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The adiabatic self-consistent collective coordinate (ASCC) method is a practical micro-
scopic theory of large-amplitude collective motion in nuclei with superfluidity. We show that
its basic equations are invariant under transformations involving the gauge angle in particle-
number space. By virtue of this invariance, a clean separation of the large-amplitude collec-
tive motion and the pairing rotational motion can be made, and this allows us to restore the
particle-number symmetry broken by the Hartree-Fock-Bogoliubov (HFB) approximation.
We formulate the ASCC method explicitly in a gauge-invariant form. In solving the ASCC
equations, it is necessary to fix the gauge. Applying this new formulation to the multi-O(4)
model, we compare different gauge-fixing procedures and demonstrate that calculations us-
ing different gauges indeed yield the same results for gauge-invariant quantities, such as the
collective path and quantum spectra. We propose a gauge-fixing prescription that seems
most convenient in realistic calculations.

§1. Introduction

The construction of a microscopic theory of large-amplitude collective motion
is a long-standing and fundamental problem in the study of nuclear many-body
systems.} 3% As is well known, pairing correlations play crucial roles in low-lying
states of medium and heavy nuclei, and they are taken into account in the Hartree-
Fock-Bogoliubov (HFB) mean-field theory by violating the particle number conser-
vation.’®)38) The broken particle-number symmetry can be restored, however, by
making the self-consistent quasiparticle random-phase approximation (QRPA), on
top of the HFB mean field.?9)38) It is an advantage of the QRPA that number-
conserving collective modes, such as shape-vibrational modes, are exactly decoupled
from number-fluctuation modes. The latter modes are associated with the nucleon-
number degrees of freedom and are called the ‘pairing rotational modes’. It is a
unique feature of nuclei as finite quantum systems that such rotational motion in
gauge space is actually observed in quantum spectra.?®) Because the applicability of
the QRPA is limited to small-amplitude collective motion, it is highly desirable to
extend the QRPA to a general theory which has its decoupling feature. Such a the-
ory should be capable of describing the interplay between large-amplitude collective
motion and the pairing rotational modes.

The self-consistent collective coordinate (SCC) method” is a microscopic the-
ory of large-amplitude collective motion based on the time-dependent Hartree-Fock
(TDHF) method. This method enables us to extract the collective submanifold in
a fully self-consistent manner. The SCC method was originally formulated” for
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systems without pairing correlations, and then extended!®) to systems with super-
fluidity. To extract the collective submanifold embedded in the time-dependent
Hartree-Fock-Bogoliubov (TDHFB) phase space, number and angle variables de-
scribing the pairing rotational motion are explicitly introduced,'® in addition to
the collective variables describing the large-amplitude collective motion. This ex-
tended version of the SCC method has been applied successfully to various kinds
of anharmonic vibration and high-spin rotational motion.*?) 51 However, obtaining
solutions with this method requires use of a technique employing expansion with
respect to the collective coordinates and momenta around the HFB states. Thus
it is difficult to describe large-amplitude collective motion using this expansion.
Recently, the adiabatic SCC (the ASCC) method has been proposed to overcome
this difficulty.?? The ASCC method is an alternative way to solve the SCC basic
equations in the case that the large-amplitude collective motion of interest is slow
(adiabatic). Under this assumption, the basic equations of the SCC method are ex-
panded up to second order in the collective momentum, but no expansion is carried
out with respect to the collective coordinate. This method has been applied® to
the study of shape-coexistence phenomena® 6 in which there is large-amplitude
collective motion that appears as the transition between the oblate and prolate HFB
equilibrium shapes. However, the calculation to determine the collective degrees of
freedom often involves a numerical instability, caused by the existence of a redun-
dant degree of freedom in the ASCC equations. This problem has been treated by
imposing an additional condition by hand.?” However we now understand the origin
of this redundancy: It is due to the gauge invariance of the ASCC equations.

The main purpose of this paper is to formulate the ASCC method in a manner
that makes manifest the invariance under transformations with respect to the angle
variable in the gauge space. This invariance is necessary to realize a clean separation
of the large-amplitude collective motion and the pairing rotational motion, and to
restore the particle-number symmetry broken by the HFB approximation. This
new formulation of the ASCC method also provides justification of the prescription
adopted in our previous work.’”) In the present work, we apply this method to
the multi-O(4) model®”62) with several choices of the gauge and test the internal
consistency of the proposed scheme by carrying out a detailed numerical calculation.

This paper is organized as follows. In §2 the basic equations of the ASCC
method are presented. In §3 a gauge-invariant formulation of the ASCC method is
given. This formulation is applied to the multi-O(4) model in §4, and the results of
numerical calculations testing its validity are reported in §5. Concluding remarks
are given in §6.

§2. Basic equations of the ASCC method

2.1. Basic ideas

The time evolution of large-amplitude collective motion is described by the time-
dependent variational principle expressed as

0

0 {o(t)i5, — Hp(t)) =0, (2-1)

where |¢(t)) is the time-dependent HFB state vector. Assuming that the time-
dependence of the collective motion is governed by the collective coordinate ¢ and
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the momentum p, we parameterize the time-dependent HFB state vector as

19(t)) = |6(q,p,,m)) - (2:2)

Here, ¢ represents the gauge angle conjugate to the particle number n = N —Ny. We
measure the particle number from a reference value Ny specified below and assume,
for simplicity, that there is one collective coordinate. We define the intrinsic state
vector |¢(q,p,n)) in the particle-number (gauge) space by

16, 0, 0,m)) = ¢V [(g,p,n)) 4 (2:3)

where N = N — Ny. Two sets of collective variables, (¢,p) and (¢, n), are determined
such that the canonical variable conditions

g 03 9 o5
v 05 0 s
(¢(q,p,n)| N [¢(q,p,n)) = n + 9y’ (¢(q,p,n)| on |9(q,p;n)) = o (2-4)

are satisfied. Here, the generating function S is an arbitrary function of g, p, ¢, and n.
We choose S = 0, because it is appropriate for the adiabatic approximation.t?)-16),20)
The collective Hamiltonian is defined by

H(q, p,n) = (¢(q,p, . n)| H |$(q.p, ,n)) = (¢(q,p,n)| H |$(q, p,n)) . (2-5)

Note that this collective Hamiltonian is independent of the gauge angle ¢, because
the original Hamiltonian commutes with the particle number operator N.

