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4 Introduction: PREX-CREX puzzle

4+ Resolving the PREX-CREX puzzle via a strong isovector spin-orbit interaction

v Nonrelativistic extended Skyrme energy density functional (EDF)

T.G.Yue, ZZ, L.W. Chen, arXiv: 2406.03844

v Relativistic density-dependent point-coupling EDF

M. Qiu, ZZ, T.G.Yue, L.W. Chen, in preparation

4+ Summary
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PREX: Lead (“"°Pb) Radius Experiment
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Adhikari et al. (PREX), PRL126, 172502 (2021)

eParity-violating asymmetry in longitudinally polarized

elastic electron scattering :

Ao — TRTOL GrQ*Qw| Fw(Q?)
PV = R

OR + OL 4V2raZ Fen (Q2)

Donnelly et al., NPA503, 589 (1989);
Horowitz et al., PRC63, 025501 (2001).

efFree from most strong interaction uncertainties.

e PREX-2 results (<Q2> = 0.00616 GeV?) :
pv. = 550 £ 16( stat ) £ 8( syst )ppb
Fw ((Q*)) = 0.368 & 0.013(exp) = 0.001( theo )

208ph Parameter Value

Weak radius (Ry) 5.800 £ 0.075 fm
Interior weak density (p))) —0.0796 + 0.0038 fm3
Interior baryon density () 0.1480 = 0.0038 fm=3

Neutron skin (R, — R)) 0.283 £+ 0.071 fm




Super stiff symmetry energy from PREX-2
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CREX: Calcium (*°Ca) Radius Experiment

e Model-independent determination of charge-
weak form factor difference:

Fi5(g) = 0.0277 £ 0.0055, ¢ = 0.8733fm™!, CREX
AF&(g) = 0.041 £0.013, ¢ =0.3977fm™!, PREX

Adhikari et al. (CREX), PRL129, 042501 (2022)

e Extracted neutron skin of Ca48

Quantity Value + (exp) & (model) (fm)

Ry — Rep 0.159 + 0.026 + 0.023
R, —R, 0.121 + 0.026 4 0.024

e [oo thin neutron skin of 48Ca or too thick
neutron skin of 208Pp?
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PREX-CREX puzzle
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PREX-CREX puzzle

Parity-violating asymmetry in lead

Parity-violating asymmetry in calcium

https://frib.msu.edu/news/2022/prl-paper.html

What is missing in the theory!?

8

a-clustering effects?

S.Yang, RJ. Li,and C. Xu, PRC108, L021303 (2023)

Symmetry energy?

Reed et al., PRC109, 035804 (2024)
Salinas & Piekarewicz PRC109, 045807 (2024)



Resolving the PREX-CREX puzzle via a strong isovector spin-orbit interaction

— extended Skyrme energy density functional

T1.G.Yue, ZZ, L.W. Chen, arXiv: 2406.03844



Spin-orbit interaction and neutron/electroweak skin

Chen, Ko, Li, &Xu, PRC82, 024321 (2010)
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4 The Nskin of Ca48 is sensitive to spin-orbit coupling WO in the standard SHF!

Horowitz & Piekarewitz, PRC86, 045503 (2012)
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FIG. 2. (Color online) Electroweak skin (Ryy-Rs) with and
without spin-orbit corrections as a function of neutron skin (R,-R )
for the various neutron-rich nucle1 considered 1n this work. Predic-
tions are made using both the (a) NL3 and (b) FSU interactions.

4 Spin-orbit coupling makes significant contribution to the electroweak skin of Ca48.
4 Ca48 and Pb208 have different shell and surface structures — Both are related to Spin-Orbit interaction.
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Nuclear spin-orbit interaction

4+ Strong spin-orbit interaction — magic numbers

V(r) > V(r)+W(r)L.S
Wir) - _MS‘[th] 1aV(r)

-
i r o dar ’ ‘
Relativistic effects

Mayer and Jensen (1949)
D . PR103),469(1956
(Duerr, PR103), 465(1956) Nobel Prize, 1963 (Also Wigner)

4+ Nonrelativistic energy density functionals (Skyrme):
e Spin-orbit interaction: iW,(6; + 6), - [P’ X é(r)P]
* Spin-orbit energy: Chabanat, et al., NPA 627, 710 (1997)

1
= Jdr35WO [J Vp+J,Vp, + Jann]

=Jdr3lbésf VpA bIV(J J)V(pn—pp)l

. v ( | Reinhard and Flocard, NPA 584, 467488 (1995)
= -1 o 05"1 r). Bender, Heenen, and Reinhard, Rev. Mod. Phys. 75, 121 (2003).
Ebran, Mutschler, Khan, and Vretenar, PRC 94, 024304 (2016).



