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Abstract: In the framework of the relativistic mean field theory combined with the complex momentum representa-

tion method, we elucidate the pseudospin symmetry in the single-neutron resonant states and its dependence on the

o, w, and p meson fields. Compared with the effect of the p field, the o and w fields provide the main contribu-

tions to the pseudospin energy and width splitting of the resonant pseudospin doublets. Especially, we compare

quantitatively the pseudospin wave functions' splittings in resonant doublets, and investigate their dependencies on
different fields of mesons, which is consistent with that of energy and width splittings. Current research is helpful to
understand the mechanism and properties of pseudospin symmetry for resonant states.
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I. INTRODUCTION

Pseudospin symmetry (PSS), discovered in 1969, is
an important phenomenon in nuclear physics, which is
physically related to the shell model. In 1949, the spin-or-
bit potential was introduced by Mayer and Jensen [1, 2],
respectively, which led to the correct reproduction of ma-
gic numbers and the establishment of the famous nuclear
shell model. Twenty years later, quasi-degeneracy was
observed in heavy nuclei between single-nucleon part-
ners with quantum numbers (n,l,j=1+1/2) and
(n—1,1+2,j=1+3/2), where n,l, j are the radial, orbital,
and total angular momentum quantum numbers, respect-
ively [3, 4]. The quasi-degenerate partners were sugges-
ted as the pseudospin partners (i=n,l=1+1,j=1+1/2),
which has been discussed in a number of phenomena in
nuclear structure, including nuclear superdeformed con-
figurations [5], identical bands [6], quantized alignment
[7], pseudospin partner bands [8], magnetic moments and
transitions [9], and y-vibrational states in nuclei [10], as
well as nucleon-nucleus and nucleon-nucleon scatterings
[11]. Moreover, the role of PSS in the structure of halo
nuclei [12] and superheavy nuclei [13] was studied in de-
tail.

Although the discovery of PSS has attracted the atten-
tion of physicists, its origin and destroying mechanism
have not yet been clarified. Based on the shell model of

harmonic oscillator potential, Bahri ef al. [14] pointed out
that the special ratio between the intensity of the spin-or-
bit interaction and the intensity of the orbit-orbit interac-
tion is the reason for PSS, and this ratio can be explained
by the relativistic mean field (RMF) theory [15]. Blokhin
et al. [16] showed that the normal state can be trans-
formed into the pseudospin state (7, §) by a spiral unitary
transformation. Using the RMF theory, in 1997, Ginoc-
chio [17] presented PSS as a relativistic type of sym-
metry by solving the Dirac equation describing a spheric-
al nucleus. Additionally, the conditions for strict PSS are
that the sum of scalar potential S and vector potential V in
the Dirac equation is zero, and pseudoorbital angular mo-
mentum [ is the orbital angular momentum in the spin of
the Dirac wave function. Subsequently, Meng ef al. [18]
proposed a more general strict symmetry condition, i.e.,
Y =S +V =constant, and indicated that the PSS in a real
nucleus is related to the pseudocentrifugal barrier (PCB)
and pseudospin-orbital coupling potential (PSOP). Since
then, some progress has been made on PSS in various
systems, including extensions of the PSS study from
stable to exotic nuclei [19], from bound to resonant states
[20], from nucleon to anti-nucleon spectra [21], from
nucleon to hyperon spectra [22], and from spherical to
deformed nuclei [23, 24]. More detailed progress on PSS
can be found in literature reviews [25, 26].

In recent years, there has been an increasing interest

Received 6 July 2021; Accepted 6 September 2021; Published online 27 September 2021

* Supported by the National Natural Science Foundation of China (11935001, 11805004), the Key Research Foundation of Education Ministry of Anhui Province
(KJ2018A0028), the Natural Science Foundation of Anhui Province (2008085MA26) and Heavy lon Research Facility in Lanzhou (HIRFL)

" E-mail: quanliu@ahu.edu.cn

©2021 Chinese Physical Society and the Institute of High Energy Physics of the Chinese Academy of Sciences and the Institute of Modern Physics of the Chinese

Academy of Sciences and IOP Publishing Ltd

124102-1



Hua-Ming Dai, Min Shi, Shou-Wan Chen et al.

