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Building blocks of Matter

nucleon nucleus Neutron star

P T

Light quarks Heavy quarks
m, ~ 2 MeV m.~ 1.3 GeV
my~ 5 MeV m,~ 4.2 GeV
m,~ 90 MeV m,~ 171 GeV
Fundamental theory of strong int. = Quantum Chromo Dynamics (QCD)

Characteristic strong int. scale ~ (1fm)1~ 200 MeV




Quantum Chromo Dynamics
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L= G5, + gy (id, — gt AL)qg — maq
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Running masses: m(Q)

quark masses [MeV]
(from lattice QCD) (MS-bar @ 2GeV)

2.19(15)

4.67(20)
94(3)

FLAG working group,
arXiv:1011.4408 [hep-lat]

Shintani, PoSLAT2011

Running coupling: a,(Q)=g?/41r
Nf=2+1 on the lattice

World average
World average '10 (w/o lattice) [ (W/ 0 |attice):

0.1186(11)

Light current (JLQCD) " 10
Heavy current (HPQCD) '10
SF (PACS-CS) 09

Heavy current (HPQCD) '09

Quarkonia (HPQCD) '08

a8t (1) = 0.1189(

%)




Physical point simulation in (2+1)-flavor QCD @ 2010

Improved Wilson + Iwasaki gauge action
a=0.09 fm, L=2.9 fm, m_=135 MeV
PACS-CS Coll., Phys. Rev. D 81, 074503 (2010)
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Nuclear Force from LQCD

Ishii, Aoki & Hatsuda, Phys. Rev. Lett. 92 (2007) 022001
Ishii et al., [HAL QCD Coll.], Phys. Lett. 712 (2012) 437

1S, NN potential (Lattice QCD) 1S, NN potential (Phenomenological)

180 channel

repulsive | |
core

Ve(r) [MeV]

M_ ~ 3 M_(phys.) =& M_=M (phys.), NN, NNN
by KEI Computer




Nuclear Force from LQCD

Ishii, Aoki & Hatsuda, Phys. Rev. Lett. 92 (2007) 022001
Ishii et al., [HAL QCD Coll.], Phys. Lett. 712 (2012) 437

1S, NN potential (Lattice QCD)

exp
lattice

Ve(r) [MeV]
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Ejap [MeV]

M_ ~ 3 M_(phys.) =& M_=M (phys.), NN, NNN
by KEI Computer
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http://www.aics.riken.jp/en/

Five “strateqic” programs (FY 2010-2015)

1. Life and Medicine 2. New Materials 3. Environment
4. Engineering 5. Particle, Nuclear and Astrophysics

Project 1. Baryon-Baryon interaction from lattice QCD simulations at physical point
Project 2: Large scale guantum many-body calculation of nuclei and its applications
Project 3. Realistic simulation of supernova explosion and black-hole formation
Project 4. Large scale simulation of first generation of stars and galaxies

[ Physical point simulation started : 96% lattice, a=0.1fm, L=9.6fm, m_=135MeV ]




http://www.aics.riken.jp/en/
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About Project Research Development

Early Star Formation

Project 1. Baryon-Baryon interaction from lattice QCD simulations at physical point
Project 2: Large scale quantum many-body calculation of nuclei and its applications
Project 3: Realistic simulation of supernova explosion and black-hole formation
Project 4: Large scale simulation of first generation of stars and galaxies

[ Physical point simulation started : 96% lattice, a=0.1fm, L=9.6fm, m_=135MeV ]




QCD Phase Diagram @ 2011

Quark-Gluon Plasma
sQGP

Critical
Point

Temperature 7

| Quarkyonic
Matter

Lattice QCD

Baryon Chemical Potential us

K. Fukushima and T. Hatsuda,
“The Phase Diagram of Dense QCD”
Rep. Prog. Phys. 74 (2011) 014001




RHIC & LHC

PHENIX@RHIC STAR@RHIC ALICE@LHC




Neutron Star

~Nuclei and electrons

~Nuclei, electrons and free neutrons

~Pasta nuclei

OUTER CORE

Free neutrons, protons and electrons

INNER CORE

hyperons
meson condensates
quark droplets

quark-gluon plasma
??

