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Intro

Density Functional ... Why 7

Basic ideas of DFT Importance of the density

Example: atom of Nitrogen (7 electron)

© Any observable of a quantum
system can be obtained from

the density of the system alone. 10 entries/coordinate = 10%" entries
8 bytes/entry = 8- 10! bytes
4.7 x 10° bytes/DVD = 2 x 102 DVDs

W(ry,..,r7) 21 coordinates

@ The density of an
interacting-particles system can
be calculated as the density of
an auxiliary system of
non-interacting particles.
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Density Functional ... Why 7

Basic ideas of DFT Importance of the density

Example: atom of Carbon (6 electro
@ Any observable of a quantum xamp m rbon ( ron)

system can be obtained from W(ry,..,re) 18 coordinates

the denSIty of the system alone. 10 entries/coordinate = 108 entries

8 bytes/entry = 8 - 10'® bytes

@ The density of an 5-10° bytes/DVD = 10" DVDs )

interacting-particles system can : -
. Importance of non-interacting
be calculated as the density of
an auxiliary system of
non-interacting particles.
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Density Functional ... Why 7

Basic ideas of DFT Importance of the density

Example: atom of Carbon (6 electro
@ Any observable of a quantum xamp m rbon ( ron)

system can be obtained from W(ry,..,re) 18 coordinates

the denSIty of the system alone. 10 entries/coordinate = 108 entries

8 bytes/entry = 8 - 10'® bytes

@ The density of an 5-10° bytes/DVD = 10" DVDs )

interacting-particles system can : -
. Importance of non-interacting
be calculated as the density of

The Kohn-Sham one-particle equations

an auxiliary system of
non-interacting particles.

Hi(r)i(r) = ei(r)i(r)
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Density Functional ... Successfull 7

TABLE II: Top-10 cited PR articles. The asterisks denote citation un-
dercount due to citations with missing prepended A /B page numbers —
123 out of 3227 total for item 1 and 120 out of 2640 for item 2.

Tmpact # Av.

Rank Publication cites Age| Impact | Title Author(s)

1 PR [ 140] A1133] 1965[ 3227% 64] 85972[Self-Consistent Equations... W. Kohn & L. J. Sham

2 BiRy 136] Bs64| 1064 2460% 70604] Inhomogeneous Electron Gas P. Hohenberg & W. Kohn

3 |PRB| 23] 5048] 1981] 2079 20806 Self-Interaction Correction to... |J. P. Perdew & A. Zunger

4 PRL | 45 56| 1980] 1781 27463 | Ground State of the Electron ...|D. M. Ceperley & B. J. Alder

5 |PR | 108| 1175] 1957| 1364 37526 | Theory of Superconductivity |J. Bardeen, L. N. Cooper, &

J. R. Schrieffer

6 PRL 19 1264] 1967 1306] 15.46[ 20191[A Model of Leptons S. Weinberg

7 PRB 12| 3060| 1976 1259| 18.35[ 23103|Linear Methods in Band Theory|O. K. Andersen

8 PR 124] 1866] 1961 1178] 27.97] 32949[Eiffects of Configuration... U. Fano

8 RMP|[ 57 287| 1985] 1055 9.17 9674| Disordered Electronic Systems [P. A. Lee & T. V. Ramakrishnan
9 RMP| 54 437] 1982| 1045| 10.82| 11307]Electronic Properties of... T. Ando, A. B. Fowler, & F. Stern
10 |PRB 13| 5188] 1976 1023| 20.75[ 21227|Special Points for Brillouin-... |H. J. Monkhorst & J. D. Pack

[§ S. Redner http://arxiv.org/abs/physics/0407137
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Time Dependent DFT ... Why ?

Large field of research concerned with
many-electron systems in time-dependent fields
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Time Dependent DFT ... Why ?

Large field of research concerned with
many-electron systems in time-dependent fields

Different Phenomena
w

@ absorption spectra \VavavS 56

avavs A A

@ energy loss spectra : ',,\‘—/ﬂ\{ aVaVaVaV
NV IRAYe

@ photo-ionization
@ high-harmonic generation
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Intro

Time Dependent DFT ... Why ?

Large field of research concerned with
many-electron systems in time-dependent fields J

Different Phenomena

@ absorption spectra

@ energy loss spectra

@ photo-ionization

@ high-harmonic generation

photo-emission
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Time Dependent DFT ... Why ?

