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Spin-orbit coupling and spin dynamics
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Different types of spin-orbit couplings

H = A(p)ox — B(p)ay + C(plo, = b -G

For spin % particles
Single-particle energy:

EF,P)=e® ) +h(F, P)-G
Spin- Spin-
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Distribution function:
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Spin-polarized f:
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Single-particle Hamiltonian from Skyrme interaction

Skyrme spin-orbit interaction:
I’;ﬂ = iI‘Vﬂ.(El —+ _*g] . E et 6(??1 — -FQ]E"

Single-particle Hamiltonian:

hy(7,0) = h1 4 hy + (ho + h3) - & Y.M. Engel et al., NPA (1975)
hy = —7"7 [J(7) + Jg(7)] time-even j(F):frPP— x T(T, p).
W Spin-orbit density f
0 i - D
hy = ——\7* X [7(7) + jq(7)] time-odd __;'(F):fd?'pﬁf(?-ﬁ)‘
current density h
Wo
hy = —v 1p(7) + po(7F)] X B time-even o) = f d*pf 7, B,
number en5|ty
H 0 .
hy = =—2V5 x [5(7) + 5,(A] -7 time-odd 561 = [ ¢p7G.5)
Spin density

f(F,p) and z(F,P) are calculated from the test-particle method.



From spin-dependent TDHF to spin-
dependent Boltzmann equation

TDHF => Liouville equation
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+<>] for other two equations E.B. Balbutsey, I.V. Molodtsova, and P. Schuck,
Nucl. Phys. A (2011); Phys. Rev. C (2013)

cut higher-order terms — spin-dependent Boltzmann equation
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H. Smith and H.H. Jensen, transport phenomena (Oxford University press, Oxford, 1989)




Spin dynamics in intermediate- SI B U U 12

and low-energy heavy-ion collisions
Frontiers Of v SN2ws04i2 - Boltzmann-Uehling-Uhlenbeck equation
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test-particle method
CY. Wong, PRC (1982)

Density evolution in heavy-ion collisions

equations df P dp
of motion dt E E:_VU

Spin-dependent Boltzmann-Uehling-Uhlenbeck eq.

? X 2 matrix eq.
density —~ A
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£Z5 igher Educaton press ) Springer . spin-dependent equations of motion
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Local spin polarization
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Transverse flow <px> ~y  Spin up-down differential transverse flow

sensitive to nuclear interaction N
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Energy and impact parameter dependence

Au+Au collisions
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Y. Xia, JX, B.A. Li, and W.Q. Shen, Phys. Rev. C (2014)



System size dependence
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Effects of spin-orbit interaction on v,
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e Skyrme-Hartree-Fock model
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Hartree-Fock method -

W =V%(vp+qu)

d q=n,p
e Relativistic mean field model
Dirac equation
Non-relativistic expansion = C Vp C = gf, N gf)
q 7 VP v =5 2
(2m o Cp) ma ma)
P. G. Reinhard and H. Flocard, NPA, 1995 éharge Radii: Pb Ilsotopes1
**I' kink of
Pb isotopes

the isospin dependence of the SO potential
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the density dependence of the SO potential

vij = v + (i/R*)Wy (o + ;) - i

X (pq; + Pq;)70(ri;)Pij-

. Wo W

W = —-NipFpa)+—-

2

Wi

W, and y fitted to reproduce
the density dependence of the
SO potential from the RMF model

[(p)"V(p— Pq) ‘

Similar spin-orbit field

+ (24 79)(2p4)"Vpg| + 7 1P (P =Pg)Vp in semi-infinite nuclear matter

J. M. Pearson and M. Farine, Phys. Rev. C 50, 185 (1994).

( i
— p ,
Generally W, =W,| - | [(aVp, +bVp,)  (q=0)
\'OO isospin
density dependence
dependence

W =80~ 150 MeVfm>, 7, a,and b still under debate

T. Lesinski et al., Phys. Rev. C 76, 014312 (2007).
M. Zalewski et al., Phys. Rev. C 77, 024316 (2008).
M. Bender et al., Phys. Rev. C 80, 064302 (2009).
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density dependence of SO coulping Wo (
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The strength of the SO coupling at a certain density can be extracted
from HIC at the corresponding collision energy.

