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Abstract. We develop a new approach to describe nuclear states of multi-
phonon origin, motivated by the necessity to describe better nuclear transition of
neutrinoless double beta decay. This approach is based on extension of QRPA
using the nonlinear phonon operator. Our ultimate goal is to describe all the
mother (A, Z), intermediate (A, Z + 1) and daughter nuclear (A, Z + 2) ex-
cited states by a single QRPA system. Before that, we develop a nonlinear
QRPA within a simplistic model in order to gain better insight. The model is
equivalent to the harmonic oscillator, thus exactly solvable. We shall present a
novel method to obtain the exact solution by means of a QRPA equation with
nonlinear phonon operator formulated separately for every individual excited
state.

1 Introduction

For understanding nuclear transition phenomena like, e.g., single or double beta
decays, it is crucial to be equipped by a firm description of nuclear structure. As
the nuclei are in general systems of tens of nucleons any calculation from first
principles is hopeless, and therefore it is necessary to adopt various (often rough)
approximations. The Quasiparticle Random Phase Approximation (QRPA) is
one of those suitable methods [1-3].

The standard QRPA provides a description of highly correlated ground state
and its first excited state. Introducing phonon operator Qf = X AT — Y A the
nucleon-nucleon correlations are taken into account by means of bi-fermion op-
erator A. The phonon operator Q' creates the first excited state |1) from the
ground state |0), which in turn is annihilated by the conjugated phonon operator
Q. In order to describe higher excited states usually the multiphonon approach
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is used. Here the n-th excited state is created by act of Q1™ onto |0). In practice
it turns out that the multiphonon approach is too naive to get realistic results.

Our work is motivated by the ambition to improve the description of states of
multiphonon origin. We present here our achievements in developing a nonlinear
extension of QRPA method. The extension is defined by a nonlinear phonon
operator O which consists of terms of higher powers of At and A and thus it is
directly able to describe higher excited states. We will refer to the new method
as Q,RPA .

It is useful to test the new ideas within some exactly solvable model. For
this purpose the pn-Lipkin model [4-7] is often used which well imitates the
structure of the realistic nuclear hamiltonian. In order to simplify the calculation
the quasi boson approximation is applied, where the bi-fermion operator A is
replaced by purely boson operator B. To maximize the simplicity in this work
we study the boson hamiltonian Hp with only up to quadratic terms derived
from the pn-Lipkin model.

First, we will demonstrate that the model is equivalent to the harmonic os-
cillator and we will present the exact solution. Second, we will show that within
this particular model, actually, the multiphonon QRPA approach provides exact
solution, which is not the case within more realistic models. We will demonstrate
the equivalence of the harmonic oscillator and multiphonon QRPA approaches.
Third, we will define the new method Q,RPA and exactly solve the Hp model
for the third time. The Q,RPA will offer a nice insight into the realm of nonlin-
ear phonon operators. We will an outlook towards more realistic application of
the Q,RPA .

2 The Model

Throughout this paper we will present our achievements within the simplistic
model defined by

Hp = (2¢ + \)B'B + \y(B'BT + BB), 1)

where the operators B and B are creation and annihilation boson operator satis-
fying the algebra [B, B] = 1. The coefficient ¢ is a single quasiparticle energy.
The coupling constants A\; and A, are related to the coupling constants x’ and x’
of the original pn-Lipkin schematic model, see e.g. [5], via

AN = 2[X’(u12,vfl + Ugufl) - ﬁ'(uzui + vzvi)] , )
Ay = Q(X/ + K,)upvpunvn 5 3)

where up, , = /Ny n/2Q and vy, = /1 — Np,,/2Q (N, are numbers of

protons and neutrons) comes from the Bogoliubov-Valatin transformation of nu-
cleon creation and annihilation operators from the particle into the quasiparticle
basis. The schematic model is restricted to the spaces of single-particle states
associated with the proton and neutron systems from just a single j-shell with a
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semidegeneracy {2 = j + 1/2. The simplistic model (1) is derived from the pn-
Lipkin model via several approximating steps. After neglecting the scattering
terms the hamiltonian acquires the exactly solvable form [5]

Hp =eC+ MATA+ N (ATAT + AA), 4)

where the operators C' and A are the number (proton and neutron) and proton-
neutron pair quasiparticle operators, C' = )" (a;f)mapm + ajlmanm), and AT =
[a;f,a;fl]oo, where a,, and a,, are proton and neutron quasiparticle operators which
annihilate the nuclear BCS vacuum [}, hence also the operator A annihilates the
BCS vacuum, A |) = 0.

