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Canonical states in relativistic continuum theory with the Green’s function method:
Neutrons in continuum of zirconium giant-halo nuclei
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The canonical states in the relativistic continuum Hartree-Bogoliubov theory with Green’s function method are
obtained by diagonalizing the density matrix on a spatial mesh. Taking the giant halo nucleus 128Zr as an example,
the obtained canonical single-particle energies and wave functions are compared in detail with the corresponding
calculations with the box-discretized method. The occupation number v2

i in the canonical basis and the neutrons
in continuum Nc are investigated for the Zr giant halo nuclei. The dependencies on the pairing strength V0 and
on the different density functionals PK1 and NL-SH are also studied. It is found that the calculations with
Green’s function and box-discretized methods are almost consistent in describing nuclear global properties and
the neutrons in continuum, meanwhile the Nc of giant halo nuclei may heavily depend on the adopted pairing
strength as well as the density functional.
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I. INTRODUCTION

Since the discovery of halo structure in the 1980s by
Tanihata et al. [1], numerous efforts have been undertaken
to understand and explore this exotic phenomenon in nuclei
far away from stability [2–10]. The first microscopic self-
consistent interpretation to halo was provided in 1996 by
Meng and Ring [11]. In their pioneering paper [11], by using
the relativistic continuum Hartree-Bogoliubov (RCHB) the-
ory [12], pairing correlations and the coupling to continuum
states were revealed to play an essential role in the formation
of halo. Later in 1998, they predict a more intriguing phe-
nomenon named “giant halo” that contains a larger number of
neutrons distributed in the halo [13].

So far, within the framework of the density functional
theory (DFT) [14] or its covariant version (CDFT) [15], many
investigations have been performed on the phenomena of
halo [11,16–29] and giant halo [13,30–37]. To achieve a self-
consistent description of halo nuclei with density functional
theories, pairing correlations and suitable basis are two key
points. For the former, treating the pairing correlations by the
Bogoliubov transformation has turned out to be successful.
For the latter, because of the extended spatial distribution
of halo nuclei, it is appropriate to solving the (relativistic)
Hartree-(Fock)-Bogoliubov equations in the coordinate space
as in, e.g., Refs. [7,11–13,38–45], or in coordinate-like space
[46–53]. In most of the DFT or CDFT studies of halo nuclei,
however, the box boundary condition is adopted, so that the
quasiparticle states are discretized and the exact asymptotic
behaviors on the wave functions are missed for the weakly
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bound and continuum states, which may have some influence
on the studies of halo phenomena [37].

Green’s function method [54] can provide the correct
asymptotic behaviors on the wave functions, and has been
combined with the DFT or CDFT calculations. Early in
1987, Belyaev et al. constructed the Green’s function in
the HFB theory in the coordinate representation [54]. Then
Matsuo [55] applied it to calculate the response function in
the quasiparticle random-phase approximation theory. To de-
scribe self-consistently both the mean field and the pairing
potential, the fully self-consistent continuum Skyrme HFB
theory with Green’s function method was developed by Zhang
et al. [37,56] and has been applied in Refs. [57–60]. On the
CDFT side, the relativistic mean-field theory with the Green’s
function method was developed [61] and has been applied to
describe the single-particle resonant states in atomic nuclei
[62,63] and hypernuclei [64]. Meanwhile, the RCHB with
Green’s function method was also constructed to investigate
the quasiparticle resonances and halo phenomena of the drip-
line nuclei [65]. In addition, the Green’s function method was
also introduced in the complex scaling method [66,67], the
complex momentum representation (CMR) method [68,69] as
well as the coupled-channel representation [70] to study the
resonant states.

In the Hartree-(Fock)-Bogoliubov theory, the canonical
basis in which the density matrix is diagonal [71] plays an
important role in understanding nuclear structure, such as
showing shell structure evolution [12,38,44], discussing spin
and pseudospin symmetries [72,73], studying continuum ef-
fects in weakly-bound and halo nuclei [11,13,37,56], and
probing particles in classical forbidden regions [74]. Very
recently, by diagonalizing the density matrix on a spatial
mesh, the canonical states in the continuum Skyrme HFB
theory with the Green’s function were first obtained and
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compared with those obtained by the box-discretized method
by taking the exotic nucleus 66Ca as an example [59]. It was
demonstrated that the Green’s function method can obtain the
convergent canonical energy within a box size smaller than
that of the box-discretized method, due to the correct asymp-
totic behaviors of the canonical wave functions. Following
this line, it is interesting to obtain the canonical states in the
framework of the RCHB with Green’s function method.