In this way the strength and density dependence of SO coupling can
be disentangled.



Spin-dependent cross section
from phase-shift analysis

of NN scatterings in free space
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Spin effects on low-energy nuclear reactions

Effects of spin-orbit coupling 10
illustrated by 0'%+016 from TDHF: 80
S
Fusion threshold < 60
TABLE 1. Thresholds for the inelastic scattering of '*O )
+ 10 system. :_“E 40
Skyrme Il Skyrme M* 20 4
Force (MeV) (MeV)
Spin orbit 68 70 0 - 3
No spin orbit 31 27 0 50 ) 100 150
E_ ; (in) (MeV)
A.S. Umar et al., Phys. Rev. Lett., 1986 P.G. Reinhard et al., Phys. Rev. C, 1988
s : o “o:"o] Tpmwnire
Spin twist & time-odd terms siya | ZoTwin ever|

1 1 1 1 1 L 1 1 1 1 1 L 1
80 100 120 140 160 180 200
E _ (MeV)

c.m.

FIG. 2. (Color online) Percentage of energy dissipation as a
function of center-of-mass energy for head-on collisions of '°0 4 %0

SIO I(IJO 11%0 : with parametrization SLy4. The black, red. and blue lines represent
t (fm/c) the TDHF calculations involving full 1*s, time-even 1*s, and no I*s
force.
J. A. Maruhn et al., Phys. Rev. C, 2006 G.F. Dai, L. Guo, E.G. Zhao,

and S.G. Zhou, Phys. Rev. C, 2014



Spin related experiments

Spin-polarized beam from
pick-up or removal reactions

Projectile fragment
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The spin alignment of projectile fragment
can be measured through the angular
distribution of its y or B decay.

Analyzing power measurement
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Spin effects on relativistic heavy-ion collisions - chiral dynamics

A P P
H=7%"(-p+A)+7"'M + A,
for massless particles (M=0)

S

- ;= R - 1, ight left
h:ig(p—A)+Ab:CGk+Ab Egnded S :EndEd
Weyl SOC chiral dynamics
Spin dynamics using —ck — i K x ?j—k
~ B X.G. Huang, Scientific Report (tZOlG)
aF Ej:VXA \/Ed—r:IZ+ci2I§+ci3Exlz
0 - G K xB+c —(E B)+E
E =CO X B + E dt N 2
B- k
do v6 =
o ~
’m =2ck xo M.A. Stephenov and Y. Yin, PRL (2012)

J.W. Chen, S. Pu, Q. Wang, and X.N. Wang, PRL (2013)
D.T. Son and N. Tamamoto, PRD (2013)



Box system with
periodic bound condition
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arCCOS(k . 5) in spin dynamics

600
500 4
400 +
300 +
200 +

100

Q(+)55%
Q(-)45%
ps =0

preliminary

J J5
0.0179 - Chiral dynamics - 0.017
Spin dynamics o
0.015 1 " F0.015
0.013 1 - 0.013
0.010 - 0.010
0.008 ] ] <CV > - 0.008
<Vy> 5 y
0.005 1 - 0.005
0.002 - 0.002
0.000 | e et - 0.000
0.003 - --0.003

T T
5.0 75 10,0
fm/c

T T
00 25 50 75 100

t=0.1 fm/c

1t=1.5 fm/c

41 t=4.0fm/c

4t =6.0fm/c

1t = 10.0 fm/c

0 T T T T T T T T T T T T T T T
-1.0 -0.5 0.0 05 1.0-1.0-0.5 0.0 05 1.0-1.0-0.5 0.0 05 1.0-1.0-0.5 0.0 05 1.0-1.0-0.5 0.0 0.5 1.0




f =J/Gf

Final momentum sampled
according to /G(k,)/G(k,)
Y.F. Sun and C.M. Ko, PRC (2017)

Spin polarization in Boltzmann limit:

<(5E> — <i(:.£!fi:> — _Z?!ii_
dt/ 4T°?

