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Symmetric nuclear matter @ pg

"Basic" system of nuclear phys. is complicated!

r

Nuclear matter at - b~ po = 0.16 fm

(mass density: 3x10' g cm)

"

nuclear matter: mixture of p & n with complicated int.

* 4 spin-isospin DOFs
- Self bound (clustering at p < pg)

- 3-body force

X



Low density neutron matter

Simpler system

Neutron matter at low densities
r=0 & p<pg

- Only 2 spin-isospin DOFs

- Non-self bound

» Pauli principle mm) 3-body force suppressed.

Pandharipande, Pethick, etc. g i




» Current status

Recent progress
- Theory

- Improved many-body calc.
QMC calc. for neutron matter & cold gases
- Constraints on EOS

- Experiment

- Realization of unitary Fermi gases

= Observation

- Discovery of 1.97Msgjar NS
[Demorest et al. Nature 467, 1081 (2010)] L



Two ways to neutron star matter

proton fraction

X i : ‘
0 Microscopic colculations of neutron matter
P~ S
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~0.3 [Pethick & Ravenhall (1995)]







Structure of neutron stars

| =1 (Coulomb crystal of n-rich nuclei _
+ relativistic degenerate e Solid state

of n-rich

(Coulomb crystal of n-rich nuclei heavy nuclei
+ dripped n + relativistic degeneratee \

- "pasta” phases
(Prof. lida's talk on Saturday)

p ~several p ;

| yperons?
(uniform nuclear matter) Meson

(n+p+ex+[p]) g condensates?
b 0.5km —» ? Quark matter?

neutron drip =+ £ normal nuclear density p~p = 0.165 fm™= 3x10'Y cm®
pz 4x10' 1g cmi®

— ~1km ——»

. ~10km

Neutronization: py+ e — ny + Ve




Structure of neutron star matter

low density neutron density

Oyamatsu (1993)
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high density Negele & Vautherin, NPA 207, 298 (1973)
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Matter INn supernova |nner cores

Neutrlno Trapplng ﬂ supernova matter (SNM)

b _neut_rm ,Sphe"e-

ngh denS|ty ynamrcal t|me scaIe of the core < diffusion time scaIe of v’s

- ) V's are trapped
Py + € — Ny Hre ,
Cannot escCape
pp T He = Un T M,

supernova matter (SNM) X~ 0.3

X : proton fraction
neutron star matter (NSM) x < 0.1

Central density increases up to ~ p,

But, no dripped neutrons.



Neutron star matter & supernova matter

(a) Neutron Star Matter : WS cells
tp + pe = pin

dripped neutrons i
l |

\“i

Ne

pup + pe = pn + po
J Neutronization is

N / suppressed

by trapped v’s.
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n
-
Q
g
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Importance of NS crusts

Neutron star crust
Thickness: ~ 1 km (cf. radius of NS: ~10km)

Total mass: ~ O(0.01) Mgojar
(cf. mass of NS: ~1.4Msgjar)

Negligible? — Depending on phenomena.

Outer parts have direct consequences of observations. ‘

- NS cooling
Neutron superfluidity in crusts matters.

- Torsional oscillations of crusts I
A



Uncertainty of neutron matter

Energy/particle of n-matter

~
T

Reinhard et al

N
1

O
[

Symbols: microscopic calc.
with realistic nucl. int.

E/baryon (MeV)
a0

Solid lines: phenom. models
Skyrme HF, RMF, etc.

Myers, Swiatecki

Serot, Walecka

0 0.04 O-{?B*E} O.le 018 [Pethick & Ravenhall (1995)] Fi
nyrm



d




|

Unigue features of cold atom gases

- Controllability & Flexibility

Manipulate system parameters

Density ~ @m Gas phase: low bulk energy
Strength & sign of the interaction ¢ Feshbach res.
etc.

- Observability & Measurability

Microscopic scales are large
) “Seeingis believing”




Two directions of research

1. Analogical study
Analogical model of NS matter using cold atoms

Finding new aspects

e.g. Maeda et al. PRL 103, 085301 (2009); arXiv:1205.1086.