The equation of collective path is obtained by replacing the time derivative term
in Eq. (2-1) with derivatives with respect to the four collective variables:

OHO OHO 10H -

stoapml i —i (G0 - TS LN ) ot = 0. (20)

Here, the canonical equations of motion for the collective variables (g, p) and (¢, n)
are used in order to eliminate the time derivative of the collective variables. Equa-
tions (2-4), (2-5) and (2-6) constitute the basic equations of the SCC method.”:18)

2.2. Basic equations of the ASCC method

Assuming that the large-amplitude collective motion is slow, i.e., that p is small,
let us write the TDHFB state vector |¢(q,p,n)) in the following form:

[6(q,p,m)) = ePR@FOW |5(q)) (2:7)

Here Q(q) and ©(q) are Hermitian one-body operators, which may be written as
Qla) = Z (Qm Jahaly + Qas(a) asaa ) (2:8)
- ZZ (Bas(@)ala) — Oup(a)asan) (29)

where aL and a, are the quasiparticle creation and annihilation operators associated

with the time-even state vector |¢(g)), which satisfy aq |¢(q)) = 0, and n = N — Ny,
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Ny being the expectation value of the particle number with respect to |¢(q)). In §3,
we show that it is also possible to adopt a slightly different representation for Q(q)

Substituting (2-7) into (2-4) and comparing the coefficients of zeroth-order and
first-order terms in p and n, we obtain the canonical variable conditions in the
adiabatic limit:

(@(a)l P(a) |6()) =0, (2-10)
(¢(a)l Qa) |6(a)) =0, (2-11)
(¢(a)| N [6(9)) =0, (2:12)
(6()| ©(a) |9(a)) =0, (2:13)
(¢(a)] [O(a), N]|(q)) = i, (2:14)
(0(a)] [Q(a), O(a)] |6(a)) =0, (2:15)
oQ
<¢@NE@W¢@»'——1, (2-16)
where P(q) is the local shift operator defined by
N 0
P@Hﬂ®>=%EW@»- (2-17)
Differentiating (2-11) and (2-12) with respect to ¢ and using (2-16), we obtain
(¢(a)] [Q(a), P(a)] |6(a)) = i, (2-18)
(6(@)| [N, P(9)] |é(0)) = 0. (2:19)
The collective Hamiltonian (2-5) is also expanded up to second order in p and

first order in n, and we write

H(a,p,m) =V(a) + 3 B@ + Mo (220)

where the collective potential V' (¢), the inverse mass parameter B(q), and the chem-
ical potential A\(q) are defined by

Vi) =Hapn)| =)o), (2:21)
2 ~ ~ ~

@ =550 | = C@IIHQ@. QW] o). (222

No) = Gr| = 6@ 6] 6(). (2:23)

We obtain the ASCC equations by expanding the equation of collective path
(2-6) with respect to p and n, and requiring that the variations vanish at each order
in p and n. At zeroth order, we obtain the moving-frame HFB equation

3 (d(@)| Hu(q) |6(a)) =0, (2-24)

where

Hy(q) = H - XNag)N — —Q(q) (2-25)
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is the moving-frame Hamiltonian. At first and second orders, we obtain the moving-
frame QRPA equations (also called the local harmonic equations),

8 (¢(a)| [Har(a),iQ(a)] — B(a)P(q) |6(q)) = 0, (2-26)

where
oV 1 oBov
© 0¢>  2B(q) 9q 0q

Note that in Ref. 52) the curvature term 1/2B(q)[[Har(q), 8V /0qQ(q)],iQ(q)] is
linearized with respect to ()(q) using the relation

(T — @)K = %Zc}(qx (2:29)

Clg) (2-28)

where the superscript A in Eq. (2-29) denotes the two-quasiparticle creation (afal)
and annihilation (aa) part of the operator in the parentheses. Hereafter, we call
this part the “A-part” and the a'a terms the “B-part”. The collective variables
(q,p) and the collective Hamiltonian H(q, p,n) are determined by solving the ASCC
equations, (2-24), (2-26), and (2-27), under the canonical variable conditions. Note
that we can carry out a scale transformation of the collective coordinate g such
that B(¢) = 1. We adopt this choice. Then, C(q) represents the curvature of the
collective potential:

0%V (q)
Clo) = 5 (2:30)
§3. Gauge invariance of the ASCC equations with respect

to the pairing rotational degree of freedom

3.1. Gauge invariance at the HFB equilibrium point

As mentioned in the preceding section, the first step to solve the ASCC equa-
tions is to find a solution at one of the HFB equilibrium points, denoted ¢ = qo,
which corresponds to the local minimum of the collective potential V' (q), satisfying
0V/dq = 0. The moving-frame HFB equation reduces to the conventional HFB
equation at the equilibrium point:

3 (6(q0)| H = Mgo)N |¢(g0)) = 0. (3-1)

The moving-frame QRPA equations at the equilibrium point are given by
5 (¢(go)| [H — A(q0) NV, iQ(g0)] — B(0) P (o) |¢(q0)) = 0, (3:2)

. - . . A OA -
6 (¢(qo)| [H — A(go) N, P(qo)] —iC(q0)Q(qo0) — Z%N [¢(q0)) = 0. (3:3)
These equations reduce to the QRPA equations if the quantity OA/9q vanishes. In
other words, the QRPA solution corresponds to the special solution of the moving-
frame QRPA equations with O\/0q = 0.
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Let us consider the following transformations:

Q(q0) — Q(q0) + aN“(qo), (3-4a)
O(q) — O(q0) + aP(qo), (3-4b)
2 a0) = S (an) — aClan). (340

Here, « is an arbitrary number and N4 denotes the A-part of the number operator
N. This is a kind of gauge transformation with respect to the pairing rotational
degree of freedom. We can easily confirm that the moving-frame QRPA equations
at the HFB equilibrium point, (3-2)-(3-3), and the canonical variable conditions,
(2:10)—(2-15) and (2-18)—(2-19), are invariant under this transformation. Due to
this invariance, the solution of the moving-frame QRPA equations is not uniquely
determined at the HFB equilibrium point. If we choose a value of a such that the
relation d\/9q = 0 holds, the moving-frame QRPA equations coincide with the
conventional QRPA equations. We can choose other values of «, however, if they
are more convenient.

