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Two-body Green's function

Definition 1= (r1,01,t)
62(12:12) = (i) ( W [T 9(1) ¥ $12) 1) ]| vy )
$ b J
N-electron ground-state Field operators
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* Electron-hole pair propagation

to,ty > b1, bty Go(12;1'2) = <‘1’N!T[ W(%FW()A }|‘I’N>
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* Electron-hole pair propagation

to,ty > t1,tr Ga(12;1'2") = (—i)2 (T

* Electron-electron pair propagation

ti,ta >ty te Ga(12;12") = (—i)2 (T
* Hole-hole pair propagation
toty > tte G(1231') = (i) (WH|F [t (1)1 @)| T [9(1)d(2)] [ 8)
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Electron-hole channel

Electron-hole propagator

L(12;1'2') = —G5(12;1'2') 4 G(11')G(22")

Lehman representation

X1 = (1‘1/70'1/)

Ll,\,/(XQXQ/)Rﬁ(Xlxll) LI;I(XQXQ/)R[IY(Xle/)

L( X1X9; X1/ X9/ ;UJ) = Z N N ]
v>ow— (B —Ep) +in >0
A

w— (E§ — E}) —in

N-th Excitation energies
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Electron-hole channel

Electron-hole Bethe-Salpeter equation

L(12;1'2) = Lo(12;1'2) +/d(3456) Lo(14;1'3) 2°"(36;45) L(52;62')

4 A 000
Independent particle propagator eh kernel
03(13)
where Lo(12;1'2") = G(12")G(21' =M(12;34) =
0(12:1'2)) = 6(12)6(21) (1239 = S|
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Electron-hole channel

Eigenvalue problem

A B X —w £ X A/’a,jb = (ea — 6i)50b5i1 + Efah,jb
B A)\Y 0 —-1/\vy —eh
Bia,bj = 5

a,bj
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Electron-hole channel

Eigenvalue problem

A B X —w £ X A/’a,jb = (ea — 6i)50b5i1 + Efah,jb
B A)\Y 0 —-1/\vy —eh
Bia,bj = 5

a,bj
Kernels
e Second-order kernel
Eiags = (iblaj)  Eip" = (iblaj) — Wija(w = 0) > V-t b el
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Usual linear response

Schwinger relation

—G(12;1'2') + G(11')G(22') = SGAYs[UD) - L(12:1'2))

§ Us(2'2)

Iy

External potential

External potential

() = / Ay t]) T (en) U (1) (xy)

Correlation meeting, Ecole Polytechnique, Palaiseau, December 2024 6/15



Pairing field linear response

Another external potential ...

Uty = (/d x1x1th) h(xq )UMM (117)eh (x1/) +/d(x1dx1,t;) P (x1/) USE(11) w(xl,))
A A
Non-number conserving
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Pairing field linear response

Another external potential ...

) = 5 (| dbamat) B0 11y + [ et 1) v=ar) i (x) )

Non-number conserving

...leading to an alternative Schwinger relation

dGee (1725 [U])

(—62(12; 12’5 [U]) + "™ (12; [U]) 6 (2'1'; [U]) ) o OUM(12)

= K(12;1'2)
U=0

N | =
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Description of a non-number conserving Hamiltonian

Anomalous propagators

GM(1L1'; [U]) = (=) (ol F[d(1)b(1)]1%o) G115 [U]) = (=) (o[ [ (1) (1%)] 1)

Nambu formalism and the Gorkov propagator

(&(1)&*(1’) &(1)@(1’))

G(11') = (=) (o|T PT)PHA) T

B Ghe(ll/) th(ll/)
[¥o = <GGE(11’) Ge“(n’))'

Gorkov-Dyson equation

G_l(ll’) _ 651(11/) - ( »he(11’) »hh(11’) + Uee(11/)>

Zee(ll/) + Uhh(ll/) Zeh(lll)
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Particle-particle channel

Particle-particle Bethe-Salpeter equation

K(12;12") = Ko(12;1'2") —/d(3456) K(12;56) =PP(56;34) Ko(34;1'2")
A A 0000000
Independent particle propagator pp kernel

sxee(34)
3G (56) | ,_,

1 2/ 1 —<—2 1 2/ 1 < 2/
= — X + K ) =pe
2 v 2—e—1 2 2 e v
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A
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Particle-particle channel

Lehman representation

Ly (xax)RYPA(xix)) g Ly 2(6%5)RY 2 (x1%2)

sw— (BB +in Tw— (Ef-E7?) —in
A A
Double electron affinities Double ionization potentials

K(x1x2; X1/ X9/ ;w) =
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Particle-particle channel

Eigenvalue problem

RPA =Pp
Cab,cd = (€a + €b)0acOba + Egp g

c B\(x\_ (1 o)(x
B p/\ly] ~“\o —1)ly Barj = Eobj

RPA __ . AS. 5. —=Pp
Dijri = — (€ + €)0irdji + Eijy
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Particle-particle channel

Eigenvalue problem

C B\(X 1 0 X ngécd:(f +fb)5ac5bd+~ab cd
Bt p/\vy) " “lo -1/\y B, — =P

DEP@ = —(6,‘ + 6/)(5%(5 += HU f?{

Kernels
e Second-order kernel
ZPRR = (ijllRl)  EPR" = Wija(w = 0) — Wij(w = 0) e T-matrix kernel
e ..

