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Which EOS parameter dominates macroscopic properties of
neutron-rich nuclei in laboratory and in neutron-star crusts?

wenergy per nucleon

Energy per nucleon of nearly symmetric nuclear matter

w(n, x) ~w, +%;;g(n — n0)2 + (1 — 2x)2[S0 + 3—2’0(11 — nO)I

Ny : nuclear density, w, :saturation energy, K, : incompressibility

So : symmetry energy at n=n,, L: its density derivative coefficient

A neutron matter i
n
L = 3n, ( )
o dn |
WebtIn b = === s s s e e e == == =Ny
e ' L:gradient
: | Sy = S(no)
symmetric nuclear matter
a=1-—2x

0 'Fq_;f

Hﬂiﬂ urvature

ws = wo + Spa

3710L

2
a.
Ky

nS:nO_
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Approaches to obtain the EOS
of (uniform) nuclear matter

approach starts from ingredients Theory/Model
. Liquid-Drop Model
iical parametrized nuclear mass, Droplet Model
empirica EOS size, ... Thomas-Fermi Theory
effective NN int. Skyrme HF
: o nuclear mass, RMF
Phenomenological | (Hamiltonian, . AMD
size, ...
lagrangean) | " | .
bare NN int. Variational Calc.
microscopic (AV18, Bonn, [NN scattering, ... DBHF
Paris,...) | 1 o

1299H22H 1+ EH



RNEZEZREREFET ZAR

o NLZEX o FtFE
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e EOS

o XME

o BIFIZE., BIMITRILF—. FEEMEX
o MHRTRILF—
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Step 1

Generate all empirically allowed EOS's
systematically

K. Oyamatsu and K. lida, Prog. Theor. Phys. 109, 631 (2003).
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Adopted macroscopic model

Energy per cell (or Energy of a nucleus)

W= J. dr [Ei](ﬁnﬁ- HPJ +mn, T mpnp] + ; dr FE1| "?n.
celf . celf

np (np) : local neutron (proton) density, n=np+np : total density

o+ (EI'E{:I’?TJH kinetic ener !}’J + (Crm.t'ﬂmb]

eglNp, np] : EOS of uniform nuclear matter {energy density)

Fy : surafce energy paramelter

Parametrization of the EOS (energy density)

~ _ 3 V3 RS saa AT sa - 2
th(n,,, HP) - [3?5 ) S (1 21;)
: ,

v.(n)* [1 - 21;]2 v, (n)

f

Fermi Kinetic energy density potential energy density

potential energy densities of symmetric and neutron matter

3

a n hn
2 2

2 2
! 1+ﬂ3ﬁ H*[H]_blﬁ N 1+f:r3f?

%a,~b, and F, : masses and radii of stable nuclei (b;=1.59 fm?, a fit to FP EOS)

vin)=a n i

*very flexible function form: a5 can vary Ky widely. (better than Skyrme)

The function can be fitted to Slll and TM1 EOS very well.
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Simplified Thomas-Fermi calculation

(The same method as Shen EOS)

energy minimization with respect to parameters of n_(r) and np(r) (and lattice constant)

neutron (proton) density distribution nn (np)

)

out
i

3

+ o r <R,

l

n,-(r)=

r<R,

l

Rn (Rp) : neutron (proton) radius parameter
th (tp) : neutron (proton) surface thickness parameter

n;iN : central desnity

n,OUl : neutron gas density (nPOUt:O)

0.10 , , ,
__0.08| N7,
@ —

£ 0.06L i
> —— exp.

% 004" stable nucleus —— calc.
° 0.02- charge distribution -

0.00 | |
0 2 4 6 8

A good function form
The n and p distributions are independent.
=> neutron skin
The empirical information is limited: radius and thickness.
The gradient term in Euler Eq. is continuous.
The density is zero beyond the classical turning point.

The values of parameters a;~b3(EOS) and F are determined

to fit masses and radii of stable nuclei.

=> about 200 sets of empirical EOS+F0
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EOS parameter values obtained

from stable nuclei 9 representative EOS A-|
Sp:symmetry energy K

y==220 Me¥ fm? }'——EE[I l.l[e"-' I'||1n:L ] y==220 Me¥ fm?