In this paper, the canonical single-particle energy in RCHB
theory with Green’s function method is obtained by diag-
onalizing the density matrix in coordinate representation.
Instead of 66Ca discussed in Ref. [59], here we take the ex-
treme neutron-rich Zr isotopes as examples, which are well
known as a giant halo system [13] and have been extensively
studied in nonrelativistic and relativistic density functional
theories [32,33,35–37,75–77]. The obtained canonical single-
particle energies and wave functions are compared in detail
with the corresponding calculations with the box-discretized
method. The occupation number v2

i in the canonical basis
and the neutrons in continuum Nc are calculated for the Zr
giant halo nuclei. In particular, we will study the dependen-
cies on the pairing strength V0 and on the different density
functionals PK1 [78] and NL-SH [79] for the neutrons in
continuum Nc.

II. THEORETICAL FRAMEWORK

The detailed formalism and numerical techniques of the
RCHB theory can be found in Ref. [12], in which the box
boundary condition was adopted. By using the Green’s func-
tion method to provide the correct asymptotic behaviors of the
wave functions, the RCHB with Green’s function method was
first developed in Ref. [65]. In this section, the corresponding
formalism will be briefly introduced, followed by the process
of obtaining the canonical states by diagonalizing the density
matrix.

With the assumption of spherical symmetry, the RCHB
equation depends only on the radial coordinates and is ex-
pressed as the following integral-differential equations [12]:

dGU (r)

dr
+ κ

r
GU (r) − (E + λ − V (r) + S(r))FU (r)

+ r
∫

r′dr′�(r, r′)FV (r′) = 0,

dFU (r)

dr
− κ

r
FU (r) + (E + λ − V (r) − S(r))GU (r)

+ r
∫

r′dr′�(r, r′)GV (r′) = 0,

dGV (r)

dr
+ κ

r
GV (r) + (E − λ + V (r) − S(r))FV (r)

+ r
∫

r′dr′�(r, r′)FU (r′) = 0,

dFV (r)

dr
− κ

r
FV (r) − (E − λ + V (r) + S(r))GV (r)

+ r
∫

r′dr′�(r, r′)GU (r′) = 0, (1)

in which GU (r), FU (r), GV (r), and FV (r) are respectively the
large and small components of the radial wave functions for
particle (φU ) and hole (φV ) parts, E the quasiparticle energy,
λ the Fermi surface, V (r) the vector potential, S(r) the scalar
potential with the nucleon mass M included, and �(r, r′) the
pairing potential. The quantum number κ is connected with
the angular momentum quantum numbers l and j,

κ =
{−( j + 1/2), for j = l + 1/2,

+( j + 1/2), for j = l − 1/2.
(2)

The pairing potential � in Eq. (1) is

�ab(r, r′) = V pp
abcd (r, r′)κcd (r, r′), (3)

in which V pp(r, r′) is the pairing interaction in the particle-
particle channel and κ (r, r′) is the pairing tensor [71]. In
practice, a density-dependent zero-range pairing force is
adopted,

V pp(r1, r2) = 1

2
V0(1 − Pσ )δ(r1 − r2)

(
1 − ρ(r1)

ρsat

)
, (4)

with V0 the pairing strength, 1
2 (1 − Pσ ) the projector for the

spin S = 0 component in the pairing channel, and ρsat the
saturation density of nuclear matter.