3.2. Gauge invariance at non-equilibrium points

At non-equilibrium points, 0V/dq is non-zero, and the moving-frame Hamilto-
nian (2-25) depends on the collective coordinate operator Q(g). However, we can
generalize the above considerations applying to the HF'B equilibrium point to a gen-
eral non-equilibrium point ¢ on the collective path. Indeed, it is straightforward to
confirm that all the basic equations of the ASCC method [i.e., the collective Hamil-
tonian H(g,p,n), (2-20), the inverse mass parameter B(q), (2-22), the moving-frame
HFB equation, (2-24), the moving-frame QRPA equations, (2:26)—(2-27), and the
canonical variable conditions, (2-10)—(2-15) and (2-18)—(2-19)] are invariant under
the transformations with respect to the pairing rotational degree of freedom

Q(q) — Q(g) + aN, (3-5a)

6(q) — 6(q) + aPlq), (3:5)

Aa) = Ma) — a2 (g) (3-50)
dg

(@) = 5o(0) ~ aCl) (3:50)

if the collective coordinate operator Q(q) is constructed such that it exactly com-
mutes with the number operator N, i.e.

A

[Q(q), N] =0. (3-6)

In association with the above transformations of Q(q) and @(q), the original
TDHEFB state vector,

6(q, p, p,m)) = =N PR O |g(g)) (3-7)
is transformed as
16(q, p, g, m)) —e N Q)TN (in(@@)+aP@) |4 (g))

=~ iP=oPIN (pQ(0) O | 4(g — an)) . (3-8)
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Here, the relation

(6(q + 89)) = e |4 (q)) (3-9)

is used, and it is assumed that the operators @(q) and P(q) commute under the
adiabatic approximation. We also note that the expression (3:7) is slightly different

from (2-7). However, the difference between e?@(0)+n0(a) an( Q@) mO(9) gives rise
to only higher-order contributions, which are ignored in the adiabatic approximation
under consideration. We see that the gauge angle ¢ changes to ¢ — ap under the
transformation (3-5). Thus, hereafter, we refer to the transformations (3-5) as “gauge
transformations”, the lack of dependence on the choice of o as “gauge invariance”,
and the choice of the value of o as “gauge fixing.”

The commutation relation (3-6) implies that Q(q) is a normal one-body operator
written in terms of the nucleon creation and annihilation operators (cf,c) in the
following form:

Qle) =D Qi(9) : clej: = Q% a) + Q" (a). (3-10)
]
Here, the symbol : : denotes the normal product part when Q(q) is written in terms

of the quasiparticle operators (af,a) defined at |¢(q)), and the coefficients satisfy
the relation Q;;(¢) = Q;i(q)*, because Q(q) is assumed to be Hermitian. Note that
this Q(q) operator contains the B-part, QB(q) =k Qﬁalal, as well as the A-part,
QA(q) = Qflala; + h.c. Accordingly, the relation (2-29) does not hold for this
Q(q) operator.

In this way, we arrive at a new formulation of the ASCC method in which the
gauge invariance (3-5) is manifest. The gauge-invariant ASCC method consists of
the basic equations, which are the same as those in the original ASCC method,??
except for the use of Eq. (2-27), and the Q(q) operator given in the form of (3-10).

3.3. Gauge fixing and the numerical algorithm

The fact that the ASCC equations are invariant under the gauge transforma-
tions (3-5) suggests the necessity of choosing a particular gauge for the numerical
computation: If the gauge is not fixed, an instability with respect to the gauge degree
of freedom might arise during the course of numerical calculation. Let us outline
the procedure for the gauge fixing and the numerical algorithm for solving the gauge
invariant ASCC equations. We start the calculation by solving the moving-frame
QRPA equations at one of the HFB equilibrium points. A solution of the moving-
frame QRPA equations at the HFB equilibrium point can be obtained, as discussed
in §3.1, by choosing the gauge OA/0q = 0. Hereafter we call this gauge the “QRPA
gauge”, because under this gauge, the moving-frame QRPA equations at the HFB
equilibrium reduce to the conventional QRPA equations. As we see below, numerical
calculations using the QRPA gauge encounters a difficulty at inflection points of the
collective potential V' (g). It is possible, however, to choose another gauge that is
free from this difficulty. With the use of the multi-O(4) model, we explicitly show
in §5 how this is done.

Since the moving-frame HFB equation at non-equilibrium points contains Q(q)
that should be determined by the local harmonic equations, we have to resort to
an iterative procedure. We proceed in the direction of the lowest energy solution of
the moving-frame QRPA equations and successively derive solutions in the following
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manner. Suppose that we have already obtained the solution at ¢’ = ¢ — d¢, where
dq is the numerical mesh size in the computation. The moving-frame HFB equation
at g for the n-th iteration,

6 (6 (@) 77 (@) |6 (@) = 0, (3:11)
. . . (n)
B () = - A ()N — %Z (@Q"(g), (3.12)

is solved under the constraints
(6 (@) & |6 (q)) = No, (3:13)
(6" (0)| Qla - 80) [6™) (@)) = a, (3:14)

which are derived from the canonical variable conditions (2-12) and (2-16), respec-
tively. In starting this iterative procedure at g, the neighboring solution Q(q —4q)
(or a linear combination of the moving-frame QRPA modes at ¢ — d¢) may be used
as an initial trial for the operator Q(q)(o). The moving-frame QRPA equations for

the n-th iteration are written

5 (0 (@)| 3} (@), 1Q™) ()] = B™(@)P™) (@) |9 (q) ) = 0, (3:15)
3 (6 @] B @), PV )]~ s S I @) 2 Q@) i0()
. )
~ICMQN ) -5 @ [o (@) 0. (316)

