘”’.”.”.”.”;’;’;”.”.’W.@@@
It is size-extensive 1:1 1:1 1;1 00 05 10 1/1\5 20 25 30
SPL SPL
Wc,)\ [NA] - NWC,)\ [A]
But not size consistent 4 z barp =4 ETHA] + BB
¢ ¢ AYB =2 1A + W0 B
1
WESE[A 4 B] = (We so[A] + Weno[B]) [ 1 = — | # WSLL[A] + WL B
sl = (We,0[4] oo B]) W ' A] 1B

However, the question to ask is: is the shape of the potential energy surface good or not?
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Size consistency: The problem and the correction

Typical example of an interpolation formula: .
Ec:/ W, x dA
4EMP2 0
SPL 1 c We
W, =W, |1l — —— b=
“ o0 1+ bA We o0 Ve ~ 2 B2
,,,,,,,,,,,,, N W
. . A A A
It is size-extensive ° ° y R
SPL SPL
Wc,)\ [NA] - NWC,)\ [A]
: : A R B EMP2[A] + EMP2(B|
But n i nsisten =4-¢ c
ut not size consistent ° < >0 barp =4 AR AT
1
WNHA + B] = (Weoo[A] + We,oo [ B]) | 1 = === | # WX [A] + W23 (B]
’ V1+barp A ’ ’
\ . _J/
VO
R— o0 Same computational cost as the sum of the energies

However, the question to ask is: is the shape of the potential energy surface good or not?
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Size consistency: The problem and the correction

=]

. . . = 03T T T T T T T
Typical example of an interpolation formula: - AN PR
= [ S o mwH e rev-ISI
1 4 go2f i
WCS'EL — I'Vc,oo(l _ ] b= 5 = HeNe
1+ bA %o
= 0.1 -
.. . A .
It is size-extensive ° 5
k>
[+
Tt
2
-

WSPL [NA] — WSPL[A]

: : A B
But not size consistent o « I >0

1
WNHA + B] = (Weoo[A] + We,oo [ B]) | 1 = === | # WX [A] + W23 (B]
V14+barp A
A\ _J
VO
R— 00 Same computational cost as the sum of the energies

However, the question to ask is: is the shape of the potential energy surface good or not?
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Size consistency: The problem and the correction

. . . = 03T T T T T T T
Typical example of an interpolation formula: S [N e
2 0 S e rev-ISI
“ ——
1 4. 202F N
WCS'EL =W, 1 - b= 5 = HeNe
V1 + bl 20
S 01} .
.. : A =
It is size-extensive o g
g 0
SPL _ SPL i
Wc,)\ [NA] — NWC,)\ [A] = . 5 1 " 1 . 1
5 6 7 8 9 10 11
R (au)
A R B EMP2 [A] + EMP2 [B]
But not size consistent barp =4=5 c
o < » o A+B WC,OO[A] I WQOO[B]
1
WA + Bl = (Weoo[A] + Weoo[B]) | 1 = == | # WEF[A] + W2 (B]
V14+barp A
N\ _J/
VO
R— 00 Same computational cost as the sum of the energies
THE JC'L.RN‘—\L o redistribution ot the article, and creation ot adaptatlons, all tor non-commercial purposes. B\;
_ o PHYSICAL CHEMISTRY
However, the queSthn tO aSk IS: IS the Shape L e tte rS & Cite This: J. Phys. Chem. Lett. 2018, 9, 3137-3142 pubs.acs.org/JPCL

Restoring Size Consistency of Approximate Functionals Constructed
from the Adiabatic Connection
Stefan Vucl(ovic,""h3 Paola Gori-Giorgi,*‘D Fabio Della Sala,”*® and Eduardo Fabiano™*®
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Dispersion bonded complexes

o

o

vt
|

o

000 |inad——a————_2

o

o

wn
I

Interaction energy (kcal/mol)

Interaction energy (kcal/mol)

-0.10 | — — MP2
I A-—AB2PLYP | |
—— ISI-HF 5
-0.15 oo ISI-LHF | 4
=—=a Ref,
2020 L | . | : i TR IR N
6 8 10 6 8 10 12
distance (au) Distance (au)

Fabiano, Gori-Giorgi, Seidl & Della Sala, JCTC 12, 4885 (2016)
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Adiabatic connections

DFT
HYT =T + AV + Vet + Vil
Vilpl © pr=p1=p YA
WDFT <\Ij>\|vee|qj>\> <\P0|Vee|q10>

EPNT = /1 WX dA
0

A—0 50
WDFT N Z nECGLn )\n—l
n=2

A — 00 [/ SCE

WOt > WO+ ——+ ..