Spin-orbit density in *°Ca and **°Pb

4+ Spin- Orblt density (spherical nuclei):
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J_[fm™]

R radial wave function; j & [: total & orbital angular momentum

4 Contributions from j_and j_ largely cancel with each othe

» Jo =1+ 1/2:positive contribution
o j. =1[—1/2:negative contribution

-Ca40 J,=0,J,~0

0.02

0.015

0.01

0.005

- 44Ca

10

Sagawa & Colo, PPNP 76 (2014) 76

r - I
.
+|J — J | is large in 43(Ca, but relatively small in 208pp I I

« Ca48: Jp ~ 0, J, > > 0 due to the 8 lf%neutrons of unpaired ls partner
+Pb208:J, ~ J, > > 0 due to 14 lis neutrons and |12 1h1_21 protons

4 The isovector spin-orbit coupling byy is expected to have significant effect

on Ca48 while essentially no influence on Pb208!

12



Extended Skyrme EDF

4 Energy density functional:

By + B3p® , B[+ Bip°

ESkyrme = P — ——p* + (B1 + Buyp” + Bsp")pr — (B} + Byp® + Bip" )t
2B> + (28 + 3)Byp® — Bsp” , 2B,+4+3B.pP —Blp” __ ., BBy 5_,. i
+ 1 & - (Vp) — — f oF (Vp)? -+ > " pVp -V
Ci+ CopP +C3p" , CL+Chp° +Cip" -,
n 1 -+ ,_e) + 3P .]_ n 1 + -i + 3P ‘]-
s . bve. - ar+B8r . _Br -,
+ 289,34+ Nys. 34 20T T 52  OT—PT 2
2 2 4 4
pa(r) = Z l;’. 0; (.1')‘2 ’ Tong-Gang Yue, ZZ, Lie-Wen Chen, arXiv:2406.03844
1
. , P=Pn+Pp, T=Ta+Tp, J=dg+Jy,
(r) = ) v |Veir)| )
t ﬁ)zpﬂ. _pp, %zrn—rp, Jan_Jp.

Jo(r) = —i) vipl(r)V x 6pi(r).

4 Construct 3 new EDFs to simultaneously fit CREX and PREX results, ground- and excited-state of
a number of typical (semi-)closed-shell nuclei, and constraints on EOS of nuclear matter.

eS$S250, eS500T, and eS53. [ e: extended, T: tensor force, number: the value of byy]
13



bry = 40 ~ 60 MeV - fm’

0.06 /

7 "> Nonrelativistic EDFsg 5 ™ !
m  Relativistic EDFs - Z<><><>
. Iy
\ .. <><> LcX
. -
by ~ 0 & @ SV-sym34
- ."'<>'z>¢(ess3 Y
0.04 B | ’TOV_min
s
s
< |
|
N
002+ ™
0.00 0.02 0.04 0.06
208
AFw

Tong-Gang Yue, ZZ, Lie-Wen Chen, arXiv:2406.03844

The isovector spin-orbit coupling b, should be

New EDFs with strong IVSO interaction

quantity eS250 eS53 eS500t quantity eS250 eS53 eS500t

to (MeV -fm°) -1803.9 -1803.9 -1632.7 bis (MeV - fm°) 160.461 160.461 118.87

t1 (MeV - fm?) 450.79 450.79 545.566 bry (MeV - fm°) 250 53.4870 500
t, (MeV -fm?) 287.09 287.09 -946.38 po (fm™?) 0.15881  0.15881  0.15089
t3 (MeV - fm3+3%) 12514. 12514. 12807.8 Ey (MeV) -16.1209  -16.1209  -15.957
ts (MeV -fm>*3P) -922.51 -922.51 -1815.3 Ky (MeV) 238.125  238.125 236.22
ts (MeV - fm>7) -1064.2 -1064.2 7734.2 Jo (MeV) -393.323  -393.323  -463.64
X0 0.25037  0.25037  -0.1312 Egm(po) (MeV) 33.9279  33.9279 36.96