As the curvature term is nonlinear with respect to Q(q), we replace one of the
operators Q(q) with that of the previous iteration step, Q("_l)(q). This procedure
is discussed in detail for the multi-O(4) model in §4.5. Thus, the moving-frame
QRPA equations are linearized with respect to Q(")(q) and P™ (¢). Its A-part,
QA(”)(q), can be determined in a manner similar to that employed in solving the
conventional QRPA equations. After obtaining Q4™ (¢), its B-part, QB (q), is
determined with the requirement Eq. (3-6). This iterative procedure is repeated
until we obtain convergence for A" (q), Q™ (q), and |¢(”)(q)>.

§4. Application of the gauge-invariant ASCC method
to the multi-O(4) model

In the following sections, we apply the scheme formulated above to the multi-
O(4) model and discuss the gauge-fixing conditions suitable for solving the gauge-
invariant ASCC equations. We study excitation spectra and transition strengths in
systems with definite particle number N = Ny, and for this reason, we set n =0 in
the following sections.

4.1. The multi-O(4) model

The multi-O(4) model Hamiltonian has been used to test the validity of micro-
scopic theories of nuclear collective motion.?”) %2 In this work, we employ the model
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Hamiltonian used in Ref. 57). The model is constructed in terms of the generators
of the O(4) symmetry,

5t P
Z Cjm J m’ j = Z OimCimCi—ms (4-1)

m>0 m>0

oS I S R
m m

where the nucleon creation and annihilation operators (c;f-m, ¢jm) are used, and the
quantity oj,, is given by

[ 1 Iml< /2, _
"Jm_{ —1 |m| > £2;/2. (4:3)

These four operators represent the monopole pair, the (simplified) quadrupole pair,
the particle number, and the (simplified) quadrupole operators for each j-shell,
respectively. The model Hamiltonian is written in the form

. A 1 PN P 1 PN A 1 .
H=hy— 5GO(ATA + AAT) — 5GQ(BTB + BB — §XD2, (4-4)
iLQ = Ze?]vj,
J
where

ZAT Bf = Zd , N=>"N;, D=> d;D;, (4-5)
j j

and d; represents the quadrupole matrix element. The first term on the right-
hand side of Eq. (4-4) is the single-particle Hamiltonian, giving a spherical single-
particle energy eg for each j-shell, which possesses (22;)-fold degeneracy (2§2; =
2j+41). The other terms represent the residual two-body interactions: the monopole-
pairing interaction, the quadrupole-type pairing interaction, and the quadrupole-
type particle-hole interaction. Their interaction strengths are denoted Gg, G2, and
X, respectively. Here, the operators A and N are the monopole-pair and the number
operators, while Band D represent the simplified quadrupole-pair and quadrupole
particle-hole operators, respectively.

The residual interactions of this model are separable, and we can always write
such a separable Hamiltonian in the form

H= hg—meF(”F + = ZHS VE), (4-6)

where
E®) = (Fy+ Flyj2 = +FBT (4-7)

Here, the superscript (+) indicates that the bilinear operator F' is Hermitian and (—)
indicates that it is anti-Hermitian. The multi-O(4) model Hamiltonian under con-
sideration contains three kinds of residual interactions. The subscripts s =1, 2, and
3 on the operators F' and the interaction strengths k, indicate the monopole-pairing,
the quadrupole-pairing and the quadrupole particle-hole interactions, respectively:
Fszl == A, FSZQ == B, F’Szg == D, K1 = 2G0,I€2 == 2G2 and R3 = X.
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4.2. Quasiparticle representation

To solve the ASCC equations, it is convenient to use the quasiparticle basis
defined locally with respect to the state |¢(q)) on the collective path. For the multi-

0O(4) model, the Bogoliubov transformation to the quasiparticle creation and anni-
T

7

()= (u (). »

Here, the indices +i represent the set of angular momentum quantum numbers
(j,£m). The Bogoliubov transformation is locally determined on the collective
path by the moving-frame HFB equation for a given collective coordinate operator

Q(q).

Using the quasiparticle bilinear operators

hilation operators, a)(q) and a;(g), satisfying the vacuum condition a;(q) |¢(q)) =0

is written

Al(g) = al(g)a’ (q), (4-9)
Ni(q) = al(g)ai(g) +a’ (9)a-i(), (4-10)
the nucleon bilinear operators AI and N; can be rewritten as
A} = wi(q)vila) +uF () A (@) — v} (a) Ai(a) - wilq)vi(a) Ni(9), (4-11)
N; = 203(q) + 2ui(q)vi(@) (Al (@) + As(q)) + (u?(q) — v3 (@) Ni(q). (4-12)

The quasiparticle bilinear operators A;-r(q), A;i(q), and N;(q) satisfy the following
commutation relations:

[Ai(@), AL (@)] = 6 (1 = Ni(a)). (413)
Ni(a), A} (q)] =26 Al (a). (414)

The particle number Ny, the quadrupole deformation D(q), the monopole-pairing
gap Ap(q), and the quadrupole-pairing gap As(q) are given by the expectation values
of the corresponding operators with respect to the mean-field state vector |¢(g)):

No = (8(q)| N |6(q)) = 22“?(61)» (4-15)
D(q) = (¢(a)| D](q)) = 2§;dmv3(q)7 (4-16)
Ao(q) = Go (8(9)] AT [6(q)) :Go > uila)vila), (4-17)
As(q) = G2 (¢(q)| B [6(q)) = Ga 2 dioiui(q)vi(q). (4-18)

Below, we often omit ¢ as the argument of such functions, for example, writing
A;(q) as A;. Tt should be kept in mind, however, that these quantities are locally
defined with respect to the quasiparticle vacuum |¢(q)) and depend on q.