We need a time dependent theory

4

TDDFT is a promising candidate
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Outline

© (Just) A bit of Formalism
@ TDDFT: the Foundation
@ Linear Response Formalism
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© (Just) A bit of Formalism
© TDDFT: the Foundation
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DFT | TDDFT
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The name of the game: TDDFT

DFT | TDDFT

The ground-state expectation The expectation value of any physical
value of any physical observable time-dependent observable of a
of a many-electrons system is a many-electrons system is a unique
unique functional of the electron | functional of the time-dependent electron
density n(r) density n(r, t) and of the initial state
¢% = p(t=0)

(¢°] B]¢°) = O i
(p(DI0(B)l¢(t)) = Oln, &I(t)
@ P. Hohenberg and W. Kohn
Phys.Rev. 136, B864 (1964) @ E. Runge and E.K.U. Gross
(Fermi, Slater) Phys.Rev.Lett. 52, 997 (1984)
(Ando,Zangwill and Soven)
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The name of the game: TDDFT

DFT | TDDFT

Static problem

Second-order differential
equation
Boundary-value problem.

Hp(ry, ..orn) = Ep(ra, .. )
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The name of the game: TDDFT

DFT | TDDFT

Static problem Time-dependent problem
Second-order differential First-order differential equation
equation Initial-value problem

Boundary-value problem.

0
Ho(ry, .. rn) = E@(ry, .. ry) (t)p(ry, .. rnit) =1 atgo(rl ry;t)
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The name of the game: TDDFT

Runge-Gross theorem

The expectation value of any physical
time-dependent observable of a
many-electrons system is a unique
functional of the time-dependent electron
density n(r, t) and of the initial state

¢ = o(t =0)

(#(8)O()(t)) = Oln, °I(2)

@ E. Runge and E.K.U. Gross
Phys.Rev.Lett. 52, 997 (1984)
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The name of the game: TDDFT

Gross theorem
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The name of the game: TDDFT

Runge-Gross theorem

0 Vext(r,t) # Vou(rit) = j(r.t) #j'(r, 1)
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The name of the game: TDD T

Runge-Gross theorem

o Vext( ) 7& xt(r ) <~ j(rv t) #j/(r? t)
o V- [nVVei| #V -[nVV.,] < n(r,t)#n(rt)
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The name of the game: TDD

Runge-Gross theorem

o Veu(r, 1) # Vou(r t) < j(r,t) #Jj(r, 1)
o V- [nVVuu]l #V - [nVV.,] <= n(r,t)#n(rt)

n(r,t) — Veu(r, t) + c(t) — goeic(t)

Time Dependent Density Functional Theory Francesco Sottile



Formalism

0000800000000

The name of the game: TDDFT

Runge-Gross theorem

o Vext( ) 7& xt(r ) <~ j(rv t) #j/(r? t)
o V- [nVVei| #V -[nVV.,] < n(r,t)#n(rt)

n(r, t) — Vex(r, t) + c(t) — gV

(¢(®)O®le(2)) = Oln. &°](2)
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The name of the game: TDD

Runge-Gross theorem

o Veu(r, 1) # Vou(r t) < j(r,t) #Jj(r, 1)
o V- [nVVuu]l #V - [nVV.,] <= n(r,t)#n(rt)

n(r,t) — Veu(r, t) + c(t) — goeic(t)

(¢(®)O®le(2)) = Oln. &°](2)

What about infinite systems?
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The name of the game: TDDFT

DFT | TDDFT

The total energy functional has
a minimum, the ground-state
energy Eg, corresponding to the

ground-state density ng.
E[n]
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The name of the game: TDDFT

DFT | TDDFT

The total energy functional has Time-dependent Schrodinger eq. (initial
a minimum, the ground-state condition ¢(t = 0) = ¢yp), corresponds to a
energy Ep, corresponding to the stationary point of the Hamiltonian action

ground-state density ng.
E[n]

_ / ' dt (o) % — H(#) ()

to

H[t]

Eo

y
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The name of the game: TDDFT

DFT | TDDFT

[‘% Vit Vtot(")] $i(r) = €idi(r) [—§V2 + Viot (1, f)] Pi(r, ) = "%@'(“ t)
Viot(r) = Vext(r)+ / dr’v(r, /' )n(r")+ Vac (In], ¥) Vior(ry t) = Vexe(r, £) + / v(r, /' )n(t’, £)dr’ + Vie([lr, t)
. S§Exc[n] _ S Axc[n]
Vie ([n],r) = 3n(r) Ve ([n), 1, t) = m
v .

