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Variety of Machine Learning Approaches

di�erent Learning 

(supervised, unsupervised, active)

di�erent kind or function 

di�erent use 

(regression, instance-based, tree, networks,..)



Variety of Machine Learning Approaches

Machine Learning Approaches  OK

More data (even more)

Better data (even better)
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Spectroscopy with one-particle approach
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band structure

PRB 21, 3513 (1980)

Occupied states of GaAs



band-gap tipically
underestimated

PRL 96, 226402 (2006)
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Absorption or
loss function

dielectric constant

Loss function of graphite

PRL 89, 076402 (2002)
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Green's function de�nition



Green's function de�nition

poles of the Green's functions are the electron (and hole) energies



Green's function de�nition

peaks of the spectral functions are the electron (and hole) energies



Green's function :: so what ?

density

density matrix

observable of any one-body operator



Green's function of an independent particle system

Koopmans' theorem



Green's function de�nition



Green's function equation of motion

2-particle Green's function



Green's function equation of motion



Hartree GF

Hartree-Fock

Green's function equation of motion



Hartree-Fock

Self-Energy

Green's function equation of motion



Dyson equation for the Green's function :: what's new ?
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Dyson equation for the Green's function :: what's new ?

ei w

Aip(w)
A(w)

~ei+ReS

~ImS
G has new poles (new electron/hole energies)

G has a new structure (satellites)



Green's function and self-energy



Hedin's equations















GW approximation



GW approximation = dynamically screened Hartree-Fock

quasi-particle approximation for GW

Hartree-Fock equations



GW approximation = dynamically screened Hartree-Fock

quasi-particle approximation for GW

Hartree-Fock equations



GW approximation

some results

PRL 96, 226402 (2006)
V. Olevano courtesy

:HF



GW approximation

some results

PRL 96, 226402 (2006)
V. Olevano courtesy

//
:HF

GW systematically 

improve band-gap

:QPSCGW



Photo-emission 

spectrum of

bulk silicon

Exp
GW

PRL 107, 166401 (2011)

GW+C+post
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excitations energies
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Polarizability

Inverse dielectric function



Green's functions approach



4-point Polarizability

Polarizability (2-point)











BSE



GW approximationGW approximation



static (W) approximationstatic (W) approximation



independent propagationindependent propagation



independent propagationindependent propagation

static (W) approximationstatic (W) approximation

GW approximationGW approximation



and now ??and now ??

really invert 4-point function really invert 4-point function 

for each frequency ??for each frequency ??



let's de�ne a basislet's de�ne a basis
orbital bas�orbital bas�

transition bas�transition bas�



transition space

W L Γ X W K



let's de�ne a basislet's de�ne a basis
orbital bas�orbital bas�

transition bas�transition bas�

diagonalizes the independent-particle Ldiagonalizes the independent-particle L
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Tamm-Dancoff approx
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Tamm-Dancoff approx



Tamm-Dancoff approx



BSE

IP



Optical absorption of SiliconOptical absorption of Silicon

Exp.
IP-RPA
GW-RPA
ALDA
BSE



Phys. Rev. B 76 161103 (2007)

Argon



Phys. Rev. B 76 161103 (2007)

Argon

Chang et al., Phys. Rev. Lett. 92 196401 (2004)
   

Nanotubes

Porphyrins

Palummo et al., J. Chem. Phys. 131 084102 (2009)



Phys. Rev. B 76 161103 (2007)

Argon

Chang et al., Phys. Rev. Lett. 92 196401 (2004)
   

Nanotubes

Porphyrins

Palummo et al., J. Chem. Phys. 131 084102 (2009)

CaO 
Ca  L-edge 

Vorwerk et al., Phys. Rev. B 95, 155121 (2017)



Bethe-Salpeter Equation - f inite momentum transfer

Vinson et al. Phys. Rev. B 83, 115106 (2011)

Gatti and Sottile, Phys. Rev. B 98, 155113 (2013)

Caliebe et al. Phys. Rev. Lett. 84, 3907 (2000)

Soininen and Shirley, Phys. Rev. B 61, 16423 (2000)

Fugallo et al. Phys. Rev. B 92, 165122 (2015)
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Resonant Inelastic X-ray Scattering (RIXS)Resonant Inelastic X-ray Scattering (RIXS)

2 BSE calculations2 BSE calculations

(valence and core)(valence and core)

Phys. Rev. Research 2, 042003(R) (2020)



Excitonic wavefunction of LiF

Gatti and Sottile, Phys. Rev. B 98, 155113 (2013)

where is the exciton localised ?

how much ? 



Lorin et al. Phys. Rev. B 104, 235149 (2021)
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