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Fig. 1. Threshold energy for each decay mode.

1968E6H —1970E3ﬁ |keda Klyoml In the figure, the threshold energy for each

decay mode is given in MeV. The systema-
Abroad N BI Dubna tics suggests the possible molecular nature
’ around each energy. Some of the molecular
states are already found and are represented
in Fig. 2.
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VOLUME 57, NUMBER 10 PHYSICAL REVIEW LETTERS 8 SEPTEMBER 1986

Evidence for Alpha-Particle Clustering in the **Ti Nucleus

F. Michel
Faculte des Sciences, Universite de I'Etat, B-7000 Mons, Belgium

G. Reidemeister
Physique Nucleaire Theorique, CP229, Universite Libre de Bruxelies, B-10350 Bruxelles, Belgium

and

S. Ohkubo

Department of Applied Science, Kochi Women'’s University, Kochi 780, Japan
(Received 27 March 1986)

The a-particle cluster structure of *Ti, which is of considerable interest for investigation of the
persistence of « clustering in the region of the sdtshell closure, is studied within the frame of a
local-potential approach. It is shown that the model leads to specific predictions if continuity with
existing unique a +*Ca optical potentials is insisted upon; in particular, the existence of an as yet
experimentally unknown a-cluster negative-parity band, starting just above the a +*Ca threshold,
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FIG. 1. (a) Experimental ground-state band (Ref. 3) and
a-particle cluster-state candidates (Refs. 4-6) in “Ti. (b)
“Ti N=12, N=13, and N = 14 states supported by the lo-
cal potential (the potential depth is fixed to the average
value Uy=180 MeV). Energies are given with respect to the
a +%Ca threshold.
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Dlagram of molecular
viewpoint extended to
the fp-shell reglon.
The threshold energies
are also written (in
MeV).
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Developments of nuclear
cluster dynamics
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a structure in 4Ti cluster & medium-weight

44T| Higher nodal states
N=14, N=15
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VOLUME 74, NUMBER 12 20 MarcH 1995

PHYSICAL REVIEW LETTERS

Alpha Clustering and Structure of Mo and 22Po

Shigeo Ohkubo
Department of Applied Science, Kochi Women's University, Kochi 780, Japan
(Received 26 July 1994; revised manuseript received 27 October 1994)

The a-particle clustering structure of ™Mo and ““Po, which is of interest for investigating the
persistence of a clustering in heavy nuelei, is studied within the framework of a local potential approach
using a double folding model, 1t is shown that the model, which describes o scaltering from "Zr well,
locates the ground state of Mo at the energy corresponding to experiment. A similar result was
obtained for the & + ™ Pb system. [t is found that the model gives not only the ground band of *Mo
and "Po as compact e-cluster states but also predicts other developed genuine e-cluster states below
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Fig. 3. Calculated and experimental positive-parity states of 48Cr The energy scale is measured from the
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P. Schuck O&EM
1999 Cluster conference at Rab

Island, Croatia

48Cr T 2@Da VT7ARA—
| [F ML TLNSH
a a Alpha- cluster condensation
| R J. Eichler (Hahn Meitner
Institute, Berlin)
Fig. 1 Relative coordinates of the 0Ca + o + o system. Eichler & Yamamura Nucl.
Phys. A 182, 33 (1972)
qudrupling and pairing in the
shell model
Eichler&igim 1974 2 w
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Uegaki et al 1 977

12C gas-like alpha-cluster states "new phase”

19777 Uegaki 3 alpha cluster model
12 GCM
‘Energy level C (PTP 57,1262(1977)
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Uegaki et al

gas state of @& particles

PTP 57.1262(1977)
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| arXivi 1301 7485v ] |nucl-th] 31 Jan 2013

Evidence of o particle condensation in '*C and '*0 and Nambu-Goldstone boson

5. Ohkubo?®

sUniversity of Epchi , Kochi T80-851 5, Japan and
Abstract Research Center for Nuciear Physics, Osaka Universiyy, Iaraki, Osaka 567-0047, Japan
It 15 suggested that direct evidence of Bose-Einstein condensation of o particles 15 obtamned by observing a phase
mode (Nambu-Goldstone boson) with long wavelength even when charactenstic features such as superfimdity 1=
diffucult to observe. For the 7.65 MeV 0f Hoyle state in 1°C and 15.1 MeV 07 state in %0, which are candidates for
an o particle condensate, 1t 15 suggested that the emergent band head 0" state of the K = [ rotafonal band with a
very large moment of 1nertia 15 considered to be a2 Nambu-Goldstone boson.