" M~(1-2)Mg
* R ~10km
- 0<p<10p,

composition

nuclei

neutrons & protons
mesons (i, K)
hyperons (A, 27, =)
quarks (u,d,s)

+ leptons (e, Y)



Possible phases
Inside neutron stars

Nuclei
nuclear pasta

Neutrons & Protons

superfluidity, superconductivity

mesons (mt, K)
Bose-Einstein condensate

Hyperons
superfluidity

Quarks (u,d,s)
color superconductivity

OUTER CORE

neutrons, protons and electr

INNER CORE

hyperons
meson con densates
quark droplets
quark-gluon plasma
7

-

*Theoretically sound
* Quantitative predictions

\_

still difficult

~N

J




Recent developments

1. Ab initio calculations : QMD, Lattice QCD etc

2. New observations : M, R, T, B, P,

3. New experiments : RIBF, J—PARC etc

4. Proposals to relate theories and observations
examples

M=(1.97=%x0.04)M, < cold EOS

X-ray burst < cold EOS

GW from N, merger < hot EOS
Seismology & crust structure
Cooling of CAS-A < 3P, superfluid

Magnetars < ferromagnetic core




Cassiopeia A Cooling, 4% decrease in 9 years

(Heinke & Ho, ApJ 2010)

.14

2.02 —— —

2000 2002 2004 2006
Year

2008

2010

Period (s)
Magnetars
(from Enoto, 2012)
Bs=3.2x10%°V(PPdot) [G]

1,B, M




Thermonuclear Burst in X-ray Binaries
4U 1608-248 EXO 1745-248
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(i) Surface emmision

(ii) Eddington limit

47GM
L. .= _
Fdd 0'(1+X)(1

———

| l | | 1 1 I 1 1 | | l | 1 1 1

5 10 15
Radius (km)

Ozel, Baym & Guver, PRD 82 (2010) 101301
Steiner, Luttimer & Brown, Ap] 722 (2010) 33




EOS of Dense Matter

‘Nuclei and electrons

_.‘_.Nuclei, electrons and free neutrons| " I\/I M ( 1'2) M @
~Pasta nuclei
* R ~10km
OUTER CORE
Free neutrons, protons and electrons . O < p < 10 po

INNER CORE

hyperons

meson condensates
quark droplets

quark-gluon plasma
??




E/A (MeV)

Nuclear Force and dense EOS (case for nucleons only)

Akmal, Pandharipande & Ravenhall, PRC58 ('98) Phenomenological nuclear force
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J1614-2230 |

PSR1913+16

Hebeler et al., PRL 2010
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IHAL QCD Coll.
Phys. Rev. Lett. 106 (2011) 162002
Nucl. Phys. A881 (2012) 28

BB potentials (flavor SU(3) limit)

Repulsive core in NN channel

Mps = 1171 [MeV] —-+— A10%) Mes = 1171 [MeV] +-+-a

Ve

Mps = 672 [MeV] —a— Mps = 672 [MeV] —e—
Mps = 469 [MeV] —=— My = 469 [MeV] —a—

3
=
=

Wir) [Mev]

1S, channel

35, —3D, channel

Growing NN tensor force



Just for fun: Neutron star from NN potential in flavor SU(3) limit

EOS with Lattice NN force by BHF calculation = M-R relation by TOV equation

Mps = 1171 [MeV] w:eeeeseee Mps = 1171 [MeV] --wroeeeee

Mpg = 672 [MeV]
Mps = 469 [MeV]
APR e en

Mps = 672 [MeV]
Mps = 469 [MeV]
APR oeeererem
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Inoue et al. [HAL QCD Coll.] (2012)