The hamiltonian Hp is obtained from Hr by means of the Marumori boson
mapping. In the limit of 2 — oo we get rid of the anharmonic terms, and arrive
to the harmonic Hpg (1). In this paper we study the model defined by Hp even
for finite 2.

3 The Diagonalization of Hamiltonian

3.1  Fermionic hamiltonain

Thanks to the Pauli exclusion principle the fermion model H has a finite num-
ber 2Q) of excited states. Exact solution may be found by diagonalization of
(2Q+1) x (2Q+ 1) matrix (n’z| Hp |nr), whose elements are evaluated in the
orthonormal basis of states [ng) oc AT"F |), np = 0,...,20. The energies E,,
are shown in Figure 1. The eigenstates [n), n = 0,...,2(2, are then the linear
combinations of basis states |n ), provided that H 5 does not allow to mix even
and odd basis states |n ), thus the even (odd) eigenstates |n) are mixture of the
even (odd) basis states only.

3.2 Bosonic hamiltonain

The bosonic model has an infinite number of states as no exclusion principle
works for bosons. However, in order to keep the model as an approximation of
the fermionic model, one can truncate the tower of states also at the same level
of 2€2 + 1 states. It is, however, useful to study the behavior of the model in
dependence on the number of excited states considered denoted as nmyax, and
also to study the exact solution of the bosonic model with whole infinite tower
of states.

The diagonalization of the hamiltonian matrix (n’z| Hp |ng) can be per-
formed in the basis of states [ng) oc B2 |),ng = 0,..., Nmax. By the symbol
|) we denote the bosonic analogue of the BCS vacuum, which is annihilated by
the boson operator B |) = 0.

In Figure 1 we show the comparison of the energy levels of the bosonic and
fermionic model. One can appreciate how the energy levels of the bosonic model
converge to the exact solution with increasing npyax. In the following we will
consider only the bosonic model Hp with ny,x = 00.

206



Towards Nonlinear QRPA Description of States of Multiphonon Origin

, :
’
‘g Nmax = ;
gl 4 ———— pax = 10 K
’
...... Nmax = 40 K P
- ’
fermionic ’ K
. 0
HO bosonic K R
g o,
’ B
g K4 R
6 ; LS
. ,' "
- . S e
---------- ,'.._.—;o"f
g
: :"o /
K ?
g ,‘,' 7
. N -
. . NG -t .
A~ NN Ny T f_-—'.-"-"' 7’ ’
’ I" ’,
i ’ ,
Y » -
R 77
' *e s LR d
. e ’
N s
~P-¢,
G v
2 e //
e _ - -
Swe il 7 -
o TISIPAERELla
"W 7
-------- o ;' -
o T e = o B
N _‘_ﬁ_.;-_-ﬁ——
<
PR TS S S S S SR T
0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4

Figure 1. Dependence of energy levels E,, on k' for N, = 4, N, = 6, j = 9/2,
Q) = 5, and ¢ = 1 MeV. The exact solutions for fermionic model Hr and bosonic
model Hp (which is equivalent to harmonic oscillator HO) are compared to solutions
from diagonalization of H g with a truncated state basis above nmax-th state.

4 Harmonic Oscillator Solution

Contrary to the diagonalization method, in this section we derive an exact so-
Iution of the bosonic model H g, due to considering full tower of boson states,
Mmax = 00.