X -0.95171  -0.95171  0.8692 L (MeV) 58.9409  58.9409 80.6

X -2.2637  -2.2637  -0.9003 Ksym (MeV) -111.833  -111.833 -189.5

X3 0.06042  0.06042  -0.9644 myo/m 0.92297  0.92297 0.921

X4 -1.5503 -1.5503 1.6947 mo/m 0.77078  0.77078 0.662

Xs -1.8795 -1.8795 -1.1009 G 0.75906  0.75906 0.951

o 0.33162  0.33162  0.43201 Gs (MeV - fm’) 81.1891  81.1891 44.66

B 1 1 1 Gy (MeV -fm°) -26.4039  -26.4039 7.19

y 1 1 1 Gsy (MeV -fm°) 19.2338  19.2338 -75.15
By (MeV - fm?) -1352.90  -1352.90  -1224.51 B) (MeV -fm°) -676.78 -676.78  -301.036
B; (MeV -fm°) -30.4933  -30.4933  19.5659 B (MeV -fm’) 37.8390  37.8390  40.1165
B> (MeV -fm’) 163.162  163.162  194.804 B, (MeV - fm°) -69.8261  -69.8261  166.682
B3 (MeV-fm>T3%)  1564.21 1564.21 1600.97 | B (MeV-fm**3%)  584.414  584.414  -495.702
By (MeV-fm®>"3P)  _172.971  -172.971  -340.371 | B, (MeV-fm ") 121112 121.112  -498.017
Bs (MeV-fm>"3F)  167.480  167.480  288.309 | BL (MeV-fm>™F)  -183.508  -183.508  580.922
C, (MeV -fm°) 0 0 -78.4280 C! (MeV -fm°) 0 0 93.2463
C, (MeV - fm>+3P) 0 0 271.103 | C, (MeV-fm>3F) 0 0 -113.457
C;3 (MeV - fm>+3P) 0 0 580.922 | C} (MeV-fm>3F) 0 0 483.384

larger than ~ 250 MeV fm?> to fit CREX/PREX data

14



Correlation analysis for AFqyy, in *°Ca and “?°Pb

0.06 (a) (b) 7 (c) ] (d) - (e) - ()
= 0.04F ' . +
e R e B e B :
0.02} i i 1 -
015 016 -165 -160 210 240 80 120 15 30 90 0
po (fm) E, (MeV) K,(MeV) Gg (MeVim®) Gy (MeV fm®) fm®)
0.06 (9) (hy (i) ) I
f) 0.04 | _ .
< %— ---------- - % —
0.02} A L
03 06 120 0 120 075 090 075 090
G, b (MeV fm®) M. o/m m,, o/m Esym(Po) (Me¥
SO0 (m) () (0) () I I C) B I
50_04 - _ _ | * 2%Pb (eS240;)
o e b & % 4Ca (€5240,)
< B ] PREX2
0.02 . 7 T 7111 CREX
200 0 -600 -308 -150 0 150 -1% O 150 -160 O 160
Keym (MeV)  J, (MeV) by (MeV fm®) S (MeV fm°) By (MeV fm®)

Tong-Gang Yue, ZZ, Lie-Wen Chen, arXiv:2406.03844
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Based on eS250 EDF

AFy, of “%Pb is only sensitive to L.

AFy, of *°Ca is positively(negatively)
correlated to L(byy)

A large L can still reproduce the CREX
result with a large by,



Relative deviation (%)

5 v 1 v ] N 1 ’ | v L v 1 ' - . - ‘)(;8
. | - M-~ v3p,,-V3p., (*Pb
4t (a) 1 (a) (¢) 100 F (d) Puz-V3ps (P)
, eS250 | eS53 eS500T . ® - v2f,-v2f,, (**Pb)
3 :_ . (EB_EBLXP)/EBL‘F _::_ 80 LA - VIP],Q‘VIP}Q (|60)
21 0 (r-r )oY —~ | v @lp,-7lpy, (°0)
! L = 40
| - 0 . I = . . L - é 60 ¢ vif,,-vif,, (*/Ca)
0k a o u . s n " . @ o - o B "0 g <4 vify,-vif,, (¥Ca)
1f - ° 2 " "% ®"oo w8 p®oO : g 40
H[ ® . > - v
i L
3| - 20 A
=T O . x v .
4r 2 S A P
-5 . B - " N 1 A A a A 1 A 1 A 1 A 1 A 1 A 1 A 1 A 1 8 O ® | <
l(xO wCa JxCa StvNi M(Ni xﬁsr 'I()Zr lwsnl}lsnll)NPb lbO M_lCa JSCa Sf-Ni h._iNi xssr er I(mSnI_‘ZSnZUNPb lbO M)Ca JSCa 5(.Ni (vRNi ssSr ‘N)Zr lOOSnUZSn'.‘DHPb &) 20 ] ' o . . ‘
! o O
. . 40F ¢ o
Tong-Gang Yue, ZZ, Lie-Wen Chen, arXiv:2406.03844
-60 ] P PR
eS53 eS250 eS500

