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Lead (*"°Pb) Radius Experiment: PREX
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Donnelly et al., NPA503, 589 (1989);
Horowitz et al., PRC63, 025501 (2001).
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Reed et al., PRL126, 172503 (2021)
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¢ Superstiff symmetry energy from relativistic EDF

analysis:

¢ Challenge our understanding of the symmetry energy.
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Calcium (48Ca) Radius Experiment: CREX

SUN YAT-SEN UNIVERSITY

CREX, PRL129, 042501 (2022)

PHYSICAL REVIEW LETTERS 129, 042501 (2022)

Editors' Suggestion

Precision Determination of the Neutral Weak Form Factor of 4Ca

e Model-independent determination of charge-weak form
factor difference:
F28 (q) = 0.0277 £0.0055, ¢ = 0.8733fm™', CREX

AFZ¥(g) =0.041 £0.013, ¢ =0.3977fm™', PREX

e Extracted neutron skin of Ca48

Quantity Value £ (exp) £ (model) (fm)

Ry — Ry, 0.159 + 0.026 + 0.023
R, —R 0.121 £+ 0.026 + 0.024

n— p

e Strong tension between CREX and PREX-2 results?

Too small Nskin of 48Ca or too large Nskin of 208Pb
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Challenging modern nuclear EDF theory!




PREX-CREX Puzzle
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Parity-violating asymmetry in calcium

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

< Tension between the results of CREX and PREX measurements and the predictions of current
global models.



Spin-orbit interaction and neutron skin

Chen, Ko, Li, &Xu, PRCS82, 024321 (2010) Horowitz & Piekarewitz, PRC86, 045503 (2012)
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without spin-orbit corrections as a function of neutron skin (R,-R),)
for the various neutron-rich nuclei considered in this work. Predic-
tions are made using both the (a) NL3 and (b) FSU interactions.

*The Nskin of Ca48 is sensitive to spin-orbit coupling W0 in the standard SHF!
¢ Spin-orbit coupling makes significant contribution to electroweak skin Rwk-Rch .
“+Ca48 and Pb208 have different shell and surface structures — Both are related to

Sﬁin-Orbit interaction
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Spin-orbit interaction

(29 V(r) > V(r)+W(r)LS e »
2 S
. ho) 1dv(r) . i
-2f1 S — - \
S Vo= Volme) 1% ‘
Mg 82 4 Relativistic effects ,

(Duerr, PR103), 469(1956) Mayer and Jensen (1949)

Nobel Prize, 1963 (Also Wigner)
“*Naturally introduced in Relativistic mean-field models.

“*Nonrelativistic energy density functionals (Skyrme):
Spin-orbit interaction: iW,o - [P’ X 5(r)P]
Spin-orbit energy density: Chabanat, et al., NPA 627, 710 (1997)

1
=5 W, [J- Vo+1Vp +1, vn]

“*Is the neutron spin-orbit interaction the same with that of
proton?

=2P) 1, 40 33

56 b © ©




Isovector spin-orbit interaction

Hamiltonian Density from Spin-Orbit Interaction:

b b
By = /d?’r [ﬁJ Vp+ %(Jn —J,) - V(pn — pp)

2
Isovector
Standard Skyrme EDF: Reinhard and Flocard, NPA 584, 467488 (1995)
bIV — bIS /3 = WO /2 ~ 60 MeV - fm5 Bender, Heenen, and Reinhard, Rev. Mod. Phys. 75, 121 (2003).

Ebran, Mutschler, Khan, and Vretenar, PRC 94, 024304 (2016).

Relativistic mean field model (nonrelativistic reduction):
by = 0

Lack experimental probes to constraint by,

< The isovector spin-orbit coupling by is expected to have significant effects on lighter
nuclear with larger J,, — J,.



Spin-orbit density in “*Ca and 2’Pb
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e . X [j'(j'+1)_l'(l'+1>__ R (r) 208
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Ahy o, 82 4
<24, 68 Colo et al., Phys. Lett. B 646, 227 (2007) Jn I
N o +»Contributions from j_and j_ largely cancel with each other nJp
T = . Jo = [+ 1/2: positive contribution
i w0 g . j. =1 — 1/2: negative contribution
—2p; 32
— 28 : &g, = Jpl is large in *3Ca, but relatively small in 2"SPb
—_— 1% 20 - Cad40: J,~0,J,~0
- 132 14 . Ca48: J,=0,J,>>0duetothe8 lf%neutrons of unpaired I*s partner
- p 8 < . . Pb208:J,~J, > > 0dueto 14 li% neutrons and 12 1h1_21 protons
— » 6 . . . . . L
C + The isovector spin-orbit coupling byy is expected to have significant
—_— s 2 effect on Ca48 while essentially no influence on Pb208!




