HEFDIR—R = A2 5842 &M & AR5

) 10min.
Blg bang 104sec h_"

-

Quantum gravity
String theory?

QCD phase
transition

light elements

CMB T ‘
first star
77 re-ionization
first galaxy
primordial galaxies
Giant black holes

Planetary systems
our solar system

:FﬁIjQ(ZOB 5 11)
FBEEER (TRt 32—, BiEHIRERRY)




Building blocks of Matter

nucleon nucleus Neutron star

r ~1 [fm] r ~10 [fm] r - ﬂ

Light quarks Heavy quarks

m, ~ 2 MeV m.~ 1.3 GeV
md = 5 |\/|eV mb = 42 GeV
m;~ 90 MeV m,~ 171 GeV
Fundamental theory of strong int. = Quantum Chromo Dynamics (QCD)

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




Phase Diagram @ 1980

PHASE DIAGRAM OF NUCLEAR MATTER

DELONFINGD QUARUS
Au? GLuowns

vo HADRoOMRS

RADROVS,

"MASSLESS " Prony

I .

' Frngﬂu‘tcim
| . Ql.bums
|
|

LA+ GAY

W
of
e
q
ol
W
[+ %
7
=

o T
{3% SRR
\1 phaie l’q“u

o ﬁnm
DARYON DENSITY

G. Baym (1980)



Phase Diagram @ 2011

Quark-Gluon Plasma
sQGP

Critical
Point

Temperature 7

| Quarkyonic
Matter

SRR Liquid-Gas P —— % L
Lattice QCD P Color:Superconductors

>

Nuclear Superfluid Baryon Chemical Potential us

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




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
27

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

nuclei

neutrons & protons
mesons (1, K)
hyperons (A, 27, =)
quarks (u,d,s)

+ leptons (e, Y)



Possible phases

Inside neutron stars

Nuclei
nuclear pasta

Neutrons & Protons

superfluidity, superconductivity

mesons (r, K)
Bose-Einstein condensate

Hyperons
superfluidity

Quarks (u,d,s)
color superconductivity

OUTER CORE

ree neutrons, protons and electrons

INNER CORE

hyperons
meson condensates
quark droplets

quark-gluon plasma
i

-

*Theoretically sound
 Quantitative predictions

\_

still difficult

~

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%0.04)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)

2.14

2.[]2 | 1 1 | 1 1 1 1
2000 2002 2004 2006 2008 2010 .
Year Period (s)

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




Another massive Neutron Star !
PSR J0348+0432 : M=2.01(4) M,

RESEARCH ARTICLE

A Massive Pulsar in a Compact Relativistic Binary

John Anmniadisaii, Paulo C. C. Freirei, P-Jcrrbert‘u".fexi, Thomas M. Tauris i, Ryan & q '|'.E'|".|C'E' EEI ﬁl.f]f” 2']1 Ei'

Marten H. van HE[HWIJHE, Michael Kramer: 5 BAass: — Vik 5. Dhillr:rni, Thomas Drietna:, Jason W. T. Hess 1'-".D|. Ei-'lu:l no. EI1 Ei'l

Victoria M. Kaspi=, Vladislav . Kondratiev=—, Norbert Langer= Thr:rm s R. F.ﬂarsh:, Maura A. F.ﬂcLanghIin;, Dl"_'l|' 1 I'] 1 .I 7 'HCIE'T ce. )

s T it P
Timothy T. F'Ennucci:, Scott M. Ransar:rmi, Ingrid H. Stairsa—':, Joerivan Leeuwe . Joris B W ‘l.-ertriesati,
David G. Whelan'2

+  Author Affiliations
:'I:Z:-:lrre:z anding author. E-mail: jantonia

ABSTRACT STRUCTURED ABSTRACT EDITOR'S SUMMARY

Many physically motivated extensions to general relativity (GR) predict substantial deviations in the properties
of spacetime surrounding massive neutron stars. We report the measurement of a 2.01 = 0.04 solar mass
(Ma) pulsarin a 2.46-hour orbit with a 0.172 + 0.003 Ma white dwarf. The high pulsar mass and the compact
orbit make this system a sensitive laboratory of a previously untested strong-field gravity regime. Thus far, the
observed orbital decay agre vith GR, supporting its validity even for the extreme conditions present in the
system. The resulting constraints on deviations support the use of GR-based templates for ground-based
gravitational wave detectors. Additionally, the system strengthens recent constraints on the properties of
dense matter and provides insight to binary stellar astrophysics and pulsar recycling.




