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Spin-orbit coupling and spin dynamics

Maria Goeppert Mayer
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Different types of spin-orbit couplings Single-particle energy

H® = A(p)oy — B(p)oy + C(p)oz = b -G E(r,p)=¢eT.p)I+h(F, p)-o
Spin- Spin-
2D system Alp) Bip) Cip) Independent dependent
Rashba Br Py BrPs i I I I
Dresselhaus [001] Bpps Bop,y ADIStrIbUtlon funftlon
Dresselhaus [110] Bp. —Bp. f@, p)=for.p)I+2(7,p) -0

Rashba - Dresselhaus  B8gp, — Bpp. BrpPx — Bp Py
Cubic Rashba (hole) i"sz—ﬂipi - py) p:_—""{pi + p1)

Cubic Dresselhaus Bp P pf Bopy p: Spin_averaged
Wurtzite type (@ + BpHp, (a+ Bp?ip. > - >
Single-layer graphene VP, —up, fﬁp t,0)= fl.l (rp,t) + f—l.—l @p, t)
Bilayer graphene sﬁ;ﬁ ﬂ . . . . ]
. dme é’”v* o Polarization in z direction
3D system Alp) (p) (p o . -
Bulk Dresselhaus pAp:—p2  pipi—p> pApi—pl) T(Fp.t.2)= f1.1(p, t) — fo1,_1(Pp.t)
. : .

ooper pairs A 0 o ~€F Polarization in x direction
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Single-particle Hamiltonian from Skyrme interaction

Skyrme spin-orbit interaction:

Vio = iWo(F1 4 F2) - k x 8(7 — 7o) K

Single-particle Hamiltonian:

hy' (7, p) = hi 4+ ha + (ha + h3) -6 Y.M. Engel et al., NPA (1975)
W = . . p
hi = —TV?W [J(7) + J4(7)] time-even j(F):frﬁpﬁ x T(F, p).
— IVD - S <+ . - D
hy = ——-Vi X () + Jq(7)] time-odd i) = f d'ﬂ‘p%f F, b),
LW, | |
hs = —-Vilp(7) +pg(F)] X time-even o= [ @pr. )
T’Vﬂ P e — . -
hy = _TVF X [S(7) + 54(7)] - p time-odd E:'(r):fd?’pfﬁ".ﬁ).

f(F,p) and 7(F,P) are calculated from the test-particle method.



Skyrme-Hartree-Fock model Strength WO: 80 ~ 150 MeVfm®
Hartree-Fock method ~ W (
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- Relativistic mean field model  Dirac equation

Non-relativistic expansion N C g2 g’
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P. G. Reinhard and H. Flocard, NPA, 1995

Charge Radii: Pb Isotopes

the isospin dependence of the SO potential ol
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the density dependence of the SO potential
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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
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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 dynamics in intermediate- SIBUU12

and low-energy heavy-ion collisions
Frontiers Of o SN2ws062 - Boltzmann-Uehling-Uhlenbeck equation
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Density evolution in heavy-ion collisions

equations dr p dp
of motion gy = 7 pri

Spin-dependent Boltzmann-Uehling-Uhlenbeck eq
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Transverse flow <px> ~y  Spin up-down differential transverse flow

sensitive to nuclear interaction | _ N
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Measuring spin differential flows
for neutrons and protons
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Probing the isospin dependence
of the spin-orbit coupling

Measuring slope of spin differential flow
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Energy and impact parameter dependence
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System S|ze dependence

Directed flow:
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Effects of spin-orbit interaction on v,
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Spin dynamics from QMD model
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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

2H(S=1) G’ 3H(S =1/2) G’ *He(s=1/2) G’
pT&n?t

— 1/2(S; =1) pT&nT&ni—»llﬁ(Sz =+1/2) [nT &p T &p4d— 1/6(S, =+1/2)
pT&Nd— 1/4¢s, = 0)

pyv&nT ——1/4(5;=0) py&nT&nl—1/6(5 =-1/2) |nd &pt &pd—> 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
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o\ G )\ o k& oE

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



S=1 T=0

fH wave function ‘ fH> ~|spin)|isospin)

S T S, =+1 Wm
- M PP 5,=0 IW

s Yttty Plmemle ra g Wm
W o w4~%(an~L—p¢nT—nTp¢+n¢pT)

s=0 Jp(N=31)  |}s(m-m) 70 w5~}/ﬁ(anT+nT P
Assign all many-nucleon states which We ~ %(pT ny+pinT+nTpdnlpt

are allowed from the Pauli principle the _
e }/\/E(pinimi p)

Same

weight.

w8~%(an¢—p~LnT+nT py-nlpT

8 wave function (considering the spin-

Isospin and antisymmetrization),
3 of 8 are feasible.