4.3. The ASCC equations for separable interactions
The ASCC equations for the separable Hamiltonian are given by

5 (¢(q)| har(q) |6(q)) =0, (4-19)
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5 (6(0) (). Qa)] = Y2 FSIED ~ 2B@P@)o(a) =0, (420)

3 (6(q)| | Pt (a), 1.B<q>15<q>} N QFES - B@)C9)Qa) - Y £ @ ED

+ X |F0.500w] 15) - i@ lota) = .
(4-21)

where hp7(q) denotes the self-consistent mean-field Hamiltonian in the moving frame,
defined by

hasta) = hia) = N@)N = 5 Qa), (122)
with

h(q) =ho = > ks FD (o(q)| FSP [(q)) - (4-23)

We also define the following quantities:
150@) = —rs (6@ [E), Q)] 16(a)) . (4-24)
£506) = s (9(a)| F), S B@P(@)] 16(0)) (425)
0 = —gm ol | [0, L aw] Q@] w@y, w2
o) = B@), (4:27)

Note that all matrix elements are real, and then (¢(q)| £ |p(q)) = 0. The fifth
term in Eq.(4-21) appears only in the gauge-invariant formulation of the ASCC
equations, because there is a contribution from this term only if ()(¢) contains the
B-part.

4.4. The moving-frame HFB equation

The moving-frame HFB equation (4-19) at a given ¢ determines the time-even
TDHB state vector |¢(q)). The variation of Eq. (4-19) is taken with respect to two
arbitrary quasiparticle states:

316(q)) = al(q)al(q) (q)) - (4-28)

If we know the operator Q(q), we can solve this equation using the gradient method
S0 as to eliminate the two-quasiparticle terms proportional to A;r and A;. The quan-
tities A(q) and 9V/0q can be regarded as Lagrange multipliers, which are determined
by the following two constraints. The first is the particle number constraint given by
(4-15). This constraint specifies the location in particle-number space. The second
constraint is written as (3-14). For the Q operator defined by (3-10), this equation
yields

(#(9)] Qg —69) [6(q)) =2 Qilg — 6)(vi(q)* — vilg — 6¢)°) = 6q.  (4-29)

>0



12 N. Hinohara, T. Nakatsukasa, M. Matsuo and K. Matsuyanagi

4.5. The moving-frame QRPA equations

We solve the moving-frame QRPA equations to obtain the operators Q(q) and
P(q). The collective coordinate operator Q(q) is written

=Y Qi) : Nii= > {Q @Al + 4) + QF ()N, (4-30)
i i>0
while the collective momentum operator P(q) is expressed as
q) =iy Pi(a)(A] - Ay). (431)
i>0

As mentioned in the preceding section, the B-part of the operator P(q) is unneces-
sary in second order with respect to the collective momentum p.

We solve the moving-frame QRPA equations in the following way. First, we
assume that the solution Q"1 (q) (obtained in the previous iteration step) of the
moving-frame QRPA equations and the solutions, such as |¢(q)) and V(g), of the
moving-frame HFB equation are known. [The superscript n is omitted, except on
Q(q)] In solving the moving-frame QRPA equations, we note that the moving-

~ (1)

frame Hamiltonian Ay (¢) and the operators Fs( can be expressed in terms of the

quasiparticle bilinear operators AI, A;, and N; as
hat(q) =V(9) +>_ Ei(q) N, (4-32)
i>0
2 3 A (+ A (+
ED = (o) P |6(a)) + FLY) + F)
= (@) F |6(g)) +ZFAS (Al +4) + Y FS) 6N, (4:33)

>0 >0

20 =3 R )(AD - Ay). (4-34)
1>0

Here, we have

1 1
FG) = S =), B G6) = Sdiotu? —v3),  FSP0) = 2w, (4:35)
. 1 3. 1 -,
Fi0) = -3, Fi3 ) = —5dio Fi@) =0, (4:36)
FéJrl) (’L) = —U;0y, FéJ,FQ) (Z) = —CliO'Z'UZ'Ui, Féjrg)) (Z) = diO'Z' (u? - U?),

(4-37)

Eilq) = (2 — o) (  \diD(q) — \g) — ZZQ?‘%))
— Q(Ag(q) + diO‘Z‘AQ(q))UjUi. (4'38)

These quantities are determined by solving the moving-frame HFB equation (4-19).
For later convenience, we define the following quasiparticle bilinear operators:

RW = [Fs( ) 8l ] = 2ZR (i) (Al T A)), (4-39)

>0
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with
R0 = G0 (F00M V@ - F0 V@), @)
RO = -S0 P00 ) (1-41)
We can express the matrix elements Q; AM) and P; in terms of f fP i (+) and

fn by substituting Eqgs. (4-30) and (4-31) into Egs. (4-20) and (4 21) This ylelds

QA — 1
' (2E;)? — w? + 290 E,Q) Y
{om 3 s+ 3 (P20, - 22) + i |
S
(4-42)
25 () () #(5)

b= - FS 0o, = 2RGD 15 ) + Nifn

(2Ei)2 — w2 +2%%EiQ?(n 1) {§< A, PR, A, Q,s >

w? —2 EQ

(=) (4 ¢(-)
+ Fy)0)f5), (443)

(2Ei) 28VE QB(n 1) Zs: A, Q,

where

Ni = 2ui(g)vi(q), (4-44)
fPRs = (H( )Jrf(ﬂ( ), (4-45)
w =/ B(q)C(q)- (4-46)

Substituting Eqgs. (4-30), (4-31) and (4-39) into Eqgs. (4-24), (4-25) and (4-26), we
obtain

15 =2 ST FC) (001, (4-47)
>0
An
frms =20 Y_{ES) 0P+ BT 0QM™ ] (448)
>0

Note that fg?)) = 0. From the canonical variable condition, the orthogonality of the
collective and number fluctuation modes is required, i.e.

