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Spectral properties of materials

« Response of asystem to external stimuli

« Connected to macroscopic materials properties

Transport Optical probes Scattering probes
Conductivity + Dielectric properties «  Structural properties
Carriers mobility « Electronic degrees of freedom

Rev. Mod. Phys. 93, 041002 (2021)
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Spectral properties of materials
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Picture courtesy of Dr. Marco Vanzini
N.L.Nguyen et al. PRL 114, 166405 (2015)

Angle-resolved PES

Ultimately related to the underlying electronic band structure
Band structure: directly probed with photoemission spectroscopy
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Rev. Mod. Phys. 93, 041002 (2021)
M. Puppin, S. Polishchuk, NC et al. PRL 124, 206402 (2020)
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Density functional theory vs Green'’s functions

« GW s accurate but complex (hon-local, and frequency dependent)
and perturbative

GW
Green'’s function G(r,r',w)

Silicon:
Exp. gap: 1.17 eV
GoWo gap: 1.1-1.3 eV

Energy [eV]
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Density functional theory vs Green'’s functions

GW is accurate but complex (non-local, and frequency dependent)
and perturbative

KS-DFT is simple (local) but not rigorously justified (although frequently used)
DFT

GW
Ground-state density p(r)

Green'’s function G(r,r',w)

Silicon:
Exp. gap: 1.17 eV
GoWo gap: 1.1-1.3 eV

DFT(PBE) gap:0.47 eV

Energy [eV]

Energy [eV]
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Density functional theory vs Green'’s functions

GW is accurate but complex (non-local, and frequency dependent)
and perturbative

KS-DFT is simple (local) but not rigorously justified (although frequently used)
DFT
Ground-state density p(r)

GW
Green'’s function G(r,r',w)

Silicon: 5
Exp. gap: 1.17 eV
GoWo gap: 1.1-1.3 eV

Energy [eV]
Energy [eV]

R(PBE) gap: 0.47}
| -5

Spectral functionails:
DFT efficiency +
GW accuracy L r X
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Goal: Spectral functionals

Spectiral properties within a functional theory
(achieving for electronic excitations what DFT has achieved for GS properties)

Need to go beyond DFT: a functional of the local stafic density p(r) can
only give total energy

Time and /\ NEGF

\ < - Spectral
non-equilibrium G(rt, r't)) 7
G (r w
TDDFT 1 1..2n, ¢ 1.2n-1)
p(r, 1) G(r, v, w)
GV (w)

p(r, )
HF MP CC ClI QMC

p(r) "“m-f\>Wavefunction
RDMFT 7
21 L0 B 7Y (PP PV P /9] b { PO S S

Marzari, Ferretti, and Wolverton Nature Materials 20, 736 (2021)
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Goal: Spectral functionals

Spectiral properties within a functional theory
(achieving for electronic excitations what DFT has achieved for GS properties)

Need to go beyond DFT: a functional of the local stafic density p(r) can
only give total energy

Time and /\ L\IEGI,:,
non-equilibrium G (rt, r't’)

7 Spectral

Gn(r1 ...2n, (”1 ...2n—1)
G(r, r, o)

(@)

A functional of the local spectral density
p(r,w) provides total energy and charged TDDFT

. . o(r, t)
excitations [Ferretti and Marzari arXiv:2508.17245] : GOMFT

loc
(@

HF MP CC CI QMC

p(r) ' — ‘> Wavefunction
RDMFT /
r4(r, 1) Yollys Fos 13, F2) b { PO S S

Marzari, Ferretti, and Wolverton Nature Materials 20, 736 (2021)
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Goal: Spectral functionals

Spectiral properties within a functional theory
(achieving for electronic excitations what DFT has achieved for GS properties)

Need to go beyond DFT: a functional of the local stafic density p(r) can
only give total energy

Timeand A\ NEGF
non-equilibrium G (rt, r't’)

. 7 Spectral

Gn(r1 ...2n, (‘)1 ...2n—1)
G(r, r, o)