Consistent with that from
the quantum kinetic approach

R.H. Fang, L.G. Pang, Q. Wang,
and X.N. Wang, PRC (2016)
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D.E. Kharzeev, Prog. Part. Nucl. Phys., 2014

Chiral magnetic wave:
Chiral magnetic effect+Chiral separation effect
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Conclusion

Low-energy HIC:

Nuclear Skyrme-type ’ affect fusion threshold
spin-orbit couplings

o-(VpxDp) » intermediate-energy HIC:
Spin splitting of collective flows

Weyl spin-orbit couplings
(massless particle) Relativistic HIC:
+65-(p— A) Chiral dynamics

Spin Hall effect
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Spin-dependent Boltzmann equation
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H. Smith and H.H. Jensen, transport phenomena (Oxford University press, Oxford, 1989)
Single-particle energy: 2(7,5) = (7, ) + h(F,p) - 5.
Wigner function: F(79) = folF ) +G(7,p) o

Spin-dependent Wigner function:

fs or(FP. 1) :fd?'se—"f’@'f“w;,ﬁ‘— %.t}%ﬁ+§t}.
frp.t,0) = fi1(p,t) + fo1,-1(Fp,t), =2fo(I, p.t)
T(rp.t.X)= fo1.10p, t) + f1,-1(Fp, 1), B
r(Fp.t,y)=—i[f_11GP.t) — 11 FP.0)], — =2Z(,p.t)
T(rp,t,z) = f1.1(Fp.t) — f_1._1(Fp, t), _

R. F. O’Connell and E.P. Wigner, Phys. Rev. A 30, 2613 (1984)



Single-particle Hamiltonian from Skyrme interaction

Skyrme spin-orbit interaction:

V., = iWy(F) + o) -k x 8(F) — 7y) K

Single-particle hamiltonian:

hy' (7, p) = hi 4+ ha + (ha + h3) -6 Y.M. Engel et al., NPA (1975)
Wo — = - p

hi = ——V T + T (7)] time-even j(F):frﬁpﬁ x T(F, p).

. ﬂ 0 . - p

hy = ===V x|j 1(7) + g (7)) time-odd j(F):de"p%f(F.ﬁL

— -[I' 0 — . - 3 - =

;13 — _V [ﬂ fj +,0 ( ] P time-even p(r}:fd pf(r,p),
Hﬁ = ph] = L

}1_1 — —TV X [S(f } + Sq('r)] P time-odd T.):(F) :fdapfﬁ: fj)

f@.p)= N—Tp 23“‘ —T)8(p — pi)s with 7i; being the spin expectation

Test particle method: direction of the ith nucleon

7. D)= N:rp Zn 8(F —T1)8(P — bi),



Equation of motion |

Separate BUU equation for scalar and vector part assuming 2@, p)=1f1(F,p).

n is the direction (unit vector) of the local
spin polarization in 3-dimensional coordinate space

dfo  de dfo de dfo oh ) 3f1_(%_ﬁ)_a_ﬁgﬁo
_ - ==

ot +3ﬁ- ar  ar op +( p' BT or D
%ﬁ+(§.8ﬁ)ﬁ—(§ afl)*_}_%_ﬁ ~9fo 3E+I(2ﬁ><h a_nfwo
o | \9p ot ot o 3 9B ot -
/i small G an - 2h xn
dt h

define f*—=fy+ f;
aft de oV aft de  dV aft
f +( r'm)_ f _( i r'm)_ f —0.

ot \o3 T3 ) o7 "\t ) o3
3f_ + de avhn af_ de avhn af_ —0
ot ap  op oF oF  ar op

f* and f— are the eigenfunctions of f representing the phase-
space distributions of particles with their spin in +n and —n di-
rections, respectively, i.e., spin-up and spin-down particles.