(d(q)|[N, P(q) —QZZNP =0. (4-49)
1>0

Eliminating Q?(n) and P; from Eqs. (4-47), (4-48), and (4-49) with use of Eqs. (4-42)
and (4-43), we finally obtain the dispersion equation

S(w?) - f=0, (4-50)
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for the quantity f= flq) = {le, sz, fPRl? PRQ? PRS’ fn}. Here S ={S;;} is
a 6 x 6 matrix whose elements are given by

Su =2m {SOES) FL)) 25O (F) RGO -1, (4-51a)
S12 = 261 {SOFY, ) - 25O (R ROD (4-51D)
S1s =21 SP(F), FY), (4-51c)
S =2 SPE, FT)), (4-51d)
Sis = 201 SA(F, FY), (4-51c)
S16 = 261D (F), ), (4-51f)
Sa1 = 2k {5(1)(fo L FS)) —28@(F ,512)7354_1))} ; (4-52a)
Soy = 2%y {SU)(Fj,,;, F()) - 25(F (), jo;)} _1, (4-52b)
Saz = 2525(2)(@(1,_2)7 Ff(ﬂ))v (4-52¢)
So1 = 2k SA(F) F()), (4-52d)
Sos = 2k SO (F) F()), (4-52¢)
Sae = 2r2S P (F), ), (4-52f)

S = 2 {w?SAEL) FT)) - SOEL) R

+50 NRET,E FS)) - 28O RGD Y, (4-53a)

532:2"61{ 2s@(F FG) - sOFER, RE))

+SORY), FY)) - 25@ (R, jog>} . (4-53b)

Sy = 261 {SOFS, FIY) + SRS, FS) - 1, (4-53¢)
Soa = 261 {SOFSR, FSD) + SR, FED | (4-534)
Sa5 = 2%, {S(1>(F§j), Fit) + s®(RY), FX%))} : (4-53¢)
S36 = 21 {S<1>(F§j1), N) + 5@ (R, N)} , (4-53t)

S =26z {w?sO (D FL)) - sOFS REY)

+8O(RG), F)) - 25@(RY), R >)}, (4-542)

Si2 = 252 {WQS(Q)(F;%,) FY, )) SW(F ,51+2)7R,(4_,2))

+SO(RY), F)) - 25 (R, Rf;g)} . (4-54D)
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Sz = 2k {s<1>(F/g+2>, F) + SO F)} (4:54c)
St = 2kn {S F{)) + SR, FXQ)} 1, (4-54d)
S5 = 2mz { SO FA ) ES) + 5@ R FED (4-54e)
Sie = 2K2 {S A 2 N 5(2)(R54J,r2)v N)} ; (4-54f)

S51 = 2/@3{ 25(2)< ,513)7F,51,_1)) - S(l)(FIE‘B),RE;l))

+sORS) FL)) - 25@R) RGO}, (4550)

S52 = 263 {w? SO (P, FL)) - sOFS, RG))

S5 = 263 { SO(FSH, FSY) + sORT), FS) | (4-55¢)
S5a = 203 { SO(FSY, FSD) + SORT), FED | (4-55d)
S5 = 263 { SO(FSY, FLD) + SORTL FSD) - 1, (4-55¢)
S50 = 265 { SO(FS, ) + SR, N) | (4-55¢f)

(4-56a)
Ses = SO, F{)), Sea = SOV, FLY)), (4-56D)
Sﬁ5 = S(l)(N, FX‘?), 866 = S(l)(N,N> (4'56C)
Here, the quantities S and S@ are defined by
>0 (2Ei(0)? — w?(q) + 250 EiQ;
SOXY)=>" ! 5 XiYi. (4-58)

>0 (2Ei(9))? — w2(q) + 250 E; Q7

The unknown quantities in the dispersion equation (4-50) are f(q) and w?(q). The
squared frequency w?(q) can be determined by the condition that the matrix S(w?(q))
has no inverse:

det S(w?(q)) = 0. (4-59)

In the case that there are many solutions w?(q) satisfying this equation, we choose
the smallest of these (including negative values) as the collective mode. Once the
value of w?(q) and, consequently, the matrix S(q) is specified, the direction of the
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vector f(q) is known. Then, its absolute value is fixed by the normalization condition
for the collective mode,

(@) [QM(a). P(a)] |6(0)) =20 > Q7™ (9)Pi(g) = i. (4-60)
>0

The choice of the signs of Q™ (q) and P(q) are still arbitrary. This choice specifies
the “rear” and “front” of the one-dimensional collective path.

The B-part of Q(q) is automatically determined in terms of its A-part according
to its definition (4-30):

QP (q) = LM (). (4-61)

4.6. Gauge fizing

Under the gauge transformation (3-5), the quantities, fé_l) (q), fé?_z)(q), and fn(q)
appearing in the dispersion equation (4-50) transform as

151(0) =15 () — 4a2o(g), (4-62)
F59(@) = £53(a) — 4als(q), (4-63)
fnlg) = fnlg) — aw?(q). (4-64)

These properties clearly indicate that one of the above three quantities can be elim-
inated: By choosing an appropriate value for a (gauge fixing), we can reduce the
dispersion equation (4-50) to a 5 x 5 matrix equation. In other words, Eq. (4-50)
is redundant, and the gauge fixing is equivalent to the reduction of its dimension.

The QRPA gauge corresponds to setting fy(q) = 0. In Ref. 57), we set fé?_l)(q) =0,

which corresponds to another gauge. Because the quantity fé;l) (q) represents the
contribution from the time-odd component of the monopole-pairing interaction, let
us call this gauge the “ETOP (eliminating time-odd pairing) gauge”

4.7. Requantization
The solution of the ASCC equations yields the classical collective Hamiltonian:
1
H(a,p) = 5p° + V(a)- (4-65)

We can thus obtain the quantum collective Hamiltonian by carrying out the canoni-

10
cal quantization H(q,p) — H <q, 9

L oq
is no ambiguity associated with the ordering of ¢ and p, because the coordinate scale
is chosen such that the inverse mass function is unity, i.e., B(q) = 1.