A functional of the local spectral density

p(r,w) provides total energy and charged T(?thT
. . o\r,

excitations [Ferretti and Marzari arXiv:2508.17245] :

GEEAFT ()

. . . . HF MP CC ClI QMC

In a quasi particle picture, p(r,w) — p(r.i): DFT .

orbital-density-dependent functionals A1) - '_ ") Wavefunction
r4(r, 1) Yollys Fos 13, F2) WAL, B 0550 - )

Marzari, Ferretti, and Wolverton Nature Materials 20, 736 (2021)
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Koopmans-compliant spectral functionals

CORE IDEA:

For every orbital the expectation value

dFE
o = (A0

is independent on its own occupation
and equal to

g = Ej\]:lzl o EN

Ej =

|. Dabo et al. arXiv0910.2637 (2009)
|. Dabo et al. PRB 82, 115121 (2010)

As in Green'’s function theory: €; = EiNil — BN
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Koopmans-compliant spectro

CORE IDEA:

For every orbital the expectation value

db
o = (A0

is independent on its own occupation
and equal to

g = Ej\]:lzl o EN

Ej =

|. Dabo et al. arXiv0910.2637 (2009)
|. Dabo et al. PRB 82, 115121 (2010)

As in Green'’s function theory: €; =

E(N-1)}

Total Energy

EN)}

functionals

en(N-17)

Koopmans

en(N-17) compliant

Density
Functional
Approximation

en(N)

f=0 occupation f=1

_ pN+1 _ pN
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Linearization

|. Dabo et al. PRB 82, 115121 (2010); Borghi et al. PRB 90, 075135 (2014)

fi
0

BKC — EPFT 4 37 = [ ds (o4 VT (5) ) + i

Remove the
non-linear term

Add a
Koopmans’ term
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Linearization

|. Dabo et al. PRB 82, 115121 (2010); Borghi et al. PRB 90, 075135 (2014)

Ji
K DFT DFT
BKC — EPFT 4 37 = [ ds (o4 VT (5) ) + i
@ v Ren)ove the Add q
l fiI’ST, at frozen orbital non-linear term Koopmans’ term

Basic variables: orbital densities

JEKC
pi(r) — fu,f{C (r) = 571 (0)

E5C[p, {pi}] = BV [p] + 3 1o
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Linearization

|. Dabo et al. PRB 82, 115121 (2010); Borghi et al. PRB 90, 075135 (2014)

Ji
KC DFT DFT
BKC — EPFT 4 37 = [ ds (o4 VT (5) ) + i
: 0
t Ren)ove the Add a
l fiI’ST, at frozen orbital non-linear term Koopmans’ term
Basic variables: orbital densities
KC DFT KC
EXClp, {p:}] = EP" T [p] + > 11C[pi] N KC _ OBXC
pi(r) = vy (r) =
0 opi(r)
Simplest approx. for n;: qKI
correct leading quadratic error [N. Colonna et al., JCTC 14, 2549 (2018)]
1
H?KI — §f,,,(1 — fi)a?iEDFT Similar to +U correction in DFT+U

1 but applies to all the orbitals
= §fi(1 — fi)(nil fiue Ina)
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Linearization

|. Dabo et al. PRB 82, 115121 (2010); Borghi et al. PRB 90, 075135 (2014)

Ji
KC DFT DFT
BKC — EPFT 4 37 = [ ds (o4 VT (5) ) + i
: 0
t Ren)ove the Add a
l fiI’ST, at frozen orbital non-linear term Koopmans’ term
Basic variables: orbital densities
KC DFT KC
EXClp, {p:}] = EP" T [p] + > 11C[pi] Koy _ OEKC
pi(r) = v, (r) =
0 " opi(r)
Simplest approx. for n;: qK
correct leading quadratic error [N. Colonna et al., JCTC 14, 2549 (2018)]
1
H?KI — _f,i(l — fi)ﬁj%EDFT Similar to +U correction in DFT+U
% ' but applies to all the orbitals
Other KC flavors: Kl, KIPZ, pKIPZ
— 2 £(1 — £\{n:| fPFT|. . KIPZ,
2f7’( fi){nilfexe i) (see Edward's talk)
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Screening