Equation of motion Il

Prod®pod3s

+ - = 04 Po
Lp.t)=

=@, p.t) f PITE

Following the method by (C. Y. Wong, PRC 25, 1460 (1982))

—- = =

E}(p{ﬁ - [f} — ﬁ(rgpn& t)]/h} x 5[? — R(Fﬂr}ﬂg t)]fﬂ:(ﬁj. ﬁ(}. ta),

with the initial conditions R(rypys,to) = 7o and P(7opos, to) = po

— = — — = =3

find the new phase space coordinates R(rppps,t) and ﬁ(-rnpns,t) at t = tg + &

Substitute into the spin-dependent Boltzmann equation

~ OR@Fopos. 1) Lol Of*F.P.t) | WVm *C.P.0 _
ot ap or ap or -
‘ OR(Fopos.0) _ e Vi
at S ap - ap
- —i5 3P(ToDos, t) [eGF—3.6)—e(+2,0)] Cut higher-order terms
£ (%o, Po» to)| — - _ 2 2’ 7 B
[*@o. Po. to)l i ot i } F f7(ro, Po.to) a5 in CY. Wong’s paper

-

X {Vr'm(F - % £) — Vi + % 2 =

- } =0. ‘ dP(Fopos, t) _ % . Vin
dt ar ar

with th =N-h

Y. Xia, JX, B.A. Li, and W.Q. Shen, Phys. Lett. B (2016)



Equations of motion lli

R P
- %4_? (h1 +hg) £ Vjp ”‘Ig n+ha n,

ot
dP 5 L s
T =—V;Ug — Vz(h1 +hg) F Vi(hz -n+hs3 -n),
Eiﬁ Z(H +E ) o« ﬁ upper sign for f* and lower sign for f~
2 3
Y 5 ; precession =
Similar to the canonical equation and E~ —O- B
Heisenburg picture of quantum mechanics
dr do ,
05 O _dt
Ve i
do 1 -
L -6



— a3 unit vector for each nucleon

. ho_
expectation value of the spin S = E o
Projection in y direction (total angular momentum)
il e - o, =Sin @sin
[T ) y = »
A, £ee | - g =_— :
- __" (1+ Jy) / 2 probability °y 9 Spin-up
T (1— O'y)/2 probability Sy = _E Spin-down

Spin- and isospin-dependent phase space distribution function

f__(Ix,1y,1z,1pX, 1py, 1pz)
spin- and isospin-dependent Pauli blocking
h? P
n = f_(ix,1y,1z,1pX,1py,ipz),d =1
owp = §x dydy* dz* dpx * dpy * dpz o (IX,1y,1Z,1pX, Ipy, pz)

Nucleon spin may flip after nucleon-nucleon scattering (randomized?)



Other approaches for spin transport

1) Adiabatic approximation for spin

ﬁz—ﬁo—zhﬁﬁoxdﬁo

—_—

E with h, = ﬁ/‘ﬁ‘ Solve spin up to the first order

Equations of motion:
= Berry curvature

- P ~ X = R R
r —+Vp(5+‘h‘)+hﬂpr-r+h9pp-p 1(ah°xah°j-ﬁ

m i
. — . . AB_ 0
p=-V,(c+[) -1, - F-1Q, - P 2\ oA " B,

G. Sundaram and Q. Niu, Phys. Rev. B, 1999;
D. Xiao, M.C. Chang, and Q. Niu, Rev. Mod. Phys., 2010;
X.G. Huang, Sci. Rep., 2016

2) Relaxation time approach
f f— f f _ T~ relaxation time between scatterings
Rl =(Rl) g-(g) o

C 7, T, Tsf relaxation time for spin flipping

G. Stirnati et al., Phys. Rev. B, 1989; T. Valet and A. Fert, Phys. Rev. B, 1993;
JW. Zhang et al., Phys. Rev. Lett., 2004; K. Morawetz, Phys. Rev. B, 2015



| Central force

Short

R a) Inter-

mediate
pR@ulsidn

-

Tensor force

Longrange 73 |(512) = ~3(61 - 7)(G2 1) + 61 Gy
T
= r(fm)