(Extended) Skyrme EDF with tensor force

Standard Skyme interaction:

v(ry,r2) =to (1 +20F;)d(r) + %tl (142 P,) [K?5(r) + 6(r)k?] +t2 (1 + 22P,) k' - §(r)k

1 ST o
— Et;; (1 +23P;) [p(R)]"d(r) + iWy(oy + 02) - [K' x &(r)k],
Chabanat, et al., NPA 627, 710 (1997)

Momentum-dependent three-body interaction:

1 2 2 = - Y [ 9 . ’ ~
v' =v+ Sta (1+24Fy) [k”p(R)?8(r) + 5(r)p(R)PK?] 4+ t5 (1 + 25P) K - p(R)"6(r)k.

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

o1 , 1, 1. : 1,
Vp =5T { [(01 k') (o2 -K') — §k“ (o -02)] o(r)+o(r) [(01 -K) (o2 - k) — §k~ (o -02)”

+U {(01 -K')d(r)(o2-k)— % (01 -02) K -6 (r)K]
Stancu, Brink, and Flocard, PLB 68, 108 (1977)



(Extended) Skyrme EDF with tensor force

Energy density functional:
By + B3p® , B+ Bip“®

Eskyrme = = p* — 5 p? + (By + Bsp® + Bsp")pr — (B} + B,p° + BLp")p7
2B> + (23 + 3)Byp® — B; » 2B} +3Bp° — B! BB} 5_4. )
+ Gl 4) Ld P (Vp)© — ;p 1k (Vp)? — 5 LpP=1pVp-Vp
C1 4+ Cop® +Cap” , CL+Chp° +Chp" -,
n 1+ _/.3) + C3p J2 4 -ﬁ?) 3P_ 2
b by 5, ar Br ., a1 —PBr 49
+LV/) J+ —Vp g.]“ LT
4 4
pa(r) = Y vl lpi(r)[*,
i N P=pPn+pPp. T=Tn=+Tp, J=J,+J
Tq(r) = Zl’z\vr‘il‘ )|, ! ’ B} '
,f’=,0n—,0p, %=Tn.'—Tp J=J, Jp!

J (r) = —Isz (r)V x 6¢;(r).

< Construct 6 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.
(e)S500T, ()S240T, and (e)S240. [ e: extended, T: tensor force, number: the value of byy,



Six New EDFs with strong isovector spin-orbit interaction

SUN YAT-SEN UNIVERSITY

Tong-Gang Yue, ZZ,

Lie-Wen Chen, arXiv:2406.03844

0.06 LI I BELENL L BN B |
| & O Npgrelativistic EDFs -l 2> o

- ™ Relativistic EDFs % S240 eS240 S2401 €S240t S5007 eS500+
0.05 | Po 0.16359 0.15580 0.16498 0.15442 0.16342 0.15089
Eo -16.147 -16.170 -16.220 -16.190 -16.288 -15.957

[ mso 0982 0939 0.993  0.865  1.022  0.921

0.04 Mmoo  0.816 0.898 0.883  0.765  0.602  0.662

03 [ S 34.08 34.45 35.19  34.06  39.03  36.96

L : L 46.6  60.5 52.7 57.4 99.7 80.6
0.03 Keym -207.4 -87.3 -190.4  -133.1  -101.1 -189.5