Just for fun: Neutron star from NN potential in flavor SU(3) limit

EOS with Lattice NN force by BHF calculation = M-R relation by TOV equation

Mpg = 1171 [MeV] wwreveeeiees

Neutron Star

Mps=1171 [MeV] weeeee ]

897 [May] -
PIVIE
¥ il ARA~\/
Mpe =867 vigV

Mps = 469 [MeV]

Inoue et al. [HAL QCD Coll.] (2012)




Hyperon mixture and “Takatsuka Problem”

J1614-2230 |

PSR1913+16

Hyperon mixture

Takatsuka, Prog. Theor. Phys. 156 (2004) 84




‘ From Quarks to Cosmos I

. BG/L -> PACS-CS -> T2K -> BG/Q -> KEI +¥ %
(10TF -> 100TF -> 1PF -> 10PF)

E < KEI Computgr‘@ CS (RIKEN)
N L
NN l

—
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-
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Neutron star:
Hypernuclei max mass, cooling etc

matter

neutron matter



Sasaki et al.
[HAL QCD Coll.] (2012)

SU(3) breaking: coupled channel LQCD

Example: S=-1,3S,, 1=1/2 (m_/m=0.29, 0.8)

AN-AN AN PAN

V [MeV]

PACS-CS (2+1)-flavor config.
L=2.9 fm



Hadron-quark crossover and
strongly interacting quark matter in inner core ?

hyperons
meson condensates
quark droplets
quark-gluon plasma
?

PSR J1614-2230

\ /
. /\/'/

Crossover

Hatsuda, Tachibana, Yamamoto & Baym, Masuda, Takatsuka & Hatsuda,
Phys. Rev. Lett.97 (2006) 122001 arXiv: 1205.3621 [nucl-th]




Gravitational waves

LIGO:2015 ~
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EOS from Gravitational wave from N,, merger

13M
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Sekiguchi, Kiuchi, Kyutoku
& Shiata, PRL (2011)
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Superfluidity

‘Nuclei and electrons

~Nuclei, electrons and free neutrons

~Pasta nuclei

OUTER CORE

Free neutrons, protons and electrons

INNER CORE

hyperons
meson condensates
quark droplets

quark-gluon plasma
??

" M~(1-2)Mg
* R ~10km
- 0<p<10p,




Nuclear superfluidity

Phase shift (in degrees)

Spin—singlet pairs
S=0

0 &

L=0 L>0

Spin—triplet pairs

$é b

L=0 L>=0

75 100

Tamagaki (1970) T
Takatsuka (1972) b (10™g cm )

,Nuclei and electrons
Nuclei, electrons al

,Pasta nuclei

OUTER CORE

Free neutrons, protons and electrons

INNER CORE

hyperons
meson condensates
quark droplets
quark-gluon plasma
27




Nuclei and electrons

Nuclei, electrons ar

T Pt pasa et
Nuclear superfluidity

Free neutrons, protons and electrons ~ *

INNER CORE

hyperons

. . i meson condensates
Phase shift (in degrees) quark droplets

. - . b quark-gluon plasma
Spim—singlet pairs \ 22

Neutron 180 5 Neutron

crust .y« Outs crust | Outer

Tamagaki (1970) cord T ~ core

Takatsuka (1972)

ke(n) [fm~1]




Cassiopeia A cooling (9 years CHANDRA data)

Onset of 3P, superfluidity ?

Heike & Ho, ApJ Lett. 719 (2010) L167
Shternin et al., Mon. Not. Astr. Soc. (2010)
Page et al., PRL (2011) o

Siimple thermal relaxation ?

