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										J-> high spin (isomer beams),spin Fermisphere	
										dilute-density (halo, skin)�
          -> n-p pair, alpha condensation	

(Single	and	double)	

										pair transfer reactions (nn,pp,pn)	

Light	ions:	(p,n),	(n,p),(3He,t),(t,3He)	
Heavy	ions:(11B,11Li),(20Ne,20O),(11C,11Be*),	(18O,18Ne),(8He,8Be),(14C,14O)	

										T-> high isospin (radioactive beams),�
                               isospin Fermisphere	

Three dimensions in research of Spin-Isospin modes�



(N,Z)	
(N-1,Z+1)	

(N-2,Z+2)	

β＋	βー	

２βー	

１＋	

１ー	

GDR	

IS	and	IV	
Spin	M1	

０＋	

１＋	

０ー　１ー　２ー	

GT	

IAS	

Spin-Dipole(SD)	

τー	

στー	

σY(l=1)	τー	

σY(l=1)	τー	

στー	

τー	

０＋	 DIAS	

DGT	０＋１＋２＋	

０＋〜４＋	 DSD	

(p,n)	,(3He,t)	

(11B,11Li),(20Ne,20O),(11C,11Be*),(π＋,πー)	

０＋	

０＋	

Q
RPA

	

CXQ
RPA

	CXQ
RPA

	

Q
RPA

	

(N+2,Z-2)	

(N+1,Z-1)	
(n,p),(t,3He),(12C,12N),(16O,16F)	

		(18O,18Ne),(8He,8Be),(14C,14O)	

Isospin	triplet	and	quintet	symmetry	

Shell	model	

(p,p’)	
(e,e’)	

Spin-Isospin	Excitations	



Recent	Progresses	in	spin-isospin	excitations	

90Zr	(GT	quenching)	

132Sn	

Z=28	

56Ni		

100Sn	(beta	decay)	

48Ti		

64Ge		
62Ge		
(beta	decay)		

Stable	nuclei	data	at	RCNP	

N=Z+2	nuclei	
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IS	and	IV	spin	excitations	
	in	N=Z	nuclei	

GT	GR	in	132Sn	

Double	GT	



Competition	between	IS	spin-triplet	and	IV	spin-single	pairing	correlations	

Gamow-Teller	transitions	in	N=Z+2	nuclei	

n-p	pair	condensation	in	nuclei	with	N~Z	



Int.	Journ.	of	Mod.	Phys.	
E14,	513	(2005)	
U.	Lombardo	et	al..	



																		Supermultiplet	:	Wigner	SU(4)		symmetry	
																															(E.	Wigner	1937,	F.	Hund	1937)	
	(T=1,	S=0)	à(T=0,	S=1)			GT	transition	is	allowed	and	enhanced	.	

HFB+QRPA	with	T=1	and	T=0	pairing	
				T=1	pairing	in		HFB		
				T=0	pairing	in	QRPA	

Ô(GT ) =στ ±

Gamow-Teller	Transitions	in	nuclei	with	N=Z+2	
						C.L.		Bai,	HS,	G.	Colo,	Y.	Fujita	et	al.,		

σ ,  τ  and στ  are generators of SU(4)

PRC90,	054335	(2014)	



		n			p	 			n	

(T=0,S=1)	 (T=1,S=0)	

B(GT)=6	

σ ⋅τ

Well-known	in	light	p-shell	nuclei	(LS	coupling	dominance)	

																		Supermultiplet	:	Wigner	SU(4)		symmetry	
	(T=1,	S=0)	à(T=0,	S=1)			GT	transition	is	allowed	and	enhanced	.	

Spacial	symmetry	is	the	same	between	the	initial	and	final	states	

			n	

What	happens	in	pf	shell	nuclei	with	strong	spin-orbit	and		
																																																																			spin-triplet	pairing	interactions?	



							protons																															neutrons	

1d3/2	
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1f5/2	

Fermi	energy	

	p-p	type	excitation	

T=0	S=1	

BCS		vacuum	

v2	 v2	

Gamow-Teller	transitions	in	BCS	vacuum	

	p-h	type	excitation	

A	pair	of	SU(4)	supermultiplet	

T=1	S=0	

Gamow-Teller	transitions	in	N=Z+2	pf	nuclei		

42Ca	

Ô(GT ) =στ ±



HFB+QRPA	with	T=1	and	T=0	pairing		
			
T=0	pairing	strength		in	QRPA	is	changed	
as	a	parameter	f.	

	p-h	spin-isospin	interaction	is	strongly	repulsive	è	higher	energy	
collective	Gamow-Teller	states.	
Spin-triplet	T=0	paring	is	attractive	and	shiftdown	GT	strength	near	IAS	
	à				SU(4)	symmetry	restoration	

IA
S 	

f	=IS/IV	pairing	



Effect	of	tensor	correlations	is	small		
in	42Ca.	