Ground-state properties: mass, radius, spin-orbit splitting

describe the nuclear ground-state properties!
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(e)

- - 752(132-“2(152 (208Pb

- A~ V1f,-v1f,, (*°Ni)

4 The new EDFs with strong isovector spin-orbit interaction can well
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Equation of state

lP.Daniélewiczlet al.,S;:ience (I2002) | 75 ' S.I—I'uth et ;1,, PR'C (202l1) |
- eS250 (eS53) i eS250 (eS53)
. eS500-, eS500,
N
'= 100 F 20 F —~
E | S
O
2 15 =
\E_/ Flow data ' E
S 10 | LT-]Q-‘
¥ Microscopic Many-Body
10 b _ : Calculations
: (a) ' (b)
| | O i | | | |
2 3 4 5 0.05 0.10 03.15 0.20
P (Pp) p (fm™)

“ The eS250 with strong isovector spin-orbit interaction can well describe the empirical EOSs of SNM and
PNM! (but eS500T predict too stiff PNM EOS) Tong-Gang Yue, ZZ, Lie-Wen Chen, arXiv:2406.03844
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Resolving the PREX-CREX puzzle via a strong isovector spin-orbit interaction

—Density-dependent point-coupling RMF

M. Qiu, ZZ, T.G.Yue, L.W. Chen, in preparation
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Strong VSO potential in RMF model

Dirac equation EDITORS' SUGGESTION . . . . . - .
Role of the isovector spin-orbit potential in mitigating

H=a-p+BM—-Sr)+V@)+iy -#T(r), the CREX-PREX dilemma

Athul Kunjipurayil € and J. Piekarewicz (®

Marc Salinas @

d *
(d - S (r))gmc(r)— (E*(r) + M*(r) fue (r) =
r r

Show
more

v

d *
(E == ’(_r))fnlc (r) + (E*(r) —M*(r))gnc(r) = 0. Phys. Rev. C 112, 014310 - Published 8 July, 2025

0.251 FSUGold2 — o ggﬁgg 4 Enhanced isovector potential
DINODb
: e g : : - % DINOGC ™ by an enhancement factor f3.
Equivalent Schrodinger-like equation | Ddﬁijwo,dz,,;m _ 4
"d*: I+ 7 B E T Il 4 B =-300 leads to perfect
a7 r2 Ve (T, E)_ aelE2 =04 g,ogO"Sj - agreement with CREX and
~ PREX
Ueti (73 6, E) = Ue(r) — (1 + K)Uso(r) + Up(r) + Ui(r), 11 }
U (r) = UOG) = UD) — UO@ 000 0.05 _ fConﬁrn.w the effects of IVSO
0T 0!2 | 0'3 T interaction



VSO coupling in RMF model

4+ Isovector-scalar © meson exchange
Qi
4+ Exchange (Fork) term &
J.-P. Ebran, Mutschler, E. Khan, and D.Vretena, PRC 94, 024304 (2016) %
4+ Tensor coupling §
R.J. Furnstahl et al./Nuclear Physics A 632 (1998) 607-623 .
N
] 1 1 (do 4w\ f, 1dW 0(04)’0 . At e “Ba
(! = | —=- } — — | - L, i
5.1 ap’ v\ dr dr 2MM r dr - VeMC pe | |
%.5 0.6 0.7 0.8 0.9
M3 /M

Possible key for PREX-CREX puzzle in covariant DFT:
v’ Isovector tensor coupling

20



Density-dependent point-coupling RMF model

PHYSICAL REVIEW C 106, 034315 (2022)

P — gfree n g4f n gder n cpem

Covariant density functional theory with localized exchange terms

Qiang Zhao (#X5%)®,1? Zhengxue Ren ({EH%2) ©®,! Pengwei Zhao (#Xf%4%)©,1" and Jie Meng (FN) @134 T

1 1
FH = ——ag(py)(y) - Eatg(l/'f%’l/f)(t/'f?w)

>
1 1 N .
——ay () (979) = S (1,79) (9750) a(p) = & (pe) fitx) for i=8,V,tS, and tV,
_%O‘T (‘7’%‘/’) (e L+b;(x+ d)
1 f(x) =q, = X=plpge f(D =1, f(0)=
_EatT GW W) 'W_) I+ Ci ()C T d)
—%aps ( ) (W75W) 1atPS (WVSTW) (1/77/5%)1//) PC F_PK‘I
1
% PV <l//}’57/,}//) YYsy V/ atT — 1_8 (_aS 4 BatS 1 205V — 6atV - 6C¥T)