I. Dabo et al. PRB 82, 115121 (2010); N.L. Nguyen et al. PRX 8, 021051 (2018); N. Colonna et al. JCTC 14, 2549 (2018)

1

_ %fi(l — [i)(nil fitwe 4)
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Screening

I. Dabo et al. PRB 82, 115121 (2010); N.L. Nguyen et al. PRX 8, 021051 (2018); N. Colonna et al. JCTC 14, 2549 (2018)

T = %f@(l — fi)0F, EPFY I = %f?ﬁ(l — fi)d3, BT
—>
1 1 _
= §fi(1 — fi)(n| fiee M) = §fi(1 — fi)(nile™ fiteo Ina)

nicola.colonna@psi.ch



Screening

I. Dabo et al. PRB 82, 115121 (2010); N.L. Nguyen et al. PRX 8, 021051 (2018); N. Colonna et al. JCTC 14, 2549 (2018)

1 ~aKI ].
9T — S fil = fi)oF, EPFY ™ = o fi(l = fi)d, BPF
1 DFT 1 —1 ¢DFT
= S Fi(1 = fi){nil g Ina) = 5 fill = fi)(nile™ fexe na)
- . (nile™ fitee i)
Define an orbital-dependent screening coefficient: o =

E<Clp, {pi}] = B[] + > eullipi]
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Screening

I. Dabo et al. PRB 82, 115121 (2010); N.L. Nguyen et al. PRX 8, 021051 (2018); N. Colonna et al. JCTC 14, 2549 (2018)

1 ~aKI ].
I = 2 fi(1 = f)0F EPFT M = 2 fi(1 - fo)d3, BPFY
—
1 DFT 1 —1 ¢DFT
| . (nile™ fitee i)
Define an orbital-dependent screening coefficient: o =

E<Clp, {pi}] = B[] + > eullipi]

AEPFT — Ha=0

Alternatively, from finite differences (see Edward's talk): «a; = ] =0
Hi= — Hj
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Localization
By = ?qlbﬂ}} {EKC[{Pi}] - %;Ajz‘((ﬂﬁd@) — 5jz')}
At the minimum: (¢; |25 |¢;) = (¢;|h ) = Ais Hermitian
M. Pederson et al. JCP 80, 1972 (1984)

CANONICAL VARIATIONAL

k A = Z UnmiAjiUL, a
ARGy 1 @ s agg

Localization: key feature for application to extended systems!
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Koopmans spectral functionals: Summary

E"%p,{pi}] = EP" " [p] + Z i I3 [ ;]

Orbital densities as fundamental variables: pi(r) = fildi(r)|?
dF

df

|. Dabo et al. arXiv0210.2637 (2009); |. Dabo et al. PRB 82, 115121 (2010)

Linearization: = EN= _pN

(nile™ fiee: |7i)

(”i|ff]%<F(;T\”i)

Screening/Relaxation upon electron addition/removal: a; =
|. Dabo et al. PRB 82, 115121 (2010); N. Colonna et al. JCTC 14, 2549 (2018)

Localization (key feature for extended system applications)
N.L. Nguyen ef al. PRX 8, 021051 (2018)
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Comparison with DFT+U

Eroneous global curvature in total Eroneous global curvature in total energy
Seeks to correct ... energy w.r.it. N w.r.t. canonical occupancies
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Comparison with DFT+U

Eroneous global curvature in total Eroneous global curvature in total energy
Seeks to correct ... energy w.r.it. N w.r.t. canonical occupancies

Cormects curvature in total energies Remove dependence of €ii = (ds| H |ps)

In practice ... . . e : .
P w.r.t local manifold on variational orbital occupations
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Comparison with DFT+U