We make use of the fact, that Hp describes a harmonic oscillator. Indeed,
by transforming the boson creation and annihilation operators into the operators
q = (B"+B)/v2,p =i(Bf - B)/\/2, we come to the hamiltonian of harmonic
oscillator (up to the irrelevant constant term)

2
1
Hp = g—m + 5mul® — (26 4+ M), (5)
where [¢, p] = i and
1
— = (2e4+ A —2)\y) and mw? = (26 + A\ +2)). (6)
m

The text-book solution of the harmonic oscillator tells us that the frequency w is
the quantum of energy and the energy spectrum is equidistant and given as

En—Eoan,whereE:wZ\/(2€+)\1)2—4)\%7 )
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as it is seen in Figure 1. It is also well know that the hamiltonian of harmonic
oscillator can be rewritten as Hp = (afa + %)w by means of creation and
annihilation operators, which fulfil commutation relation [a,af] = 1 and |1) =
a']0), 0 = a|0). In terms of the original operators B and BT we can express

a' = XpoB' - YuoB, ®)
where
114 mw 2+ M+ E
X = = = y 9a
Ho 2 Vmw  2EV2%Ef ML E ©a)
11— mw —2\y

Y = = = , 9b
T VW T VAEVET M T E o

and X3, — Y33, = 1. This representation of the creation operator a' is impor-
tant for comparison of the harmonic oscillator solution with the solution of the
standard QRPA, which we are going to discuss in the next section.

5 Standard QRPA and Multiphonon Solution

Within QRPA approach one introduces the phonon operator in the form which
is linear in B and B
Q! = x,B' - viB, (10)

where X; and Y; are called forward- and backward-going free variational am-
plitudes. The phonon operator creates the first excited state |1) = Q1 |0) from
the RPA ground state |0), for which one assumes the Ansatz

0) = NeB'B' ) | where N?=+/1-4d2. (11)

The ground state parameter d can be determined from the condition

0= Q1 0) = Ne®™B'B"(2dX, — v7)B'|) (12)
as 1Y,
_1n

I=5% (13)

The variational amplitudes X; and Y7 satisfy the QRPA equation
A1 By X1\ _ 1 0 X
(& &) )=2( S)(% ) oo

A (0 [B, [Hp, BT 0) = 2 + Ay (15a)
By = —(0|[B,[HF,B]][0) = 2X;. (15b)

where
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The solution (on the right) is obtained by plugging the expressions for .4; and
B, (15) into the formal solution (on the left)

E= /A2 B = E:\/(25+A1)2—4A§, (16a)

X, = A1+ F SoX, = 2¢e+ M+ F . (16b)
(A1 + E)?-B3 V2E\2e + M+ E
— -2
Y = By - A2 (16¢)

Y, = .
(A + F)? — B2 L VREV2E T+ M+ E

which exactly coincides with the harmonic oscillator solution (7) and (9). The
RPA amplitudes fulfil completeness and orthogonality relation

X7 -vP=1, (17)

hence [Q1, QI] = 1. The coefficient of ground state (13) is analytically deter-
mined as

(2e+M)—F
d = ———mm——. 1
o (18)

5.1 States of multiphonon origin

The solution of the QRPA equation leads to the phonon operator QI which co-
incides with the harmonic oscillator creation operator a'. Then the hamiltonian
can be rewritten as Hg = EQIQl up to an irrelevant constant term, which has
the standard harmonic oscillator solution
1

N
This is nothing but the multiphonon approach within standard QRPA. Within
this simplistic model Hp, which is equivalent to the harmonic oscillator, the
multiphonon approach gives the exact solution!