Time Dependent Density Functional Theory Francesco Sottile
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The name of the game: TDD T

DFT | TDDFT

[—3 -V2 4V, (r)] #i(r) = e;bi(r) [—3v2 + Vit (r t)] Bi(r, t) = i3¢-(r t)
> i tot i iPi > tot(F, iry A
Viot (r) = Vext(r)+ / dr’v(r, ¢ )n(t )+ Vie ([n], r) Vior(r, t) = Vexe(r, t) + / v(e, f')n(r’, £)dr’ + Vie([nlr, t)
SEXC[n] _ §Axc[n]
Vie ([n], ¥ 5n(r) Ve ([n), 1, t) = m
v V.

Unknown exchange-correlation
time-dependent potential.
Vic functional of the density at
all times and of the initial state.

Unknown exchange-correlation
potential.
Vic functional of the density.
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The name of the game: TDD T

Demonstrations, further readings, etc.

@ R. van Leeuwen
Int.J.Mod.Phys. B15, 1969 (2001)
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The name of the game: TDD

Demonstrations, further readings, etc.

@ R. van Leeuwen
Int.J.Mod.Phys. B15, 1969 (2001)

Ve .0 =
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The name of the game: TDDFT

Demonstrations, further readings, etc.

@ R. van Leeuwen
Int.J.Mod.Phys. B15, 1969 (2001)

e

Ve ([n],r, 1) B 52Axc[n]
sn(r', ) dn(r, t)dn(r', t')
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The name of the game: TDD

Demonstrations, further readings, etc.

@ R. van Leeuwen
Int.J.Mod.Phys. B15, 1969 (2001)

_ 0Ax[n]
Vae (Ll v, 8) = S,
Ve ([n],r, 1) 52Axc[n]

sn(r', ) dn(r, t)dn(r', t')

Causality-Symmetry dilemma

Time Dependent Density Functional Theory Francesco Sottile
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The name of the game: TDD T

DFT | TDDFT

The ground-state expectation value The expectation value of any physical
of any physical observable of a time-dependent observable of a many-electrons
many-electrons system is a unique system is a unique functional of the
functional of the electron density time-dependent electron density n(r) and of
n(r) the initial state ° = o(t = 0)
(¢"|0]¢°) = ol (£(D10(®)lp(t)) = Oln, &)(2)
Kohn-Sham equations Kohn-Sham equations
1_, 1_, i,
_Evi + Vtot(r) ¢i(r) = 6i(bi(r) _Ev + VtOf(rr t) ¢i(rv t) = Ia(ﬁi(r, t)
v i
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First Approach: Time Evolutlon of KS equatlons

[Hks(t)] pi(r, t) = i%@(r, t)

n(r, t) = Z [6i(r, 1)
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First Approach: Time Evolutlon of KS equatlons

[Hks(t)] pi(r, t) = i%@(r, t)

nfr. ) =3 l6i(r. o)

¢(t) = U(t, to)¢(to)
Ut to) = 1— i /t ' drH) U o)
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First Approach: Time Evolutlon of KS equatlons

[Hks(t)] pi(r, t) = i%@(r, t)

n(r, t) = Z [6i(r, 1)

¢(t) = U(t, to)¢(to)
Ut to) = 1— i /t ' drH) U o)

[§ A. Castro et al. J.Chem.Phys. 121, 3425 (2004)
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First Approach: Time Evolution of KS equations

Photo-absorption cross section o

o(w) = 47TTWIma(w)

aft) = — / At Vaee(r, £)n(r, 1)
in dipole approximation (A => dimension of the system)

4 4
022 (w) = —%whn a(w) = 7Twlm/dr zn(r,w)

Time Dependent Density Functional Theory Francesco Sottile
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First Approach: Time Evolution of KS equations

Photo-absorption cross section o: porphyrin
5 T T T

o (eV)

.
4
v
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First Approach: Time Evolutlon of KS equatlons

Other observables

Multipoles

My (£) = / der'Yim(r)n(r, t)

Angular momentum

Z/drqﬁ,(r (rx V), ¢i(r,t)
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First Approach: Time Evolutlon of KS equatlons

@ Direct application of KS equations
@ Advantageous scaling
@ Optimal scheme for finite systems

@ All orders automatically included

| A\

Shortcomings

o Difficulties in approximating the Vic[n](r, t) functional of the
history of the density

@ Real space not necessarily suitable for solids

@ Does not explicitly take into account a “small” perturbation.
Interesting quantities (excitation energies) are contained in
the linear response function!

<
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Outline

© (Just) A bit of Formalism

@ Linear Response Formalism
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Linear Response Approach

Polarizability

interacting system 0n = x0 Ve

non-interacting system  dn,_; = X% Viot

v
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)O®000000000

Linear Response Approach

Polarizability

interacting system 0n = x0 Ve

non-interacting system  dn,_; = X% Viot
Single-particle polarizability

0 = 3 OG0 )65(r)

w — (€ =€)

i

hartree, hartree-fock, dft, etc.