Eroneous global curvature in total Eroneous global curvature in total energy
Seeks to correct ... energy w.r.it. N w.r.t. canonical occupancies

. Corrects curvature in total energies Remove dependence of €ii = (ds| H |ps)
In practice ... . . e . .
w.r.t local manifold on variational orbital occupations

Cormection applied to ... Selected subspaces (e.g. 3d) The entire electronic manifold
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Comparison with DFT+U

Eroneous global curvature in total Eroneous global curvature in total energy
Seeks to correct ... energy w.r.it. N w.r.t. canonical occupancies

Cormects curvature in total energies Remove dependence of €ii = (ds| H |ps)

In practice ... . . e : .
P w.r.t local manifold on variational orbital occupations

Cormection applied to ... Selected subspaces (e.g. 3d) The entire electronic manifold

Hubbard projectors (atomic, ortho-

Orbital defined by ... atomic, Wannier]

Variational (localised) orbitals
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Comparison with DFT+U

Eroneous global curvature in total Eroneous global curvature in total energy
Seeks to correct ... energy w.r.it. N w.r.t. canonical occupancies

Cormects curvature in total energies Remove dependence of €ii = (ds| H |ps)

In practice ... . . e : .
P w.r.t local manifold on variational orbital occupations

Cormection applied to ... Selected subspaces (e.g. 3d) The entire electronic manifold

Hubbard projectors (atomic, ortho-

Orbital defined by ... atomic, Wannier]

Variational (localised) orbitals

Parametrized by ... Hubbard paramenters: {U} Screening coefficients: {a}
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Benchmarks: GW100 Test Set

127 VAE o MSE s 1.00
. 0.9 ; 0.64 0.70
O g.g " ois 020 022 o024 027 032 035 035 040 04 .
g m B Em B B
o -03 ! 001 004 015 F o 21 026 0.46 0.96
06 | -0.30 030 40
-09 | -0.63
S N N T X T & & % QS
Q ) T ~ 5
§F & & &8 ¢ & & & ; o
Q S Q @ > S Q Q
S I QO ~
2] S
o < <)
Method Basic variable Complexity
LDA-1/2 o(r) Local
KI / KIPZ oi(r) Local and orbital-dependent
HF / DDH y(r.r) Non-local
GW G(rr,w) Non-local and frequency dependent

N. Colonna et al. JCTC 15, 1905 (2019)
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Photo-emission of molecules: C,, fullerene

1

(@) hv=21.22¢eV
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7.45 7.42

7.48

N.L. Nguyen et al. PRL 114, 166405 (2015)
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Photo-emission of molecules

Porphyne Phthalocyanine PTCDA Benzene
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N.L. Nguyen et al. PRL 114, 166405 (2015)
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Band gaps and IPs in semiconductors

K mm KIPZ s Expt.

81 4 pee , 8
1 o K . _
74 © KPZ & a1
) — 7 |
1 a z 0 >
=6- § o, ¥ 'l g 3
Chal e o8 | I Qg
Q L) A O
S 5- 2 2 8 R
© 7 8 o ®» N,% o u 4 5
G4 g F8Z%S by ‘
o 9 56%6 ¥
< G Ogh l E N ,\»\’\\ ,\»\’\\ 0\0\ ,\»\Q\ \\Q\ ,\\Q\
231 & &< W o L B RPN CARPTC AR C RN S
GLJ T z n ‘Lul #'D 20 EI— $
82 2% |¥g” s T AE (e
= ‘QEH Tt g 2 mh
i - ada , A
1] ll .--"“ B L 10 a - m
i g Afa 2o
ol Z. Sf ples GAP 018 027  0.22
— T T T T 1 o 1
I ! P 0.49 0.9 021
Experlmental band gap [eV] N.L. Nguyen, NC ef al. PRX 8, 021051 (2018)
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E-E;[eV]
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1\
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oand structure

15
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-10 -

W/ O

E-E; [eV]