Generally, one solves the RCHB equation (1) with box
boundary condition and then the discretized eigenenergies and
the corresponding quasiparticle wave functions are obtained.
By summing over these discretized quasiparticle states, the
density matrices ρs, ρv , ρ3, and ρc can be constructed
[11–13,80],

ρs(r, r′) = 1

4πr2

∑
l j

[
Gl j∗

V (r)Gl j
V (r′) − F l j∗

V (r)F l j
V (r′)

]
,

ρv (r, r′) = 1

4πr2

∑
l j

[
Gl j∗

V (r)Gl j
V (r′) + F l j∗

V (r)F l j
V (r′)

]
,

ρ3(r, r′) = 1

4πr2

∑
l j

τ3
[
Gl j∗

V (r)Gl j
V (r′) + F l j∗

V (r)F l j
V (r′)

]
,

ρc(r, r′) = 1

4πr2

∑
l j

1

2
(1 − τ3)

[
Gl j∗

V (r)Gl j
V (r′)

+ F l j∗
V (r)F l j

V (r′)
]
, (5)

which in turn determine the scalar and vector potentials in
Eq. (1). In such way, the RCHB equations can be solved
self-consistently.

The RCHB with Green’s function method can provide the
correct density asymptotic behavior and treat the bound and
resonant states on the same footing [62]. By definition, the
Green’s function G(r, r′; E ) describes the propagation of a
particle with the energy E from r to r′. For a given quasipar-
ticle energy E , the RCHB Green’s function G(r, r′; E ) obeys

[E − Ĥ (r)]G(r, r′; E ) = δ(r − r′). (6)

It can be represented as

G(r, r′; E ) =
∑

k

(
φk (r)φ†

k (r′)
E − Ek

+ φ̄k (r)φ̄†
k (r′)

E + Ek

)
, (7)
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by using a complete set of eigenstates φk (r) and eigenval-
ues Ek of the RCHB equation [65]. Here φk (r) is the wave
function corresponding to the positive energy solution Ek and
φ̄k (r) the wave function corresponding to the negative energy
solution −Ek .

In accordance to the four components
GU (r), FU (r), GV (r), and FV (r) in the RCHB equation (1),
the Green’s function for the RCHB equation can be written in
a form as a 4 × 4 matrix

G(r, r′; E ) =

⎛
⎜⎜⎝
G (11) G (12) G (13) G (14)

G (21) G (22) G (23) G (24)

G (31) G (32) G (33) G (34)

G (41) G (42) G (43) G (44)

⎞
⎟⎟⎠. (8)

According to the Cauchy’s theorem, the radial density matri-
ces ρs,v (r, r′) and the pairing tensor κ (r, r′) can be calculated
by the RCHB Green’s function as [65]

ρs(r, r′) = 1

2π i

∮
CE >0

dE [G (33)(r, r′; E ) − G (44)(r, r′; E )],

(9a)

ρv (r, r′) = 1

2π i

∮
CE >0

dE [G (33)(r, r′; E ) + G (44)(r, r′; E )],

(9b)

κ (r, r′) = 1

2π i

∮
CE >0

dE [G (31)(r, r′; E ) + G (24)(r, r′; E )].

(9c)

In practice, the RCHB Green’s function Gκ (r, r′; E ) can
be constructed with specific solutions satisfying the RCHB
equation (1). Let us suppose φ(rs)

κ (r, E )(s = 1, 2) to be the
solutions of the RCHB equation (1) that satisfy the correct
boundary condition at the origin r = 0, and φ(+s)

κ (r, E ) to be
the solutions that satisfy the correct boundary condition at
the edge of the box r = R. Here s = 1, 2 represent two in-
dependent solutions φU and φV , respectively. Then the RCHB
Green’s function can be given by [65]

Gκ (r, r′; E ) =
∑

s,s′=1,2

css′
κ (E )

[
θ (r − r′)φ(+s)

κ (r, E )φ(rs′ )†
κ (r′, E )

+ θ (r′ − r)φ(rs′ )
κ (r, E )φ(+s)†

κ (r′, E )
]
. (10)

The coefficients c(ss′ )
κ (E ) are expressed in terms of the Wron-

skians as (
c11
κ c12

κ

c21
κ c22

κ

)
=

(
W (r1,+1)

κ W (r1,+2)
κ

W (r2,+1)
κ W (r2,+2)

κ

)−1

(11)

with

W (rs,+s′ )
κ = G(rs)

u,κ (r, E )F (+s′ )
u,k (r, E ) − G(+s′ )

u,κ (r, E )F (rs)
u,k (r, E )

− G(rs)
v,κ (r, E )F (+s′ )

v,k (r, E ) + G(+s′ )
v,κ (r, E )F (rs)

v,k (r, E ).
(12)

Based on the RCHB Green’s function thus constructed, one
can calculate the radial density matrices and pairing tensor in
Eqs. (9b) and (9c), and then solve the RCHB equations (1) by
iteration.

