Lambda potential in dense matter
examined from hypernuclei

Asanosuke Jinno (Kyoto U.,
currently staying in Forschungszentrum Jiilich)

in collaboration with Koichi Murase (Tokyo Metropolitan U.)
Yasushi Nara(Akita International U.)
Akira Ohnishi (YITP)

A. Jinno, K. Murase, Y. Nara, & A. Ohnishi, PRC 108, 065803 (2023).

2024/5/13-17 SPICE workshop @ ECT*



* Introduction: hyperon puzzle of neutron stars and A potential

* Verifying A potentials from hypernuclear data

* Model independent analysis for constraining A potentials

* Summary



Introduction: hyperon puzzle of
neutron stars and A\ potential



Hyperon puzzle of neutron stars

> Most of the equations of state in which hyperons o ‘=\
(e.g. \) appear become too soft to support massive e <[ 7 \ |
neutron stars with 2M, (solar mass). u:uwith strange hadrons \\\

O_Ot Demorest et al. Nature (2010)
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» Many solutions have been proposed for avoiding softening. o

» ® Many-baryon repulsions (e.g. ANN): e.g. Nishizaki, Yamamoto, & Takatsuka
(2002); Togashi, Hiyama, Yamamoto, & Takano (2016); Gerstung, Kaiser, & Weise (2020).

® YY repulsions (e.g. AN): e.g. Weissenborn, Chatterjee, Schaffner-Bielich (2012); Fortin,
Avancini, Providencia, & Vidana (2017).

e Transition to quark matter without phase transition (QH continuity):
e.g. Baym, Hatsuda, Kojo, Powell, Song, & Takatsuka (2018); Kojo, Baym, & Hatsuda (2022).



YNN three-body repulsion from Chiral EFT

* YNN three-body force in dense matter: Nishizaki, Yamamoto, & Takatsuka (2002);
Lonardoni et al. (2015); Togashi, Hiyama, Yamamoto, & Takano (2016); Friedman & Gal (2023) etc.

* Chiral effective field theory (decuplet saturation model)

Kohno(2018), D. Gerstung, N. Kaiser, and W. Weise (2020)
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(Our previous work) A directed flow v,

We have used A directed flow v, = (p,./pr) data of heavy-ion collision to verify

the repulsive A potential from chiral EFT. transverse momentum p; = (p2 + p2)"/
00— Y. Nara, AJ, K. Murase, and A. Ohnishi, Phys. Rev. C 106 (2022) 044902
T | o4 b T SN Chi3 (YN+YNN int.)
|| — Cchismomsoft A +7 | reproduces the A\ v, data
01f (v/syv = 4.5 GeV).
g zf _ On the other hand, more
: : ozt A JAM2.5/RQMDY attractive N potential also
3 034 reproduces the data.
s 0.4
_ S o= or 1o

There remain two scenarios in which A appears or does not
in dense neutron star matter.



Purpose of this study

30
1 GKW2 )
20 /3 Gkw3 No Ain
10} =7 che2 neutron stars | |To verify the scenario which A does not

appear in neutron stars (NS) by
distinguishing three A potentials (Chi3,

Chi2, LY-IV) using A hypernuclear data.

—40¢+ LAdmix N's in NS

00 05 1.0 15 2.0
P/Po
GKW?2 (GKW3): Gerstung, Kaiser, and Weise (2020).
Chiral EFT calculation including YN (YN+YNN) interaction.

LY-IV: Lanskoy and Yamamoto (1997).
Skyrme-type A potential reproducing A binding energies. 7



Verifying the A potential
from hypernuclear data



Can A potentials reproduce A binding energies?

A binding energy
B o

30
20! = cxws — Expected to be sensitive to the
10} : Ch?2 . M M <
S ok v Chi3 is deeper A potentialin p < po.
= _10 than LY-IV. » Can Chi2 and Chi3 reproduce the A
S -20 binding energy data?
-30F @ S 2 .
40 'Y | ¢ If they reproduce the data, how is the
_deeper level of accuracy compared to a

0.0 05 1.0 15 2.0 _ .
0/00 conventional attractive model (LY-1V)?