>. Note that, in this quantization step, there

§5. Numerical test of the internal consistency of the proposed scheme

5.1. Details of numerical calculation

We numerically solved the gauge-invariant ASCC equations for the multi-O(4)
model with the same parameters as in Refs. 57) and 62). The system consists of 28
particles (one kind of fermion). The model space consists of three j-shells, labeled
J1,J2 and j3, with the pair degeneracies §2;, = 14, (2;, = 10 and (2;, = 4, single-
particle energies ej, = 0,ej, = 1.0 and e;, = 3.5, and the single-particle quadrupole
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moments d;; = 2 and dj, = dj;, = 1. Within this model space, the deformation
D = (¢(q)| D |#(q)) ranges from Dyin = —42 to Dyax = 42. The calculation was
done with the quadrupole-interaction strength y = 0.04 and the monopole-pairing-
interaction strengths Gy = 0.14,0.16 and 0.20. The nature of the system changes
from a double-well (Gy = 0.14) to a spherical vibrator (Gy = 0.20) as the value of Gy
is changed. The effect of the quadrupole pairing is studied by comparing the results
for G = 0.00,0.02 and 0.04. As pointed out in Ref. 57), the quadrupole pairing
has a strong effect on the collective mass. However, it need not be considered for
investigation of the gauge-fixing condition. Therefore, we present the results for
G2 = 0 in the next subsection and show its effect in the final subsection only. The
calculation starts from one of the HFB equilibrium states, labeled by ¢ = 0 (see
Fig. 2). For the deformed cases (Gy = 0.14 and 0.16), the HFB equilibrium state
with positive (prolate) deformation is chosen as the starting point.

5.2. Comparison of the two gauge firing conditions

Let us examine whether or not we can find a gauge independent solution of the
ASCC equations. The existence of the collective path that simultaneously satisfies
all equations of the ASCC method is not self-evident. The aim of the numerical
calculation here is to check the internal consistency of the equations presented in
the preceding section. We solve the gauge-invariant ASCC equations with two dif-
ferent gauge fixing conditions: the QRPA gauge [fny(¢) = 0] and the ETOP gauge

[ fé?_l) (¢) = 0]. In the QRPA gauge, the chemical potential A(¢q) along the collective
path is set to a constant, while in the ETOP gauge, the time-odd contribution of
the monopole pairing interaction is fully eliminated from the ASCC equations.

Figure 1 displays the collective potential V(¢) and the monopole pairing gap
Ap(q) as functions of the quadrupole deformation D(q). Figure 2 displays the rela-
tion between the collective variables ¢ and the quadrupole deformation D, as well as
the squared frequency w?(q) obtained by solving the local-harmonic equations. The
collective mass M (D(q)) = (dq/dD)?, which is derived by transforming the collec-
tive kinetic energy as a function of the velocity D under the condition B (q) = 1,57
is plotted as a function of D in Fig. 3. We find that the calculation using the ETOP
gauge encounters no difficulties, and the collective path connecting the two local
(oblate and prolate) minima with different signs of the deformation are successfully
obtained. By contrast, the calculation using the QRPA gauge encounters a point be-
yond which we cannot proceed. In the region where the solutions have been found
for both gauges, they are consistent. This should be the case, because these are
gauge invariant quantities. The cause of the difficulty encountered in the QRPA
gauge can be understood as follows.

Figures 4 and 5 display the chemical potential A\(¢) and the quantities fé?_l) (q)
and fn(q), respectively. Their values depend on the gauge adopted. If the QRPA
gauge is used, A(q) should be constant along the path, because of the condition
fn(q) = B(q)0A/dq = 0. We find, however, that A(¢q) diverges near the inflection
point of the collective potential, where w(q)? = §?V/d¢* = 0. This divergence oc-
curs because the inflection point is a singularity for the gauge transformation (4-64),
where an arbitrary « gives the same fn(gq). Thus, the calculation using the QRPA
gauge stops at the inflection point. Contrastingly, we can go over the inflection
point using the ETOP gauge, because the gauge transformation for fé)_l) (q), (4-62),
involves only the monopole pairing gap Ay(q), which always takes finite values along
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the collective path (except at the limit of the model space). In these figures, we also
present the results that obtained with the following procedure. After determining
the collective paths employing the ETOP gauge, we calculate the gauge-dependent
quantities A(q), fé_l) (¢) and fn(q) by switching to the QRPA gauge using the rela-
tions

- 4fn(q)Eror)Lo(q)

(=) _ (ETOP)

fo1qreay = — W2(q) ’ (5-1a)
4fn(q)ETOP) OV

@) qrra) =Ma)ETOP) — #%- (5-1b)

We see in Figs. 4 and 5 that the results obtained by this procedure are consistent with
those calculated using the QRPA gauge [fn(¢) = 0] from the beginning [in the region
of deformation D(q), where the collective path can be obtained using the QRPA
gauge|. This agreement demonstrates that the collective paths determined by using
different gauge fixing conditions are the same, as should be the case. Nevertheless,
there is a particularly suitable gauge fixing condition for finding solutions of the
ASCC equations and constructing the collective path. For the multi-O(4) model
with superfluidity, we find that the ETOP gauge is more useful than the QRPA
gauge, because the gauge transformation (4-62) is well-defined as long as the pairing
gap Ap(q) is non-zero.

5.3. Comparison with the previous calculation

) we employed the ETOP gauge condition | fé)_l) (@) =

In a previous paper,
0], but the B-part of Q(q) was ignored. Let us evaluate the error caused by this
approximation. The results of these calculations are also presented in Figs. 1-4 and
compared with those of the full calculations. We see that they differ little, which
indicates that the approximation made by ignoring the B-part is rather good.