In order to better understand the single-particle shell struc-
ture and analyze the contribution of the continuum to the
exotic nuclei in the RCHB theory, the canonical single-
particle basis and its occupation are useful. According to the
Bloch-Messiah theorem [81], there always exists a so-called
canonical basis in which the density matrix is diagonalized
[71]. Here in RCHB, the canonical basis can be obtained by
diagonalizing the radial density matrix, i.e., ρv (r, r′). This can
be realized by solving the following integral eigenequation in
the coordinate representation [82]:∫

dr′ρv (r, r′)�k (r′) = �k (r)v2
k , (13)

with v2
k the occupation numbers and �k (r) the corresponding

canonical wave functions. In the Green’s function method,
the density matrix ρv (r, r′) is given by Eq. (9b) and in the
box-discretized method, given by Eq. (5). Similar to Ref. [83],
the canonical single-particle energies can be calculated by the
expectation values on the canonical basis of the Hamiltonian
in the particle-hole channel h,

εk = 〈�k|h|�k〉. (14)

Furthermore, as mentioned in Ref. [59], if there exist nearly
degeneracy states in the occupation number, it needs to diago-
nalize the Hamiltonian h in the subspaces constructed by those
states with vk ≈ 0 or vk ≈ 1.

III. RESULTS AND DISCUSSION

A. Ground-state properties

In this paper, to study the canonical single particle states
and the nucleons in continuum within the framework of the
RCHB with Green’s function, we focus on the very neutron-
rich Zr nuclei. The covariant density functional PK1 [78] is
adopted in the p-h channel, and the density dependent delta
interaction (DDDI) is adopted in the p-p channel with the
parameters V0 = −325.0 MeV fm3 and the saturation den-
sity ρ0 = 0.152 fm−3 in Eq. (4). In the calculations, the box
size R = 20 fm, the mesh size �r = 0.1 fm and the angular
momentum cut-off jcut = 19/2 are adopted. The quasiparticle
energy cut-off Ecut = 110 MeV, the height γ = 0.1 MeV and
the energy step dE = 0.01 MeV of the contour integration
of the Green’s function are chosen to reach the precision for
ρ(r) and κ (r) up to 10−12 fm−3 and 10−8 fm−3, respectively.
It is noted that, due to the contour integral over each energy
step, the RCHB with Green’s function method needs about ten
times more calculation time than the RCHB theory with the
same box size. Similar ratio of computational time was ob-
tained in the framework of Skyrme Hartree-Fock-Bogoliubov
theory [59].

In Fig. 1, the ground-state properties, including the
two-neutron separation energy S2n, the neutron and proton
root-mean-square (rms) radii rrms, and the neutron and pro-
ton pairing energies Epair, for the even-even Zr isotopes with
mass number A = 122 to 140 obtained by the RCHB with
Green’s function method are shown, in comparison with those
obtained by the RCHB theory.

The two-neutron separation energy S2n provides a sensitive
quantity to test a microscopic theory. As shown in Fig. 1(a),
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FIG. 1. Comparisons between (a) the two-neutron separation en-
ergies S2n, (b) the neutron and proton rms radii rrms, and (c) the
neutron and proton pairing energies Epair of the neutron rich Zr iso-
topes calculated by the RCHB with Green’s function method (solid
symbols) and those by the RCHB theory (open symbols). In both
calculations, the density functional PK1 is adopted. In panel (b), the
curve for the r0N1/3 rule with r0 = 1.166 fm has been included to
guide the eye.