=

[emartos] /7 0

|Spin-orbit force | a) J

JT(138)
O (600)
W(782)
0(770)

Attractive ~Repulsive -

Another interaction
related to nucleon spin

_ Tensor force

Long-ranged Tensor Force: First evidence from the deuteron

tensor force

prolate
intermediate-ranged,
attractive central force Deuteron
plus LS force
short-ranged,
repulsive central force
lus strong LS force oblate

0<




(a) Protons (b) Neutrons

50 50 =SLy5+T
=SLydd+Stancu
ng’wés[%] '1"'I|"‘Ilr-‘|r"'rllh'll"".rl'_lS [%] —SkM*+Stancu
40 40 =SV-tls
30 30 Force Threshold (MeV)
20 20 SkM* (basic) 77
10 10 SkM* (_ill(‘-. Jg) 71
O U SKM* (full) 73
20 40 60 80 100 120 20 40 60 80 100 120 SLy5 (full) 68
Mass number Mass number I ,
SLy5t 65
Y. Iwata and J.A. Maruhn, Phys. Rev. C, 2011 T19 61
— r - r - r - T - T - 1 / ‘(
%0 [ o ——SLy5 ] T14 69
30 i ——SLy5+T 7 1722 G4
i —T1 i
= 7 DA T26 82
20 1 T42 69
50 | . 144 79
40| ] T46 87
- TR R TR TS S N R— - TABLE 1. Upper fusion threshold energies for the 1°0 + %0
80 100 120 140 160 180 200 collision using various parameterizations of the Skyrine inter-
Ec_m_ (MeV) action.
. | . . . o L P.D. Stevenson et al.,
Figure 2 (Color online) Percentage of energy dissipation as a function of )
initial c.m. energy for head-on collisions of '*O+1°0 with the six Skyrme arXiv: 1507.00645 [nucl-th]

parameter sets.

G.F. Dai, L. Guo, E.G. Zhao, and S.G. Zhou, Sci China-Phys Mech Astron, 2014



Add tensor force to IBUU?

Skyrme-type tensor force:
- e{[s(a1 K')G, K')- (5,5, k" 5 (F)

56,5, -F)- (6.5, K7}
+t0[3(01-k )5 (02- )—(51-52 IZ’-é'(F)IZ]

Hartree-Fock framework:

=

e = (i1 (0= PP i) = [ Hr (F)d°r

1]

oH;
~ @i ~h i
5o ¢; N @



S, = Z%*GM

Tﬂ = ZV@?-Vgoiaﬂ
=5 ooV,
Za(ma

Only consider vector component of J

Potential ; _ 3 (5 _;v.5y

v,00)

+V¢VM)

Spin density
Spin kinetic density
Spin current density

Pseudovector tensor kinetic density

1 1

P

2 2
1o =03, =53%3,,, ==

o (3t +t,)> (V-5

q

energy
i 1 _= 1 1 =1
density —Z(te+to) s-T—EJZ +Z(te—t0); sq.Tq—Eajj
3 L1 3 .1
+2(t, +t ) §-F+=J7 ——(te_to)z §q.|:q+_35)
q — n! p A;L 4 . 4 g 4 |
+—(3t, -t )5- V5 ——(3t, +t ) 5V%s —>h — Equation
6( | 16( )Z o ' of motion



Spin-orbit interaction+tensor interaction

F ., (MeVic)

-0.4
-0.6
-0.8 1

-1.0

1.0
0.8 -
0.6 -
0.4 -
0.2

0.0 5

024 H-

Au+Au@50 MeV

b=8fm §

MSLO

-~
,-'"f’
%x

I
5
;
J

o
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0.14

0.0

-0.14

-0.1

Spin dynamics from QMD model

EeVeTL
S0

(i}

odd

Ug,

_ —%I-I--’ﬂ 5 -

1 —
- —EI-I--"[.(,GV S+ PV

(V X jn)+ 5,

T + ppV - )?;;)

(V% J,)]

C.C. Guo, Y.J. Wang, Q.F. Li, and F.S. Zhang, Phys. Rev. C 90, 034606 (2014)

Au+Au E =150 MeV/nucIeon Free protons

—A— spin-up

== spin-down
—1all

(d) b=2 fm

7—7i)?/(2L)]

Zﬂf) Z

W_L 3./2

_qmzzmm@
I GE WG

B Effects of SO coupling
™ on spin dynamics

are robust and
model independent.