Chin. Phys. C 45, 124102 (2021)

in the exploration of continuum and resonant states, espe-
cially in studies of exotic nuclei with unusual N/Z ratios.
Considering that exotic nuclei are weakly bound and their
Fermi surfaces are very close to the continuum threshold,
the continuum, especially the resonances in the con-
tinuum, play a key role in the formation of these exotic
phenomena [27, 28]. For this reason, many methods were
developed for nuclear single-particle resonances; these
include the scattering phase shift method [29], Jost func-
tion method [30, 31], Green's function method [32-35],
analytic continuation in the coupling constant (ACCC)
method [36-38], real stabilization method [39, 40], and
complex scaling method [41, 42].

Based on these methods, the PSS in single-particle
resonant states have been studied. In Ref. [20], the PSS
for the resonant states in 2 Pb is investigated by solving
the Dirac equation with Woods-Saxon vector and scalar
potentials in combination with the ACCC method. In Ref.
[43], the RMF theory is combined with the ACCC meth-
od to determine the energies and widths of single-particle
resonant states in the Sn isotopes, and an isospin depend-
ence of PSS is clearly shown in the resonant states. In
Ref. [44], the PSS in the single-proton resonant states in
1208 is discussed by examining the energies, widths, and
wavefunctions. In 2012, Lu et al. gave a rigorous verific-
ation of PSS in single-particle resonant states [30]. In
2013, we applied the complex scaling method to study
the resonances and PSS in the Dirac-Morse potential [45].
In 2019, Sun et al. investigated the spin and pseudospin
symmetry in single-particle resonant states by solving the
Dirac equation containing a Woods-Saxon potential with
Green's function method [46].

Based on these theories, numerous excellent studies
have been conducted. The complex momentum represent-
ation (CMR) is also an effective method to study the PSS
in resonant states. Considering that the RMF is one of the
most successful microscopic theoretical models, which
has been widely used to study weakly bound nuclei [15,
26, 27, 47-49], we proposed a new scheme in 2016 [50]
to explore the resonances in the RMF framework, where
the Dirac equation is directly solved in the complex mo-
mentum representation and the bound and resonant states
are dealt with equally. By using the newly developed
method, we obtained, not only narrow resonance, but also
wide resonance that was difficult to obtain before, and the
physical mechanism of halo structure in some exotic nuc-
lei [51-54] was proposed. Recently, based on the RMF-
CMR method, we investigated PSS in single-particle res-
onant states and its isospin dependence [55].

In 2010, within the framework of the RMF theory
[56], we obtained detailed knowledge on the contribution
of different fields of mesons to pseudospin energy split-
ting in the single-particle bound state. However, for res-
onant states, the influence of different fields of mesons on

PSS has not been examined in detail for real nuclei. By
using the RMF-CMR method [50], we can extract the
splitting of the energies, widths, and wavefunctions
between the single-neutron resonant pseudospin partners
and check the contribution of the different fields of
mesons to pseudospin splitting, which is our original pur-
pose for writing this article. We will show the theoretical
framework in Sec. II, the detailed calculation results and
data analysis in Sec. III, and, finally, a summary in Sec.
V.

II. FORMALISM

In order to study the resonant partners in 2°Pb, the
formalism of RMF-CMR is introduced. The basic as-
sumption of the RMF theory is that the Lagrangian dens-
ity of this system is obtained through the exchange and
interaction of various mesons and photons.