the S2n values obtained by the two methods are consistent
with each other. A strong drop in S2n appears at the tradi-
tional magic number N = 82. Further addition of neutrons
to the magic core puts the extra neutrons in the higher shell
that provide few extra binding energies. As a result, the S2n

for N > 82 is less than 1 MeV and decreases slowly as the
neutron number increases until nearly vanishing at N = 100
where the neutron drip line is reached. The drip line nucleus
140Zr is the same as that predicted by the RCHB theory with
the density functional NL-SH [13]. Similar to Refs. [13,31],
the remarkable appearance of the S2n values, i.e., extremely
close to zero in several isotopes, indicates the existence of a
“giant halo” in Zr isotopic chain.

In Fig. 1(b), the neutron and proton rms radii obtained
by the two methods increases in similar way as the neutron
number with each other. To guide the eye a curve with a N1/3

dependence is also plotted. It shows a kink for the neutron
rms radius at the magic neutron number N = 82, similar to

Ref. [13]. While the neutron rms radii before N = 84 follow
the r0N1/3 rule with r0 = 1.166 fm, the radii after N = 84 show
a more rapid increase with N . Examining the detailed values
of the rms radii, it is found that the neutron rms radii obtained
by the Green’s function method are a little bit larger (differed
by up to 0.3%) than those obtained by the discretized method.
Both the proton rms radii increase slowly and monotonically
by 0.14 fm from N = 76 to 100.

In addition to the physical observables S2n and rrms, it
can be seen in Fig. 1(c) that the neutron and proton pairing
energies obtained by the two methods are also consistent with
each other. The neutron pairing energy vanishes at the closed
shell N = 82 and the pairing effect appears a tendency of the
enhancement when away from the magic nucleus 132Zr. In
contrast, the proton pairing energy reaches the minimum at the
neutron magic number N = 82 and the pairing effect becomes
weakened when away from 132Zr.

Figure 1 shows the consistency between the Green’s func-
tion and box-discretized methods in the description of the
nuclear ground-state properties, a conclusion already obtained
in Ref. [59] by comparing the two methods within the frame-
work of Skyrme HFB. Here the conclusion is confirmed
within the framework of relativistic Hartree-Bogoliubov the-
ory.

B. Canonical states

To further analyze the formation of giant halos and fig-
ure out the continuum effects, the canonical single-particle
states are very useful. In the RCHB theory, they can be ob-
tained by diagonalizing the density matrix that constructed
in the single-particle space [12]. In the RCHB with Green’s
function method, instead they are obtained by solving the
integral eigenequation (13) for the density matrix. In the fol-
lowing, taking the nucleus 128Zr as an example, the canonical
single-particle energies and wave functions obtained in these
two methods, in particular for the states in continuum, will be
compared in detail.

Figure 2 shows the neutron canonical energies in contin-
uum obtained by the RCHB with the Green’s function method
with the box size R = 20 fm. In comparison, the results ob-
tained by the RCHB theory are also shown as functions of
the box size R up to 30 fm. As shown in Fig. 2, energies of
all the canonical states from the RCHB theory can converge
with the increase of box size R, and the convergent results are
consistent with those obtained by the Green’s function method
with R = 20 fm in a high accuracy. In detail, except the 4s1/2,
4p1/2, and 4p3/2 states with low orbital angular momentum l ,
all the canonical energies from the RCHB theory are almost
independent on the box size for R > 20 fm. The three low-l
states have low centrifugal barriers and relatively high canoni-
cal energies so that their wave functions would much disperse
in space, as a consequence, they need a larger R to reach the
convergence. Therefore, one can draw a similar conclusion to
Ref. [59] that compared with the RCHB with box boundary
condition, the convergent canonical energy can be achieved by
the RCHB with Green’s function method within a relatively
smaller box size R.
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FIG. 2. Positive-energy canonical states in 128Zr obtained by the
Green’s function method with the box size R = 20 fm (solid bars), in
comparison with those obtained by the RCHB theory with different
R (dash lines).

