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neutron’s r.m.s. radius (fm)
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HFB in canonical-basis method

HEB solutions can be expressed in the BCS form

W) = Z“ﬁ (i + vy af af ) [0)

=1

o =% / Cr (7, s) o (7, s) : HFB canonical basis

) N
2
S Hithi =X Aty Hi = vih + uvh
v j ; -
E | L
: . /
h : Hartree-Fock Hamiltonian . f
h : Pairing Hamiltonian
U -
£ /
; v
/
2/

“HFB CANONICAL BASIS



Ref. Bonche et al., Nucl.Phys. A443, 39 (1985)



HFB with the Skyrme force

Mean-field interaction:

| i} ) L.
v = to(1+ z9gPy)o + 2751(1 + xlpg)(kQCS + 5/62) + to(1 4+ 2o Py )k - 0k

1 S o
—|-6,0at3(1 + 23P5)0 +iW (o] + 02) - k X 0k

Pairing interaction: different parameters assumed, only for (S=0, T=1) pairs.

1-P _ 512 1

T
; . 5—%02(14(%6/4)}

e v, : overall strength, to be adjusted depending on the cutoft.
Cutoff can also be controlled by the number of canonical basis.
e p. — 0.32 fm™!, = ). =00 : density dependence, insufficient information

¢ k.=2fm ': momentum dependence (=finite range effect),
prevents the point collapse




Hamiltonian density for even-even nuclei
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Densities (q =n, p)
(7)) =23 ngz‘v%%( sIF, 7 (M) =23 X UQZUQZ‘qu@(T 3)‘

5=114>0 5=114>0
pa(7) =23 SRl )P p(7) =23 Yugvgltu(r,s)|,
5=T112>0 5=1112>0

— —

V- ‘]( ): N Z Z quz {V?/qu(?“ S)} X {ﬁ qu'(f: 3)} ) 58!8‘

i si—, =11 i>0
State dependent Hamiltonian : H,1, — 5E/(5w

hy = —V- B, V+ Vo + Z'Wq .7 xV : mean-field Hamiltonian

hg = v B Vot V . pairing Hamiltonian

Hy = vghg + UiUghq  : Hamiltonian of ith canonical orbital

Effective masses and single-particle potentials

2

— % + OQPH + Cépp

B,
B, = Cop,
Vo = 2C1pa + Clpy + Comy + Cimy + 205V py + 205V,
+p* ! {(oz +2)C1p% + (aCy + Cph + (204 + (o + 1)CL) pupy
+COV -+ CIV - +C'7pn+07pp
W, = —O5V10n—cévpp
Vo = 2Cupn + 203 pufs + 20 popu + 4050, + Ca (7 = 2V2 5y




Operation of the spin-orbit potential to a set of four real wavefunctions

W) = iW - & x V)

By expressing 1 in terms of a set of four real wavefunctions as

W7, 8) = O + i (7)) 6 + [P0 + i) 4,

o o o "o
W ’ _ 0 0 _779 : 0 0 _w ’ 0 0 _w !
o | = Wty =Wag) | _py |+ Wz = Weig) | oy |+ (Wegp = Wagi) | i
e e —g)t) e

e Only through the spin-orbit potential, the four components w(l), “e ,w(A‘) mix with each other.
Without the spin-orbit potential, one needs only one real wavetunction with the spin state factorized.

e This mixing is local, while numerical differentiations are very nonlocal. The latter has to be paid
much more attention in programming. Thus, four real components are better than two complex
components.



Divergence of the spin-orbit current

J(7) = i > > Wi HF, S G g XV (T, )

§'= 1 1>0

—

J(F) = £ w7 VUS| - Ggex V(Ts))

g/ — 3 >0

By expressing v, with the four real functions of 7, {u, v®, ¢!¥, w1,

V-J=y 47
i>0 Uit

8 w(l) 9 1@(2) o@Dy e Wy 8 B4 (2 W\ [ a,,03)
dx T oy 77 dx 1 Ay ¥ dx i Ay 1 Az 2 dy i
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Time reversal symmetry

The time-reversal operator 1" can be defined in |r's) representation by

=1L, TH)==I1,  TvF) =95 r)T

Thus, for — [0) = (dr wy(F) 7 1) + 0y (F) |7 1) .
0y = Ty = | d'r Wi(7) |7 ]

We use four real-value functions of 7, { w(l)(F), w@(f?)j w(g)(f’)j
V() ), to express a time-reversal pair of orbitals.

O(F,s) = W) + (@) g + WU (F) + il (7) 4y
O(F.s) =~ +ipl) (@) g + V(R — i (F) 5.



Evolution of a time reversal pair of wavefunctions
o (V[Y)=0 e H[y)=H[)

A gradient-method (imaginary time evolution) step
under the orthogonality condition for a pair of wavetunctions

Aly) = —Oéz'At H i) —j (Nij g) + Nz g )l

Ay = —o@;At H ) — ( ] Wﬁ Ay %w

J>

Wlth )\MV — W <7,by| @MHM + Ofl/Hl/ wu> , Hoy=H, o ,=aq,

o Afh) = Al
The avobe evolution rule can be conveniently expressed




Time reversal and spatial symmetries

e In other works, spa-
tial symmetries are imposed
(e.g., Do, Cy, Cppps Rp), un-
der which time reversal part-
ners can be assigned to dif-
ferent subspaces.

e On the other hand, in this
work, we do not impose any
spatial symmetries and thus
it is not possible to prefix a
subspace tor ¢ > 0 or ¢ < 0.

Ry =-1 subspace

Ry=+1subspace

full space






A test calculation

Nucleus: N = Z = 150
Mean filed:
Skyrme SIII force, including the spin-orbit force,
but excluding the Coulomb force
Pairing force:
ke =2fm™! pe = 0.32 fm ™, v, = —1050 MeV fm?
The number of the canonical basis states:
twice as many as the number of neutrons/protons
Time-reversal symmetry is maximally utilized.
Box: Cube with edge L = 32 fm, mesh spacing Az = 0.8 fm

Compared with calculations without the spin-orbit force,
e memory : X4 e computing time : X6

Compared with single-core CPU one-type-of-nucleon calculations,
e dual-core CPU neutron/proton parallel computing time : x1.2



total energy (MeV)
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beta2 (deformation)
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gamma (deformation) (deg)
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average pairing gap (MeV)

N=7=150, x2 canonical basis, Sl force, w/o Coulomb
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max energy spreading (MeV)

N=7=150, x2 canonical basis, SllI force, w/o Coulomb
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