L =1Z(i)/#6“ - M)w + %0}10'6“0' —-U(o) - %QWQ“V

1 [ B 1 )
+ zmiwﬂw“ - Z #VRH + Emlz,p#ﬁ“ - ZFINF#
~ (800 + 8uYut + 8oy TH" + €y A" ) U, (1)

where M is the nuclear mass, ny(gq), Mw(gw),Mp(g,) are
the mass and coupling constants of different mesons, re-
spectively, and the non-linear couplings of o read as

1 1 1 .
U(o) = =m202 + §g20'3 +-g30”. Based on the Lagrangi-
an density, the Dirac equation can be obtained as follows:

[@ p+BM+S)+VIy: = e, (2)
where S is the scalar potential and V is the vector poten-
tial. The expression is as follows:

{ §(#) = goo (7, 3)

V(#) = 8w’ (P) + 8,30 () + eA(P).

For convenience, here we express g,o(7), g,w’(),
and g,730°(P) as Vo (7), Vio(P), and V(7).

In order to obtain the resonant states, we rewrote Eq.
(2) into an equation representing momentum space, and
we can obtain the bound states, resonant states, and con-
tinuous spectrum simultaneously

f AR @HR W) = Ev(®), @)

where H=a-p+B(M+S(P)+ V(?. In the case of spher-
ical nuclei, the momentum wave function can be ex-
pressed by upper and lower components
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gy, )

By separating the angular part and bringing the radial part
into Eq. (2), the Dirac equation can be expressed as

Mf(k)—kg(k) + [ K2dk'V, (k, k') f (k') = £ (),
—kf(k)— Mg(k) + [ KAk’ V_ (k. k") g (k') = £g(k),

with

2
Vi (kK) = — f rdrE(r) ji (k' r) jikr), @)

V_(kK') = % f r2drA(r) jy (k') jkr), )

where X(r) = V() + S (r), A(r) = V(r) =S (7).
The bound and resonant states can be obtained by
solving the above equations.

2
fn=i \/; Jidkjiter) f k),

= (2
o) =i \E [ K2 dkjykr)g(h).

Finally, according to the Eq. (9), the upper and lower
component wave functions can be transformed into co-
ordinate space for processing, and the details of the solu-
tion process can be seen in Ref. [50].

III. NUMERICAL DETAILS AND RESULTS

Based on the formalism presented earlier, we ex-
plored the single-neutron resonant states and their
pseudospin for 2%Pb. The interactions were adopted as
the NL3 parameters [57]. In the calculations, the single-
neutron energies and wavefunctions for bound states and
resonances can be obtained, and, for resonances, we can
calculate their widths simultaneously. The single neutron
spectrum in 2% Pb in the form of pseudospin partners ac-
cording to pseudoangular momentum [ are displayed in
Fig. 1 with the corresponding X(r) potential. In the
single-neutron resonant states, three pairs of pseudospin
partners were found as 2%, 17, and 1], respectively. Fig.
1, it can be seen that for the the pseudospin partners with
pseudoangular momentum /> 0, there is always a state
without a pseudospin partner called intruder states. The
appearance of intruder states can be explained by examin-
ing the zeros in Jost functions [31]. In addition, these in-
truder states can also be explained by the method of su-
persymmetric quantum mechanics [58-61]. We also no-
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_ g — i _
p LT = =
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S
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> — PR
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) - —
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doublets
L 1 L 1 L 1 L 1 L
0 2 4 6 8 10
r [fm]
Fig. 1. (color online) Pseudospin partners of the single-neut-

ron spectra in 2%Pb with the RMF-CMR method. The line is
the mean-field potential (r) for neutrons.

tice that pseudospin partners have a clear threshold effect;
for example, pseudospin partners 3p, 2f, 2g, 1h, and 17
are very close to the continuum threshold and the energy
splitting between them are less than 1 MeV. The
pseudospin partners near the zero potential energy sur-
face tend to show better symmetry, and hence, the study
of symmetry in this area becomes more interesting.