G.F.	Bertsch	and	Y.	Luo,	PRC81,	064320	(2010)	

Spin-singlet	superfluidity	

Coexistence	of	spin-singlet	
and	spin-triplet	superfluidity	

Spin-triplet	superfluidity	



+preprint	(2018)	

Deformed	HFB	calculations	with	a	realistic	interaction	in	N=Z	nuclei:		
a	competition	between	T=0	and	T=1	pairing	interactions	



Deformed	HFB	with	a	realistic	interaction	(CD	Bonn)	

T=1	channel	nn,pp,np	
T=0	channel								np	

Nuclear	Hamiltonian	

α,β ,γ ,δ :  real (bare) s.p. states with Ω

ρα :  sign of Ω, ±Ωρα :  sign of Ω, ±Ω (angular momentum projection on the symmetry axis)

HFB	transformation	

α ',β ' :  isospin quantum number (bare) particle (p and n)
α'',β'': isospin of quasi-particle (1 and 2) 



Deformed	BCS	transformation	



Pairing	Gaps	 Δnn ,Δ pp :  real

Δnp :  complex

We	do	not	include		
Δnp  and Δnp  explicitly, but include implicitly

 multiplying a factor 2 on the T=0 pairing matrix

4	point	formulas	for	empirical	gaps	





Deformed	Woods-Saxon	potential	for	s.p.	energies	in	36Ar	



Co-existence	



Ikeda	Gamow-Teller	sum	rule	
																																				=>	proton	and	neutron	Fermi	sphere		

New	sum	rule	for	GT	transitions	from	High	Spin	Isomers	
																																						=>	spin-up	and	spin-down	Fermi	sphere	

HSI:		I=12+			in		52	Fe	is	most	likely	to	be	oblate	deformation.	
														Ex=6.96MeV				t1/2=45.9s	
														I=21+	in	94Au					Ex=6.67MeV			t1/2=0.4s	

Phys.	Rev.	C	98,	014311	(2018)	-	Published	9	July	2018	



Sum	rule	values	depend	on	the	spin	expectation	of	protons	ad	
neutrons.		Notice	|i>	is	High	spin	isomers.		

Combinations	of	spin-up	and	spin-down	opeartors	



HSI	I=12+			in		52	Fe	Oblate	deformation	

Angular	momentum	projection	in	Laboratory	frame	



Seniority	four		states	

I p
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B(GT )sum :

52Fe	Ex=6.958MeV	
		life	time	45.9s	

Brink-Axel	hypothesis	
on	GR	top	of	excited	states	
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Seniority	six	states	
Ii = 21
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94Ag	Ex=6.67MeV		
Life	Time	0.4s	



Spin	response	

Gamow-Teller	

Spin	Analog	
State(SAS)	



Summary:		spin-isospin	states		in	N=Z	nucleus		

1.  Cooperative	role	of	T=0	and		T=1	pairings	induce		
						(SU(4)	symmetry	restoration	in	spin-isospin	space)	
								=>large		Gamow-Teller			transitions	of	N=Z+2	nuclei		at	lower	energy	
								
2.	HFB	results:	T=0	superfluidity		may	coexist	with	T=1	superfluidity.		
					The	deformation		plays	an	important	role	to	realize	spin-triplet	superfluid	
					phase	in	the	ground	state:	surface	=>spin-singlet	
																																																						center	=>	spin-triplet	
	   more	theoretical	study	:	Isospin	projection	and	angular	momentum		
					projection	
	
3.		HIS-GT:	new	sum	rule	in	the	spin-up	and	spin-down	Fermi	sphere.	
					(Ikeda	GT	sum	rule:	isospin-up	and	-down	Fermi	sphere.	
					provide	effective	spin-spin	residual	and	spin-isospin	residual		
					interactions	in	extreme	spin	polarized	space.	
	
4.			Fine		fittings	of	energy	density	functions	of	spin	and		spin-isospin	channels	
						(which	was	done		already	for		Shell	model	interactions:	GPFX1J	
																																															BY		Toshio	Suzuki,	Michio	Honma)					



Recent	progress(M1	transitions)	

1.  For	N=Z	odd-odd	nuclei,		a	strong	competition	between	S=0	and	
S=1	pairing	correlations	is	observed	near	the	ground	states.	

2.  How	Spin-triplet	superfluidity	can	be	seen	in	nuclear	many-body	
system:	abrupt	or	smooth	(crossover)	transitions?	

3.  Large	quenching	in	the	IV	spin	response	was	observed	which	is	
consistent	with	magnetic	moments	and	Gamow-Teller	beta-
decay	matrix.	

4.  IS	spin	sum	rule	strength	shows	much	smaller	quenching	than	IV	
spin	ones.		

5.  Strong	spin-triplet	pairing	gives	positive	contribution	to	the	spin-
spin	neutron-proton	correlations		in	N=Z	nuclei.			