In Fig. 5, we present the quantity

1520 = —r1 (@) [, Q)] 16(0)) = —1 > Q2 (9), (5:2)

>0

evaluated using the Q(q) operator that is obtained by ignoring the B-part in the
process of solving the ASCC equations. This quantity should be zero if the Q(q)
operator determined by the gauge-invariant ASCC equations is used. We see that
the deviation from zero is negligible (except near the limit of the model space), again
indicating that the approximation is good.

The quantum spectra and transition strengths are displayed in Fig. 6. These
were obtained by solving the Schrodinger equation for the quantized collective Hamil-
tonian. In this figure, the effects of the quadrupole pairing interaction are also shown.
We see that the results of the previous calculation [in which the B-part of Q(q) is
ignored] are quite similar to those of the full calculation (including the B-part),
and both results accurately reproduce the trend of the excitation spectra obtained
through the exact diagonalization of the microscopic Hamiltonian (Fig. 7). The nu-
merical calculation discussed above thus suggests that the approximation of ignoring
the B-part of Q(q), adopted in Ref. 57), is valid, and it may serve as an economical
way of determining the collective path.
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§6. Concluding remarks

We have shown that the basic equations of the ASCC method are invariant under
transformations involving the angle in the gauge space conjugate to the particle
number. By virtue of this invariance, a clean separation of the large-amplitude
collective motion and the pairing rotational motion can be realized. This allows us
to restore the particle-number symmetry broken by the HFB approximation. We
have formulated the ASCC method explicitly in a gauge-invariant form. Then, we
applied it to the multi-O(4) model using different gauge-fixing procedures. The
calculations using different gauges indeed yield the same results for gauge-invariant
quantities, such as the collective path, the collective mass parameter, and the spectra
obtained by requantizing the collective Hamiltonian. We suggested a gauge-fixing
prescription that can be used in realistic calculations.

The explicit gauge invariance requires the B-part (a'a part) of the collective
coordinate operator Q(q). Actually, it is stated in Ref. 27) that the separation of
the Nambu-Goldstone modes in the local harmonic formulation requires higher-order
terms in the collective coordinate. This is consistent with the present conclusion in
the gauge-invariant formalism. We have also demonstrated that the approximation
made by ignoring the B-part leads to results almost identical to those obtained in
the full calculation, at least for the multi-O(4) model.

We are presently investigating oblate-prolate shape coexistence phenomena
in nuclei around %Se with the pairing-plus-quadrupole interactions®) %) using a
prescription based on the new formulation of the ASCC method proposed in this
paper. The result will be reported in the near future.
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Fig.

1. Collective potentials V(¢) and monopole pairing gaps Ag(q) plotted as functions of the
quadrupole deformation D. The upper, middle and lower panels display the results for Gy =
0.14,0.16 and 0.20, respectively. In each graph, results obtained from different calculations
are compared. Those obtained using the QRPA gauge [fn(¢) = 0] and the ETOP gauge
[ fé?_l) (¢) = 0] are plotted by solid (red) and dotted (blue) curves, respectively, while those

obtained ignoring the B-part of Q(q) [i.e., setting QP (q) = 0] are plotted by the dashed curves.
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Fig. 2. Left column: Relation between the collective coordinate ¢ and the quadrupole deformation
D(q) = (#(q)] D |¢(q)). The point ¢ = 0 corresponds to the HFB equilibrium, which is the
starting point of the numerical calculation. Right column: Squared frequencies w?(q) of the
moving-frame QRPA equations, plotted as functions of D. Note that they are negative; i.e.,
w(q) is purely imaginary in the region where the curvature of the collective potential is negative.
The upper, middle and lower rows display the results for Go = 0.14,0.16 and 0.20, respectively.

(See the caption of Fig. 1.)
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Fig. 3. The ASCC collective mass M (g(D)) as functions of the deformation D. The upper, middle

and lower rows display the results for Go = 0.14, 0.16 and 0.20, respectively. (See the caption
of Fig. 1.)
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Fig. 4. The chemical potentials A\(q) as functions of the deformation D. The upper, middle and
lower rows display the results for Go = 0.14, 0.16 and 0.20, respectively. In each graph, the
results obtained from different calculations are compared. The solid (red) and dotted (blue)
curves represent the results obtained using the QRPA gauge [fn(¢) = 0] and the ETOP gauge
[ fc(g_f (¢) = 0], respectively, while the dashed curves represent those obtained using the ETOP
gauge but ignoring the B-part of Q(q) [i.e., setting QF (¢) = 0]. The dotted (purple) curves
labeled “combination” represent the results calculated by switching to the QRPA gauge after
the collective path is determined using the ETOP gauge.
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Fig. 5. The gauge dependent quantities fé;l) (q) (left column) and fn(q) (right column) plotted
as functions of the deformation D. The upper, middle and lower rows display the results for
Go = 0.14,0.16 and 0.20, respectively. (See the caption of Fig. 4.)
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Fig. 6. Excitation spectra and quadrupole transition matrix elements. Left column: The result
obtained using the ETOP gauge [féfl) (¢) = 0] but ignoring the B-part of the collective coor-
dinate operator Q(q) This is the same as that presented in Ref. 57). Right column: The
result obtained by solving the gauge-invariant ASCC equations using the ETOP gauge. The
upper, middle and lower rows display the results for Go = 0.14, 0.16 and 0.20, respectively. In
each row, the results for Go = 0.00,0.02 and 0.04 are compared. The numbers adjacent to the
vertical lines are the absolute values of the transition matrix elements. The matrix elements
between the doublets are indicated beside them.
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Fig. 7. Excitation spectra calculated with the exact diagonalization of the multi-O(4) model Hamil-
tonian. The upper, middle and lower rows display the results for Go = 0.14, 0.16, and 0.20,
respectively. In each row, the results for G2 = 0.00,0.02,0.04 are compared. The numbers
adjacent to vertical lines indicate the transition matrix elements. The matrix elements between
the doublets are indicated beside them.



