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Theoretical activities in Korea for BAON

before RAON after RAON
Properties of Hadrons Transport Calculations (DJBUU)
Dense Matter Equation of State Nucleosynthesis
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Symmetry energy in dilute and
dense matter

K118 - a versatile framework for the nuclear EoS and EDF

September 11, 2024

NuSym 2024, XlIth International Symposium on Nuclear Symmetry Energy

KIDS (Korea-IBS-Daegu-SKKU) formalism

 EXxpansion rule
Energy density of many-nucleon system expanded in the power of the Fermi momentum

* Fitting rule
Determine the coefficients to reproduce neutron star properties and finite nuclear properties

N—-1
E(,8) =T (p,8)+ Y ci(d)p'+
(0, 9) (p,9) ; i0)p Expansion parameter: ke/m, < 1 for p < 8p,.

ci(8) = a; + Bid*

PRC 98, 065805 (2018), PRC 100, 014312 (2019)
EPJA 56, 157 (2020), PRC 106, 035802 (2022)

8 = (pn— Pp)/P




Number of parameters & convergence test PRC 100, 014312 (2019)

4 parameters for pure neutron matter (f; )
/ parameters

3 parameters for symmetric nuclear matter (a;)

Vi Values of ¢;(1) fitted to APR EoS of PNM. The unit of ¢; is MeV fm™*' gadthe tnits of J, L, Kiym. Qsym. and Ry, are MeV.

i ‘; | . J 2
Mo '/' N Co l ) ci(1) c2(1) c3(1) c4(1) cs(1) 4 Xu 3 L Ksym stm Rsym
3] 3 —26472 13350  281.38 - - - [ 53x10* 32§ 535 —1297 4223 —24218
P4 4 —40794 990.09 —1321.86  937.14 - - 14x10% 32§ 492 —1563 583.1 —2469.7
PS| 5 —224[16 —47928 281448 —396371 207579 - § 63x10° 330 514 —1668 461.4 —1388.4
P6y 6 —224181 —47346 279550 —3935.18  2056.11 494 63x107° 33D 514 —166.8 461.6 —1391.7
Pby, 6 —283.99 11063 60405  —1059 —131244 1117.7¢ 6.4x 107 330 515 —163.8 4500 —15459
Pcy 6 -—3)398 40088 46341 186400 -—2891.61 163037\ 65x 10 380 515 —162.3 4466 -—1631.2
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J, L, Ksym, ... can be chosen independently, so one can check the correlation more systematically.

Qo
Ky

S(p) =J + Lx+ 1 Kymx* + O(x°) K. = Kym — 6L L. x= (o0 — po)/3po




Speed of souna EPJA 56, 157 (2020)
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KIDS-A,B,C,D E(p, 6) = E(p) + S(p)8” + O(6*),

1

E(p) = Eg+ §K0x2 + O(z?),
* Nuclear matter: determine 7 model constants S(p) = J+ Lz + %Ksymm2 + %stmw3 +O(z*).

- Po EB’ KO’ J, L, K, sym? stm
- vary Ky (220-260:10), J (30-34:1), L (40-70:1), Kt (-360,-420,-480)

* Nuclear properties: determine additional 2 model constants (9 in total)
- Binding energy and charge radius of 40Ca, 48Ca and 298Pb

0.0001 3 — = = — Table 1. EoS parameters (J, L, K ) giving the two small-
: : : i - est x2 values for each Ky value.
5 [ I . g -
8x10°5 ; . : : 2 Ko (J, LK) X (x107?)
i : : — 220 (33, 50, —480) 0.45
6x10°5 - - i : — (34, 63, —480) 8.61
N i | : : : 230 (33, 66, —420) 3.04
wstne | : 5 : (33, 52, —480) 3.01
: : : : : 240 (32, 68, —360) 0.75
5 0P _ Qeale retos b ! ' ! (32, 58, —420) 0.89
X6 =) _ P R B e : 250 (30, 41, —360) .50
n=1 " [on=ise20 ey . 4 (31, 58, —360) 1.43
o L— | ' 1 = 260 (30, 47, —360) 5.55
220 230 240 250 260 (31, 63, —360) 6.03

Ko [MeV]



KIDS-A, B, C, D

e Neutron star
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- (230,33,66,-420)

Final selection

11.8 < R{4<12.5 km

Model Ko =~ J L K i
KIDS-A 230 33 66  —139.5
KIDS-B 240 32 58  —162.1
KIDS-C 250 = 31 58 = -915
KIDS-D 260 30 47 =~ -1345
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Hadron-quark phase transition with Vector MIT Bag & KIDS

Model Gv/Gs PH/po PQ/po Mimax/Msun

0.35 1.44 2.47 2.08
KIDS-A s p—_

0.4 2 1

0.35 2.08
KIDS-D

0.4 2.16

pure hadronic matter for p < ptH

pure quark matter for p > th

Frot. Astron. Space S5ci. 11, 1421839 (2024)

2.5 Y I Y | Y | T | T | T I T |

PSR J0740+6620

3 =
\ PSR J0030+0451
”l’.’,
1.5 | ' ,4.,15!‘.’[4;. _

0L “,&‘

y
{ u“':’
| g

Mass (M)

(L GvazdsizMes

()'5 — | : K |

" HESS J1731-347
| M | N | N

1 A 1 " 1

8 9 10 11 12 13 14 15 16
Radius (kms)



Examples of applications - quadruple deformation PRC 108, 044316 (2023)
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FIG. 3. Calculated quadrupole deformation j, , for bound nuclei obtained by employing the KIDS-A-D models.



