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Fig. 1. (color online) The neutron single particle energy
levels of 160 obtained by solving the radial Dirac equa-
tion with Woods-Saxon potential using imaginary time

step method.
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Fig. 2. (color online) 60 neutron wave functions of

physical states and spurious states in quantum num-
bers k = 1 and Kk = —1 obtained by solving radial

Dirac equation with Woods-Saxon potential.
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Fig. 3. (color online) The energies of 1p; /5 and 2p; /2
states as a function of parameter R with the second-

order derivative (m = 1) and fourth-order derivative
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Fig. 4. (color online) The wave functions and the energy corrections of Wilson term Ey, of 1p1/2 and 2py /o

states as a function of parameter R.
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F1 BEEEERKINEMITINERME Woods-Saxon #1421 Dirac 7TFRAREII 160 th PRI TReRERAT L. |AE)
FRPIRNTT 145 B B BORL T RE R B Z200). ) RE IR TR 28 K 7 9 BN — B S By ) = Ul S B A SO T
HfH 8 A B HL, Wilson BRI WU S HUF LA EE S A NEE, 28 R = 0.2, RPREESLAIA MeV

Table 1. The comparison of 160 neutron single particle energies obtained by solving radial Dirac equation with
shooting method and imaginary time step method. |AE| is the difference of single particle energies between
two methods. In the calculation of imaginary time step method, the first-order derivative term is discretized by
three- and five-point differential formula and the Wilson term is fourth-order derivative discretized by nine-point

differential formula. The parameter R is set to be 0.2. All quantities are in MeV.

i R B[] 25K T2 |AE|
nl; EAE R
=maz T AR =mait Timiaz
1S1/2 —43.2023 —43.2264 —43.2023 0.0241 0.0000
1p3/2 —24.6826 —24.7003 —24.6827 0.0177 0.0001
1p1/2 —19.0383 —19.0939 —19.0385 0.0556 0.0002
1d5/2 —17.5480 —7.5583 —7.5481 0.0103 0.0001
281/2 —3.6714 —3.7374 —3.6716 0.0660 0.0002
1d3/2 —1.2954 —1.3285 —1.2949 0.0331 0.0005

2%, 1 TR BE T A SR A R S T REVEA
ZEHIAEL0™ MeV HIREZR. 45 REZH, @l hn e
Rl eI 0 Bl B S R 8, 7T DU 2 bR
THEORS L. B PR 7 i85 R BT B, AR 1 5 B
TN Wilson TUHERR A BT R

5 K%

AR SCAE A A A% i R R TS 77 325 3K Al 4% 7]
Dirac 72, #F 78R v T IS vl . GIEBE T
P = BB T H SRS s 5 i & b — i S 4k
TR, X F 8T8 s Al —k o ROk T RE R A
ARTE B, 38 7E 42 [\ Dirac 77 2 8 0 Wilson T,
HERAERNSE m, R AT BRSSP ERESR S
FIELLE T X ARSI S RS I AR R 4
BHRFREH. XLl Woods-Saxon # 4l, R
TAF RN 100 o7 A A3 IR AS DL B aE v
Wilson JUHERR TSGR, @i 5Tk R
BEATRT L, AT RUR I RR 77245 th— SO 25 3, 1R
U H B T A Wilson TRHERR S B 250

IR AN B E R 128 0o AN O3 B, (49 A
TARRERENGR S8 R SN SR BE IR LRI (R 2P K TT i, iR
R ZICZ AR LT 200, 5 ATR e AR T 2
QCD R HE B AL BT . sk x4, BIEEE, =
P, IR ARBE, ek, EE, BT, R, S

1, 2R, R, SR, AREUE, EIRIESE AR 22 4E
2 77 1 (K5 .
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Abstract

With the development of radioactive ion beam facilities, the study of exotic nuclei with unusual N/Z ratio has
attracted much attention. Compared with the stable nuclei, the exotic nuclei have many novel features, such as the halo
phenomenon. In order to describe the halo phenomenon with the diffused density distribution, the correct asymptotic
behaviors of wave functions should be treated properly. The relativistic continuum Hartree-Bogoliubov (RCHB) theory
which provides a unified and self-consistent description of mean field, pair correlation and continuum has achieved great
success in describing the spherical exotic nuclei. In order to study the halo phenomenon in deformed nuclei, it is necessary
to extend RCHB theory to the deformed case. However, solving the relativistic Hartree-Bogoliubov equation in space is
extremely difficult and time consuming. Imaginary time step method is an efficient method to solve differential equations
in coordinate space. It has been used extensively in the nonrelativistic case. For Dirac equation, it is very challenging
to use the imaginary time step method due to the Dirac sea. This problem can be solved by the inverse Hamiltonian
method. However, the problem of spurious states comes out. In this paper, we solve the radial Dirac equation by the
imaginary time step method in coordinate space and study the problem of spurious states. It can be proved that for any
potential, when using the three-point differential formula to discretize the first-order derivative operator, the energies of
the single-particle states respectively with quantum numbers x and —x are identical. One of them is a physical state
and the other is a spurious state. Although they have the same energies, their wave functions have different behaviors.
The wave function of physical state is smooth in space while that of spurious state fluctuates dramatically. Following
the method in lattice quantum chromodynamics calculation, the spurious state in radial Dirac equation can be removed
by introducing the Wilson term. Taking Woods-Saxon potential for example, the imaginary time step method with
the Wilson term is implanted successfully and provides the same results as those from the shooting method, which

demonstrates its future application to solving the Dirac equation in coordinate space.

Keywords: spherical Dirac equation, lattice in coordinate, spurious states, Wilson term
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