L : density symmetry coefficient
50 G Ke=180 MeV - 230 MeV L K,=380 MeV
| " Thi1 ' . _ /
- -'-F'-FFFFF;

=

S| %
=~ > S
o °U 7 2 ;

= =] C
= 20 . - — Bk a=0 4 a=o 1 a=0 |
] + S0(L) obatined from the fittings 0 A I M R I I
10k — S0=27 722+0.075379L _ f y=—350 MeV fm? y=—350 MeV fm? y=—350 MeV fm?
Bl Kg=1B0 MeV i T Ks=230 MeV 1 4 Ky=3B0 MeV 3
0 | I | =af /
I 50 100 150 200 27
L (Mey) oIS
200 | | | | g

y=-350 [Mey P

¥
¥=—1800 MeV fm? y=—1800 MeV fmd y=—1800 MeV fm?
- 5 Kg= 180 MeV T Eg=230 MeV K =380 MeV ]

150 y=-220 [MeY T

100k Th{1—-m

EN

B]
(Al T
R EEE ==
0H-[G] y=-1600 I
_ | | | il e T
005 1N} .15 a aos =0 o156
200 25; |:Mewsnn 350 n (fm-®) n (fm-9)
1
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Step 2

Calculate neutron-rich nuclei in labs
with the 200 EQOS's

K. Oyamatsu and K. lida, Prog. Theor. Phys. 109, 631 (2003).
Oyamatsu and lida, PRC81, 054302, 2010.
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The mass, radius and neutron skin are dependent on L but not on K.

4.28 : : : 0.45 : : :
_ 426 — + + + _ — | 78+, .. + +_
E 78\ ot E 040 Ni o7
1 e = . _;b;ifa:
= 420 4 5
L : = 0.25| _ _
7 418 matter radius - ?E:- neutron skin
E 4-16 . 0.20_ |
4.14 ' ' ' 0.15 ! : :
0 50 100 150 0 50 100 150
L (MeV) L (fm)
'22 o T T T
. — _oal 78 - _
To be studied = 24 L Ni  mass excess
= 26| -
— +
by Kurotama 2 28l W _
g _30 ++++ 4:
qhg — ++++fh-ﬁ-++# ]
2 -32 T +"i-—q__#_* ~
~ + +
‘,";/' o = -341 + N ¥ + 4
) \ ,:99 | -36 ] ] ] +
P E K . 0 50 100 150

g . - L (MeV)
& TR L(i',
‘@/ @ &IQQ? /
\_// ) 7,
Er—

Let’s examine the L dependence of mass.
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L dependence comes from surface symmetry energy

22—+ | | |
— o4l 78\ 1: _
= 24 ¥ Ni  mass excess
E 26 . + + _
Lo o8 +4 + |
@ ++ +%4’.__# "
= -30- T Rt -
iR ++4 ey
ﬁ -32 Tty *i—q# -

+*

= -34f+ +++ + ¥ + 4

-36 | | | -+

0 50 100 150
L (MeV)

Larger L => smaller mass

(> _<) volume symmetry energy

Larger L => larger volume symmetry energy So => larger mass

(A7) surface symmetry energy

Oyamatsu and lida, PRC81,054302,2010.
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Surface energy comes from ...

in the cases of beta-stable nuclei
in neutron-star crusts and in laboratories

112 from F, [ dr|Vn(r)

‘2

the remaining fdl's(nn (I‘),np (l‘)) (EOS)

1/2 mainly from

Anyway, L dependence emerge through density distribution.

Oyamatsu and lida, PTP109, 631-650, 2003.
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S2p, S2n : clear L dependence
better than mass

22 — | | | 18 T | |
s T ! VA INT i 2 16
A ™ NI e s *0
it + (e - L -
& 2o W, 1 g TN -
+ O .
S -30h +1t drty — < "o
o ++ +4 ++ - o) 12 M s LT .
% -32 - oy ﬂiﬁ;@ — g?’ B y, ]
®© 34 +,+ ¥ + ©
£ "% ! ¥ . € 10| ", . -
-36 l l I + L L l
0 50 100 150 0 50 100 150
L (MeV) L (MeV)

errors in optimizing no, wo, and Ko

| | |
* _\\ —
22
% 42 T O -
= ""H..._
- T i
s 40 - .
38 - -
34 I I I | | |
0 50 100 150 0 50 100 150
L (MeV) L (MeV)

Oyamatsu and lida, PRC81, 054302, 2010.
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neutron and proton drip lines

100 |

00
S
|

Proton number

o)
S
|
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o
|

| | | | |

m Exp. (CN2004) pPa="
m mass-measured (AWTO03) =
m stable =

drip line

— EOS C (L=146 MeV) p

- =- EOS G(L=5.7 MeV) v
—  KTUYO05 <5

L d
L 4

L
,—'
4’<

nahh

EOS uncertainty:
comparable with

shell and pairing effects
| | | | |

0 20 40 60 80 100 120 140

Neutron number

Oyamatsu, lida and H. Koura, PRC 82,027301,2010.
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Step 3