The wave functions �i(r) of neutron canonical states
1p3/2, 3p3/2, 3p1/2, 2 f5/2, 4p3/2, and 4s1/2 in 128Zr obtained
by the RCHB with Green’s function method within different
box sizes (R = 15, 18, and 20 fm) are shown in Fig. 3, in
comparison with those obtained by the RCHB theory. Among
these states, the state 1p3/2 is deeply bound, the state 3p3/2

is extremely weakly bound, and the other four are states in
continuum. It can be seen that the canonical wave functions
of deeply bound state 1p3/2 obtained by the two methods are
consistent with each other. In Figs. 3(a), 3(c), 3(e), 3(g), and
3(i), for these weakly bound and positive energy states, the
canonical wave functions obtained by the Green’s function
method do follow the exponentially decreasing asymptotics
and are independent on the box size. In contrast, as shown in
Figs. 3(b), 3(d), 3(h), and 3(j), the canonical wave functions
obtained by the RCHB theory decrease to zero at R = 15,
18, and 20 fm, respectively, and in the near boundary regions
depend on the box size. This is the consequence of the box
boundary condition and the wave functions do not follow the
exponentially decreasing asymptotics. This difference leads
to the sensitive dependence of the corresponding canonical
energy on the box size as given in Fig. 3. Note that for
the state 2 f5/2 with canonical energy ε ≈ 1.2 MeV that has
relatively high centrifugal barrier, the difference of canonical
wave functions obtained by the RCHB theory is hardly seen in
Fig. 3(f). Nevertheless, we can conclude that the RCHB with

FIG. 3. Neutron canonical wave functions �i(r) of 1p3/2, 3p3/2,
3p1/2, 2 f5/2, 4p3/2, and 4s1/2 states for 128Zr obtained by the Green’s
function [panels (a),(c),(e),(g),(i),(k)] and box-discretized [panels
(b),(d),(f),(h),(j),(l)] method calculated with the box size R = 15, 18,
and 20 fm. The corresponding canonical single-particle energies εi

calculated by Eq. (11) are also given in MeV.

the Green’s function method provides more exact description
of the canonical state with positive energies especially for the
low-l levels.

C. Neutrons in continuum

In view of the advantage of the Green’s function method,
it is appropriate to further study the continuum effects in the
halo nuclei by this method. Here taking different Zr isotopes
as examples to exhibit the continuum effects, the neutron
occupation probabilities v2

i of the canonical states for nuclei
124,128,132,136Zr as functions of the canonical single-particle
energy in the interval −20 � εi � 10 MeV are shown in
Fig. 4, together with their neutron density distributions in
comparison with that of 122Zr given in the inserts. To be more
precise, those canonical single-particle states with a clear
partial occupation (0.01 < v2

i < 0.9) are denoted by different
symbols. The neutron Fermi surface λn is indicated by a ver-
tical line and almost equals to zero in the neutron rich region.
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FIG. 4. The occupation probabilities in the canonical basis for nuclei 124,128,132,136Zr as functions of the canonical single-particle energy.
The Fermi surface λn is indicated by a vertical line. The number Nc of neutrons in continuum is also shown. The inserts give the neutron density
of 124,128,132,136Zr compared with the one of 122Zr in logarithmic scale, respectively.

The nucleus 122Zr has a magic neutron number and has
no neutron pairing energy as shown in Fig. 1(c). By adding
two neutrons to 122Zr, the neutron pairing energy of 124Zr
becomes about −4.0 MeV. From Fig. 4(a), it can be seen that
for the nucleus 124Zr all the canonical single-particle states
above the closure shell (N = 82) stay in continuum. Adding
up the occupation probabilities v2

i for the states with εi > 0,
we obtain the neutrons in continuum Nc = 2.15 for 124Zr. The
neutron density distribution of 124Zr as shown in the insert
becomes obviously diffuse in comparison with that of 122Zr.