Spherical Skyrme-Hartree-Fock method

Rayet (1976) & (1981); Lanskoy and Yamamoto (1997);

Guleria et al. (2012), Choi, Hiyama et al. (2022) etc... density Py = BZ Z [Vl
o
 Total energy of hypernuclei: e(ﬁz) =ENt & —&m.  Kinetic density 1, - S 3 (Ve
B=pn 1
* Total enerf?zy of A: A kinetic density Ta = [V [
A A
€r = f d*r 2m, A +arpapn + az(Tapn +TNPA) . Kinetic term with eff. mass

====:: density-dependent term
4/3 5/3
—a3(paVipy) + ai\PAPN/ + a’s‘pApN/

= == : surface term

* Solving self-consistently the HF eq. 6&,,,/6¢p; = 0, then we obtain
A\ binding energy By = E.gre — Epyyp -

« We are ignoring the deformation, the spin-orbit force, the charge symmetry

breaking effect, and the pair correlation.
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Fitting of the A potential from chiral EFT

Skyrme-type A. Jinno, K. Murase, Y. Nara, & A. Ohnishi, PRC 108, 065803 (2023).

1 T ..:'&'l. 1','5. 2 4 ! 4/3 ¥, 5/3
A potential 17, —alpy + b (K pn +7v) — af Apw + afp” + abpy
in nuclear matter T~ A kinetic density Ta = [V [’
Density Dependence Momentum Dependence
30 30 . : :
[ GKw2 < = Kohno2
207 |_:_] g:VZV?’ E 25t o Kohno3 P="Po S /9:
10— = | --- chi2 %
c 200 — cChi3 -
“C)_ ..... LY-1V . .
2150 __ 1ppo s GKW2 (GKW3): Gerstung,
™ o _-7 | Kaiser, and Weise (2020).
7 _ ’ LY-IV: Lanskoy and Yammoto
N I et S | (1997
. . . > o . . | Kohno2 (Kohno3): Kohno
0.0 0.5 1.0 1.5 2.0 0.0 0.5 1.0 1.5 2.0 (2018)

P/Po
* The value of a2 is determined to reproduce the A binding energy of 13C (11.88 MeV).

("." Surface terms have a large effect. even-even nuclei)
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A\ binding energies

A. Jinno, K. Murase, Y. Nara, & A. Ohnishi, PRC 108, 065803 (2023).
(a? in LY-IV model is also tuned to reproduce *iC data)

30 . . . | « Chi2 overbounds a few MeV for s-wave.
1s N --- Chi2

25 1

"." N\ potential depth of Chi2 is too deep.

20
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10 |
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P/Po

* Chi3 reproduces the data, at the same

level of accuracy as LY-IV.

A binding energy B, (MeV)
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mass humber A472%/3 12



A binding energy B, (MeV)
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Differences between Chi3 and LY-IV

I’S‘QY RV

139
A LE?

0.00 0.05 0.10 0.15 0.20
mass humber 42/3

Chi3 and LY-IV differ for some hypernuclei.

1. 120 binding energy
LY-IV is preferred?
2. Kink at >4S

 Why do they differ?

« Can we distinguish them from

the current data?

13



| 4g kin | 4g,p | 48, surf

13C_A
160_A

Difference in the A energy dominates.

Def. of the A total energy

.Defi' of the A En = gA,kin + gA,p + SA,surf
binding energy
EAkin = /dg‘i" [ - TA + a5 (TapN + ’TNPA)]
1m
By = Ecore = Enyp , 2mp :
ghyp — g_-"'u" T EJ"'L — E::.ru. gﬂ,p — /dBT’ (G?PN + aiﬁgg + (lglp?éfg)

ENsurf = — / d*ra3pa (Vpon)

AgA,i — gA,i(LY — IV) — 8A’1(Ch13)

| 4g kin | Ag,p | 48, surf

-1.25 2.57 -1.10 28Si_A\ -2.63 3.59 59 -0.96
-1.45 3.25 -1.05 32S N\ -2.46 2.90 -0.93
-0.20 MeV  +0.68 MeV +0.05 MeV -0.17 MeV  -0.69 MeV +0.03 MeV
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The A potential at p > p, makes the difference!