¥ G.D. Mahan Many Particle Physics (Plenum, New York, 1990)

v
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Linear Response Approach

Polarizability

interacting system 0n = x0 Ve

non-interacting system  dn,_; = X% Viot

i
unoccupied states

© = 3 SO E16()

w — (€ =€)

i

W\O\O\'\o

v
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Linear Response Approach

Polarizability

interacting system 0n = x0 Ve

non-interacting system  n,_; = X% Viot

Density Functional Formalism

on = 5nn_,-

5Vtot - 5Vext + 5VH + 5ch

v
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Linear Response Approach

Polarizability

X6 Vst = X° (6 Vet + Vi + 0 Vi)
OV 6VXC)

6Vext + 6 Vext

X:X0<1+

4
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Linear Response Approach

Polarizability

X6 Vst = X° (6 Vet + Vi + 0 Vi)
OV 6VXC)

0
= 1
X X ( + 6Vext + 6 Vext

(5VH _5VH on .
NVoe 00 0Vox X
0Vie  6Vie 6n
Vet 00 Ve

freX

4
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Linear Response Approach

Polarizability

X6 Vst = X° (6 Vet + Vi + 0 Vi)
OV 6VXC)

0
= 1
X X ( + 6Vext + 6 Vext

(5VH _5VH on .
NVoe 00 0Vox X
0Vie  6Vie 6n
Vet 00 Ve

freX

X=xX"+x"(v+ fic) X

V.
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Linear Response Approach

Polarizability

X6 Vst = X° (6 Vet + Vi + 0 Vi)
OV 6VXC)

0
= 1
X X ( + 6Vext + 6 Vext

(5VH _5VH on — v
5Vext_ on 5Vext_ X

0Vie  6Vie 6n
O Vet ~ 4n O Vet B

X = [1—X°(v+fxc)]_1x°

freX

V.

Time Dependent Density Functional Theory Francesco Sottile




Intro
)OO00@00000000

Linear Response Approach

Polarizability

X6 Vst = X° (6 Vet + Vi + 0 Vi)
OV 6VXC)

0
= 1
X X ( + 6Vext + 6 Vext

(5VH _5VH on .
NVoe 00 0Vox X
0Vie  6Vie 6n
Vet 00 Ve

X = [1—X°(v+fxc)]_1x°

with fyc = exchange-correlation kernel

freX

V.
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Linear Response Approach

Polarizability x in TDDFT
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Linear Response Approach

Polarizability x in TDDFT

@ DFT ground-state calc. — ¢;,¢;  [Vic]
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Linear Response Approach

Polarizability x in TDDFT

@ DFT ground-state calc. — ¢;,¢;  [Vic]

6i(r)¢; (g7 (r')¢;(r')
9 ¢I'7 € — XO = ZIJ (.{1—(6,'—6_,') :

Time Dependent Density Functional Theory Francesco Sottile
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Linear Response Approach

Polarizability x in TDDFT

@ DFT ground-state calc. — ¢;,¢;  [Vic]

6i(r)¢; (g7 (r')¢;(r')
9 ¢I'7 € — XO = ZIJ (.{1—(6,'—6_,') :

Vi —
o variation of the potentials
= e
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Linear Response Approach

Polarizability x in TDDFT

@ DFT ground-state calc. — ¢;,¢;  [Vic]

6i(r)¢; (g7 (r')¢;(r')
9 ¢I'7 € — XO = ZIJ (.{1—(6,'—6_,') :

Vi —
o variation of the potentials
= e

Q x=xX"+xX"(v+fe)x
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Linear Response Approach

Polarizability x in TDDFT

@ DFT ground-state calc. — ¢;,¢;  [Vic]

6i(r)¢; (g7 (r')¢;(r')
9 ¢i7 € — XO = ZIJ (.{1—(6,'—6_,') :

Vu _
Q ;" variation of the potentials
= e

Q x=xX"+xX"(v+fe)x

4
A comment

0 Vic

o f = ll(;n " -
X { any” other function

v
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Finite systems

Photo-absorption cross spectrum in Linear Respon

o(w) = 47T?wlmoz(u})

a(w) = — / drdr' Va1, 0)on(r', )
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Finite systems

Photo-absorption cross spectrum in Linear Respon

o(w) = 47T?wlmoz(u})

a(w) = — / drdr Ve (1, ) (1, V', ) Ve (' )
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Finite systems