For later purpose, let us rewrite the states of multiphonon origin in the form

E,—Ey=nE and |n)=—QI"0). (19)

N
1 1 , ) )
In) = —=P) —-10) where P} = E cif,,w_giBT”*QZ, (20)
V n' Xll i—0

where the upper limit in the sumis N = 7 forevenn, and N = ”T’l for odd n.
The f-coefficients satisfy the recurrent formula

fii = ficojoa+ 25+ 1) ficoy + G+ 1) +2)ficjt2, 2D

and parameter c is
c=-X1Y1. (22)

For reader’s convenience we write explicitly the first several operators P,,:
Pé=1, Pl=B', Pl=(B?+c), Pj=(B"+3cBY,
Pl = (B™ + 6cB™ 4 3¢2).
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6 Q,RPA with the Nonlinear Phonon Operators for Description of
Higher Excited States

Our goal is to define the QRPA procedure providing a QRPA equation of type
(14) for every single excited state separately, i.e., to find the form of a phonon
operator for which Q] |0) = |n) and @, [0) = 0. As the excited states |n)
of n > 2 are of multiphonon origin, the phonon operator Q! should have a
nonlinear form

Qn=X,(Bm+..)=Y,(B"+...). (23)

In this section, we present our main achievement of finding the proper phonon
operator for all eigenstates of Hp. We are going to show that the nth excited
state of the system defined by H p is excited from the ground state by the phonon
operator of the form

QI = X, P} — Y, P,, (24)

where X,, and Y,, are corresponding forward- and backward- going free varia-
tional amplitudes. The operator P,, is defined by (20) as the operator creating
the multiphonon states. The important characteristics is that the phonon oper-
ator depends just on a single parameter ¢, which is related to the variational
amplitudes of the first excited state according to (22).

For the RPA ground state |0) we try the Ansatz in the same form as for the
standard QRPA for the first excited state (11), where we just replace parameter d
by d.,, because, at least at first sight, there is no obvious reason that they should
coincide. If however by means of QRPA machinery we come to d = d,,, then
we achieve the common ground state for individual Q,RPA systems and their
mutual consistence.

First of all, we calculate the annihilation condition

N
0 = Qul0) =X, Y RupB"2M0), (25)

k=0

leading to the set of N + 1 conditions
! n
0=Rup = —¢" fuam-1)(2dn) (26)
k
+ Z fn;n72(k7i) fn72(k7i);n72kci(an)”_k_i .
i=0

The solution of the k¥ = 0 equation provides the expression for the ground state
parameter

n_ Yo
(2d,)" = - 27

n
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This solution can be used in the rest of the equations for £ > 0 in order to get
rid of X,, and Y}, in favor of (2d). The k = 1 equation fixes the ¢ parameter
(2dn)
c= A2 -1 (28)
and it can be shown that this value satisfies the rest of higher polynomial equa-
tions for & > 1.

In the nonlinear case the RPA equation (14) has now little bit more compli-
cated form, because the nonzero elements of the norm matrix on the right-hand
side are given by U,, = (0| [P,,, P}l] |0), which are not equal to one for n > 1.
However the RPA equation can be easily brought into the standard form by di-
viding its both sides by Uf,. Then the elements of the matrix on the left-hand
side are

(0] [Pn, Hp, Pf] |0) (2d,)) — (2d,,)2n 1

T T R A A Rt

(O [Pn, Hi, P] [0) (2d,)71 — (2d,, )"+
" =22 : 30
(0] [P, PA]0) ’ 1—(2d,)2" (30)

The standard form of the RPA equation assures that the completeness and or-
thogonality relation holds in the form

X2 -v2=1. G1)

The solution of the RPA equation in the standard form is given by (16).

So far, we have expressed everything in terms of the ground-state parameter
d,,, which is however still unknown because its expression (27) itself depends
on d,, via X,, and Y;, amplitudes. Notice that the expression is different for each
n. We can however use (27) as an equation to determine d,, as its root. Hence
we would like to solve the equation for d,,

(2d,)" = )}(/—: = e \/% (32)
After plugging (29) and (30) we come to the equation
0 = 2n(2d,)" "X+ (26 + A1) (2dn) + A2(2d,)?] - (33)
For n > 1, this equation has 3 solutions independent of n!
do=0,  dp=_ ETMTE +4A;2) Sy (34)

Taking the solution d_ as the one defining the true ground state, i.e., the one
coinciding with the solution of the standard QRPA with @)1, we can evaluate the
energy of n-th excited state as the solution of QRPA procedure:

E, = n\/(2€ )2 — 4N = nE, (35)
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and we can see that we are reproducing the harmonic oscillator exact solution
once again. Further, the fact that the Q,RPA systems for all n are built above the
same ground state, i.e., d = d,, for all n, leads to the relation

Yn _
X,

n
n_Yl
- n’

Xl

(2d) (36)
which can be used to show that also the parameter c is the same for all n and can
be expressed as

2d
c= (265)2)_1 =-Xin 37
in accordance with (22).