[ GKw2

20 — ckws
—-=. Chi2
—— Chi3

10+t
0
The nucleon density differs near the center. = -10]
S —20}

_30n

The A potential at p > p, mainly makes the difference in B,. _.|

0.0 0.5 1.0 1.5 2.0
PIPo

MeV)

1'2'N 312\5
1.0—//_\
- 13C * ZSSip
A& Py 08198 A N
- Reo | g RS - #sip,
— X0 o = RS Pw
--- 160 p, 0.4 -== 325 pa
. . 02 . .
Preliminary |  ™|-—___ Preliminary
(Y E—
0 > 4 6 8 10 0 2 3 6 8 10
r (fm) r{fm)

Then, can we distinguish them from the current data...? 15



We have to discuss...

— Cluster |

* Feasibility of the calculated nucleon density \ T e

The nucleon density distribution of 12C is sl /)

different among Skyrme-HF, cluster calc., | Schulze and

and the electron scattering exp. data. | Hiyama (2014)

0.05

- Difference btw.!$0 and '$N experimental data

— Analysis incorporating CSB is needed.

4 5+ E— 3.0-— -

o 13.000 % .0.89 MeV ! 13.760 + 0.160 MeV From Chart of
= 35 FINUDA, 2017 s — 25 | .
< (i, ko) Spectr) & Hypernuclides
= 3 16 % " 16 JLab Hall A , 2009 o
2 25 AO | FINUDA, 2011 (Pion Spectr.) - = AN {glect?o Prod.)
Z =
3 15 | KEK, 1994 ((K-, pi-) Spectr.) i s
-g 1 z pi pectr. -éo 10
s P. H. Pile, 1991 | 2 0.5-

0.5 ((pi+, K+) Spectr.) B

. — . .

13.0 13.5 14.0 14.5 13.0 135 14.0 14.5 15.0 15.5
'*0 A binding energy [MeV] "N A binding energy [MeV] 1 6


https://hypernuclei.kph.uni-mainz.de/
https://hypernuclei.kph.uni-mainz.de/

Model independent analysis for
constraining A\ potentials

17



Motivation

« We cannot distinguish the repulsive and

attractive A\ potentials from hypernuclear data.

 To what extent can we constrain the A

potential from the current hypernuclear data?

* Best fitting study to the
hypernuclear data is done
by many.

But estimation on the

uncertainty of the A
potential has not been done.
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How to analysis

U, , 0°U,
Ja=Ux(p =po) Ly = 3P0 (P Po), Ky = 9Po ap? (P Po), Mpa/mp(p = po)

T— cf. symmetry energy
Determining af, a3, a},and a2 Up = alpn + b7y — adApy + alpl? + al p3*

* The value of a3 is tuned for the A binding energy of 13C. : 2
hi h

2m’y " 9m A

("." Surface terms have large effect. even-even nuclei) + a5 pN

—~—————

Skyrme-Hartree-Fock calculation to obtain A binding energy B§?
-

Comparison with the experimental data using RMSD

208 13 89 56 51 40 32¢ 28¢: 16
1 exp cal\ 2 APDb, AY: “aFe, 24V, "pCa, °3S, “4Si, ",0

AB, = NZ(BA — B}, ins,p,d, f and g orbitals (N = 24)

\ (0.5 MeV correction for (rt*,K*) is included. Gogami et al. (2016))

What A potentials / parameters (J5, Ly, K5, my/m,) have small AB,?
19




Accepted A potentials

A. Jinno, K. Murase, Y. Nara, & A. Ohnishi, PRC 108, 065803 (2023).
30 . .

m— Chi3
20+ EEEI A S\

Rejected A potentials
— ABA <0.75 MeV

% ° * p < po: constrained
E -10¢f .
~ 20 *p > po: Too attractive N\
S potentials cannot
-40

not allowe reproduce the data.