Analyzing power measurement at AGS and RHIC

The analyzing power can be as large as

\/LU \/RD _ \/LD \/RU 100% at certain angles and energies
~ JLUVRD +LD+RU \ 4

Providing a possible way of
identifying nucleon spin

Blue=elastic, Green=4.44, Black=combined

A

T Silicon detector 1o

Recoil Carbon,
100 ... 800 keV o.6)-

Polarized Proton Beam

o
> @

"\ Forward protor
Ultra-thin Carbon Forward proton

Ribbon approx. 100
atomic layers thick

Analyzing power

p+12C@200 MeV

<
(8]
I

-0.6

(!> II(} ]I4 Ilti EIE 2‘6 30
Laboratory angle (deg)

Figure 1: Measurements of the analyzing power for proton scattering from '*C at 200 MeV. The blue (green)

curves correspond to protons exiting from the ground (4.44-MeV) state. The black curve represents the sum of

the two data sets/ 7/.



Code Evaporation User Author Ref.
Statistical Multifragmentadti
ISMM-c MSU-decay Tsang Das Gupta 2]
[SMM-m MSU-decay Souza Souza (13, 14]
SMMY5 own code Bougault Botvina [4,9]
MMM1 own code AH Raduta | AH Raduta [15]
MMM?2 own code AR Raduta | AR Raduta [15]
NMNMDNMNC own code Le Fevre Gross [5,16]
LGM N/A Regnard Gulminelli [17]
QSM own code Trautmann Stocker [18]
EES EES Friedman Friedman [7,8]
BNV-box N/A Colonna Colonna [24]
Evaporation codes
Gemini Charity Charity [25]
Gemini-w Wada Wada [25-28]
SIMON Durand Durand [29]
EES Friedman Friedman [7,8]
MSU-decay Tsang Tan et al. [14]

Taken from M.B. Tsang et al., EPJA (2006)

Different statististical
multifragmentation
models and
evaporation codes

Different approaches
for multifragmentation
and cluster deexictation



The multiplicity of a M-nucleon cluster
zZ M R. Mattiello et al.
d Ny A M 1 | | !
— =G — . K; (i K Phys. Rev. Lett 1995
3K (M)(Z)AM[[pr(r )Mn In@ )} Phys. Rev. C 1997.
i=l1 i=Z+1
X pw(rgl, ki ..., iy 1o Kiyy ) 0(K—(kp + -+ Kpp))dridky - --drydky
P" the Wigner phase-space density of the M-nucleon cluster

Spatial wave function: s-wave assumption

il —3/8 ,d
Statistica aCtOf G : coalescence with a given isospin - 1/12,t
Only asymmetric {G : coalescence with a given spin and isospinl_1/12, 3He

spin-isospin allowed

2 (S = 1) G’ SH(S =1/2) G'| JHe(s=1/2) G’
pT&n?

TG ED It entand —1/6(S, = +1/2) [nT&p T &pl—s 1/6(S, =+1/2)
pT&n{—— 1/4(s,=0)

py&nT —1/4(5:=0) || an*t&n V—>1/6(S, =-1/2) [nl&p T &pI— 1/6(S, =—1/2)

pl&nd L 1/2¢s,=-1)




Wigner phase-space density

deuteron

W RY . R o
P4 (rsk}=f¢’ I'+? [0) l‘—; exp(—ik - R) dR,

e

k= (k; — k2)/2 r=(r] —r)

Internal wave function ¢ (r) ) root-mean-square radius of 1.96 fm

Triton or Helium3

W, Ri . R
pt(iHe)(p!h!kpsk}.)z w _to-l__ !’L‘I‘ 'df p—T,}L—T

x exp(—ik, - Ry) exp(—ik; -R2)33/2dR1 dR>»