Formulas for alpha-decay half-lives

PRC 109, 054310 (2024)

Basic ingredients
- WKB approximation
- Cluster-formation model

- Folding potential

hln?2
Ty = e
h2
[ = PaNp-Po
Pa=25p+§5"_s",

P, and Q, from AME2020

= vl(r) T VC("aﬂ) 25 VN(I',IB),

h? (1 +1/2)
2u rz2

s
. , €
f dradroph(rph(ra)

A f dradrapd(ra)pa(rao)v(s).

Ny = %ﬁwa)sinﬂclﬁ,
1 (™ r3(B)
P = = f exp | —2 f k(r'. B)dr" | sin Bdp,
2 Jo r2(B)
with
nB) -1 V(r.)
NeB) = ,
e Ur:w) 2’\’(""/3)] ,
; Vi(r)
k(r. ) \/ h—gIQa - V(. Pl
Vel(r,B)
Vn(r, )
e—4s e—2.5s
(s) =7 — 2134 — 27611
LS SR 255 (

Pa(r) = 0.4229exp(—0.7024r%)

— 0.005 &) 0(S),
A

(04
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Results

nuclei considered | Apar

84 (Po)
186-224

86 (Rn)

88 (Ra) 90 (Th)

92 (U)

194-230 202-234 208-238 216-242

* Adjusting G value

n rr2B)
f f \/2_"21|Qa — V(r,p)lsinBdrdp = (2n + l)f
0 Jn h :

B)

T

=(G-=-1+1)-.

040 o ' ' '
0.35r
0.30
K025
0.20 .
D15

0.10}

» KIDS-A
e KIDS-B| 7

KIDS-C
e KIDS-D| -

22 23 24 25

N
N £ 1 10 ©* 1/2,

=

2
exp
- lOgIO Tl/z,i)

2

* Accuracy of the model

10— \s\\ \\\ ~
"C—G‘ 5 N \\\:\\\t\\ N
~ \.\\\ \
| 0
3
& ——KIDS-A
. —-—-KIDS-B
o KIDS-C
—=—=-KIDS-D
0 190 200

—0.2
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Results: Half-life as a function of N,

arXiv:2407.19647
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e Results are mostly 1n [-0.5:0.5]

e Minima at N=126

e Tend to increase with large N

e Shortest in KIDS-A
e Longest in KIDS-D
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Results: Half-life as a function of Texp,,,

arXiv:2407.19647
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alpha-decay half-lives vs symmetry energy

Model J L
KIDS-A 33 66
KIDS-D 30 47

KIDS—A
1/2
-

J&

KIDS—-D
Iy~

v
-]

o
=

=
NN

y
o

o
N

TPy,»/TA, as a function of A,

[
# Po & Th
® Rn m U
*+ Ra
0 €]
'ngl++' P
¥ a:’: :"‘ =
b4 L] =
% 3 “':": g
Lgssosditnace
.al‘
EA
| . | | | | |
190 200 210 220 230 240

Apa.r

The ratios are 1n the range 1.25-1.5

For A, <224, ratio increases rather monotonically
Above 224, there are minima at A,,,=230 (Ra), 232 (Th),
234 (U) for which N, =142

** Is there any special meaning for N, =142 ?

Is the ratio 1.25-1.5 big enough?
** Neutron skin thickness of 208Pb:
AR,,(KIDS-D)/AR;,,(KIDS-A) = 1.40
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Diagnose the origin of the correlation

Model J L
KIDS-A 33 66
KIDS-D 30 47

Ap [fm™]

V [MeV]

100 ;—— o . : .
- Vi ve 212p5 2% Ph 4 @
)
Qo
ey

Hl)

150)

| KIDS — A
100 H

\ V=V +Vy + Vo

200

250

AV [MeV]

Vkips-A — VKIDS-D

0.002

0.001 F
0.000 f
—0.001
—0.002 |
0.003

—0.004
0

i PKIDS—A — PKIDS—D

|

neutron ]

proton

Pb — 208 .

Tunneling barrier 1s determined by V¢ and Vy

Barrier builds up at r~8.5 fm
Density in the surface region 1s critical

Ve 1s 1dentical 1n the two models

In <6 fm, nuclear potential of KIDS-A 1s larger
In 6-10 fm, KIDS-A 1s smaller: more cancellation with V¢

 Stronger cancellation makes barrier lower — shorter half-life

Lower density 1n the core with KIDS-A
Depletion 1n the core 1s compensated by the distribution 1n 6-10 fm
Symmetry energy — different density & potential — different half-life
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Summary

o KIDS formalism provides a unified description of finite nuclei and infinite nuclear matter.
¢ Models are constrained by nuclear properties and neutron star data.

¢ Alpha-decay half-lives are reproduced with factor 1/3 — 3

o Soft symmetry energy gives longer half-lives.

o Interesting behavior happens at N=142.
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