2. Quantitative study (main focus of this talk)
Based on universality of the systems

Attack uncertainties of nuclear systems

pr



» Ultracold and ultradilute

Cold atom gases are ultracold and ultradilute

“Ultradilute”. (particle separation) >> (range of atomic pot.)
re ~ ke' ~ 100nm Rvaw ~10 ag

Density n~ 102 - 105 cm

£ (N~10"6, R~10-100 pm)
k‘BTF ~ 2m’l°2 ~ IMKI

“Ultracold”: (thermal de Broglie) > (particle separation)

Ar ~ h//mkpT|

Coldness & diluteness
m) Atom-atom int.: Low-energy & two-body scattering

All we need is s-wave scattering length a.
Typically, as~ 100 ag, but tunable. 9




» Feshbach resonances

Interaction is determined only by scattering length.
as . tunable by magnetic field .

zero energy scattering wave func.: ¥ =1--=

>0
(energy of bound st. )I =l threshold energy) ‘ as{= + oo
>
Scattering length <0

Energy Energy
\\ Borndﬁsﬁg channel a>0 a<0
Ap B
x /[ __ I - £ Magnetlc fleld

open channel a=0
Bound //////’,#
. state

Interatomic distance




» BCS-BEC crossover

‘ BCS-BEC crossover by Feshbach resonance ‘

l/kpas
- 00 | » 00
0
BCS — — Unitarity BEC
«C
o © °° / e
o © % ¢ Y
Oo - © i
. 1™ P
BCS state Crossover Superflmd BEC of Molecules
Scattering length
Cooper pair_ _ interparticle (s — £00 BEC Origgzoc?fic mol.
48 dlstanlce v deeply bound fermions
— 2 — - -
= Wokp fmA kr universality

Jx
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Universality in unitary Fermi gases

Energy scales: h*/maZ, Er, kT

las| — oo mm) Relevant characteristic scales are
(kpas > 1) (krorn) & T

Sys. does not depend on details of int.: universality

E=¢FEr ¢, 0, a . universal parameter
of <O(1)

A =0 Ep |

Tc = X TF

¢: Bertsch parameter §

momentum distribution

ne(k) — C/k* C: Tan's contact parameter I
) 7

k> kr
[Tan, Ann. Phys. 323, 2952 (2008



» Art of BCS wave function

BCS wave func.

»

Amp. of Amp. of
kTt & -k| kTt & -k|
are empty are occupied

x exp (ab})|0)
adkx = vk /uk b(T) =) x gbkCL,TCT—kA

Strong coupling (BEC) limit: bJr — bosonic op.

Upag X exp (abT)\O ) — Z
\/_

WYsecs covers BEC of bosonlc pairs. ﬁ3i

In) Coherent st.



W "Time evolution" of Bertsch parameter
Recent QMC: ¢=0.38

£ =0.3~0.45

pub. date £ (exp.) ref. pub. date £ (sim.) ref. pub. date £ {(anal.) ref.
002-11-07 0.90(7) 9 2003-07-31 0.44(1)" [28] 1997-06-01 0.59 [14]
2003-07-02 0.74(7) [3] 2004-10-05 0.44(1)" [24)] 1009-10-01 0.326 15]
2004-07-27 0.36(15) [4] 2004-11-10 0.42(1)" [30] 1999-10-01 0.568 15]
2004-03-23 032113 2005-08-02 D.42(1)° [31] H000-10-19 1/ [16]
2005-01-16 0.51(4) [6] 2006-01-18 0.07-0.42 [37] 2001-03-14 0.326 [17]
2005-12-14 0.46(5) [7] 2006-03-10 0.44 [38 2004-09-03 0.455 18]
2005-12-16 0.38(T) 8] 2006-03-17 0.25(3} 32] 2005-08-30 0.32 19]
2006-11-30 0.461}1? 9] 2007-06-14 0.449(9)* [33] 2005-08-30 (.24 19]
2008-11-11 0.39(2) [10] 2008-03-07 0.31(1) [35] 2005-08-30 0.5 19]
2010-04-15 0.41(1) [11] 0R-03-07 0.306(1) [35] 2005-10-11 0.42 20]
2010-02-25 0.415(10) [12] 2008-08-13 0.202(12) [346] H06-08-04 0.475 21]
2012-01-12 0.376(4) [13] 2008-058-13 0.320(5) [36] 2007-02-08 0.36(1) 27
2008-08-21 0.37 (5) 30 2007-04-18 0.279 22]

2000-05-11 0.202(24) [34] HNT-04-05 0.300 2%

2000-11-19 0.4 40] 2007-04-05 0.367 25]

2011-04-01 0.383(1)" [42] H007-04-05 0.350 25

2011-06-10 0.383(1)" [43] 2007-04-05 0.376 25

2011-12-07 0.372(5) [41] 2007-06-18 0.301 [24]