R r]_ % _g -, K kl 11 |

L L -+ _ S
(p):J(I‘z)J=(ﬁ NGl ) (kp)zj (kz) = ;/E 2
o\ G )\ o k& oE

Internal wave 4 (y) rp,r;) =) RMSradius 1.61 and 1.74 fm for triton and *He.
function

oS Wi
K||_.._



Light cluster production from coalescence using Wigner function method

PAr+ Ni@E/A=95 MeV, 60°<0__<120°

107 : : : :
O data (b=4-5fm) O data (b=6-7 fm)
107 —— IBUU+Coalescence | —— |BUU+Coalescence |
(b=4.5 fm) (b=6.5 fm)

reproduce experimental data from
F. Pawlowski, et al., Eur. Phys. J. A 9 (2000) 371

reasonably well

Suitable for loosely bound clusters

dM/dE,_ (MeV")

Suitable for rare particles:

1 (b) Triton
- Perturbative treatment

(e) Triton

s 5 ]
1 3 {%LC! 3 {._JDD (ST
(c) "He (f) "He
0 50 100 150 200 250 O 50 100 150 200 250 300
E_(MeV)

kin

L.W. Chen, B.A. Li, and C.M. Ko, NPA (2003)



fH wave function

S=1 T=0

|ZH ) ~|spin)|isospin)

S T S, =+1 I1~ ;\/E(PIHI—MPII
- M PP S, =0 '~;2(an¢+p¢nT—nT pl-nl p!I
s=14  Y(N+l1) VAR | o 5, =-1 I3~ ?ﬁ(pini—ni p¢|
W nn w4~%(an¢—p¢nT—nT pl+nlpMh
s=0  Ys(N-4T) Y s(en-mp)  T=0 W5~}/\E(anT+nT pT

Assign all many-nucleon states which
are allowed from the Pauli principle the
same weight.

8 wave function (considering the spin-
Isospin and antisymmetrization),
3 of 8 are feasible.

G= 3/8 (no information about spin)

w6~%(an¢+p¢nT+nT pl+nlpMh
1//7~}/\/§(p¢n¢+n¢ pi)
w8~%(an¢—p¢nT+nT py-nlpT)

pt&nT . G'=1/2(S, = +1)
pT&nd — G'=1/4(S, =0)
pv&nT — G'=1/4(S, =0)
pl&nd — G'=1/2(S, =-1)



s=1/2  T=1/2
’H & *He wave function JH 1 JHe) ~|spin)|isospin) ST, =S,T,

S T (S, =+1/ 2)
- Uy (5He) ~ —{p[;r?[pl —plnlpl —nlplpl
M Ppp 12 V6
V(M40 10n) Y (oo pp + nlplpt —plptnl 4+ plplal),
s-3/24 V3 > T=3/2
Vg(W T+ 1+ itl) - a(nnp-+ pan+npn) (S, =-1/ 2)
z
_ \L\L»L nnn l]:JQ(%HL} .y —{P[”li}l _E)l”lp[ . ”13}[3}1.
%

+ nlplpt —plpln] +p p[nl)

(2114 -1 41| ¥ =(2ppn— pnp—npp
suz{y@ }T—l/Z

MLt —2Lir) P yg(Pn+nen—2nnp) :
yﬁ( " ) YJ‘ Another 5 states with same spin-isospin states

but do not satisfy wave function antisymmetrization

s;/z{yﬁm“”ﬂ }/\/E(pnp_npp)}T_UZ ,
V(M-I ¥ 5(pnn—npn) 3He G,

{S(CH)=1/2&S(He) =1/2} nT&pt&pld — 1/ G(SZ y 2)
24 wave function (considering the
spin- isospin and antisymmetrization), nl&pT&pl — 1/6(S, =-1/2)
2 of 24 are feasible.
G=1/12 (no information of spin) Similar for fHe
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AutAu@100 MeV, h=8 fm
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Spin splitting of light clusters

collective flows observed

Useful probe of SO coupling
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