Photo-absorption cross spectrum in Linear Response

o(w) = 47T?wlmoz(u})

a(w) = — / drdr Ve (1, ) (1, V', ) Ve (' )

0z(w) = 47MIm/drdr zx(r, v, w)z
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Solids

Reciprocal space

Xo(r7 rl7 w) — ch’(qv w)

G =reciprocal lattice vector
g =momentum transfer of the perturbation

v
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Solids

=D (Pl e @Bty 1 q) (Bercral e |87, )

XGG’ q,

— w — (€ckrq — €vk) + )

unoccupied states

m
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Solids

=D (Pl e @Bty 1 q) (Bercral e |87, )

XGG’ q,

— w — (€ckrq — €vk) + )

Xoo' (@, w) = X° + X° (v + £ic) X
€eo (0, w) = des + ve(a) xeo (4, @)

v
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Intro Formalism

Solids

Reciprocal space

=> (Bl @I85 L ) (Pekrale™ O |67,)

X ! qa
GG s W = (eck+q — Evk) +

Xoo' (@, w) = X° + X° (v + £ic) X
€eo (0, w) = des + ve(a) xeo (4, @)

ELS(a,w) = —Im {3 (a,w)} ; Abs(w) = Jim Im {sz)}

@ S.L.Adler, Phys.Rev 126, 413 (1962); N.Wiser Phys.Rev 129, 62 (1963)

v
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Intro Formalism
00000« )O0O000@00000

Solids

=D (Pl e @Bty 1 q) (Bercral e |87, )

XGG’ q,

— w — (€ckrq — €vk) + )

Xoo' (@, w) = X° + X° (v + £ic) X
€eo (0, w) = des + ve(a) xeo (4, @)

ELS(w) =—clli_)molm{5501(q,w)} ; Abs(w) = IimIm{Wl)}

a—0 q,w

@ S.L.Adler, Phys.Rev 126, 413 (1962); N.Wiser Phys.Rev 129, 62 (1963)

v
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Solids

Absorption and Energy Loss Spectra q — 0

ELS(w) = ~Im {eg ()} Abs(”):Im{aTl(w)}
00

V.
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Intro
)O000000e0000

Solids

Absorption and Energy Loss Spectra q — 0

ELS(w) = ~Im {59 (w)} AbS(W)ZIm{a—ll(w)}
00

€00 (W) = 1 + voxgo(w)

V.
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Solids

Absorption and Energy Loss Spectra q — 0

ELS(w) = ~Im {59 (w)} AbS(W)ZIm{a—ll(w)}
00

ELS(w) = —vpIm {Xoo(w)}  Abs(w) = —volm {W}
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Absorption and Energy Loss Spectra q — 0

ELS(w) = ~Im {59 (w)} AbS(W)ZIm{a—ll(w)}
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ELS(w) = —vpIm {Xoo(w)}  Abs(w) = —volm {W}

ELS(w) = —vo Im {xgo(w)} : Abs(w) = —voIm {xgo(w)}
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Intro
O000000e0000

Solids

Absorption and Energy Loss Spectra q — 0

ELS(w) = ~Im {59 (w)} AbS(W)ZIm{a—ll(w)}
00

ELS(w) = —vpIm {Xoo(w)}  Abs(w) = —volm {W}

ELS(w) = —vo Im {xgo(w)} : Abs(w) = —voIm {xgo(w)}

X:XO‘|‘X0(V‘|‘fXC)X
X = O"‘XO(V""(XC)?Z
V . Ve VG#O
¢ 0 =0

V.
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Intro
D000000e0000

Solids

Absorption and Energy Loss Spectra q — 0

ELS(w) = ~Im {eg ()} Abs(”):Im{aTl(w)}
00

ELS(w) = —vpIm {Xoo(w)}  Abs(w) = —volm {m}

ELS(w) = —vo Im {xgo(w)} : Abs(w) = —voIm {xgo(w)}

V.