- n AFZY% 0.0280 0.0288 0.0291  0.0287  0.0400 0.0408

. m AFSY 0.0329 0.0312 0.0321  0.0310 0.0291 0.0288

002L = Arg® 0189 0.195  0.194  0.195  0.263  0.273

- Arps 0139 0.090  0.128  0.099  0.100  0.105

ad)® 19.35  20.15  19.51 20.20  22.77  22.98

001 Lt et ] ats 2.29  2.29 2.29 2.23 2.68 2.85

0.00 0.01 0.02 0.03 0.04 0.05 0.06 0.07
. . . AFwW O S500T and eS500T overpredict the measured
The isovector spin-orbit coupling b, should be larger than ~ electric dipole polarizability alphaD at RCNP
240 MeV fms to fit CREX/PREX data (b, ~60 MeV fm5 in O S240/eS240/S240T/eS240T:

conventional non-relativistic EDFs. Note: b, ~120 MeV fm5 ) Nskin(Pb208) ~ 0.19 fm, Nskin(Ca48) ~ 0.12 fm

Eim(Py) ~ 34 MeV, L ~ 55 MeV
(Nicely agree with World Average Values!)

4 Strong isovector dependence of spin-orbit interaction
(byy~ 240 MeV fm5 versus b, ~120 MeV fm5)



Correlation analysis for AF |-y, in Ca48 and Pb208

SUN YAT-SEN UNIVERSITY

_Tong-Gang Yu, ZZ, and Lie-Wen Chen, arXiv:2406.03844 _
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. AF_y of 2%®Pb is only sensitive to L.

« AF oy of 43Ca is positively(negatively)
correlated to L(byy)

- Alarge L can still reproduce the CREX
result with a large byy




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

Relative deviation (%)

Tong-Gang Yu, ZZ, and Lie-Wen Chen, arXiv:2406.03844
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“*The new EDFs with strong isovector spin-orbit interaction can well describe the
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nuclear global properties!
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EOS of symmetric nuclear matter and neutron matter

Tong Gang Yu, 7.7, Lie-Wen Chen, arXiv:2406.03844
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o Danielewicz et al.,
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10 ; o Mer
] Huth et al.,
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“*The new EDFs with strong isovector spin-orbit interaction
PNM! (but S500T and eS500T predict too stiff PNM EOS)

can well describe the empirical EOS of SNM and



Summary

O PREX-CREX puzzle can be resolved by introducing a strong isovector spin-orbit interaction.

O 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 number, the properties of superheavy nuclei, ...

0 Future PVES for some stable nuclei (MREX/MESA):
Pb208, Ni60,...: Not sensitive to the isovector Spin-Orbit interactions (Esym);
Cad8, Zr90,...: Sensitive to the isovector Spin-Orbit interactions (b, )




Thanks for your attention




TABLE III. Experimental data and adopted errors for nuclear structure observables used in the sampling (see Sec. III for
details). The second line shows the globally adopted error for each observable. That error is multiplied for each observable by
a further integer weight factor given in the parenthesis next to the data value.

Nuclei EB Te Rd o Aels AEF EGMR AFCW
(1 MeV)  (0.02 fm) (0.04 fm) (0.04 fm) (10%) (1.2 MeV) (0.074 MeV) (0.002)
O —127.620(1) 2.701(1) 2.777(1) 0.839(1) 6.32(3) —3.53(1)

6.17(3)
0Ca —342.051(1) 3.478(1) 3.845(1) 0.978(1) 6.80(1) —7.31(1)
¥Ca —415.990(1) 3.479(1) 3.964(1) 0.881(1) 8.80(1) 6.10(1) 0.0277(1)
°°Ni  —483.990(1) 3.750(1) 7.16(1) —9.47(1)
%Ni  —590.430(1)
1998 —825.800(1)
1328n  —1102.900(1) 1.66(3) 8.40(1)
205ph —1636.446(1) 5.504(1) 6.776(1) 0.913(1) 1.46(3) 0.64(1)  13.614(1)
0.89(3) 0.0410(1)
2.13(3)