VA

Large-coupling in DFT and HF adiabatic connections

Hartree-Fock

HYY =T + VI 4 Vo + A (Ve — V)

VHE — JpHF] — K[{¢'"F}] A—independent
pro = pF
P Pr=1 = p
Wkl = (U [Vee = VIF[WL) — (0| Vee — VI |W)
1
EM = [ Wi dx
0
A—0 o
W. 5 — Z n EMPn \n—1
n=2
A — 00 P MP
MP 3 1
Woy — W ) +>\3/4 + ..
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Hartree-Fock/Mgller-Plesset adiabatic connection

J =" =3 on(rs, [07)

B =T+ Ve +J-K+ MV —=T+K = ]
A ” Ve ) el = [ 1
W N
A = 0 Hartree-Fock Slater determinant K = K{¢e z:: boce 1] (i, 7, T07)
A =1 Exact functi
e A Tneren o Ga@on () (o] + b6, ()
[{¢occ ](I',O',I‘O') - Z |I‘—I'/|

1,0CC

WEF = (9| Ve = J + K¥0 ) + U[p™F] + B {61 }]

HF f Wc}t

WcA—»O _ Z EMPn )tn l
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Hartree-Fock/Mgller-Plesset adiabatic connection

F= T = 3 entr [o7F))
Y T4 Ve +T-K+MVee—J+K = ]
1 ext ] ( ee ] ) un(r, [p]) = flf( r'| r
U, -

1 K 79 27 /
A = 0 Hartree-Fock Slater determinant Poce z:: Goce HI(ri, 01, 1707)
A = 1 Exact wave function

W%mKhmﬂd):§:¢m() 2 (F)0) (0| + 6ip ()75 () |8) (5

. r — 1|
1,0CC
HF A 4 A HF HF
War = (¥2|Vee =T+ K[¥2) + U[p™" | + Ex[{¢i" }]
Previous work on radius of convergence,
1
HF HF i i
B = W d, negative coupling strength....
0 Journal of Physics: Condensed Matter
HF — MP 1
n n_ ACCEPTED MANUSCRIPT « OPEN ACCESS
WC’)‘_’O - Z h Ec A ' Perturbation Theory in the Complex Plane: Exceptional Points
n=2 and Where to Find Them

Antoine Marie', Hugh G A Burton? (2 and Pierre-Francois Loos' &
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Hartree-Fock/Mgller-Plesset adiabatic connection

B =T+ Vet +] —K+A(Vee = J +K)
5

A = 0 Hartree-Fock Slater determinant
A = 1 Exact wave function

[{¢occ ](I‘, g, IJOJ) —

WEF = (9| Ve = J + K¥0 ) + U[p™F] + B {61 }]

What happens
when \ — oco?

Large-coupling in DFT and HF adiabatic connections

K=

GDR NBODY 2022

J =" =3 on(rs, [07)

=1
(el = [ 2

P

OCC : :

Z%() o)) (] + Pip (1) 75 (") 5) ('

occ}] rz,az,r )

. r— /|
%,0CC

Previous work on radius of convergence,
negative coupling strength....

Journal of Physics: Condensed Matter

ACCEPTED MANUSCRIPT « OPEN ACCESS

Perturbation Theory in the Complex Plane: Exceptional Points
and Where to Find Them

Antoine Marie', Hugh G A Burton? (2 and Pierre-Francois Loos' &
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Start with a very simple system

A.]. Cohen, P. Mori-Sanchez, and W. Yang, Science 321, 792 (2008) Forbidding spin flip along the AC:

A

C H, binding curve D H atom with fractional spins I:I}:IF =T+ Vext + (1 - A) (7[¢s] - SK[¢5] ):

-

200

Y s
Static

correlation

error

:(x) = axgmin(@IT + Vese+ 3 (141 - sK[4])19)

AE (kcal/mol)
3

o

7=fdr,|¢s_rjl _ (1)

|r

-100

)

[3/4,1/4] / [1/2,1/2]  [1/4,3/4]
Frdctional spins [B,c]

[0.1]
R (Angstrom)

1
BT - fo WHE ),
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Start with a very simple system

A.]. Cohen, P. Mori-Sanchez, and W. Yang, Science 321, 792 (2008) Forbidding spin flip along the AC:

A

C H, binding curve D H atom with fractional spins I:I}:IF =T+ Vext + (1 - A) (7[¢s] - SK[¢5] ):