Time Dependent Density Functional Theory Francesco Sottile




Intro

Solids

D0000000e000

Abs and ELS (q — 0) differs only by vy
1
ELS(w) = —Im {EOO (w)} 5 Abs(w) =Im {T}

ELS(w) = —vo Im {xgo(w)} ; Abs(w)= —voIm {¥go(w)}

X=X+ X% (v + fie) x
X =x"+X°(V+ o) X
Vg = { ‘(/)G VGG_#OO microscopic components
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Intro Formalism
[ )O0O000000e00

Solids

v = local field effects

T =X+ X (® 4 i) X
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Intro
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Solids

v = local field effects

T =X+ X (® 4 i) X

AbsNLF = — g Tm {)‘(NLF}
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Solids

v = local field effects

T =X+ X (® 4 i) X

AbsNLF = — g Tm {)‘(NLF}

AbSNLF =Im {800}
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Intro
)O00000000e00

Solids

v = local field effects

T =X+ X (® 4 i) X

AbsNLF = — g Tm {)‘(NLF}

AbSNLF =Im {800}
1
€00
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Intro
)O00000000e00

Solids

v = local field effects

T =X+ X (® 4 i) X

AbsNLF = — g Tm {)‘(NLF}

AbSNLF =Im {800}

AbsNF = — v Im {)ZNLF} = Im {eqo}
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Intro F

)OOO00000000e0

EELS! of Graphite

.-.-g:xp

: ‘7"'.\
.)W)(_f .:’ A\ Fpa |
AONTRRI® g A \ - = -rpanlf
P S we R , : :
5 ™ N
4 A L

energy (eV)

Time Dependent Density Functional Theory Francesco Sottile



Formalism
0000000000 e

Absorption of Silicon

Eﬂ T T T
" / -\ [ Exp. 1
50 - I == [P-RPA (RPA nlf) H
A —— RPA

10
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Results

Outline

© TDDFT in practice:
@ The ALDA: Achievements and Shortcomings

Time Dependent Density Functional Theory Francesco Sottile



Results

TDDFT in practice

Practical schema and approximations

e Ground-state calculation — ¢j,¢; [Vic LDA]
o x°(q,w)
o x=x"+x°(v+fic)x

fe= 0 RPA

O Vie(r
f;éLDA(n r) = 6n(r(’))5(r =) AL
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Outline

© TDDFT in practice:
@ The ALDA: Achievements and Shortcomings
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Results
O@0000000

ALDA: Achievements and Shortcomings

RPA vs EXP
YN = 3O 4 0 vy yNF
x=x"+x"vx
ELS = —vwIm {Xoo}

.iﬁﬁ‘ﬁ)’i—i

Electron Energy Loss Spectrum of Graphite

o et

e N ipa |
s q ¥/ - = -rpa-nif
% 2 ' .
4 X %
ERRRID
ANTRRIS |1
r nm’“)‘i‘ﬁ*

20 30 40
energy (eV)

[§ A.Marinopoulos et al. Phys.Rev.Lett 89, 76402 (2002)
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Intro Fi ! Results

00@000000

ALDA: Achieveménts and Shortcomings

Photo-absorption cross section of Benzene

10 T T T
Experimental
---- TDLDA O
8 \ E
=
(1]
= o= ¢
EA Bl 1
.%
ALDA vs EXP £
=t
4 2t
— TW &
Abs=—"¢Tm[drzn(r,w) £
2 -
0
0
Energy (eV)
v

[ K.Yabana and G.F.Bertsch Int.J.Mod.Phys.75, 55 (1999)
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Results
[e]e]e] lelele]e]e)

ALDA: Achievements and Shortcomings

Inelastic X-ray scattering of Silicon

T T T T T
0.02|- . e
’/
= 0.0151 / = e
>

o, L ]
ALDA vs RPA vs EXP 3 L II NN 3

e .« exp
g @ 4% TDLDA NS

ImeL % — - RPA
S(q,w)= —W e7n g 0.005 [/ A

0 s | s 1 L | L | L 1 L
0 10 20 30 40 50 60
Energy [eV]
v

[§ Weissker et al., PRL 97, 237602 (2006)
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ALDA: Achievements and Shortcomings

Absorption Spectrum of Silicon

60 \ T I T

50

IS
S

ALDA vs RPA vs EXP

%)
=]

Vo Im {Xgo}

X=x"+x" (V+fe™ )X

20

Abs = —voIm { ¥ }

Time Dependent Density Functional Theory Francesco Sottile



Results

ALDA: Achievements and Shortcomings

Absorption Spectrum of Argon

ALDA vs EXP

v, Im (7,0}

X=X+ (7 A0 )

Abs = —voIm { X0 }
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ALDA: Achievements and Shortcomings

Good results

Bad results

@ Photo-absorption of
small molecules

@ ELS of solids

@ Absorption of solids
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Results
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ALDA: Achievements and Shortcomings

Good results

Bad results

@ Photo-absorption of
small molecules

@ ELS of solids

@ Absorption of solids
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Results
000000800