When dX/dr=0, the system presents exact
pseudospin symmetry [18]. Unfortunately, the condition
is not satisfied in a realistic system. For the *Pb ex-
amined in this study, we have seen that exact pseudospin
symmetry cannot be achieved, as discussed using Fig. 1.
Pseudospin splitting is either large or small, but it can not
be zero; hence, exploring the pseudospin splittiing will
help to understand the character of this system. In order
to check the pseudospin splitting induced by the different
fields of mesons, we set Vx(7) — AxV(?) to investigate the
dependencies of the energy, width, and wavefunction
splitting of resonant pseudospin partners on the coupling
constant Ay, where X denotes o, w, and p, respectively.
We performed the RMF-CMR calculations to obtain the
variation of X(r) potential under different meson fields,
which is displayed in Fig. 2. It is revealed that the X(r)
potential of subfigures (a) and (b) clearly changes, while
the Z(r) potential of subfigures (c) and (d) has a small
range of variation with coefficient. In Fig. 2(a), with the
increase in A, from 0.96 to 1.04, the depth of the poten-
tial decreases monotonically and the surface of the poten-
tial moves outwards. From Fig. 2(b), we can see that the
variation of X(r) potential with A, is completely opposite
to that in Fig. 2(a), that is, with an increase in 4,, the
depth of the potential increases monotonically and the
surface of the potential moves inwards. To further ex-
plore the competitive relationship between the o-field
and the w-field, we fixed the coefficient of the p-field,
and uniformly changed the strength of the o~ and w fields.
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Fig. 2.  (color online) The change of neutron X(r) potential

when the intensity of the meson field is changed under differ-
ent meson fields.

We can clearly see that the change in X(r) potential is
very small in Fig. 2(c), which confirms that the effect of
the o-field and w-field on potential is opposite, and the
degree is almost identical. Considering that the X(r) po-
tential does not clearly change with A,, we extended the
range of 4, from 0.6 to 1.4. Even so, we can see from
Fig. 2(d) that the change in X(r) is not obvious, and the
3(r) gradually becomes slightly shallow and the surface
of the potential moves a little inwards, which indicates
that the p-meson field has little influence on X(r) poten-
tial.

To demonstrate the evolution of PSS in resonant
states, we analyzed the dependence of pseudospin split-
tings on the meson field strengths. Keeping 1, and A,
fixed at 1.0, we varied A, in order to see how the ener-
gies and widths of the pseudospin partners were sensitive
to the strength of the o -field. This dependence is shown
in Fig. 3, where the open and filled marks represent the
resonant and bound partners, respectively. With an in-
crease in A,, the ¥ potential well becomes deeper, and
some single-neutron resonant states evolve into bound
states. Since the relationship between the pseudospin en-
ergy splitting of the bound partners and the strength of
the meson field has been discussed in detail in Ref. [56],
the variation trend of the resonant pseudospin splitting
with the strength of the meson field is the focus of this
paper. It can be seen from Fig. 3 that, for a given A, the
energy and width splitting between the different
pseudospin partners is different for different pseudospin
partners, with no exceptions. It shows that PSS is correl-
ated with the quantum numbers of single-neutron states
and preserves a dynamic character as reported in Refs.
[20, 43, 62, 63] for bound states and resonances. From
Fig. 3(a), for all the pseudospin partners (2gq/2, li11/2),
Rhr1p2,1j132),  Rirzge.lkisp),  (3dspp,2g72),  and
(3f1/2,2h9/2), the pseudospin energy splittings' tendency
to change with A, is in agreement with the case of bound
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Fig. 3.  (color online) The variation of energy splitting and

width splitting of pseudospin partners with o meson field in-
tensity in 2% Pb. The open and filled marks represent the res-
onant and bound partners, respectively.

states [56]. As A, increases, the energy splittings of all
the resonant pseudospin partners decrease monotonously.
The same trend is found in Fig. 3(b) for width variation
with increasing A,. For example, the energy splitting of
(2892, li112) at A, = 0.9 is 6 times that of A, =0.98, and
the width splitting of (2g9/2, lij1/2) at A, = 0.9 is 10 times
that of A, = 0.96.

