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100 | | | | |
m Exp. (CN2004) P
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Oyamatsu and lida, PRC81,054302,2010.
Oyamatsu, lida and H. Koura, PRC 82,027301, 2010.
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1998«

® neutron drip line

o TMIIXLZEBZRMSIEL . SHIIEIELY

® neutron skin

o TMIIFKRZEL . SHHE/INE LY
o S-S, & 1HE

® EOSDEWNWTH D

® Oyamatsu, Tanihata, Sugahara, Sumiyoshi, Toki, NPA634(1998)
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adius . Koura lida Oyamatsu.
o fOR:Kurotama)ipass formula)
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We are focusing on the EOS
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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[SO + 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
dS(n)
R T e L = 3”0
" Lgradient dn n=n,
symmetric nuclear matter
S, = S(no)
n.density
Wo | }. —F

Hq:curvulurc
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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, ...
lLagrangean) | " | .
bare NN int. Variational Calc.
microscopic (AV18, Bonn, [NN scattering, ... DBHF
Paris,...) | 1 o
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Outline

We focus on macroscopic nuclear properties and adopt a macroscopic
nuclear model.

|. From masses and radii of stable nuclei, we generate family of EOS and
examine allowed regions of EOS parameter values.

2.We calculate neutron-rich nuclei in laboratories and identify key EOS
parameter.

4 mass (2p, 2n separation energies)| radius (matter, neutron skin) ***

*H neutron and proton drip line *** i main )

3.We calculate nuclei in neutron-star crusts and identify key EOS parameter.

% proton number and ratio ***
¥ core-crust boundary density
T existence of pasta nuclei **
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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.-(ﬁn-.- HI.J Tmn, T mn I.ﬁ] + ; dr E| "?n_
el

+ ({*J{*{.‘Irrm kinetic E’HE’F}{PJ + (Crmt’rjmb]

cell

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

eg(np. np) : EOS ol uniform nuclear matter (energy density)

Fy @ suralce energy parameter

Parametrization of the EOS (energy density)

) 3 (52 i o | [1- (1720

vim* (1 z};]3 v,(n)

Fermi kinetic energy density potential energy density

potential energy densities of symmetric and neutron matter
. ujﬁj | b n’
vin)=an+ — v, (n=b n"+ —

! I +an 1+ b n

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

*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 EQOS)

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

L - density symmetry coefficient s 3.r=-.:azn I.'[e':-' fin? | 1 y:—IEED l.'[el"-' fimd | 1 y=-220 u;ﬂ.' rmnl
50 ' y y L Ky =230 MeV
s M T
40} 4 =
; =
=" 30 .
=
oF 2O + SO(L) obatined from the fittings : _ +
10k — S0=27 722+0.075379L | f y=—350 MeV fm? y=—350 MeV fm? y=—-350 MeV fm?
g K,=1B0 MeV . b K,=230 Mev 13 Ky=360 MeV .
0 | I | Tl ] i
0 w1l 100 150 200 27
L {hd ey e
200 I I I I i
=-350 [MeY ) af
150 |y=-220 [MeY y=-3o0 =k f _ +
THAT - y=—1B00 MeV fmd y=—1800 MeV fmd
=100k ~ . BF K =1B0 MeV T K, =230 MeV T K,=360 MeV .
L - [ ;
= ol Ee] %
CopeiEeeee ) T
0H[g] y=-1800 1 =l
- | | | .S”l ?
200 250 300 350
K g (Mey)
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Step 2

Calculate neutron-rich nuclei in labs
with the 200 EOS'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, .. + +_
£ 78, . e, g 040 Ni L4t
1 e = ' N
= 422 g 1 % o1
= 420 4 5
L : = 0.25| _ _
® 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—+ | | |
. — o4l 78 1: _
To be studied = 24 L Ni  mass excess
= -26f -
— +
by Kurotama 2 o8l L _
& ++
-30 ++ T o ~
.;]}g H+] *“&4#
2 -32 T +*i—q## ~
+ +
‘,f"/ o = -34| + N ¥ + 4
‘ '&9 | -36 ] ] ] +
P k X . 0 50 100 150
€& S N L (MeV)

W\C\@ 7 Let’s examine the L dependence of mass.
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L dependence comes from surface symmetry energy

-22
-24
-26
-28

T+ +
++

BN

mass excess |

30k
321
341

Mess excess (Mei)

++ +:#

S g
+ Riia:
+ 4 By N
++
+
|

+
* 4

+

-36 |
0 50

100

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

s T ' VA INT i 2 16
= 26 Ni - = m 220
n _ | iy ++ + _ n '- o - - '--_.-
g =8 ;ﬁf@ L 2 4r T )
5 O e 18 ak ¥
e 321 + 4 n ++¢ﬂ | » 12+ Wy . =
S ol " oy | &
£ + oo E 10} . . ~
-36 ] | | + | | |
0 50 100 150 0 50 100 150
L (MeV) L (MeV)

scatterings due to numerical errors in optimizing no, wo, and Ko

40 | | | | | |
) “ _\\ —
22
1 S a0k . O _
© fo,
- = "'H..._
- T i
_ s 40 - .
+ | Yo
' 38 4
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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Question :

How the drip line is affected
by the EOS uncertainties!?

Oyamatsu, lida and H. Koura, PRC 82,027301, 2010.
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100

@)) 0]
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Proton number

neutron and proton drip lines

| m stable

| | | | |

m Exp. (CN2004)
m mass-measured (AWTO03) =

———r
L =

drip line
— EOS C (L=146 MeV) >
---EOS G(L=5.7 MeV) 4

(4

4

—  KTUYO05

"‘
-=
4’_

Tahh

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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Difference between C and G
L=147 MeV L=6 MeV

0.35 I I I I

e T e Tt e T
P e

0.30} ,, —

neutron drip

proton fraction

neutron number C-G

0.25 _
— EOS C
0.20 -- EOSG -+ ol proton drip _
0.15 | | | | | Y v V|_V_V_\‘|'
0 20 40 60 80 100 20 40 60 80 100
proton number proton number

TR Y TSy
B FEEL DEWIEBRWLWVZ TREL
FEFRITEVNVZTENRE L
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* TEBDEEHEEHNSIELEKDIEIXRE S ALY

* Son & S lF ENWVWLRLIKFHEZ RS
* RENMMIXRILF—DRRTHB
* RFEESHEZEULUTCLHTSICEOSDOMRTH S

* HAEFRYUYTSAVELICREZRED
* MR PXHREAMR & RERE
* BV THRNEERIKE L

* REAERZEZD
* FREREDEIZEZDEWVWDIE

SHROEL H

* ZRTEEDMOLKEFE
or=> < Bfc&E) THEDIZL

* HETFAFY
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100

—— e |
55% =
80
FEFRYYTSA2D
N E 60

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

T2
JSZANAT7DERBE (F)

INA Y R FIZDIFERE
KEZEFAERBORREZE (7F)

Oyamatsu and lida, PRC75,015801, 2007.

Proton number

N
o

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

drip line
— EOS C (L=146 MeV)
-=- EOS G (L=5.7 MeV)

—  KTUYO05

|
V. u

average nucleon density (fm™)

. | | | | —
0 20 40 60 80 100 120 140
Neutron number
0.14 | | | | | | |
0.12L4 uniform matter i

neutron star

0.10
0.08
ﬁﬁfﬁiﬁ-}-ﬂ+++_ﬁ- g
0.06 0680 aRPPE EE & + 4 |

0.041 + proton clustering
oo2L spherical nuclei o fission instability |
0.00 ' l l L I l l
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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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