2007-06-18 0.364 24]

Endres et al 2007-06-18 0.378 24]
(I 2OT-07-01 1/0 23]
arXIV' 1 20331 69 2009-01-27 0.377(14) 26]




Simulating neutron star matter
using cold gases

4



» Comparison btwn n-matter & cold atoms

Neutron matter Cold Fermi gas
in NS crust (p < po) at unitarity

Particle separation 75 ~ k" ~ 1 fm ~ 100 nm
Temperature T ~ 100 keV 2100 nK
Degeneracy temp. 1F ~ 100 MeV ~1 uK
| 7/T% ~ 107 >0.1 |
Scattering length  as -18.9 fm 00
N
Effective range Te 2.75 fm 4.7 nm
kcotd = ——= + 3rk* + O(k*) (°Li @ 834G)

kr ‘Te | ~ 3 ~ 102
(non-negligible) 6




QMC results for energy at T=0

Neutron matter & cold atoms s-wave only & with p-wave
e bighis
k_[fm] k; [fm]
Iﬂ 0.1 0.2 (0.3 0.4 0.5 ID 0.1 0.2 0.3 0.4 0.5
\ T | T | T | T | T | T I | I | I | I | I I I
1 X Lee-Yang e OMC s-wave|
091 - m QMC AV4
- ® Neutron Matter - 0.9 7
0.8 @ B Cold Atoms - i |
il 1 508 e -
.'.L'I-L U_?_ . _ - _
S, —
m 0.6 sl e i
i [ ]
0.5
- 0.61- 2 . .
~:J.4_— i ¢ 2
| ] 1 l 1 ] 1 l
0-35 > 0-35 ) 1 6 g 10
-k.a

ezerlis & Carlson (2008) Gezerlis & Carlson (2010)

krr. ~ 1 non-negligible rg

Good agreement for EOS.




QMC results for A at T=0

Neutron matter & cold atoms s-wave only & with p-wave
k, [fm"] k, [fm]
0 0.1 0.2 0.3 0.4 0.5 (1.6 0 01 02 0.3 0.4 0.5 0.6
BAE L R —Bes. —f 7Tt T Ff 7 :
T BCS-atoms 5 I ‘_JM{‘ S-Wave i
0.6 w5 0.5 m QMC AV4 .
I QMC Unitarity i :
e i E’ 04F T e .
L 04F ) = O | / ~—_ _
= . = 03k / 2 sl
< 03F BCS-neutrons i M / E
; = & / " g
[ 02 | -
02F @ 5 /
. @ Neutron Matler . 0.1 |
0.1F @ B Cold Atoms 5 i % 7
0L | | ! | ! | ol I I | | |
0 2 | 6 8 10 12 0 2 4 6 8 10 12
= kF d = l;l. a
Gezerlis & Carlson (2008) Gezerlis & Carlson (2010)

A is more sensitive to effect of r.. - EAxponen];ial de?' 07;,? t" )
BCS X Bpexp(—7/2kF|a

Induced int.

_ 1/3
(Gor'kov & Melik-Barkhudarov) E} A/ABCS — 1/(46) /3 ~ 0.45 I
%



» Constraint on EQOS

i - | ' | ' | ' | i R = imu
1174 =) =1 [ PAL 20 _— [_'-.'«.rh.-.‘-h..-_.-|'|'-'f?"'.':|I.““f'3”“""“':3‘3
WEEZ seauw GS1 _ . =] Schwenk+Pethick [1]
36 | WFF3 GS? ;.:: [ ."‘l]'-cm_ﬂl et al. [34]
I AP4 weiss PELZ B g [ o e
| —— APS  ssee. SQM1 = - & SEdGve ]
IIIIIIIIII MS 1 A, SQ["&’IE E-" ; GFMC v8' [3]3]
5 [ MS3 —-— SQM3 7 2 ol
E GM3 PS & B . 1%
S 35 e ENG 5o R %
2 - 4
oy . ] ]
A
i]'__J TR T T T T
= g ; : 0 0.05 0.10 0.15
_ . i A [
! ! [Hebeler & Schwenk (2010)]
; ; Extrapolation taking account of
; i ; " uncertainty in 3N int.
o | N T within Ch EFT
14.2 14.4 14.6 14.8 15.0 15.2  keeping constraint in the
log,,p [g/cm’] low density regime.
Hebeler et al. PRL 105, 161102 (2010). !;

Stronger (factor of 6)
constraint on EOS at pg.