We note that using the second nonzero solution of the ground state parameter
d4 leads to exactly the same energies as with the d_ solution. We understand
this redundancy of multiple solutions for ground states as an effect of the fact,
that by Q,RPA we are solving the solution separately for each excited state.
Only if we collect all the Q,,RPA solutions together, we come to a single ground
state parameter d_ as the (), solution is unique.

7 Simultaneous Q,RPA Description of More Excited States

Very important result of the previous analysis is that the individual Q,RPA sys-
tems use a single common ground state |0) given by (11). Therefore it is possible
to describe a set of first n excited states simultaneously by a single QRPA sys-
tem. The nonlinear form of the corresponding phonon operator is

n

QL, = Zn: QI =Y [Xﬂ?} - Yﬂ%-] . (38)
=1

i=1

In fact, it can be shown that one has a great freedom in choosing the form of the
Q;n phonon operator. Instead of the operators P; one can use other polynomials
of B. The RPA equation is in general case rather complicated given in terms of
2n x 2n matrices. However after transforming the phonon operator into the form
of (38) it can be shown that the RPA equation breaks to a decoupled equations
for individual excited states, i.e., the RPA matrices get a (2 x 2)-block-diagonal
form.

8 Conclusions

Our main goal is to describe better the nuclear structure related to double beta
decay. The QRPA method is one of the commonly used.

In our work we are trying to explore the realm of the QRPA extension with
nonlinear phonon operator in order to describe better the states of multiphonon
origin. For the first stage we have chosen the simple model derived from the
pn-Lipkin model after the quasi-boson approximation, which we show to be
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equivalent to the harmonic oscillator. The simplicity of the model enables us
to reach its exact solution. We demonstrate that the exact solution can be fully
reproduced by means of nonlinear QRPA method. Actually, one can say that we
present a novel way to solve the harmonic oscillator, which might be interesting
result per se. We formulate a QRPA system for each excited state individually.
While the first excited state is reproduced exactly by standard QRPA with linear
phonon operator, the higher excited states requires nonlinear phonon operators.
That qualifies the nonlinear phonon operator approach to be relevant and sem-
inal. At the end we shortly discuss the availability of the QRPA systems for
simultaneous description of more excited states by a single common phonon
operator.

Of course, our ultimate goal is to formulate the extension of the QRPA
method for the realistic model and update the database of theoretical predic-
tions for double beta decay nuclear matrix elements. Before that we plan to
apply the nonlinear phonon definitions onto more complicated but still exactly
solvable models, like pn-Lipkin model given by Hr (4), or like-particle Lipkin
model [4, 8].

References

[1] P. Vogel and M.R. Zirnbauer, Phys. Rev. Lett. 57 (1986) 731.

[2] J. Engel, P. Vogel, and M.R. Zirnbauer, Phys. Rev. C 37 (1988) 731.

[3] O. Civitarese, A. Faessler, and T. Tomoda, Phys. Lett. B 194 (1987) 11.

[4] H.J. Lipkin, N. Meshkov and A.J. Glick, Nucl. Phys. 62 (1965) 188.

[5] J.G. Hirsch, P.O. Hess and O. Civitarese, Phys. Rev. C 54 (1996) 1976.

[6] A.A.Raduta, D. Delion, and A. Faessler, Phys. Rev. C 51 (1995) 3008; Nucl. Phys.
A 617 (1997) 176.

[7] F. Simkovic, A.A. Raduta, M. Veselsky and A. Faessler, Phys. Rev. C 61 (2000)
044319.

[8] P. Schuck and M. Tohyama, Phys. Rev. B 93 (2016) 165117.

213