Correlation meeting, Ecole Polytechnique, Palaiseau, December 2024 1/15



Valence double ionization potentials

Error distribution (w.r.t. FCI) for 46 DIP of 23 small molecules in the aug-cc-pVTZ basis set

ppRPAGHF ppRPAQGW

12k MSE MAE {12} MSE MAE
10}2.85 oV 2.88 oV { 10} 1.95 oV 1.96 &V

-4 -2 0 2 4 6 8 -4 -2 0 2 4 6 8
Error (6V) Error (eV)
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Valence double ionization potentials

Error distribution (w.r.t. FCI) for 46 DIP of 23 small molecules in the aug-cc-pVTZ basis set

DIP-EOM-CCSD ppBSEQGW TDAGppBSEQG
12F\ISE MAE | ?[MISE MAE | 12[MSE MAE
10F 0 52 ov 0.57 v ] 19 —0.37 v 0.73 &V 13 031V 0.7 eV
6 6 6
4 4 4 ‘

2 2 2 \

0 0 0 .
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Valence double ionization potentials

Error distribution (w.r.t. FCI) for 46 DIP of 23 small molecules in the aug-cc-pVTZ basis set

DIP-EOM-CCSD ppBSEQGW TDAGppBSEQG TDA@dynBSEQGW
12F\ISE MAE | ?[MISE MAE | 12[MSE MAE | 12fMSE MAE
10F 0 52 ov 0.57 v ] 19 —0.37 v 0.73 &V 13 031V 0.7ev ] %01 ev 0.62 &V
6 6 6 6

4 4 4 ‘ 4

2 2 2 \ 2

0 0 0 . 0

-4 -3 -2 -1 0 1 2 -4 -3 -2 -1 0 1 2 -4 -3 -2 -1 0 1 2 -4 -3 -2 -1 0 1 2

Error (eV) Error (eV) Error (éV) Error (éV)

Sangalli et al. ). Chem. Phys. 158 (2011) 034115
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Core double ionization potentials

Error with respect to CVS-FCI in the aug-cc-pCVTZ basis set

O.l—| = 4
] [
%—20-
5 —40}
eS|
_60.
—80L—— =
H,0° N'H; C'H, CO* CO
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Conclusion and open questions

Conclusions
e Simple expression for the kernel of the particle-particle channel
e ppBSE brings quantitative improvements for double ionization

e More details in arXiv:241113167
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Conclusion and open questions

Conclusions
e Simple expression for the kernel of the particle-particle channel
e ppBSE brings quantitative improvements for double ionization
e More details in arXiv:241113167

Open questions/problems

e Correlation energy through adiabatic connection
e Auger spectrum at the GW level

Reference Initial state Final state

-e +0
Auger| 5.0 4.0 4.0 O¢
»ie

Extracted from Jayadev et al. J. Chem. Phys. 158 (2023) 064109
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Questions?



Particle-particle Bethe-Salpeter equation

Derivation
6666(1/2/)
K(12;12) = —— =2
oUMN(12) |y
8(G—1)*(33)
= G(31/ G(3'2
1) =5om(ia) |y 7 %)
sUN(33") §%:%¢(33")
=—G(31) ———2|  G(3'2)—6@3l) 2|  G(32
(3 )5Uhh(12) » (3'2") — G(31") ST (1) |,y (3'2")
5Gee(44') | oxee(33))
= Ko(12;1'2') — G(3'2")G(31'
o5 12) = S (12) |, 3652(a) |, O 2B
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Gorkov GW

Self-energy
/d (33) W(13';31)G"(33")  —W(13';31)G""(33)
W(31’;13/)G®(33)  W(31';13")Ge"(33")

Screened interaction

'”-0”-0”.007
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eh GW kernel

li / /. /
Zeh.6W (19, 1/9') = i 52(1,1 ) __0[6(33 )W(/ll ;33')]
6G(2'2) [y—o 6G(2'2) U=0
SW(11/;33)
_ 1.0/ o ! 77
= —W(11;2'2) — G(33) 6T |y
pp GW kernel
= . oxee(22/ 5 [G(33")W(33'; 22/ 1 ,
zee6W(11/,22") = 5Gee((11'; = [ (566)6(1(1/) ) = —[W(11';22))—W(11;2'2)]
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nce double ionization potentials

Error distribution (w.r.t. FCI) for 46 DIP of 23 small molecules in the aug-cc-pVTZ basis set

ppRPAQHF ppRPAQGV ppRPAQGT ppRPAQGF(2)
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Alternative kernels

Error distribution (w.r.t. FCI) for 46 DIP of 23 small molecules in the aug-cc-pVTZ basis set

ppBSEQGT ppBSEQGF(2)
12F\ISE MAE { 12[MSE MAE
10701 ov 0.47 &V 12 271V 2.76 6V

=R =)
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