In addition, the evolution of splitting is almost
identical for the different resonant pesudospin partners,
and does not present a connection with the quantum num-
bers of partners, which is different from that of the bound
pesudospin partners [56]. By comparing the variation of
splitting with A, for the partners with fixed 7, the sensit-
ivity of energy and width splitting to A, can be disclosed.
For example, the energy and width splittings between the
(2hi12,1j13/2) partner was almost the same as that
between the partner (2i;3/2, 1k;s5,2) with the coupling con-
stant A, increasing from 0.98 to 1.02. In Ref. [56], the
dependence of level inversion on A, is seen for several
bound partners, but such a situation does not happen in
the resonant partners. The occurrence of this phenomen-
on is related to pseudocentrifugal barrier and the
pseudospinorbital potential [18]. The pseudospin part-
ners in a resonance state near the Fermi surface, which
have better symmetry. The splitting between different
pseudospin partners becomes smaller and, with increas-
ing A, for all the resonant partners, AE =E, j—j+1/2—
E,_1442,j=1+3/2 is always less than 0 and AT =T, j—1+1/2—
Ty—1,142,j=1+43/2 Temains positive over the range of A, con-
sidered here. All these indicate that the o meson field
plays an important role in influencing the PSS of reson-
ant partners. As far as this conclusion is concerned, it is
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similar to that in bound partners.

A similar trend was observed when we varied A, and
fixing all other coupling constants. The results are shown
in Fig. 4. From Fig. 4(a), the pseudospin splittings' tend-
ency to change with A, is consistent with the case of
bound states [56]. When 4, increases, the energy split-
ting dramatically increases for all the resonant partners .
The same trend is found in Fig. 4(b) for width variation
except for (2h11,2,1j13/2) with A, increasing from 1.08 to
1.1. Tt can be found that the energy splitting of
(Zh]]/z,ljlg/z) at /lw =1.1 is 31 times that of /lw = 096,
and the width splitting of the (24;,2,1j13/2) partners at
A, = 1.1 is 31 times that of A, = 0.96. Compared with the
o-field, the splitting develops toward the opposite direc-
tion, but the sensitivity of the splitting to the coupling
constant is similar, which shows that the o and w ficlds
have an opposite contribution to the PSS. These differ-
ences can be understood by the shape of the X(r) poten-
tial given in Figs. 1(a) and 1(b). Further, the inversion of
energy splitting can be seen for the partner (2i}3/2, 1ki5/2).
With increasing A, the pseudospin energy splitting var-
ies from E,jj-ir12> En102,j=1032 10 Eppj=ip1/2 <
E,_1,1+2,j=1+3/2, Which is similar to Ref. [64]. All of these
indicate that the w-field also plays a significant role in in-
fluencing the PSS for resonant partners.

In reality, from Fig. 3 and Fig. 4, we found that A,
and A, are not completely independent parameters. When
equally varying the strength of the o and w fields, the
variations of pseudospin energy and width splitting are
very small, as shown in Fig. 5. The results show that the
o-field contribution to the pseudospin energy and width
splitting has nearly the same magnitude as the one ob-

%

6 299/2'“11/2 1
; 2h11/2_1j13/2
g 4r 2i13/2'1k15/2 T
: 3d5/z'297/2
“2F a3 on .
72 912
(b)
or ] ] | | | N
0.92 0.96 1.00 1.04 1.08
A
(0]
Fig. 4. (color online) The variation of energy splitting and

width splitting of pseudospin partners with » meson field in-
tensity in 28 Pb. The open and filled marks represent the res-
onant and bound partners, respectively.
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8- 208p 299/2'”11/2 2i13/2'1k15/2 (b) 7
~ 6 | 2h, i, 3d,,-29,, -
% 4 -_ 3f7/2'2h9/2 _-
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A

Fig. 5.
width splitting of pseudospin partners with o meson field in-

(color online) The variation of energy splitting and

tensity in 2°Pb. The open and filled marks represent the res-
onant and bound partners, respectively.

tained by the w-field, but is opposite in sign. This can be
clarified from the change in shape of the X(r) potential
given in Fig. 1(c).