15

10

-10

Kl
SN
N
S

_““_ scGw ““

E, (eV) 0.79 2.79 3.62 3.60
£, (eV) 5.1 6.1 6.7 -6.9 [-7.5;-8.0]
IP[110](eV) 7.1 8.24 7.97 7.82

N. Colonna et al. JCTC 18, 5435 (2022)
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Non-collinear extension
Requires an extension of the theory: T
i (I‘), mi (I‘)} n; (I‘) — w@ (P)% (I')

nt(r) — 'n,@(r) = ;[ni(r),mi(r),my z ] ( ) T( ) ( )
m;(r) = ppp; (r)o;(r

A. Marrazzo and N. Colonna, PRR 6, 033085 (2024)
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Non-collinear extension

Requires an extension of the theory:

' J i n;(r) = f r)y;(r
?’LE(I') — m(r) = l{ni(r),m;(r),m;(r),m;(r)}l %( ) wz( )%( )
mi(r) = ppi] (r)oi(r)

1. Energyngorrection:

1
I = 2 fi(L = ) (il faxclni) - w13 = f@(l — F) (] Frree|m2d)

PP Py Py Py
Hzc rc rc xTC
5EEFCT (SEEECT ;’éﬁ? P ;”éa‘ Mg ;TCLJ“ My a?:?éa» Mz
X
T.T - r,rT = My, My, My Ty T Ty, M2
fHXC( ) 5[)( )5[)(7"’) fHIC( ) 6[)( )5p(r’) f:ECJp SECJ a:cy ! a:cy
mMz,pP Mz, Mg Mz, My Mz, My
Tc TC xrc Tc

A. Marrazzo and N. Colonna, PRR 6, 033085 (2024)
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Non-collinear extension

Requires an extension of the theory:

.|.
' : ; n;(r) =, (r);(r
mar) = ma(r) = {na(r),m (x), mi, (v), m (1))} (r) = 9 ()
m;(r) = ppi] (r)oi(r)
2. Screening coefficients
L <ni|€_1foc|ni) ‘ o — <ni’e*1fﬂxc|‘ni>
‘ (ni| fraxe|ma) (1| frixe|m4)
e_l =1+ focX
e t=1+ fHxcX ‘ PP P v P
N me,p er_,mx me,my me,mz
X(Ti r ) X'my,p me’mm X'my,my me,mz

sz7p szﬁmil'l sz7m'y szamz

A. Marrazzo and N. Colonna, PRR 6, 033085 (2024)
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Non-collinear extension

fo(z)(r) = —% / drdr'n;(v)Fy..(r, v )n;(r")oo + (1 — f;) Z / dr’ [F e (v, v')n ()], 00

charge-charge charge-spin
interaction interaction
Wannier function Wannier function m
PP 0, My 1My JRH
charge density spin density IFH:EC ]F:E’C Fae IFIL':: TLP(I‘)
= Fmams  FreTy Fmams Thng(T)
e &e e z
(np(r), N, (I‘), Nm, (I‘), N, (I‘)) ¢ My, P MMy, M My 1Ty Ty , TN
ze zc zc zc Nm, (I‘)
m M, 1 itz 1Ly m,,m
IF:BCZ P ]cmza z A y ]chzy z T (r)
spin-spin
interaction
screened un-screened interacting
interaction interaction response function

]FHLL'C(rv r/) = FH:lT(:(rﬂ I',) +

/dr”FHl.c(r,r”) /dr”’x(r//trI/,)FHLL'C(r///fr,)

Spin-dependent
interactions and screening
effects beyond the
random phase
approximation (GW)

Available in QE v7.4.
KCW package

charge-charge

5 m. m m PP m,
x°° [ Fipe - ER™
XTP xMeMe g Maiy g MeMs F;:,éa: P F;’Zz my
me,P Xm‘ysma: mesmy Xmshmz F;::"V (3 F;’Zy Mz
sz P sz,m,_. szsmy sz,mz Fé’(’:z P Fz"clz,mz

charge-spin

Fpamy

Ze

Femy
zC

My
zC
m,my,
zC

spin-spin

{ O

mz
e

A. Marrazzo and N. Colonna, PRR 6, 033085 (2024)
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Non-collinear extension