Heike & Ho, ApJ Lett. 719 (2010) L167
Tsuruta et al (2012)

Neutron *P-F, gap: "a2" (T®* =5.5x10°K)

Neutron 3P*E, gap: "a" (Tgﬁax = 109K)
. llll'l'll'l TTT1IT ||||I'I'I'I'| lllllll'! T T rom

10 100 1000 10* 10° 10% 107 ' 10 100 1000 10* 10° 10% 107

Age [yrs] Age [yrs]




‘ Color superconductivity I

4 i
. (d)ia ~ o 1C(q,)
(dﬂ)‘ia ~ ikeabC(q C(QR)g

1,

Ky Ius \ flavo{ co\lor ‘ ljmf‘

——— major differences from the standard BCS superconductor

~ _C/V g
1. Relativistic fermi system :> |d| € €

color-magnetic int. dominant

High T, : TJeg ~ 0.1
Compact pair : r~1-10 fm

2. Color-flavor entanglement :> Various phases (c.f. Ice, 3He)

d;a 2SC, uSC, dSC, CFL etc




‘ Color superconductivity I

Uy }Hs

()~ W 0k
(dR)ia\“ ik€abe (g C(QR)E
\ flavor color ‘ Im_o'_.

ﬂ ° & & &
2SC uSC dSC CFL

2.

Color-flavor entanglement

d’ia

|:> Various phases (c.f. Ice, 3He)
2SC, uSC, dSC, CFL etc
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Magnetars

OUTER CORE

trons, protons and electrons

10> G = (10 MeV)?
1019 G =~ (1000 MeV)?

A 4

due to strong interaction 7

= ferromagnetism in neutron matter
Brownell & Callaway (1969), Rice (1969), Silverstein (1969), Makishima (1999)
negative in modern many-body theories: e. g. Bordar & Bigdeli, PRC77 (2008)

- ferromagnetism in quark core
Tatsumi, Phys. Lett. B489 (2000); arXiv:1107.0807 [hep-ph]].

* ferromagnetism due to pion domain wall
Hatsuda (1986), Son-Stephanov (2008)
Eto, Hashimoto & Hatsuda (2012) arXiv:1209.4814 [hep-ph]



Nuclei and electrons

Nuclei, electrons and free neutrons|

NN -
st Ton 0 DZDDD
§5 0520 8 06 6 th D s Pasta nuclei
o a® 7 °
o o
o
£ 0%a %0
o 020
& " o

OUTER CORE

Free neutrons, protons and electrons

10> G = (10 MeV)?
1019 G =~ (1000 MeV)?

due to strong interaction 7

Surface magnetic field [G]
10%

At the North pole

—

Layers of neutral et
pion domain walls ot Averaged on surface

1016 - ,ﬂ ch]‘o/RNS

0.0 0.2 0.4 . . 1.0

Eto, Hashimoto & Hatsuda (2012) arXiv:1209.4814 [hep-ph]




Neutron Star Structure
by Tabletop Expt.?
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Hadron-quark crossover < Bose-Fermi mixture
Maeda, Baym & Hatsuda, PRL 103 (2009) 085301

Meson condensation < Dipolar atoms
Meada, Baym & Hatsuda, arXiv: 1205.1086 [cond-mat]




Energy per nucleon in pure neutron matter
Morales, (Pandharipande) & Ravenhall, in progress

PNM LDP
PNM HDP

ﬂ:{]
condensate

AV-18 + UIV 3-body (IL 3-body too attractive) Improved FHNC
algorithms. Two minima!