Eoywords: o parhicle condensahon, Nambu-Goldstone boson, spontaneous symmetry breakmg, o cluster structure,
II‘E', |l5ﬂ,

PACS: 21.60.Gx, 27 2040, 03.75 Nt
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Nambu Goldstone boson

Y. Nambu and G. Jona-Lasinio, Phys. Rev. 122, 345 (1961).
J. Goldstone, Nuovo Cimento 19, 154 (1961).

H. Watanabe and H. Murayama, Phys. Rev. Lett. 108, 251602
(2012): Y. Hidaka, ibid. 110, 091601 (2013).

Higgs boson

Emergence of order parameter oscillation

P. B. Littlewood and C. M. Varma, Phys. Rev. Lett. 47, 811
(1981); Phys. Rev. B 26, 4883 (1982).

C. M. Varma, J. Low Temp. Phys. 126, 901 (2001).

ATLAS Collaboration, Phys. Lett. B 716, 1 (2012); CMS

- Collaboration, ibid. 716, 30 (2012).
(k) = | (k)| exp(io).

Higgs Boson in Superconductors
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The Heisenberg equation

d 2m __, ] _ y ke mers , o
ita(a) = (—#‘?- —p—‘t,.,uc_mir)uﬂ:rn +[d3m ¥l (2 )V (|2 — ) a(z')ta(2)

C h? ;
canonical commutation relation for r=t’
Yol t), Bh(2' 1)) = d(z — ) '
For stationary system ( independent of 7) V. ‘
Ya() = £(2) + palz)
Here E(x) condensate
Pal)

operator for excitation field

ol 1), ph(z' t)] =6(z — ')

Goldstone theorem (Ward Takahashi identity) is respected.

HHLEREE: T8RO/ OR-EATXX—ARBREH =T
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1
Hy = 5 /d%: d*z' ®(z)T(z, 2 )d(z'), (4)
1 ,
V) = Sm?r?, W =g [dda U - )
= F e oo
and the a—a interaction is given by the Ali-Bodmer po- * [{E‘E{I )+ @M} e {.r]up{:r}up{x )+ h.c.] . )
tential [50], with t = t', and
2 e )
Ul — ) = Vee o= _v,esile= (g wla) = [ Ulle - /), ©
The repulsive Coulomb potential affects numerical results - [ elx) 5 &t
very little and is suppressed in this work. (z) = (-p'f{x} , B(z) =0 (z)os, (7)
Let vi(z) (z = (x,t)) be the field operator of the o . o o
cluster, and the model Hamiltoman 1s TI:'-I', -’L“r} = (_ J,J,tl(-;.xx}r} ﬂi:;ir]]) : (8}
Mz, 2"y =U(|lz — z'|)E(x)E(z"), 9
= [0 (-Z vt ) (r.#') = Ul — 2 DE(e(" )
L(x,z')=d(x —x"){-V"/2m + V()
+5 f d*z &z’ P ()T (@)W (| — ') (') (z), (3) —p+Vu(z) j+M(z,x"),  (10)

where o; (i = 1,2,3) is the Pauli matrix. We have the
Gross Pitaevskn (GD) equation |1

(—V2/2m + Vi () — i+ Vir(@)} €(@) =0, (11)

V=25t 3 2 _
(0] ¢ |0y = &. Jd*z [E(x)]" =

superfluid density [59-61] is given by |£(r)|?/Na.

29
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[ T2 )ya(e) = wmpnle), (2
(). s
The index n = (n, £, m) is a triad of the main, az-

imuthal, and magnetic quantum numbers for isotropic
£.  Similarly as the BdG equation is introduced for
fermionic systems, Eq. (13) is the BdG equation for
bosonic syvstems. The bosonic eigenfunction i1s normal-
ized as [d*zr (Jun|® — |vn]?) = 1 (see Eq. (16)) for the
commutation relations, while the fermionic eigenfunction
is normalized as fd"l:-r |[|u',,.1,|2 + |1!ﬂ|2] = 1 for the anti-
commutation relations.

Another eigenfunction, denoted by z,. is introduced:

[& T@.a)en(@) = —wnza(@), (1)
snle) =) = (J2(0)) . (9

The inner product is defined as ((a.b)) =
[d*z a'(x)oab(x), and the orthonormal relations
are

({yn._ yn"}} = _{{zﬂ:zn"}} = bnn {lﬁ}
((yn.zn)) =0. (17)

18/10/2 11R540%>

We also have the eigenfunction with zero eigenvalue,

[ Taa ) =0, wi)=(55)) . 09

which is orthogonal to all the eigenfunctions including
itself,

((vo,w0)) = (g0, yn)) = ((y0, zn)) = 0. (19)

For the completeness of the set of BAG eigenfunctions,
the adjoint eigenfunction ¥_1 15 necessary,

f d*x’" T(x,x")y_1(x) = Tyo(x) (20)
vt (1),

(y—1,9y-1)) = (-1, yn)) = ((y-1,2a)) =0, (22)

where the constant I 1s determined by the condition,

((y-1.m0)) =1. (23)

The function n{x) and the constant I can also be caleu-

lated as

_ 9g(a) _ o
@) =Gt =g (24)
30



The completeness relation reads as

oad(x — ') = yo(ax)y' (=) + y_1(x)ud(x
+ 3 {un(@)yh(@) = zal@)zh ()}, (25)

et tho Hold oporatore are oo e
D(z) = —iQ(t)yo(x) + P(t)y_1(x)
+) {an(t)ya(@) + b Bzn(@)} ,  (26)

where the commutation relations,

@, Pl=i, [an,dl,]="bpnnr, (27)