CsPbBr; (non magnetic)

4 LY
) \/

1 4 —=- KCW without SOC
— KCW with SOC

15 - ==+ KCW without 5OC (spin 1)

e KW without 5OC (spin L)

m— WOW with 5OC
1.0

Energy (eV)
Energy (eV)

CsPbBr, 0.18 0.78 0.94 1.53 1.78 1.85

Crl, 0.43 1.65 1.99 2.2-2.5 1.92 2.2

Results as good as state-of-the-art GW (QSGW plus vertex corrections)
A. Marrazzo and N. Colonna, PRR 6, 033085 (2024)
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Interaction with the nuclei

Electron-phonon interaction
(temperature dependence, transport,
BCS superconductivity, ... )

Silicon Gadallium Arsenide
108
1600| W DFT 1553 —e— DFT(PBE)
I HSE 1394 1376 1412 1400 —@— HSE

1400w Gow, 2 o
. Kl = s H. Hicks et al., 1969
g 1200 0 _ £ + D.L. Rode, 1975
S Bl Experiment 2 e LY Linetal, 1982
E 1000 é 105 x  C. Stanley et al., 1991
> =
% 800 g mper = 0.027me
o
£ S
o 600 o
& 486 451 484 473 g myg = 0.054me
&) Q x

400 w <!

104 x ®
¢ " Mmyse = 0.058m,
200 Mexp. = 0.067me
150 200 250 300 350 400 450 500
0 electron Temperature (K)

A. Poliukhin, NC et al. npj Comp. Mat. 12, 151 (2026)
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Optical spectra: Koopmans meets Bethe-Salpeter

Density Functional Theory ( Q

/ {6i(r), &}
GW-BSE

Dynamical screened
Coulomb
0 GW approximation

b
Bethe-Salpeter equation
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Optical spectra: Koopmans meets Bethe-Salpeter

Density Functional Theory ( O

{¢'1 (I‘), 6%(8}

0 DYnar(r;lgchJllos;rsened Replace the expensive and Statically screened 0
parametrized GW with KC Coulomb
0 GW approximation Only the static screening Koopmans' compliant ( O
needed

\* /
0 Bethe-Salpeter equation

J. Elliott, N. Colonna, ef al. JCTC 15, 3710 (2019); M. Bonacci et al. in preparation (2026)
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Finite systems: Thiel's set benchmark

BTE-2:  Schreiber et al. J. Chem. Phys 128, 134110 (2008)
GoWy:  Bruneval et al., J. Chem. Phys. 142, 244101 (2015)

TD-PBEO: Jaquemin et al., J. Chem. Theory Comput. 5, 2420 (2009) 9
; Q-
(a) o ® TD-PBEO R
MAE = 0.54 G, W,-BSE 'o T O
r=0.942 o KI-BSE w
8 o]
W O0—O
|
> ° Retos | Average performance
| MAE | MA%E | MSE
4
e KI-BSE 0.54 10.6 -0.43
. ) GW-BSE 0.83 161  -0.83
o
TD-PBEO 0.26 4.72 0.04
> 4 6 8 10
BTE-2 (eV) J. Elliott, N. Colonna, et al. JCTC 15, 3710 (2019)
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Applications to extended systems

oge
Silicon Crl;
o & e —— BSE@KI .
iy —— BSE@GOWO + Agsaii
& e Exp.-ZPR

Im(eym) (arb. units)
Im(epn) (arb. units)

— BSE@pKI
e EXp. + Aonset
T T T T T T T T T T T T T T
2.5 3.0 35 4.0 4.5 5.0 5.5 6.0 1.4 1.6 1.8 2.0 2.2 2.4 2.6 2.8 3.0
Energy (eV) Energy (eV)