-

200

Y s
Static

correlation

error

:(x) = axgmin(@IT + Vese+ 3 (141 - sK[4])19)

AE (kcal/mol)
3

o

7=fdr,|¢s_rjl _ (1)

|r

-100

)

[3/41/4] / [1/2,1/2]  [1/4,3/4] [0,1] L
Fractional spins [f,a] -6 -4 -2 ; 2 4 6

R (Angstrom)

1
BT - fo WHE ),
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Start with a very simple system

A.]. Cohen, P. Mori-Sanchez, and W. Yang, Science 321, 792 (2008) Forbidding spin flip along the AC:

A

C H, binding curve D H atom with fractional spins I:I}:IF =T+ Vext + (1 - A) (7[¢s] - SK[¢5] ):

-

200

Y s
Static

correlation

error

:(x) = axgmin(@IT + Vese+ 3 (141 - sK[4])19)

AE (kcal/mol)
3

N2
; l|¢5(r )l
j= [ dr 163
e
1 1
10077 3 5 [1.0] e
R (Angstrom) Fidctional spins [B.a] -6 i 2 [ 2 s 5
F L HF 15} -
EX = fo Wi d), = S
N N A=30
100 N\ A=100
a | N\ e A=1000
8 - N
S N A=10°
o5 ]
N A=10°
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Start with a very simple system

A.]. Cohen, P. Mori-Sanchez, and W. Yang, Science 321, 792 (2008) Forbidding spin flip along the AC:

A

C H, binding curve D H atom with fractional spins I:I}:IF =T+ Vext + (1 - A) (7[¢s] - SK[¢5] ):

-

200

Y s
Static

correlation

error

:(x) = axgmin(@IT + Vese+ 3 (141 - sK[4])19)

AE (kcal/mol)
3

o

= [ d,,|¢s(_r 3! _ (1)

|r

1
1 3 5

-100

[1,0] R
R (Angstrom) Fidctional spins [B.a] -6 i 2 [ 2 s 5
F 1 HF 1 5' !
EX = fo Wi d), = S
N N A=30
100 NSNA A=100

A=1000
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Start with a very simple system

A.]. Cohen, P. Mori-Sanchez, and W. Yang, Science 321, 792 (2008) Forbidding spin flip along the AC:

A

C H, binding curve D H atom with fractional spins I:I}:IF =T+ Vext + (1 - A) (7[¢s] - SK[¢5] ):

-

200

Y s
Static

correlation

error

:(x) = axgmin(@IT + Vese+ 3 (141 - sK[4])19)

AE (kcal/mol)
3

o

= [ d,,|¢s(_r 3! _ (1)

|r

1
1 3 5
R (Angstrom)

-100

............

e
-6 -4 -2 L 2 4 6

1
BT - fo WHE ),

HF HF WIL-IF W?F
Wc,,l—»oo = Wc,oo + 2 + 4 + ey

N/ ¥ »
_____ o=l
Wf[fo =-v,(0)+(1-5) U, 2
V4
wiF _ & 2”‘ /pHE(0),
2
HE . Vam,
Wi =Zé& : pHF(o), 0 1 2 4 5 6
4 4 p
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General many-electron closed-shell case

3 ~ RS Y
Wi(rs,...oen) = [T La(je - ™)), Liy(r) =17 Li(A"7),
= fdtﬁ?(t):l,

HF HF WII:IF WI;F
W, 00 — oo T 2 + 4 + .oy
“ VA A
Wcoo- eI[P ]+Ex, N
Eulp] = > th(ru D +Ulplp
{r:.. "N} ij=1 |l’,—l‘]| i=1
HF N ( HE,_minyy1/2 >
Wit ~2.8687 3 (p™ (™)) 7,
: i=1
HF HF 1/4
Wit~ -1272 3 Zk(p (1))
7 Example: 2-electron atom
e 2 4 s
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General many-electron closed-shell case

3 ~ RS Y
Wi(rs,...oen) = [T La(je - ™)), Liy(r) =17 Li(A"7),
= fdtﬁ?(t):l,

- Wi owi
W 00 = °°+ 2 + 4 +,,,’ 0 1 2 2 4 5 6
ot 0T VA A
Woo- eI[P ]+Ex, N
Eulp] = > th(ru D +Ulplp
{r:.. rN} ij=1 |l’, —rll i=1
HF al HF i 1/2 j>i
Wi ~28687) (p (r"")) ",
2 i=1
HF HF 1/4
Wit~ -1272 3 Zk(p (1))
7 Example: 2-electron atom
e 2 4 s
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General many-electron closed-shell case