Finally, we kept A, and A, fixed at 1 but varied 4, in
order to study the sensitivity of the resonant pseudospin
partners to the strength of the p-field. The results are
presented in Fig. 6 and the following behavior is ob-
served: as A, increases, the energy and width splitting
slowly increases. Such characteristics are consistent with
the case of bound states [56], which can be explained by
Fig. 2(d). It is noted that the the coupling constant A, in
Fig. 6 varies from 0.0 to 2.0, that is, compared with A,
and A, the value range of 1, has been expanded. In con-
trast with the o and w fields, the energy splitting is less
sensitive to the p-field. For example, from Fig. 6(a), the
energy splitting of the (3f72,2hy,2) partneris only re-
duced by 1.8 MeV from 4, = 0.0 to 1, =2.0. In Fig. 6 (b),
with an increasing A,, the width splitting also increases
slowly and its variation range is small, which is similar to
the evolution of energy splitting. The increase in width
splittings in the (2hy1/2,1j13/2) partner and (3ds/2,287/2)
partner is less than 1 MeV with 1, changing from 0 to
2.0. For the resonant partners (3f7,2,2h92) and
(2i13/2, 1ki52), the width splitting increases slightly, but
the increasing scope is far smaller than that by the o and
w fields. These result indicate that the p-field only
provides a minor contribution to PSS, and the PSS comes
mainly from the cancellation of the o~ and w fields.

So far, the effect has not been examined on the wave-
function. As PSS is a relativistic type of symmetry, the
wave functions of pseudospin partners satisfy certain re-
lations. According to the PSS limit [17], the lower com-
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Fig. 6. (color online) The variation of energy splitting and

width splitting of pseudospin partners with p meson field in-
tensity in 28 Pb. The open and filled marks represent the res-
onant and bound partners, respectively.

ponent wave functions of pseudospin partners are com-
pletely consistent. In real nuclei, the lower component
wave functions of pseudospin partners are very similar,
which have been tested for the bound partners in both
spherical and deformed nuclei [23, 65-68]. There have
been discussions on the pseudospin symmetry of wave
function for resonant partners [44, 46, 55], but these dis-
cussions on PSS were only based on intuitive judgments
of wave function similarity in the coordinate space in a fi-
nite range. They cannot provide quantitative results on
the degree of wave function similarity since the resonant
states are non-local and their wave functions are diver-
gent in the coordinate space. Hence, it is difficult to com-
pare the similarity of wave functions in the coordinate
space. Just like the real parts of the wave functions for
(2h11/2,1j1352) in Fig. 7. With the increase in radius, the
resonant wave functions are diffused. Whether the wave
functions for resonant partners will have similar features
at large radii becomes unclear.

However, for a better understanding of the conditions
of PSS, we checked the influences from different fields of
mesons. According to Heisenberg's uncertainty relation,
the wave functions of resonant states in the momentum
space are local and square integrable. It was appropriate
to compare the pseudospin similarity of wave functions in
the momentum representation and it was especially con-
venient to quantitatively obtain the pseudospin splittings
of wave functions in the momentum space. The real parts
of the lower components of wave functions for the reson-
ant pseudospin partners (2hy,2,1j13/2) with the different
fields of mesons are displayed in Figs. 8-11. The split-
ting of wave functions between the partners is defined as

0.04F ' ' ' ' ' ' ' -
0.00 \//\ ..............
-0.04 + 4
' L A =1.00
(‘? o
-.E -0.08 - .
§ ---------
3 0.00
x
-0.02 5
A =1.02
-0.04
| L — 2h112
-006 - “‘-"’ ---------- 1J13/2 =
0 10 15 20 25
r [fm]
Fig. 7. (color online) Real parts of the lower components of

Dirac spinors for the pseudospin partner (2h;12,1j1352) in the
coordinate space.

0.04

D2-0.04
3]
[h4
-0.08
0.0 0.5 1.0 15, 2.0 25 3.0
K [fm™]
Fig. 8. (color online) Real parts of the lower components of

Dirac spinors for the pseudospin partner (2h;12,1j1352) in the
momentum space with several different parameters of the o
meson field.

