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One-to-one Correspondence

External potential

Minimum-energy state

Density

A

\_/

)

Ground state

\Y

V-representative
density

p, (F)




The following variation leads to all the ground-state properties.
5\Flp]+ [ p(EW(P)IF — ul [ p(F)dF —N =0

In principle, any physical quantity of the ground state should be a
functional of density.

—

Variation with respect to many-body wave functions ‘P(I_’i, vee, rN )
l

Variation with respect to one-body density p(F)
|

Physical quantty - Al ()] = <\IJ[ o) ‘,&l Y[ p]>



One-to-one Correspondence

Time-dependent state

starting from the initial state Time-dependent

External potential
‘ \If(t0)> density

TD state v-representative
density

V(r,1) ‘qj(t»va) Py (F’t)




The universal density functional exists, and the variational
principle determines the time evolution.

From the first theorem, we have p (r,t) @V (t). Thus, the variation of the
following function determines o (r,t) .

Sol=[[ (LRI i-=— H O] PLol)

S[p)=SLpl- [ dt[dro(r.tvir.)

The universal functional S[p] is determined.

v-representative density is assumed.



TD Kohn-Sham Scheme

Real interacting system
TD StA Aensny

V:, q

Virtual non-interacting system
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Time Domain Energy Domain
Basic equations Basic equations
 Time-dep. Schroedinger eq. « Time-indep. Schroedinger eq.
 Time-dep. Kohn-Sham eq,. e Static Kohn-Sham eq.

o dx/dt = Ax « Ax=ax (Eigenvalue problem)
« Ax=b (Linear equation)

Energy resolution Energy resolution
AE-h/T AE~0
All energies A single energy point
Boundary Condition Boundary condition
e Approximate boundary e Exact scattering boundary
condition condition is possible

e Easy for complex systems  Difficult for complex systems



How to Incorporate scattering
boundary conditions ?

e |t Is automatic in real time !
« Absorbing boundary condition



Potential scattering problem
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For spherically symmetric potential

5 (F) = ZMPI (cos6)
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{ n 47 mA(+D) +V(r)}ul(r):Eu,(r)
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Time-dependent picture

o (F)=e" + — V (r)¢(+) () icattering \ivave ) -
=" + _1 V(r)™ (F)- E+ig_HV(r)e . flQ) r
E+ile—H
Z(F): 1 V(r)eikz _ ioodt ei(E+i8)t/he—th/h\/ (r)eikz
E+ie—H ine

Time-dependent scattering wave

W(F’t = O) =V (r)eikz (Initial wave packet) AN [ /

0

ih—l//(F,t): H 1//(?,’[) (Propagation)
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Projection on E : Z(F) = %jdt eiEt/hw(F,t)
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Boundary Condition
Absorbing boundary condition (ABC)

Absorb all outgoing waves outside
the interacting region

i< (7.0) = (H =i (O (7

How is this justified?

(@)=, Jdre = (r)p(r)

(K[S[k) = 5(k'-k) + 27iS(E-E)(K'V | ")
Finite time period up to T

Time evolution can stop when all the outgoing Z(F) = eiEt’hw(F,t)
waves are absorbed.



S-wave N )
Re[w(F,t),.] in—y(F,t)=Hy (1)
—~ v,(r,t=0)=V(r)rj, (kr) _
Sl y(F,t=0)=V(rk*
Y H/\nuclear potential | absorbing potentia I/v i7 (r )
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L fmd
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» | —— time—-dep. Fourier transf.
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3D lattice space calculation
Skyrme-TDDFT

Mostly the functional is local in density
— Appropriate for coordinate-space representation

Kinetic energy, current densities, etc. are estimated with the
finite difference method



Skyrme TDDFT In real space

Time-dependent Kohn-Sham equation —in (F)

Sy (o) = (e, 705, 310 + Vo Oy (roe

3D space is discretized in lattice
n=1,---Mt

Single-particle orbital: ¢, (r,t) ={¢,(r,,t.) b w 1=1--- N

N: Number of particles

Mr: Number of mesh points

Mt: Number of time slices

y[fm]

Spatial mesh size is about 1 fm.

Time step is about 0.2 fm/c

Nakatsukasa, Yabana, Phys. Rev. C71 (2005) 024301
© 0 XTfm] .



Real-time calculation of

response functions
C(POIF[PO)

1. Weak instantaneous external
perturbation

Vext(t):ﬁ5(t) : e o VA Wy :

2. Calculate time evolution of

(PO)|F|P®) t[ ilMeV ]
3. Fourier transform to energy domain _ dB(w: |£) |
dij“;;F) :—%ImR‘P(t)\If\‘P(t»e‘“’tdt; do [
A




Nuclear photo-
absorption
Cross section
(IV-GDR)

Skyrme functional
with the SGl|
parameter set
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Cross Section (mbarns)
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Cross Section {(mharns)
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Cross Section (mharns)
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Electric dipole strengths
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Peak splitting by deformation 3D H.O. model }

Deformation Bgg
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Centroid energy of IVGDR  Eeor = (N, 2) # g(A)
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PDR: impact on the r-process
S. Goriely, Phys. Lett. B436, 10.
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Low-energy strength
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Energy Weighted Sum (E<10MeV) [%]
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Low-lying strengths

Low-energy strengths
quickly rise up beyond
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Summary

*What DFT/TDDFT can do:
«Systematic calculations for all nuclei including those far
from the stability line
*Nuclear matter, neutron matter, inhomogeneous nuclear
matter

«Computational Nuclear Data for photonuclear cross
section

*Description of large amplitude dynamics, such as fission
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