Note. Ae;s data are for '°O(1p,, 1pn), *°Ca(1f,), **Ca(1f,), *°Ni(1f,), ***Sn(2d,), and
205Ph(2d,, 3pn, 2fn), respectively.
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S240 eS240 S240tr eS240r  S500r  eS5007
50204 17774 20135 17074 —1942.9 —16337 0 0.16359 0.15580 0.16498 0.15442 0.16342 0.15089
319.969 534.945 312.255 576.127 310.4 545.566 Eo  -16.147 -16.170 -16.220 -16.190 -16.288 -15.957
328.400 -44.585 -11.507 128.93 604.89 -946.38 Ko~ 226.78 234.60 227.90 24117 231.6  236.22
13713.8 12882.5 13652.8 12107.0 13579.5 12807.8 Jo  -408.13 -436.91 -410.56 -423.94 -408.39 -463.64
_ 16085 - 17180 - _1815.3 So 34.08 3445 35.19  34.06  39.03  36.96
_ o833 - 19919 - 77349 L 46.6  60.5  52.7 57.4  99.7  80.6
0.2655 0.3706 0.2808  0.3077 -0.4972 -0.1312 Keym 2074 -87.3  -190.4  -133.1  -101.1 -189.5
-1.3375 -0.7830 -0.8068 -0.8494 -0.5167 0.8692 mso  0.982 0939 0993 0865  1.022  0.921
-1.9532 6.6536 18.785 -3.8262 -1.6533 -0.9003 Moo - 0.816 0898 0883 0.765  0.602  0.662
0.1038 0.3573 0.1579 0.2180 -1.4670 -0.9644 Go 1.037 0175 0.549 0411  1.491  0.951
o Jesea o 17790 —  1.6047 Gs 11886 5535 116.64 56.35 117.79 44.66
18112 - 18660  —  -1.1009 Gv  -80.07 31.33 -31.83  24.42 -4457  7.19
0.27317 0.35737 0.27604 0.37750 0.29794 0.43201 Gev 0 =~ 3622 0 42.41 0 -75.15
3 B | 3 | ~ . B2, 13.592 13.449 13.628 13.565 13.561 13.546
o _ 1 _ 1 _ 1 7'2218 3.501 3.471 3.498  3.465  3.511  3.501
bis 160.81 149.72 123.18 124.78 100.56 118.87 7’328 5473 5497 5462 5497 5471 5511
b 040 240 940 940 =00 500 e 3.514 3.461 3.503  3.459  3.501  3.482
ar 0 0 -200.163 -132.004 -121.47 -1.6178 7“72,98 5.537  5.561 5.529 5.562 5.580 5.621
B 0 0 _51.2445 -32.56077 -295.74 -244.841 AFEY 0.0280 0.0288 0.0291  0.0287  0.0400 0.0408
AFZ&Y, 0.0329 0.0312 0.0321  0.0310 0.0291 0.0288
ArZ%® 0189 0.195 0.194  0.195 0263  0.273
Args 0139 0.090 0.128  0.099  0.100 0.105
a® 19.35  20.15  19.51 20.20  22.77  22.98
ap 2.29  2.29 2.29 2.23 2.68 2.85
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value

Jn=Jp
0. 030 - JntJp
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- Ca48
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0.015 1 eS240 T
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0. 000
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-0. 020 T T T T T T 1
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eS240 T
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Pq(r)
Tq(T)

Jgq(r)
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_B(28+3)Bsp” ! — Byyp' ! 2By + (28 + 3)Byp® — Bsp”

a— 1

i (Vp)? — 5 Vp

38B4p°! —yBLpY 1 _ _ ) 2B + 3B, p® — BLp"

BB 4 ) BB a2 4 .o —1)B) 4 5. B, 5 ..
+5 PN (VR + eV + . 5 24 525V pyt, + 32“03 B(V2p)t,

o1 Cap? 1 C! pB8-1 ! y—1
b bi aj + - B

Wq =3V +t4=5-V(on = pp) + = P14, 5 (T = T),
ar =—U ;3T——(T+U)

ac = 20, + 205p° + 2C3p7, Be =201 +2C40° + 2047 . 22



3 11
By = —to, By = Sto(5 + o),

4
B, = 1—36t1 - I_E:St2 — itgmg, B = % [tl (% - :1:1) —to (% - 12)] :
By = %tl - 3—52t2 - %tm, B, = % [3t1 (% - 1?1) + t5 (% + a:2>] :
B3 = %tg, B, = %tg(% + x3),
By = 1—36t4, B, = %u (% + a:4) :
By = —ts + 3t By = —ts (% + 1:5) ,
Cy) = mls% [tl (% — 1‘1) — 19 (% +2?2)] , C1= ntls%(tl — ta),
Ca = ntlsétti (% — -’134) ; Cy = ntls%tm

1 1 1
Cq = —nye—ts | = 5 Cl = —nys—ts.
3 Tt1 3 (2 + I ) ’ 3 Nl 16
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