M. Bonacci, et al. in preparation (2026)
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Real-time propagation

Time-dependent spectroscopies and non-linear phenomena

(Transient absorption, time-resolved ARPES,

pump/probe, ultrafast, HHG, ... )

9% _
ot

ih :ﬁEH(t), (1)

H () =|H° HU(t)

_|_

X" Ap)(1)

quasi-particle H

el-el interaction

external electric field

C. Attaccalite et al. PRB 84, 245110 (2011)
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Real-fime propagation -

Time-dependent speciroscopies and non-linear phenomena

(Transient absorption, time-resolved ARPES, [

pump/probe, ultrafast, HHG, ... )

@ B -

ot

H () =|HO IHU (t)|+[=°[Ap)(2)
ebus + Q¢

quasi-particle H Q(

el-el interaction (HSEX) Q(

ih :ﬁEH(t), (1)

external electric field

LiF absorption (LR)

-

BSE
—— RT-IPA
—— RT-HSEX
« Experiment

Energy (eV)

G. Cistaro, ..., NC in preparation (2026)
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Real-time propagation

Time-dependent spectroscopies and non-linear phenomena

(Transient absorption, time-resolved ARPES,

pump/probe, ultrafast, HHG, ... )

O _in[f% 1), (o)

ot
HeE () =|H° KU () |+

X" Ap)(1)

ebus + Q¢
quasi-particle H Q(

el-el interaction (HSEX) Q(

external electric field

log(Intensity) [a.u.]

Abs [a.u.]

Intensity (a.u., normalized)

1.04

=3
©
L

=]
@
L

=]
=
L

0.2 1

t. LiF absorption (LR) — E:p::?t
I
il
|
A
i
|
i

0.0
10

12 14 16 18 20 22 24
Energy (eV)
Harmonic order

7 9 11 13 15 17 19 21 23 25 27 29 31 33

10 15 20 25
Photon energy [eV]

G. Cistaro, ..., NC in preparation (2026)
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KC potentials vs self-energies

Orbital-density dependent functionals (KC but also, e.g., PZ-SIC):

lho + @}Ifccm]wm) = A |¥m) Uy () t real, local and state-
’ dependent
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KC potentials vs self-energies

Orbital-density dependent functionals (KC but also, e.g., PZ-SIC):

lho + @}Ifccmﬂwm) = A |¥m) Uy () t real, local and state-
’ dependent

This is reminiscent of Green’ s function theory:

QP N . _
lho + E%P]\w?%ﬂ — z%PWT%P> 2" (r,r’) : complex, non-local and

state-dependent
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KC potentials vs self-energies (Hartree-Fock)

Orbital-density dependent functionals (KC but also, e.g., PZ-SIC):

lho + _}Ifccmﬂwm) = A |m) Uy () t real, local and state-
dependent

This is reminiscent of Green’ s function theory:
P P P P Z,,%P r,r’') : complex, non-local and
[hO + 27% ]W% > — 2791 Wﬂr% > stategdep)enden’r

Hartree-Fock Self energy (in the localized representation of the variational orbitals)

OCC

Sx(x, %) Zwko(x ko (X)) fu(r, ) (i0|Xx]jo") ~ —(dic|vi[Nic]|Pis)0ij000r
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KC potentials vs self-energies (Hartree-Fock)

Orbital-density dependent functionals (KC but also, e.g., PZ-SIC):

lho + _}Ifccmﬂwm) = A |m) Uy () t real, local and state-
dependent
This is reminiscent of Green’ s function theory:
P P P P » QP r,r’') : complex, non-local and

Hartree-Fock Self energy (in the localized representation of the variational orbitals)

OCC

Z6) = = 3 vaa )0, (X1 (i0]Ex]jo") ~[~(biolvnniol Do) 0ij00a
KIPZ@quiree ond NO screening (v,.=0, fi=fy ¢'=1) I

1
(10 KIFZ ") = 6116 { (5 - f) (i | futlio) — En [n@-g]} T (Gm onimea]|60a)3s70m

A. Ferrettiet al. , PRB 89, 195134 (2014); N. Colonna et al. JCTC 15, 1905 (2019)
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KC potentials vs self-energies (COHSEX)