—~py (1/7}’5}%? l//> ('/7757’”?‘//)

2 determined from Fierz transformation

Q. Zhou, et al. PRC 106,034315 (2022)
4 We treat o, as a free parameter

21



Non-relativistic reduction

Nuclear energy density (ground-state even-even nuclei):

1 1 1 ,02

— - 1 2 2 2 2 «()? 1 2
€ = Z QDa(—l}’ -V + M)qoa T EaSIOS T EanV T EaTSpTS T EaTVpTV — &)y — AT T 555 | VIOS|

Expansion up to 95% (B = )2

2M*
ov = p, ENR — (%as + %av) p2 + (%QTS + %aﬂ/) ,52 — %(Vp)2
ps =3 172 (1= o B - TT) 1712 — 2Baspr — 2B3arspF — arBi(Vp)® — arBi (V)
= p— 2B} |7 = VJ = Vp-T° +2T° - J + pT"*| —2B20pVp - J — 2B2asVp - J + 4B2arVp - J
it=) [chlTIA_l/Q (iUBocfﬁ) [712¢ — C-C] —2B2a).spVp-J —2B20,.sVp- J +4B2a, V- J
= ByVp — 2B,T°p — 2B, J. _ 4aTB(2)J2 B 4aTT5’8j2-

brg. = 8Biar — 4B3as — 4BE ok p,

b{\IVR — 88(2)C¥7-T — 4880475.
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Fitting strategy

4 lIsoscalar sector ag(p) and ay(p) are taken from the PCF-PKI.

4 9 adjustable parameters:
tS(3), tV(3), ap, o O

4 |2 Data:

 Binding energies and charge radii of **Ca and ?’Pb

e Spin-orbit splitting in “*Ca (1) and “"SPb (3)

e The symmetry energy at 2p,/3: 25.6 £ 1.35 MeV Qiu et al. PLB 849, 138435 (2024)

e Neutron matter EOS at p = 0.04805 fm™>: 6.72 = 0.05 MeV Machleidt &Sammarruca PPNP 137, 104117 (2024)

e Form factor difference in *®Ca and 2"SPb
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Three new relativistic EDFs : ZH-1,2,3

%9400 0.02 0.04 0.06
AF ¢ (*°°Pb)

4 Consistent with both PREX-Il and CREX
results at 68.3% confidence level.

24

PCF-PK1 ZH-1 ZH-2 ZH-3

AFE, 0.0405
AFES 0.0269
Aryy [fm] 0.172
Ari® [fm] 0.183
Eeym(peat) [MeV]  33.0
Esym(2psat/3) [MeV] 24.5
L [MeV] 78.4
L(2psat/3) [MeV] 50.4
Ksym [MeV] 61.4
at [fm?] 3.374
QrT [fm2] ~2
(b)Y [MeV - fm®] 150

(b'2°®)) [MeV - fm®] 153
BIP)) [MeV - fm®]  35.0
(B3 [MeV - fm®]  36.7

0.0327 0.0329 0.0326
0.0284 0.0280 0.0282
0.116 0.128 0.127
0.188 0.190 0.191
33.6 324 32.1
204 25.8 26.9
66.7 43.8 194
04.2 50.2 49.0
-114  -276  -469
4.312 5.673 4.546
6.967 9.195 7.114

172 205 178
176 210 182
222 230 213
229 238 219

M. Qiu, ZZ, T.G.Yue, L.W. Chen, in preparation



ZH series: ISSO & VSO

NR 2 A11R2 . A2 !/

NR 2 A2

PCF-PK1

(T
S
-

(\®)
S
-

bi® [MeV - fm®]
>
-}

4 Similar isoscalar SO coupling strength.

4+ Significantly larger isovector SO coupling
strength in ZH family comparied with the

PCF-PKI.

b [MeV - fm°]

4 Central values = 250 MeV - fms,

consistent with the fining in
nonrelativistic nuclear EDF.

bry/bis

M. Qiu, ZZ, T.G.Yue, L.W. Chen, in preparation
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ZH series:density distribution and neutron matter EOS

YEFT
-=== PCF-PK1
— /H-1
== /H-2
-« /H-3
* Machleidt

PCF-PK 1
—— ZH-1
-—— ZH-=2

—-= 7ZH-3
- weak density

- weak density

charge density

>0 0.05 0.10 0.15
Pn [fm_g]
r[fm] r [fm]
4 No unphysical density fluctuations in the nuclear interior. 4+ Neutron matter EOSs are consistent

with predictions of chiral EFT.
M. Qiu, ZZ, T.G.Yue, L.W. Chen, in preparation
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/H series: binding energies and charge radii