Calculate nuclei in neutron star crusts
with 200 EQOS's

Proton number and fraction |
Density region of pasta nuclel

K. Oyamatsu and K. lida,Phys. Rev. €75 (2007) 015801.
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HFE27 5 X NETEH

non-spherical 1,4 M@ Star

10 . ittt S nuclei
10" . (nn | RFHEBE. p: MEEE)
E 107 RFHBE
= — model I+UT '
< 40° e m0del | \ no=0.16 (fm~)
- - - - Bethe-Johnson (neutron matter) : Po=3%10'* (g/lcm?)
10
|
108 | : a7 - NRIRFRER - LICE
0 2 4 6 8 10 12
r (km) p=(1/3 - 2/3)po
np=(0.06 - 0.1) (fm3)
10° T | 1 I | T
cylindrical hole _slab  gylinder WK - ARIBEFRZE (SeCRED
-1
10 mOdeI I + UT pND|==4><|0II (g/cm3)
m’é‘ 102F core (NDP: Neutron Drip Point)
& 10°
uniform sphere ° .
10% [ matter +neutron gas KRG RFIIE - 70 m
X 1 | | l | sphere JZ2ANDEE. BEET—XY NDXED
10

99 100 101 102 103 104 105 10.6

r (km)
K. Oyamatsu, 1994 (unpublished).
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0.12

qr\
E 0.8
= 0.12 , : : : . |
Co- neutron -
: - - :\_m_/_\_/_\__
C 3 -t
004r proton Sphere (n,=0.055 (fm ™)) 7
0.08 L ]
0.04 0.04 Cylinder (n,=0.065) -

0.08 WW\_/\/\

0.04} Slab (n,=0.08) -

0.08

0.04

0.08 :/-\_/\_/W\/

0.04 Cylindrical hole (n,=0.084) -
0.08 i |
—t : —
0.04 0.08 e — T S T
0.04- Spherical hole (n,=0.0857)
0.00 I L ko v L L i -

0.08 0 20 40 60 80 100 120 140

r (fm)

0.04 - n,=0.06 -

Fig. 4-14. The neutron (upper) and proton (lower, shaded) distributions along the straight lines joining
the centers of the nearest nuclei or hole. Calculations are made with model I, but the other models

T .- 5 50 : 80 100 12 (give similar results.
r (fm)

0.0(_)2 5

Fig. 2-4. The neutron (upper) and proton (lower, shaded) distributions along the straight
lines joining the centers of the nearest nuclei. Calculations are performed in the case of
spherical nuclei with model I interaction in chapter 4.
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JRF & DIFELL
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Estimate of density region of pasta nuclei

C.J. Pethick and D.G. Ravenhall, Annu. Rev. Nucl. Part. Sci.45, 429 (1995).

lower boundary
stability against fission of spherical nuclei

In the liquid drop model, (Coulomb self energy)=2*(surface energy)
=—> (volume fraction of nucleus) = 1/8

upper boundary (core-crust boundary)
instability against forming proton clusters

0(Q) =vo+ 2(4me?B)"/? — Bkip >0 0 = (4%) TR,

Ol () sy = > LREEIEE TR

(M= 1= .
(Q)= o0 g e [ dng

5 Apbp f Ny
,B= Dpp + Eﬂnpg —+ lunng , L = - I':J:'j.-{-n,-'f!;ﬂn 3
dare? dex -
kf{_:_ = (1 . - ”3.
't Ate /g T (37°ne)
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REFEOIDY - JT7AMRER

0.14 I I I I

0.12L4 uniform matter spherical nuclei and pasta nuclei

0.10 —

0.08-

average nucleon density (fm™)

0.06
0.041- + proton clustering 7
0.02L spherical nuclei O fission instability |
0 ] OO I I I I I I I K.Oyamatsu, NPAS61, 431 (1993)
0 20 40 60 80 100 120 140 160
L (MeV) Dark domains means nuclei (proton clusters).
JSZANIAT7DOERZE () At low densities in neutron-star crusts, we
have nuclei which are more or less spherical.
° % FE I .
INAS RFBOFER In the core we have uniform matter. Pasta
K GEEBORAKEZE (77) nuclei could exists in between.

Oyamatsu and lida, PRC75, 015801, 2007.

Existence of pasta nuclei depends on the EOS.
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If L < 100 MeV,

gyroid could appear at finite temperarure.
(a) (b)

Nakazato, Oyamatsu and Yamada, PRL103, 132501, 2009.

spherical nuclei and pasta
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proton number

100

(@)
o

()]
o

N
o

N
o

Inner-crust nuclei:
Proton number and fraction
decrease with L

| inner crust
proton number Z

=)

56

0.01

n, (fm”)

proton fraction

0.20

0.15 \
\.

inner crust
average proton fraction

For large L, S(n) at n<ng is small
so that nuclei become more neutron-rich.
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