Screened Exchange plus Coulomb hole (COHSEX): ©.UOHSEX — y00H | yisbX

OocCcC

Mo (x Z Vko (X) Ve (X)W (r,17) | |
In the localized representation

ECOH(X’X ) = 55(}{’ XY [W(r,r') — fu(r,r)] of the vorlo’nlonol orbitals

: , 1
oIS jo') = 8500 { (5 = i ) (el Wihia) — Binfrs] |

N. Colonna et al. JCTC 15, 1905 (2019)

nicola.colonna@psi.ch 50




KC potentials vs self-energies (COHSEX)

Screened Exchange plus Coulomb hole (COHSEX): ©.UOHSEX — y00H | yisbX

OocCcC

Mo (x Z Vko (X) Ve (X)W (r,17) | |
In the localized representation

ECOH(X’X ) = 55(}{’ XY [W(r,r') — fu(r,r)] of the vorlo’nlonol orbitals

1
oIS jo') = 8500 { (5 = i ) (el Wihia) — Binfrs] |

KIPZ@Hartree plus RPA screening (v,.=0, fuu="fy, €' =RPA)

1
(ol03SF2 ") = digbonr { (5 = o ) el W i) — B

N. Colonna et al. JCTC 15, 1905 (2019)
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KC potentials vs self-energies (static GWT', /)
KIPZ@DFT (v,.=DFT, fy=DFT, ¢! =DFI) Fhixe = € fHxc
o107 2110') = 800 § 010 02501610} + (5 = fio ) (nial PRl = vl |
GWT, .: including local (DFT based) vertex corrections

NEWxe(1,2) = iG(1,2)Wi—_e (1, 2)
Wie = ;0 fu = [1 — faxexol " fu

Hybertsen and Louie, Phys Rev B, 35 5585 (1987); Del Sole et al. Phys. Rev. B, 49 8024 (1994)

. . 1
<ZJ|ESCWFXC |.70 > = 671_]'50'0" { (5 - f?la) <nia|Wt—e|nia> - EH [nicr]}

N. Colonna et al. JCTC 15, 1905 (2019)
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Resonance with other efforts

*  Wannier transition-state method (Anisimov and Kozhevnikov)

« V.Il. Anisimov and A. V. Kozhevnikov Phys. Rev. B 72, 075125 (2005)
* V.l. Anisimov et al. J. Phys.: Condens. Matter 16 106206 (2007)

 Ensemble-DFT (E. Kraisler & L. Kronik)
« E.Kraisler and L. Kronik PRL 110 126403 (2013)

» Dielectric-dependent hybrid functionals (G. Galli, A. Pasquarello, ... )
« J.H.Skone et al. Phys. Rev. B 89 195112 (2014)

« LOSC functionals (W. Yang)

« C.Llietal Phys.Rev. Lett. 114, 053001 (2015)
+ C. Lietal National Science Review 5, 203 (2018)

« Koopmans-Wannier (Lin-Wang Wang)
+ J.Ma and L.-W. Wang Scientfific Report 6 24924 (2016)

» Optimally tuned hybrid functionals (L. Kronik, A. Pasquarello, ...)
« D.Wing et al. PNAS 18, 2104556118 (2021)
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Conclusions

Paradigm shift; conceptually similar to DFT but with a functional theory of orbital densities (quasiparticle

discretization of a spectral functional theory [Ferretti and Marzari arXiv:2508.17245])

DFT: Ground State properties
U(ry,r2,...,ry) < p(r)

Accuracy comparable to stat-of-the-art Greens function methods at a reduced computational cost and
complexity, and within a functional framework

Koopmans: Charged excitations
\D(rlar23"'arN) — p(r,’z)

Linearization, Screening and Localization as key features

Spin-dependent screening effects and interactions beyond standard diagrammatic techniques

Open source: available in the official QE release and at koopmans-functionals.org
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