SEp = [Ep — ER¥)/ERY

Deviation (%)

B i W ZH2 . A Bl PCF-PKI

OR.= [R. — R®V]/RS®

Deviation (%)

@ il @ 712 @ /i3 @ PCFPKI

160 40@a 48C€L 56Ni 68Ni 8881" QOZr 1008n 1328n 208Pb

4 Reasonable description for ground state properties of (semi-) doubly magic nuclei
M. Qiu, ZZ, T.G.Yue, L.W. Chen, in preparation
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Spin-orbit partner ordering in Ca48 and Pb208

* ™ T ™ ' T ™ - = T I L) L L Ll L Ll L} T L} Ll Ll Ll L
l ' 0 B 3pay2 o J— —— .

I IIIIIII 1 1
3

599/2 3d3/2 1 ' 2fs)y =———=-"""
1/2 Sy oo . O - — - 13,35 em——" S ce—. U
O . — T e—— T CoCcoemm %dé/}z e — e S R - ca— i 2f, —— T — e —— T ]
1f5/2 _‘~~-__,” gll‘{/-)-)-:"—’ 1h e — - —
2 ———. ; - - oS o 9/2 _— 1
p1/2 ~~~~ I —— — 1111/2
28 ! 3p1y2 i 1
10b g —— : 3
i 342 ~~ e e —— == - 2f5/2 - —— I :::_ 21/2 —
81/2 _~§\ —_— T T T~ — 11342 - - ——— = IS co— 2 32— .
Ld Ses - 10V e — o . 7 Sy — = —_—
5/2 _\\ \\ o ——— ——— ——— 9/2 \\\: :::;-—“-—\ Em-s _10 = 2d5/2 R ——— I ——— -

\\ — .r’—’ \\\“_
h— ‘— - o ™ 197/2 —— -
3

1851/3 B

i 2d3/2—":::: -=-- T — . _ -_ _-
{48(}&] T 2d;5 e SRS — 15 . 19972 4

2pl/2 - - e SO o e €F =

E (MeV)

_30 -

2P3/2

-~
— s I
~ o~ ——— — ——

neutron

40 F _

199 /2 m—

P12 D=

—20 | PU————— _
2P3/2 i -

30l 28pp, — : ﬁ 5{20813]0} A —

_5 | | | | | 2 1f7/2—~\§\‘ o — - —25 B
8 . neutron T _ | proton

E (MeV)
E (MeV)

e —
e ——— e ——

T 1dy g m——"

281/2_

I — -
- Tt ———— T = ld‘/

/’ i 1d5/2_~‘_‘ L T

-
o 5/2 = S~ J

—30 | :
3 -

-

—10F e . | .
[ 1P /0 m— T e e = R
il - PBas ——:--. cmmm— . - 1pa)s e —

151 /2 w— o o —n

- p o
i !O - ”,’ ——— ——— - - c— \~‘\ e 151/2 — \‘\‘ - ———
—— — - -
- 50 | | | L 2 | 2 | 2 L
L ' L ' L L '

lllllll .l L L L ' L ' l I

Exp PCF-PK1ZH-1 Exp PCF-PK1ZH-1 ZH-2 ZH-3

_30 -

-
-
-

v Correct ordering

v Shell closure
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M. Qiu, ZZ, T.G.Yue, L.W. Chen, in preparation



Summary

4 The PREX-CREX puzzle can be resolved through a strong isovector spin-orbit

interaction within both relativistic and nonrelativistic nuclear density functional
theory.

4+ Such a strong isovector spin-orbit interaction is expected to have significant
impacts on essentially all properties of neutron-rich nuclei: The location of

neutron-drip line, shell evolution in exotic nuclei, the new magic humber, the
properties of superheavy nuclei, ...

4 Future PVEs for some stable nuclei (MREX/MESA):

Pb208, Ni60,...: Not sensitive to the isovector Spin-Orbit interactions (probe Esym);
Ca48, Zr90,...: Sensitive to the isovector Spin-Orbit interactions (probe by, )

Thanks for your attention
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Central average mean field v.s. SO potential