ALDA: Achievements and Shortcomings

Good results

Bad results

@ Photo-absorption of
small molecules

@ ELS of solids

fAP” is short-range

@ Absorption of solids

1
fxe(@ —0) ~ —
( ) 7

v
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Intro Fo m Results

ALDA: Achievements and Shor

000000080

o (V)

[§ L.Reining et al. Phys.Rev.Lett. 88, 66404 (2002)
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Results

000000000

find better
fxc for solids
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Outline

@ Resources
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Intro c i 3 Resources

Resources

Codes (more or less) available for TDDFT

@ Octopus (Marques,Castro,Rubio) -(real space, real time) -
mainly finite systems - GPL
http://www.tddft.org/programs/octopus/

@ DP (Olevano,Reining,Sottile) - (reciprocal space, frequency
domain) - solides and finite systems - open source for academics
http://dp-code.org

Self (Marini) - (reciprocal space, frequency domain)
Fleszar code

Rehr (core excitations)

TDDFT (Bertsch)

VASP, SIESTA, ADF, TURBOMOLE

TD-DFPT (Baroni)

Time Dependent Density Functional Theory Francesco Sottile
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Intro Resources

The DP code

dp - Dielectric Properties

@ Reciprocal space ; .
P P @ Optical absorption

® Frequency domain @ Loss Spectra (EELS,IXS)

@ Planewave basis
Different approximations (RPA, ALDA, NLDA, MT, etc.)

Authors: Valerio Olevano, Lucia Reining, Francesco Sottile

Valérie Véniard, Eleonora Luppi non-linear

Lucia Caramella Spin

Contributors: Silvana Botti kernel, Wannier functions

Margherita Marsili Mapping-Theory kernel
Christine Giorgetti metals

<
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The DP code

The algorithm

EEG];(q,w) = 5(;(;’ = VG(q)XGG’(qaw)
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The algorithm
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Xee' (@, w) = X0+ x° (v + fie) X
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Intro Resources

The DP code

The algorithm

EgGll(q,w) = 5(;(;’ = VG(q)XGG’(qaw)

Xee' (@, w) = X0+ x° (v + fie) X

<¢vk|el(q+c)r‘¢ck+q> <¢ck+q ‘ e—l((H-G’)r/ ‘¢Vk>

w = (eck+q — €vk) +

XgG’(qv w) = Z

vck
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Intro Resources

The DP code

The algorithm

EgGll(q,w) = 5(;(;’ = VG(q)XGG’(qaw)

Xee' (@, w) = X0+ x° (v + fie) X

<¢vk|el(q+c)r‘¢ck+q> <¢ck+q ‘ e—l((H-G’)r/ ‘¢Vk>

w = (eck+q — €vk) +

XgG’(qv w) = Z

vck
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Intro mali Resources

The DP code

The algorithm

EgGll(q,w) = 5(;(;’ = VG(q)XGG’(qaw)

Xee' (@, w) = X0+ x° (v + fie) X

<¢vk|el(q+c)r‘¢ck+q> <¢ck+q ‘ e—l((H-G’)r/ ‘¢Vk>

w — (€cktq — €vk) +

XgG’(qv w) = Z

vck

(Sl gaasa) = [ degiu(n)e @ o)
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Intro mali Resources

The DP code

The algorithm

EEG];(q,w) = 5(;(;’ = VG(q)XGG’(qaw)

Xee' (@, w) = X0+ x° (v + fie) X

(dukl ez(q+c)r‘¢ck+q> <¢)ck+q |et(a+e)r’ ‘¢vk>

w — (€cktq — €vk) + 1)

X?;(;/(q, w) = Z

vck

(Sl @ |porq) = / drg(r)e' TN daciq(r)
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The DP code

The algorithm

EEG];(q,w) = 5(;(;’ = VG(q)XGG’(qaw)

Xee' (Qyw) = Xo + Xo (v+fe)x

(dukl ez(q+c)r‘¢ck+q> <¢)ck+q |et(a+e)r’ ‘¢vk>

w — (€cktq — €vk) + 1)

X?;(;/(q, w) = Z

vck

(Sl @ |porq) = / drg(r)e' TN daciq(r)
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The DP code

The algorithm

EgGll(q,w) = 5(;(;’ = VG(q)XGG’(qaw)

Yoo (@, w) = X0+ x° (v + fie) X

<¢vk|el(q+c)r‘¢ck+q> <¢ck+q ‘ e—l((H-G’)r/ ‘¢Vk>

w = (eck+q — €vk) +

XgG’(qv w) = Z

vck
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Intro mali Resources

The DP code

The algorithm

E;G];(q,w) = g’ + Vo(d) Xee' (A, w)