N an n
i E,- =/‘2£,‘ A s e
i(rn . omw) = [ Laales - 1)), i) =A% 40
i=1 [dtﬁ,?(t)=l,
wHE  wHE e R !
HE HE 3 i R R T R T

Wilsoo = C’°°+\/X+

Ai

HF

Weoo = Ea[p ] + Ex, Ee,[p]z{min > 1 - > u(rs[p]) + Ulp]

r..ry} ij=1 |ri—rj| i=1

N . /=
W~ 2.8687 3 (0 (™)), !
: i=1
HF HF 1/4
Wi~ -1272) Zi(p (r2)) ",
4
7 Example: 2-electron atom
e 2 4 s

Large coupling-strength expansion

of the Moller-Plesset adiabatic connection:
From paradigmatic cases to variational
expressions for the leading terms

Cite as: 3. Chem. Phys. 153, 214112 (2020); doi: 10.1063/5.0029084 (@ th @
Submitted: 9 September 2020 - Accepted: 11 November 2020 - .
Published Online: 4 December 2020

Timothy J. Daas,' "~ Juri Grossi,’ = Stefan Vuckovic,” "~ Ziad H. Musslimani,’ Derk P. Kooi,' "~ Michael Seidl,’
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General many-electron closed-shell case

N mo,
i C,- =/‘2£,‘ A s e
Wirn. .. en) = [ Caa(lri - £ ar) =42 L)
i=1 [dtﬁ%(t):l,
HF HF W?F W?F 0 1 2 ;,_ 4 5 6
Wedoroo = Weee /I '
4
HF HF WORK IN PROGRESS
Weoo = Ea[p ™ | + Ex, s ' N 1 N
‘ ) construction Eqlp] = min Z —— = > u(ris [p]) + Up] 1
N fGGA {rion} | 721 |1't l'jl i=1
. o s . .
W~ 2.8687 3 (0 (™)), .
: i=1
WHE 7 (pHE 1/4
s oa-1272 ) Zk(p (1))
rzk Example: 2-electron atom
" ” 2 T Ta e

Large coupling-strength expansion

of the Mgller-Plesset adiabatic connection:
From paradigmatic cases to variational
expressions for the leading terms
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General many-electron closed-shell case

N n n
h in Lia(r)=A2Li(A"r), e
Wi(e,.oew) = [T Lia (e — ). A=A LD
i=1 [dtﬁ?(t)=1,
HF HF W?F WI;F -----
Weisoo = Weoo + — =+ —5— + 1,
ot VA
WSOFO — el [P ] + Ex , WORK IN P.ROGRESS
construction

of GGA’s

Wi ~2.8687 3 (% (7)) 2
2 . i=1 l ,

W 12723 (o (e2)) ",

l'zk

Talk by Tim Daas

Large coupling-strength expansion
of the Mgller-Plesset adiabatic connection:
From paradigmatic cases to variational
expressions for the leading terms
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MP2 failure for large molecules — L7 dataset

120" ]
S MP2
§ 80* b
) 0 ]
D 60: ] GGG
40, MP3 ? s==T
20 { ,c;§:$-<
o " ‘ | | | | ]
I w O ) @] O] ‘Gﬂr
m I 0) 0] 0 o 0]
0 O %3,
O
C2C2PD
GCGC C3GC C3A

CBH PHE

Divergence of Many-Body Perturbation Theory for Noncovalent
Interactions of Large Molecules

Brian D. Nguyen, Guo P. Chen, Matthew M. Agee, Asbjorn M. Burow, Matthew P. Tang,
and Filipp Furche*

Cite This: J. Chem. Theory Comput. 2020, 16, 2258-2273 Read Online
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MP2 failure for large molecules — L7 dataset

MP2

rel. error (%
(@)
o

GGG

[ ] Talk by Tim Daas:
40p MP3 ; ’ ==

! ] correct MP2 errors
20; 1| with interpolations ‘5:;.4

o . | | | | | | between small and
T i < ) ' {:é‘.r
@ T 8 8 & T 8 large coupling .
™
8 & O O) strengths
O

C2C2PD

GCaGe C3GC c3A

CBH PHE

Divergence of Many-Body Perturbation Theory for Noncovalent
Interactions of Large Molecules

Brian D. Nguyen, Guo P. Chen, Matthew M. Agee, Asbjorn M. Burow, Matthew P. Tang,
and Filipp Furche*

Cite This: J. Chem. Theory Comput. 2020, 16, 2258-2273 Read Online
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