. i
— -V — ‘ :
0.050 ! | ! | ' | ' | ' | ' | ' | ' | ' ' | ' | ' | ' | ' I ' | ! | ! | ' 0050 hq 2m2 V _'_ Uq + qu (G X V),
0.045 N — 10.045 i i
e "™ sy IVSO effects in U, dominate.
0z 0.040 - + 17 10.040 iz
20 < O
X - eSD5(0) 208 qD5() 48
% 0.035 - e5250 “Pb 1° Ca FUgby 0.035 %
_ B B —_
0030 F W by S _—— q000 -
0.025 T Uq bIV 1 40025 0.04 + 48C3‘ FC 1 208Pb FC Ty 10.04
:
|
no U, & W, by, no U, byy both U, & W, by noU, & W, by, no U, byy both U, & W, by " 0.02 S
I i
W (by =0) W,(250)  W,(250) 10.00
IVSO interaction affects / |
* Not only the 8 unpaired 1f7/2 neutrons in Ca48 l02 &2
. But all orbitals via the Uq 1000

181, Ip3pn 1py), 1dy, 1d;, 2s;, 1),
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Isovector spin-orbit interaction

% Spin-orbit (SO) energy:

s | brs by Reinhard and Flocard, NPA 584, 467488 (1995)
ESO = |d°r ) J - V,O+ ) (Jn _ Jp) ' V(:On o pp) Bender, Heenen, and Reinhard, Rev. Mod. Phys. 75, 121 (2003).
Ebran, Mutschler, Khan, and Vretenar, PRC 94, 024304 (2016).

* Standard Skyrme energy density functional (EDF):
by = big/3 = Wy/2 =~ 60 MeV - fm’

* Relativistic EDF based on meson-exchange Lagrangian (nonrelativistic reduction):
by = 0 (Hartree approximation,W./O. Isovector-scalar meson)

% Lack experimental probes to constraint by,

% The isovector spin-orbit coupling byy; is expected to have significant effects on light nuclei with
larger J,, — J,.
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Efforts to reconcile CREX and PREX results

0.06— o
- 0 RMF - 0.12 0.12
Skyrme |
0.05 Y DINOa — 0.10 0.10}
DINObDb |
- DINOc - |
— 0.08) — 0.08}
E 004 - ) |: ‘ .I.:
o0 ;é B _ i; 0.06} ‘:;;/ 0.06 ¢
=~ 0.03}- — 04} \'\‘:().()4;
i D i PREX i _ [
] ‘
0 0.02} 0.02}
0.02 -2 oT% - | |
20% | - 0.00.
— - 0% 1 2 3 1 5 6 7 8 '
0.01 | | | | I | | R (fm)
U 001002 0:09 B.0% 0.05 $.00 0.07 Reed, Fattoyev, Horowitz & Piekarewicz, PRC109, 035804 (2024)
F Wskin
Meson-exchange relativistic mean field model: Price:

4 lsovector-scalar S meson 4+ large unphysical oscillations in the nuclear interior

4+ Too stiff symmetry energy with uncoventional large

4+ Self-coupling of isovector-vector p meson -
positive K, ,

v Agree better with CREX&PREX
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Efforts to reconcile CREX and PREX results

40
0.06 ' —— Chiral EFT
FSUGold2 u — FSU-TDO
O 208
. Pb 35{ —— FSU-TDI
0.05 - _.f —— FSU-TD2
FSUGarnet e bINOa 30 -
) - s
L 0.04 — DINOb Py
2 "\, —— DINOc § 25
2
U|- — ESTU-TDO Z
0.03 - '
S 20 -
oy s ]
0.02 - 000 15 -
0.00 f 0.
0.0} . . |
.00 0.02 0.04 0.06 ! !
. 0 2 4 6 8 10
Fo,—Fu (O Pb) r (fm) , , , ,
0.05 0.10 0.15 0.20
Salinas & Piekarewicz PRC109, 045807 (2024) p(fm )

Three new RMF models including:

4 Tensor coupling.

4 isoscalar-isovector mixing term in the
scalar sector.
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SO potential 17 B, BINAA 5 T T35 prTI VP
B (4)
Changes in F.,, for Each Orbital in 2°®Pb
0.00075
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0.00050 - Wi proton
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Changes in F.,, for Each Orbital in *3Ca

0.001 -

0.000

OF . (SetA-PCF-PK1 )
S
=
P—

5
S

o neutron
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New magic number

Aon(Z, N) [MeV]

—l— EXxpt.
-@- eS250
eS53
SLy4
UNEDFO

UNEDF1

12 14
Neutron number

16
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1. J§Z=Dirac Spinor F o=

For a system with time-reversal invariance, the spatial components of the currents 7,, and j7_, vanish,

and V' thus vanish. Rewriting Dirac equation in matrix form, we obtain

mg+S+V? o-p—ioc- T’ (gp) (90) (3
=€
o-p+ioc- T —mp—S+V0O X X

Therefore component equation gives
(mg+S+Vp+ (o -p—ioc -T')x =ep
(0-p+ioc -T)p+ (—mp — S+ VO)x = ex
Using the second equation, we obtain

__optie T g (i) (5)
X_e—l—mB—l—S—VOSO_ P 7

where the inverse effective mass is definded as

1
B = 6
e+ mp+ S ( )
0 2 | 2 (20 T A .
S+V ~ve e—m~v°, o (p zT)BU ﬁ v, Sp = agps and S = Tsa-gps.
1
B = » B* = [2m+2S]7'. — By = [2m + 2S,] 7.