E/A slightly higher than Akmal, Pandharipande and Ravenhall,
Phys. Rev. C58 (1998) 1804

G.Baym, GCOE Lecture at Univ. Tokyo (2009)
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Dipolar fermi systems

Q j‘ U:ﬁ—j{al-ag—s(&l-v’*)(&g-f)}wé(??)
\-

J

Neutron matter Cold atoms with
(neutron+meson) large magnetic moment

|24 Selected for a Viewpoint in Physics week ending
PRL 108, 215301 (2012) PHYSICAL REVIEW LETTERS 25 MAY 2012

£

Quantum Degenerate Dipolar Fermi Gas

Mingwu Lu,'*?* Nathaniel Q. Burdick,"*? and Benjamin L. Lev>>* 163 Dy, 167 Dy fe m iO nsS

lDe_erT.'m’m of Physics, University of lllinois at Urbana-Champaign, Urbana, lllinois 61801, USA
*Department of Applied Physics, Stanford University, Stanford, California 94305, USA
3E. L Ginzion Laboratory, Stanford University, Stanford, California 94305, USA
“Department of Physics, Stanford University, Stanford, California 94305, USA

(Received 13 March 2012; published 21 May 2012) ex pt. data

We report the first quantum degenerate dipolar Fermi gas, the realization of which opens a new [rontier

for exploring strongly correlated physics and, in particular, quantum liquid crystalline phases. A quantum ( 2 O 1 2~)

degenerate Fermi gas of the most magnetic atom ''Dy is produced by laser cooling to 10 K before

sympathetically cooling with ultracold, bosonic '%2Dy. The temperature of the spin-polarized '*'Dy is a

factor T/Tr = 0.2 below the Fermi temperature 7r = 300 nK. The cotrapped '62Dy concomitantly cools

to approximately 7. for Bose-Einstein condensation, thus realizing a novel, nearly quantum degenerate

dipolar Bose-Fermi gas mixture. Additionally, we achieve the forced evaporative cooling of spin-polarized

161Dy without '92Dy to T/Tr = 0.7. That such a low temperature ratio is achieved may be a first signature
of universal dipolar scattering.




1% and p° condensations in neutron matter

E and B condensations in dipolar atoms/molecules

(—=F*+m,?) p.(r)

= ( /”}H r:,:l P X { /) Ta /) :Z::::-

A. B. Migdal, NPA (1972) N
Takatsuka’ Tamagaki & Tatsumi’ Kunlher, Prog. Theor. PhyS 60 (‘78) 1229
Prog. Theor. Phys. Suppl. 112 (‘93) 67



1% and p° condensations in neutron matter

E and B condensations in dipolar atoms/molecules
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(—=F*+m,?) p.(r)

= ( /”}H r:,:l P X { /) Ta /) :Z::::-




Liquid crystals

Nematic Smectic A Smectic C

L

-, e #
AT AT

Chiral Nematic (=cholesteric) http://en.wikipedia.org/wiki/Liquid_crystal



Phase structure

Unstable
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35
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Neutrons confined by gravity < cold atoms confined by MOT

Neutron star

Meson condensation
By tensor force

cold atoms/molecules

Photon condensation

by dipolar interaction

» Same hamiltonian in both systems

oY cond. & magnetic dipolars (smectic C phase)
p¢ cond. & magnetic dipolars (chiral nematic phase)

mocond. & electric dipolars
¢ cond. & electric dipolars

(smectic A phase)
(chiral nematic phase)



Dense QCD Summary

1. LQCD calculation of dense EQOS
- Best approach if it is possible
- Still difficult for y/T > 1 due to sign problem

2. LQCD calculation of nuclear force + nuclear many-body echniques
- Second best approach, possible to carry out BB, BBB at KEI computer
- What about 4B, 5B etc? What about transition to sQM?

3. Low-energy heavy-ions
- Possible to come to a few times p,
- Temperature not negligible.

4. Neutron star observations
- great progress in a past few years and more to come
M, R, T, B, ...., gravitational wave

5. Tabletop neutron star
- low density neutron matter < 2-component fermionic atoms
- meson condensation < dipolar atoms and molecules
hadron-quark transition & 3-component fermioic atoms, Bose-Fermi mixture



Theory
Lattice QCD

+ many-body theories

Cold atoms
tabletop simulator

Obs.
X-ray, Neutrino,
gravitational wave

Expt.
(RIBF, J-PARC etc)

basic data