86 = [ 110 stk (10)

where g,(k) and g,(k) are the lower components of Dirac
spinors in the momentum space.

Real parts of the lower components of Dirac spinors
for the resonant pseudospin partner (2hy/2,1j13/2) with
several different values of A, are plotted in Fig. 8. Simil-
ar to the wave functions in coordinate space, the wave
function of 1jy3,, is below the 2h4;;,, in the momentum
space. Moreover, with the increase of k, the wave func-
tion gradually moves away from the origin. When £ in-
creases to 2.5 fm~', all the wave functions return to the
horizontal axis, indicating that those are convergent.
From Fig. 8, the calculated ratios of the wave function
splitting corresponding to different values of A, (from
0.98 to 1.02) are 3.68: 3.46: 3.31; that is to say, the wave
function splitting decreases with the increase in A,. This
is consistent with the trend of energy and width splittings.
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Fig. 9. (color online) The same as Fig. 8, but for the w
meson field.
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Fig. 10. (color online) The same as Fig. 8, but with uniform
strength of the o meson field and the w meson field.

The pseudospin wave function splitting with variable
A, 1s shown in Fig. 9. For the resonant partner
(2h11/2,1j13/2), the ratio of the wavefunction splitting
with the increase in A, is 3.32: 3.46: 3.64, which is also
consistent with that of energy and width splittings. In ad-
dition, the change trend of wave function splitting caused
by the w meson field is opposite to that by the o meson
field.

When A, = 4, is set, the wave functions for the res-
onant partner is shown in Fig. 10. It is difficult to distin-
guish the wave functions with different strengths of
fields. When A, = A, increases from 0.98 to 1.02, the cal-
culated ratio of wave function splitting is 3.47: 3.46: 3.44,
which shows that the variations of wavefunction splitting
here are very small.

From Fig. 11, the same situation occurs in the p
meson field; even if the parameter changes from 0.8 to
1.2, the change in wave function splitting is not obvious.
Corresponding to 1, =0.8,1.0,1.2, the calculated ratio for
wavefunction  splitting in the resonant partner
(2h1172,1j1372) 1s 3.39: 3.46: 3.54, which agrees with that
of the energy and width splitting with A,. This indicates
that, as far as the wavefunction is concerned, the p meson
field has little influence on PSS.

0.04

o
o
S

-0.04

Re(g(k)) [fm®?]

-0.08

0.0 0.5 1.0 2.0 25 3.0

15,
k [fm™]
Fig. 11.  (color online) The same as Fig. 8, but for the p
meson field.

IV. SUMMARY

The RMF-CMR theory, a combination of the relativ-
istic mean field (RMF) theory and the complex mo-
mentum representation (CMR), was adopted to check the
pseudospin symmetry in the single-neutron resonant
states in 2% Pb. Influences from different fields of mesons
on the pseudospin symmetry were investigated, and the
splitting of the energies, widths, and wavefunctions
between the resonant pseudospin partners were extracted.
It is shown that the energy and width splittings between
the resonant pseudospin partners decrease with increas-
ing o-field strength, and increase with increasing w-field
strength. In comparison with the o and w fields, the p-
field produces a more minor influence on energy and
width splitting for the resonant pseudospin partners,
which indicates that o and w fields are dominant in influ-
encing the pseudospin symmetry, and the pseudospin
splitting comes from the competition between the o and
w fields. Note that the trend for the change in energy
splitting in the resonant partners with the strength of the
meson field is in agreement with the case for the bound
partners. At the same time, some differences were ob-
served between the influence of various meson fields on
the PSS in the bound and resonant states; these have been
discussed in detail.

Moreover, considering that only the wavefunctions of
resonant states in the momentum space converge, the
pseudospin wavefunction splitting for resonant partners
in momentum space and its dependence on the strength of
the meson field were calculated and analyzed. The trend
of wave function splitting with A, 4, and A, is consist-
ent with that of the energy and width splittings in reson-
ant partners.
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