2(m+ S)+ (e—m) — (S + V9) 37



2. Spinor L EMA—CHEMHF

2.2 HSEMAMEFRMANTHER

The isoscalar vector density is not normalized and the norm is expressed as

/dBNZ%w =1— Norm = /d37’cpT (1 + o ﬁBga : ﬁ) O = /digrc,oTIAcp (10)

where the norm kernel is

le+0’-ﬁ3§0-ﬁ (11)

The normalized classical wave function is expressed as

ot =1"7p (12)
and therefore
o =1""%¢ (13)
using Taylor expansion
A 1 . ‘ 2
[ = —1-0 B U +0|(o- 1B T } 14
o TiEe T fo 1 +0| (o 1EGe -1i) =
and . ,
[712 = ! =1—§(0-ﬁ830-ﬁ)—i—O[(a-ﬁBﬁa-ﬁ)} (15)

(1 + o - ﬁB%o' : 3)1/2
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3. mMZE ERIHEEMIER R

2.1 AEMEXIERYRANE

Non-relativistic density and current are

M

kinetic energy density 7 =

S.O. current J = L Z PNV x a)p” — (V x apd) 9931] :

d Z C C T C
i=-3 Z GV — (Vel) cpal] ,

spin density p_ = Zcp;”aapa

ps — ZVQVQ, Drs — ZVaT3Va, Scalar density ps = po — 285 [ — VI-T"Vp+2T"J + pT"]
a=>0 a=0
ov =" VarWVe, o= Var'uVe, Tensor current  jy =iBy »  [—ip' Ve —i(Vel)g]
a=0 a=0 .
. 0t 0t
jV — Zvayvaa jtV — ZVQ)’T:;VQ, +ZBOZO; [ZT '+ 1T p 99]
a=0 a=0
. . . . +iBy Y _[p" (Vxop) = (Vxop)e
119;::§E:y@py0yw@, Jgr:ZZEE:VQIYOyTgv&. 02%: [ ( ) ]
a=0 a=0

— B()V,O()—QB()TOIO() — QB()J
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B, MIralEtik, #HEFREEEE

oL - 0L
T;U/ — 81/?# + al/’l,[) _ gul/ﬁ 72
9 (9,1) 9 (0,7) (72)
8 oL oL
e=TY = 0" + 9™ - L 73
EFSIRTZT, A 51E
t(_; 1 2 1 2 1 o 1 2 0 2 02 1 2
e =Y (—ia-V+LM)+ SASPS T SavPy + SQrspPrs + SQrvpry — Qrrlrr —OTIT 555 Vps|™ (74)
H € e %A
€ = 6kin + 64f 4+ €M + 6der (75)

e R B B B vTk
1 1

5NR:(%053—|— %ozv)p2—|—(3ozrs—|— 5




(Extended) Skyrme EDF with tensor force

Standard Skyme interaction:

y 1 o A L
v(ry.1m2) =t (1 +20F,)d(r) + St (14 2,P,) [k’*-o(r,) — O(r)k~] +t (1 4+ 2P, ) K -d(r)k

Chabanat, et al., NPA 627, 710 (1997)

1 | . . | ® = s
+ =ts (14 23P5) [p(R)]*6(r) + iWo (01 + 02) - [K' x 6(r)K].

Momentum-dependent three-body interaction:

1 ) 2 - - . 2 . ’ . ~ o
v' =v + Sta (14 24Py) k”?p(R)78(r) + 6(r)p(R)°K?] 4+ t5 (1 + 25 P5) k' - p(R)"5(r)k.

A—

Zhang & Chen, PRC 94, 064326 (2016)
Zero-range tensor force:

’ 1 ] / ’ 1 2 ~- >/ N | - ‘ L 2 .q
Vir :31‘{ (01 k) (02-K) — 5k™ (01 -02) | 0(r) +4(r) [(01- k) (02 - k) — 5k (01 - 02) }

. | 1 | .
+U {(0'1 k') (r)(o2-k) — 3 (01 -02) K" -0 (r) k]} ,
Stancu, Brink, and Flocard, PLB 68, 108 (1977)
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