-~ O p . T —-4C -
HI" = — (6p + 2C2002 + 26‘1111)1_‘*4—%1?2

P - 1 . =5
+ 2C2011QPQ + 2002 P + Ec-znzn(?'i — 20511 Q7
e 1 .
+ CooeQP?Q + Ecn-mzpd : (29)
where

Cyaryr = / d*zd*z' U(|x — z'|)

x {£(@)} {n(=) ()} {n(=")}",  (30)

and dp is a counter term that the eriterion (0]4[0) =
£ determines. The Hamiltonian H “F is obtained from
gathering all the terms consisting only of Q and P in H;
and Hs 4. We set up the eigenequation of HQP

ﬁt?;}'w:r:] =E:r|@::} {U=D-. 1} {31}
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PHYSICAL REVIEW C 94, 014314 (2016)

Effective field theory of Bose-Einstein condensation of « clusters
and Nambu-Goldstone-Higgs states in '*C

Y. Nakamura,'?" J. Takahashi,»*! Y. Yamanaka,'-* and S. Ohkubo*?-*
! Department of Electronic and Physical Systems, Waseda University, Tokyo 169-8555, Japan
*Nagano Prefectural Kiso Setho High School, Nagano 397-8571, Japan
3iCAD Limited, Tokyo 105-0012, Japan
*Research Center for Nuclear Physics, Osaka University, Ibaraki, Osaka 567-0047, Japan
>University of Kochi, Kochi 780-8515, Japan
(Received 24 November 2014; revised manuscript received 22 May 2016; published 19 July 2016)

An effective field theory of w-cluster condensation is formulated as a spontaneously broken symmetr}; n

quantum field theory to u tamedsthe r nd the nat e N d a-cluster states in ">C.
The Nambu-Goldstone 2 m’iﬁt with a pair of canonical
operators whose Hamilt giv o di energy states finf a e Bogoliubov—de Gennes

excited states. The calculations reproduce well the experimental spectrum n::-f the a-cluster states. The existence

of the Nambu- stone- 1 SS js d nstrate and c The y-decay gr ons,a lso obtained.
) (A= ﬁ EI-I‘-
D ‘ll B
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FIG. 6. (Color online) The energy levels of 2C ealeulated
with the parameters in Table III for the three condensation
rates, Ny = 3.0 (100%), 2.5 (83%) and 2.0 (67%), with fixed
¥ = 3.8fm.
TABLE III. The fitted parameters of €1 and V. used in the

calenlations with different three condensation rates of Ny =
3.0, 2.5, 2.0 in *C with fixed ¥ = 3.8 fm.

No|© [MeV]|Vr [MeV]|common parameters
3.0 262 403 Vo = 130 MeV

N 25| 253 410 fg = 0475 fm !
18/10/2 115%4073 anl 240 417 fr = 0.7 fim~*
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TABLE II. Calculated reduced transition probabilities B(E2 :
2 — 0) and monopole transition probabilities M (E0 : 0 — 0)
in 2C with 70% and 100% (see Subsec. VIB) condensation
in units of € fm* and fm?, respectively, are displayed in com-
parison with Ref. [35] and Ref. [24|. Kanada—Enyo  Funaki

PTP20Q7 PRC2015
Transition 0%  100%  Ref. [35] Ref [24] .., s
B(E2: E+ — |:|+:I 121 158 100 205-340 (280)(200) 142 (204)
B(E2 : E+ - |:|+:I T6 62 310 BE-220 (@)@ 104 (187)
M(EQ : |:|-:. — Dg] 1.59 2.34 34.5 2.0
M(EOQ : |:|+ — |:l+:| 0.072 0.145 0.57
14 -
o
o
S 10} 7
E g _(}f/_ii_fi_____ix_t}lreshold
602
Of

0 5 10 15 20 35
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FIG. 14. (Color online) The energy levels of '*C calculated
with different condensation rates with ¥ = 3.8 fm.
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FIG. 17. (Color online) The energy levels ealeulated for N = 3-13 (*¥C-3*Fe) with 100% condensation using N-dependent )
given in Fig. 16. Excitation energy is measured from the Hoyle-analog vacuum, i.e., the N-alpha condensate state near the

N-alpha threshold.
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and dp is a counter term that the criterion (0]4]0) =
£ determines. The Hamiltonian HEP i1s obtained from
gathering all the terms consisting only of (j and P in Hs
and Hs 4. We set up the eigenequation of HEP .
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FIG. 20. (Color online) The Ny-dependences of C,;;r;r and [
with the parameters V, = 403[MeV], Q = 2.62[MeV] and for
Nop = 2-14 are shown. The two coefficients Crip2 and Choopz
that are smaller than 'y, are not plotted.
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FIG. 21. {50101‘ online) The q" potential and the eigenfunec-
tions ¥, (g) belonging to the eigenvalues E, (v = 0,1,2) for
HAP.
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