G= 3/8 (no information about spin)

pt&nt . G'=1/2(S, = +1)
pt&nl —. G'=1/4(S, =0)
py&nT — G'=1/4(S, =0)
pl&nl — G'=1/2(S, =-1)



S=1/2 T=1/2
’H & *He wave function H 7 JHe) ~|spin)|isospin) ST, —S,T,

S T (S, =+1/ 2)
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531243 ’ T=3/2
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MLtz L) Fyg(Pan+nen—2nnp) :
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} “1/2
oL sy 5 (pnn—npn) 23|_|e G’
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24 wave function (considering the
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2 of 24 are feasible.
G=1/12 (no information of spin) Similar for fHe
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Spin-dependent cross section
from phase-shift analysis
of NN scatterings in free space
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Spin effects on relativistic heavy-ion collisions - chirality

Dirac equation for massless particles
vy w =y (y°0,—y0,)w=0

400

’>""300
oM. (0 &P _, s
“Ith o) =65 0 J[/ T —

. =
h~+6-p  vi=50-r) ol
Weyl SOC for i .
h~-c-p ve==01+7") 250
150
i 200 Q\
9 (Me[osoo ~ «\ &
S aal D Chiral symmetry is restored at high p and/or T
E B )
Nce NC
o 53 Ha —S HyHa
right s v lef Jv 2T 7
handed handed
#Vﬂﬂ Nce TZ “2 +#2
cC T = vV A
Ja T* 2wzt Mg (?"' 22 )

D.E. Kharzeev, Prog. Part. Nucl. Phys., 2014



Equations of m

otion for massless particles

—

h:i&-(p—li)zc&-

C ye

Spin klnetlc equations
of motion (SEOM)

dr -

— =Co

dt
9K=C5x§
dt

do —2ck x&
dt

K é =V x A Under a vector potential
B K Adiabatic
using ck — —— Kk x—  approximation

2k’ dt G- k=k
E. van der Bijl and R.A. Duine, PRL (2011)
X.G. Huang, Scientific Report (2016)
chiral kinetic equations
of motion (CEOM)

[ h - Phase-space
\/Ea: k+CWB volume changed
dK D. Xiao, J. Shi, and
G K «B Q. Niu, PRL (2005) _
dt . &rdk/erny=/Gdirdk/Qahy
/G -14cBK =X avEy T Va
2k

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)



CME, CSE, and CMW

PR = Pq(+)c(+) T Pa(=)e(-)

4 types of particles: g=11,c=%1
N PL = Pa(+)c(=) + Pa(=e(+)
=4qH T CHs = = =
T = Jgre+) = Ja=re-)
Number JG k — pge J.o— T J
G . Jr = 02y — Joo)e
density f (Zjﬁi)3 f( T ) L = Jg+)e=) — Ja(-)e+)
Current — N. f 3\//—* (k a“fq-:)* P =pPrR+PL, P5= PR —PI
density (27 h) r J fR +J;, Js=Jg— f,;
Isotropic Fermi-Dirac J = ?xﬁﬁ suseB.  Chiral magnetic effect (CME)
distribution f Js = 5——zueB.  Chiral separation effect (CSE)

/T < Tand pus/T < 1,

» JR,JL =

_N.T
Tl

N, T2
30

ps ~

K.E. Kharzeev and H.-U. Yee,

PRD (2011)
_ .. Chiral magnetic wave (CMW)
bl dissipation 2
£ aTaprtﬁ (5 tv,-V-DV )IOR/L =0

3heB
272T?

O pr +V - Jgp =0




Box simulation of CME and CSE

CME CSE
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An extended AMPT with chiral dynamics

Structure of AMPT model with string melfing
A+B

HLJING

excited strin

fragment into partons

ZPC (Zhang's Parton Cascade)
till parton freezeout
Quark Coalescence

ART (A Relativistic Transport model for hadrons)

(electro)magnetic field
from spectator protons

Space-time ‘
evolution QGP response

Chiral dynamics for partons

under vector potentials

h s h

To be done:
1) E with QGP response

2) EOM with vorticity




Space-time evolution of the magnetic field
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Vo(X)-Va(X) ~ Ag
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Spin polarization in relativistic heavy-ion collisions
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Splitting of quark-antiguark
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Splitting of quark-antiquark spin
polarizations at 200 GeV
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Summary of spin dynamics in HIC
* Low energy (TDHF):
dissipation and internal spin excitation
* Intermediate energy (SIBUU, QMD):
spin-dependent potential/flow
* Relativistic energy (AMPT, hydro):
chiral dynamics, polarization
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