1So pairing gap of neutron matter

0 0.1 0.2 0.3 0.4 0.5 0.6

— BIC'S ' JEE R A R R R A R
Dy e Chen 93 _
1--- Wambach 93 1
-=-= Schulze 96 f}_ﬁ,x -
2 H Schwenk 03 i
H——=- Fabrocini 05 e i
_ f== Cao06 ;-
G LR X .~ = Recent trend
= 2l o AFDMC 08 / il «“—
— 1 m QMC AV4 i .
< 1P ~¥ 3 -
i ] gt
“5_ e ').;.'”.'. i —
{_]— - = -lr"'d_':'ﬂ_l_.d.--.—---al-.-—-—|'-“"—l_'_'—‘r—'—'lf"'_'l"”‘-‘l‘. _
0 2 4 6 8 10 12
- kF a

Gezerlis & Carlson, PRC 81, 025803 (2010).

More results are awaited!




W Toward simulating n-matter by cold atoms

Neutron matter in NS crusts: krr. ~ 1 Non-negligible!

kcotd = —o= + 57k* + O(k*)
Cold Fermi gases

r.=2.7nm for 6Li @ 834G krre ~1072  Too smalll
r,=-3700nm for °Li @ 543G~ krre ~ 10 Too large!

A method to control r,
[Marcelis, Verhaar & Kokkelmans, PRL 100, 153201 (2008)]
Use E-field in addition to B-field. (dipolar int. induced by E-field)
E-field q Potential res. in open channel
B-field q Feshbach res. btwn open & close

AB
a(B) =rg+ap (1 B Bo) with ap = ap(F)

re(B) ~ h* /[mapAu(B — BY)] Au: mag. mom. diff. ﬁli

]— Interplay




! Future challenges
Mix a few protons into neutron matterl

0 1 | [ L I I I

2-body p-n system

Deuteron b. st. due to tensor force
In spin triplet channel.

Up In neutron matter

- Proton chem. pot. u, in n-matter
A0 b

Related to symmetry energy.

60 | * n-rich low density nuclear matter

Nonzero density of protons

- Matter in the crusts

Existence of nuclei
-100

0 E}.{IJE G.:'_'M U.EI}E D,:]E ‘-'ll'l ﬂ.I'IE U.I‘Mv 0.16 _
ot [Pethick et al. NPA 584, 675 (1995)] ﬁzi




» Towards improved nuclear model

Cold atomic physics | ( B
Experiment & Theory
\ /)
=3 W UL
>
7~ \

Nuclear theory

|

Improved nuclear model

IWe need strong support from nuclear theorists! ‘ EEI







» Effect of n-superfluid on NS cooling

5 | | | T T T T T T | =
e : r CB6 35
64 R\ b La Mg _ Ly PoF :
Ml.‘l.l.l'-_%'l-. .I.-" I-r ."I {::_\.--:j;{
WS NN an
1 h&{““{*\ 3 | U “\C?Ja
= HOE. 'R NV @ €O v N <y
§ ¢G& G % ) W 5 q:" % \Q}_" At
y INY o N\ a
28 L '\;\3:*'-\. ) u\. 4{5 T
I b LI A b 1o Z
o 1\% YA 33 !
(4%} ._-' ‘| S
2 |\ i\
= | '.'I; | g | .l',II
5.8 - > BIREZ — R
== | 1! Ll
| T A . W14
2 4 i 2 4 6
lg t (yrs) lg t (yrs)
! ! LI |
3 |- g N — 20
/BCS .
;N Bis NS cooling curve depends on
s, \ Sio 15

=~ pairing gap of neutron matter
{10 5 In crusts!

Yakovlev & Pethick,
Annu. Rev. Astron. Astrophys. 42, 169 (2004)




Gezerlis & Carlson, PRC 81, 025803 (2010)

N = 66-68
Smallest L = 20.8 fm

VMC & GFMC
AV4 (a part of AV18)

v4(1) = ve(r) + Vo (r)o1 - 09

Pairing gap:
A(N) = E(N) — %[E(N +1) 4+ E(N — 1)

4



VMC (Variational MC)

[ dRU:(R)HT,(R) _

H = "TRe®P >

Optimize g, to minimize {H?

U, =¥;(R)¥pcs(R)

Jastrow factor: ¥ ; = Hfﬁ ri;) H fri(re g Hfu Ti,if

1<Jg <!

BCS wave func.: ¥pcg = A H G(ri 1)

i<

br) = 3 et i
k T
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