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Linear response equation
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However, we can avoid explicit calculation of residual interactions.



Finite amplitude method

T.N., Inakura, Yabana, PRC76 (2007) 024318.

 Linear response (RPA) calculation with a
minimum extension of the static DF T code

— A feasible alternative approach to (Q)RPA

— Especially useful for a complicated energy
functional

— Codes developed so far in nuclear physics
« HF(3D)+FAM (3D coordinate-space rep.)
+ HFBRAD(1D)+FAM (1D radial coordinate rep.)
» HFBTHO(2D)+FAM (2D HO-basis rep.)



Small-amplitude limit
(Random-phase approximation)

One-body density operator under a TD external potential
o,
i— p(t)=[h(O)+V (0, p(0)]

Assuming that the external potential is weak,
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Let us take the external field with a fixed frequency w,
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The density and residual field also oscillate with w,
Op(t) = Sp(w)e ™ + op™ (w)e™™

Sh(t) = h(w)e ™ + h* (w)e™ ™



The linear response (RPA) equation
@3p() = [y, 5p(@) ]+ [h(@) + V. (@),

Note that all the quantities, except for 0, and h,, are non-hermitian.
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This leads to the following equatlons for Xand Y:
0| X, (0)) = (h, — &, | X,(@)) + O{oh(@) + V., (@) | 4,)
(Y, ()| =Y, (@)|(h, — &) (8, {oh(@) + ext<w>}Q
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These are nothing but the “RPA linear-response equations”.
X and Y are called “forward” and “backward” amplitudes.
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Matrix formulation
X (@)= (b, — &, ) X, (@) + O{h(@) + V. (0)]| ) ) L
o(Y (@)=Y (@)|(h, —&,)— (¢ |{oh(@) +V, (@)}0 0= _Z
If we expand the X and Y in patrticle orbitals:

X(@)= 2| )X (0), V(@)= 2|4,V (@)
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Taking overlaps of Eq.(1) with particle orbitals
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In many cases, setting V,,,=0 and solve the normal modes of excitations:
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Finite Amplitude Method

T.N., Inakura, Yabana, PRC76 (2007) 024318.

Residual fields can be estimated by the finite difference method:
Sh(w) = %(hkw' v)|-h)
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py+p(@) =3, =(¢,)+ 1 X, (@)) (4,

Starting from initial amplitudes X© and Y®©), one can use an iterative
method to solve the following linear-response equations.
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Programming of the RPA code becomes very much trivial, because we
only need calculation of the single-particle potential, with different bras
and kets.



Step-by-step numerical procedure

1. Set the initial amplitudes X© and Y©)
2. Calculate the residual fields ¢ h by the FAM formula

Sh(w) =%(h[<v/ v)-n)

b))+ X(@), (w,|=(a]+n(Y(o)]

3. Now, we can calculate the l.h.s. of the following equations:
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4. Update the amplitude to (X(M,Y(")) by an iterative algorithm, such as
the conjugate gradient method and its derivatives



For superfluid systems

Kohn-Sham-Bogoliubov equation
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In linear response calculation, we need to calculate
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Finite amplitude method for superfluid systems
Avogadro and TN, PRC 84, 014314 (2011)

Residual fields can be calculated by
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QRPA equations are
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HFBTHO+FAM
Nhen=o

— Comparison with Losa et al. PRC 81 (2010) 064307
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Nshell 20 QRPA FAM
— Required memory sizes _
Verit Size of A, B Memory | Memory
matrices (in GB) | (in GB)
" 36 ,',;1'.;;,-'1 T = MQRPA (1S) Mg
2=t N _ﬁ S e | 1072 | 32039 x 32039 16.4
60 | | | O FAM-QRPA(IV)| @ B
F b e _‘¢ | 10| 53386 x 53386 45.6
5o & Fﬂf’ \ ‘ | | 1075 | 53823 x 53823 46.35
S TN % ﬁ; *'Mg, SLy4 7| 107191 130936 x 130936 | 274.31
STk S o e S | Aa=os6Mev |y 1071°| 189271 x 189271 | 473.18
E 7 ey 5|| | ay=om ey | 10~20| 211159 x 211159 | 71341 | 0.572
2 30 | 3 =-0.163 |
2| ST (R
-~ i I
@ 20 | i ? 1 0 1072 | 83970 x 83970 112.81
i | i 0 [ 1074 | 140229 x 140229 | 314.63
o 1075 | 160633 x 160633 | 412.85
1071%] 180500 x 189500 | 574.56
10715 | 230274 x 230274 | 848.41
10729 230304 x 230304 | 848.64 0.572




Summary

* Finite amplitude method (FAM) provides an
alternative feasible approach to linear
response calculation.

— All residual fields can be estimated by the finite
difference with respect to the “bra” and “ket”.

— It can be achieved by a minor extension from the
static DFT code

— Several codes developed (FAM on 1D-, 2D-HFB,
3D-HF) for nuclear physics applications

— Useful for complicated energy functionals
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