By adding more neutrons to 122Zr, the neutron pairing
energies of 128Zr, 132Zr, and 136Zr become around −10 MeV.
From Figs. 4(b)–(d), it can be seen for 128Zr, 132Zr, and 136Zr
there are significant increase in the occupation probabilities v2

i
of the 3p3/2, 2 f7/2, and 3p1/2 states, and the canonical energies
of these states εi change from positive to negative, gradually
below the Fermi surface. In addition, the occupation probabil-
ities of higher canonical states 2 f5/2 and 1h9/2 increase slowly,
and their contributions to Nc also increase steadily from 0.35
and 0.37 for 128Zr to 1.16 and 0.90 for 136Zr. In total, the
neutrons in continuum Nc obtained for 128Zr, 132Zr, and 136Zr
are 1.41, 1.56, and 2.47, respectively. As seen from the inserts,
in comparison with the neutron density distributions of 122Zr
and even with that of 124Zr, those of 128Zr, 132Zr, and 136Zr
become more diffuse in the asymptotic area as the neutron
number increases, showing good examples of neutron halos
for these nuclei.

If one compares the neutrons in continuum Nc of 124Zr,
128Zr, 132Zr, and 136Zr obtained here to those obtained in
Ref. [13], some large differences between them can be found.

In the latter, the neutrons in continuum are two for 124Zr, six
for 128Zr, roughly four for 132Zr, and roughly four for 136Zr
[13]. In order to seek the reason of the differences of Nc, we
take 128Zr as an example and show the neutrons in continuum
Nc obtained by the RCHB with Green’s function method and
the RCHB theory as functions of the pairing strength V0 with
density functionals PK1 and NL-SH, respectively. The results
are given in Fig. 5. It can be seen that with either PK1 or
NL-SH the Nc values from the two RCHB methods are very
close to each other, which increase notably with the pairing

FIG. 5. Neutrons in continuum as functions of the pairing
strength V0 with parameters PK1 and NL-SH obtained by the RCHB
with Green’s function method and RCHB, respectively.
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strength V0. But the Nc obtained with NL-SH does differ from
the one with PK1 remarkably. For V0 = −350.0 MeV fm3,
one obtains Nc of 128Zr is roughly six with NL-SH, whereas it
is roughly two with PK1. Therefore, one can conclude that
the number of neutrons in continuum in giant halo nuclei
largely depends on the adopted density functional as well as
the pairing strength. It is also noted in Fig. 5 that neutrons
in continuum Nc obtained by usual RCHB theory is slightly
higher than that by the RCHB with Green’s function method.
This behavior is not directly because of higher canonical
single-particle energies with the RCHB theory compared to
the RCHB with Green’s function method (cf. Fig. 2), as
a higher single-particle energy in continuum will lead to a
smaller occupation number in continuum. However, it can be
understood as an indirect consequence of higher canonical
single-particle energies with the RCHB theory compared to
the RCHB with Green’s function method. That is, higher
canonical single-particle energies of the low-l states in con-
tinuum with RCHB lead to their smaller occupation numbers;
then conversely result in an increase of occupation numbers
for high-l states; the self-consistent procedure of the theory
tends to slightly lower canonical single-particle energies of
the high-l states, until a delicate balance is reached.

IV. SUMMARY

The canonical states in the relativistic continuum Hartree-
Bogoliubov theory with Green’s function method are obtained
by diagonalizing the density matrix on a spatial mesh. For
the neutron-rich Zr nuclei, the ground-state properties includ-
ing two-separation energy, rms radii and pairing energy, are
calculated in comparison with those by discretized method.
Taking the giant halo nucleus 128Zr as an example, the ob-
tained canonical single-particle energies and wave functions
are compared as well. It is found that the calculations with

Green’s function and box-discretized methods are almost con-
sistent in describing nuclear global properties, but the former
can provide more exact description of the canonical states
with positive energies especially for the low-l levels. The
occupation number v2

i in the canonical basis and the neutrons
in continuum Nc are investigated for the Zr giant halo nuclei.
The dependencies of Nc on the pairing strength V0 and on
the different density functionals PK1 and NL-SH are also
studied for 128Zr. It is found that the Nc values obtained by the
Green’s function and box-discretized methods agree with each
other, although it may heavily depend on the adopted pairing
strength and density functional. Finally, we note the present
study is limited in the spherical case. It is very interesting
to develop the deformed RCHB with the Green’s function
method to describe the deformed nuclei, and the technique
presented in Ref. [70] may provide a way out for this purpose.
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