Yoo (@, w) = X0+ x° (v + fie) X

<¢vk|el(q+c)r‘¢ck+q> <¢ck+q ‘ e—l((H-G’)r/ ‘¢Vk>

w = (eck+q — €vk) +

XgG’(qv w) = Z

vck

(Sl @ |porq) = / drg(r)e' TN daciq(r)
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Intro mali Resources

The DP code

The algorithm

EEGI/(Q,W) = dee’ + Va(d)Xee(a, w)

Xee' (@, w) = X0+ x° (v + fie) X

<¢vk|el(q+c)r‘¢ck+q> <¢ck+q ‘ e—l((H-G’)r/ ‘¢Vk>

w = (eck+q — €vk) +

XgG’(qv w) = Z

vck

(Sl @ |porq) = / drg(r)e' TN daciq(r)
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Resources

TDDFT vs BSE scaling

Scaling of TDDFT (DP)

Xee' (@, w) = X2 (A, w)+X 2 (a, w) [Ver (@) + £ (A, )] Xere (A, w)

v
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Resources

TDDFT vs BSE scaling

Scaling of TDDFT (DP)

Xee (@, w) = X% (@, W)+ e (a4, w) [Ver (@) + 35 (q, w)] Xerer (Q, w)

(Sl oIty o) (Sewsale™ @ |7, )

w — (€ckt+q — €vk) + @1

Xew(@w) = >

vck

v
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Resources

TDDFT vs BSE scaling

Scaling of TDDFT (DP)

Xee' (@, w) = X2 (A, w)+X 2 (a, w) [Ver (@) + £ (A, )] Xere (A, w)

(Dule @ g, o) (decrale N g5, )

w — (€ckt+q — €vk) + @1

Xow(@w) = >

vck

Ne

v
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Resources

TDDFT vs BSE scaling

Scaling of TDDFT (DP)

Xee' (@, w) = X2 (A, w)+X 2 (a, w) [Ver (@) + £ (A, )] Xere (A, w)

<¢vk|ez(q+c)r|¢ik+Q> <¢ck+q|e_l(q+cl)rl|¢tk>

w — (€ckt+q — €vk) + @1

Xew(@w) = >

vck

N Ng

v
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Resources

TDDFT vs BSE scaling

Scaling of TDDFT (DP)

Xee' (@, w) = X2 (A, w)+X 2 (a, w) [Ver (@) + £ (A, )] Xere (A, w)

(M) (e 0¥ )

w — (€ckt+q — €vk) + @1

Xeer(@,w) =

vck

N Ng Ng

v

Time Dependent Density Functional Theory Francesco Sottile



Resources

TDDFT vs BSE scaling

Scaling of TDDFT (DP)

Xee' (@, w) = X2 (A, w)+X 2 (a, w) [Ver (@) + £ (A, )] Xere (A, w)

(Dule @ g, o) (decrale N g5, )

w — (€cktq — €vk) + @1

Xew(@w) = >

vck

N NgNg N,
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Resources

TDDFT vs BSE scaling

Scaling of TDDFT (DP)

Xee' (@, w) = X2 (A, w)+X 2 (a, w) [Ver (@) + £ (A, )] Xere (A, w)

(Dule @ g, o) (decrale N g5, )

w — (€ckt+q — €vk) + @1

Xeer(@,w) =

vck

NeNgNgN, :  NeN,InN, N,

v
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Resources

TDDFT vs BSE sca

Scaling of TDDFT (DP)
Xee' (@, w) = X2 (A, w)+X 2 (a, w) [Ver (@) + £ (A, )] Xere (A, w)

Burle @ |0 q) (deterale @ Igy )

w — (€ckt+q — €vk) + @1

ch/(q,w) = Z <

vck

NeNgNgN, :  NeN,InN, N,

Scaling < N2,

v
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Resources

TDDFT vs BSE scaling

Scaling of BSE (EXC)

v/c'k!
vck

Scaling  N?N, < N2,
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Resources

TDDFT vs BSE scaling

Scaling of BSE (EXC)

v'c'k! Avick! vck
vck A)\ - AAA)\

Scaling  N?N, < N2,

Scaling N2 < NS
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Some References

@ van Leeuwen, Int. J. Mod. Phys. B15, 1969 (2001)

Gross and Kohn, Adv. Quantum Chem. 21, 255 (1990)
Marques and Gross, Annu. Rev. Phys. Chem. 55, 427 (2004)
Botti et al. Rep. Prog. Phys. 70, 357 (2007)

Marques et al. eds. Time Dependent Density Functional
Theory, Springer (2006)
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