0.0 0.5 1.0 1.5 2.0

P/Po

Chi3: Fitted to Chiral EFT results including ANN+ZNN, Gerstung, Kaiser, and Weise (2020).

LY-IV: Skyrme-HF, Lanskoy and Yamamoto (1998).
HPAZ2: Skyrme-HF, Guleria et al. (2012).

gray lines: RMSD AB, > 0.75 MeV
red lines: RMSD AB, < 0.75 MeV
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15t derivative L, and 2" derivative K,

A. Jinno, K. Murase, Y. Nara, & A. Ohnishi, PRC 108, 065803 (2023). Ja and m}, are chosen

for minimizing AB, by
700
\/ 600

(IIon’fourl |'“f*: AIBA | golden-section search.

p < py: constrained

shallower- 5001
Po % 400 .o .
) Positive correlation
300
<
S btw. L, and K,
100 ' - .
deeper: R / s If Jo = Up(po) is
p-O 950 -40 —-30 —20 -10 O

L, (MeV)
shallowen;0 .



KA (MeV)

L, and K, at J, = —29 MeV

A. Jinno, K. Murase, Y. Nara, & A. Ohnishi, PRC 108, 065803 (2023).

Ja = —29 MeV (shallow)
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A\ potentials with K, > 350 MeV,
or repulsive potentials at high
densities are favored.

Un(po) = Ja is large.

¥

Up at p S py should be deeper,
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¥

Positive correlation between L, and K,
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The range of K,, or the degree of the repulsion at p > p,, can be

constrained by the precise measurements of heavier hypernuclei.

A. Jinno, K. Murase, Y. Nara, and A. Ohnishi, PRC 108, 065803 (2023).
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Summary

Firstly, we have verified whether the repulsive A potential based on chiral EFT
derived by Gerstung et al. can explain the A hypernuclear data.

* The N\ potential based on the chiral two-body force overbounds for 1s orbital.

- Difference in U, (p > p,) may appear in B,(180)—B,(13C) and B,(34S) — B,(%4Si).

Next, we examine to what extent the A potential is constrained now.
* Too attractive A potentials at p > po cannot explain the data.

* The repulsion at p > p, could be well constrained if J, = U,(py) is well

determined from future high-resolution heavy hypernuclear data.
Future work

* Including the charge-symmetry breaking effect to discuss {0 and 14N

« Comparing the model dependence on the nucleon density (e.g. Gogny-HF) 24



Backup



Used binding energy data

TABLE III. Experimental data of /A binding energy (B.E.) for various hypernuclei used in this work.

Hypernucle1r B.E. (MeV)

13 1p ld 1f lg

YO [65]
2561 [65]
A8 [79]
9Ca [80]
2V 165, 81]
2Fe [79]
VY [65]
3"La [65]
Y5 Ph [65]

12,92 4+ 0.35 2.35 £ 0.05

171+02 7540.2

17.50 0.5

18.7+1.1

2047 £ 0.13 11.77 £ 0.16 3.05 = 0.13

2104 1.0

23605 1704+£10 96+£1.3 28+1.2

200=x1.2 20906 14806 8506 204006
268+08 224406 1734207 122406 7.1 +£0.6




From where come the differences?

i 1.00
A total energy term dominates

the difference. 07> T

0.50

0.25

Def. of the binding energy 0.00

(MeV)

- - —-0.25
H.-"'L — _("f’h}-'p — ((-’EL:'I’L:}

gl]}-‘p — g_.“-.-' + E_:"L — 'En::.m.
ABy = Bj(Chi3) — BA(LY — IV)
— .ﬂg_,ﬁ.,r + &E_.-\ + -"'j‘-gc.m-

—0.50 r

—0.75 t

—1.00
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