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
27

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

nuclei

neutrons & protons
mesons (1, K)
hyperons (A, 27, =)
quarks (u,d,s)

+ leptons (e, Y)



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)



Attractive configuration for neutrons (pion-exchange)

Vopep(r)
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10 condensation in neutron matter

o
BT 1L
L

(=P +m) 0 ()

= [f j1 ??‘I-H:F V- ( :J Ta ;'

A. B. Migdal, NPA (1972)
Takatsuka, Tamagaki & Tatsumi,
Prog. Theor. Phys. Suppl. 112 (‘93) 67



n® condensation = SDW

nucleon configuration density  source . 71° field

/w_

<G(v >

NEUTRON
MATTER

— —— _7

(=V24+m) ¢ . (r) = (f/m )V -{la)

Fig. from Takatsuka, Tamagaki & Tatsumi,
Prog. Theor. Phys. Suppl. 112 (‘83) 67




Attractive configuration for neutrons (rho-exchange)

Vorep(7)
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I B condensations in dipolar atoms ?
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Neutron Star Structure
by Tabletop Expt.?

..4\ .
— -
A
B A
v
y
=

Hadron-quark crossover < Bose-Fermi mixture
Maeda, Baym & Hatsuda, Phys. Rev. Lett. 103 (2009) 085301

- Meson condensation < Dipolar atoms
Meada, Baym & Hatsuda, Phys. Rev. A 87 (2013) 021604(R)




Ultra-cold atomic Gasses

Figure from Pascal Naidon (RIKEN)



Bose-Einstein Condensate 1995

Superfluid helium

Superconducting electrons

Superfluid nucleons

Superconducting quarks

Fermi superfluid 2003




4 Dipolar fermi systems

H’Q
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Cold atoms with
: ‘> [ 161Dy fermions

large magnetic moment

121/2, -21/2>, p=10p,

|&d Selected for a Viewpoint in Physics
PRL 108, 215301 (2012) PHYSICAL REVIEW LETTERS

week endin
25 MAY 2012

£

Quantum Degenerate Dipolar Fermi Gas
Mingwu Lu,'*? Nathaniel Q. Burdick,'? and Benjamin L. Lev>>*
"Department of Physics, University of Hlinois at Urbana-Champaign, Urbana, Illinois 61801, USA

*Department of Applied Physics, Stanford University, Stanford, California 94305, USA
*E. L Ginzion Laboratory, Stanford Universiry, Stanford, California 94305, USA
“Department of Physics, Stanford University, Stanford, California 94305, USA
(Received 13 March 2012; published 21 May 2012)

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
degenerate Fermi gas of the most magnetic atom '°'Dy is produced by laser cooling to 10 uK before
sympathetically cooling with ultracold, bosonic '%?Dy. The temperature of the spin-polarized '*'Dy is a
factor T/Tp = 0.2 below the Fermi temperature T = 300 nK. The cotrapped '%>Dy 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
181Dy without '*?Dy to T/Tr = 0.7. That such a low temperature ratio is achieved may be a first signature

of universal dipolar scattering.

ve=5.6 mm/s
T/T.=0.2, T.=306nK

R=20 nm, N~6000
= 4x10% /cm3




Two-level toy model

1 1
dF VU (7) - VU (F) + — [dF

2m ST

—p;/dr* Uig 72( ) + /dr V4 @}L@zg,l

i

— (] W \NT ,
— ('L,;-‘l} '@-192) : two-component fermions

- ﬁ{f} : local magnetic field produced by the dipolars

0] - Pauli matrices

i

Physical parameters

1) : mass, j4 : magnetic moment, 7} : density of atoms



http://maru.bonyari.jp/texclip/texclip.php?s=%5Cbegin%7Beqnarray%7D%0D%0A%5Cvec%7BH%7D%20=%20%5Cnabla%20%5Ctimes%20%5Cvec%7BA%7D%0D%0A%5Cnonumber%20%5Cend%7Beqnarray%7D
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Unstable

S o Ferro—nematic

M=1.
Paramagnetic
M=0

“Ferronematic Ground State of the Dilute Dipolar Fermi Gas”
B.M. Fregoso, E. Fradkin, PRL 103, 205301 (2009)



AFSCIKEE -- BREDTFAD—

75 £ Smectic-A FH Smectic-C FH

Anti-Ferro
Smectic-C (AFSC) state

Maeda, Hatsuda, Baym, Phys. Rev. A 87
(2013) 021604(R)



Antiferrosmectic —C (AFSC)

x i
P
/L H

O Variational wave function

We assume that the fermions
are well localized in the z-direction, with d = +/2b, and in

the AFSC ground state fill these states with all £, and ¢
up to the transverse Fermi momentum, g = v4mnd.
where 7 1s the average density.
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1. ®IDyMRAEU (L 21/2
2-hyperfine statez &4, B& [Z[dPauli-spin TET77L),
> mult-level model ~D¥LRNHE,

2. 161Dy T4, AFSCIZ[XMagnetic moment AAFETFZ/NELY,

g = n,uQ/EF =0.3x107 H?mgﬂiéj;‘_i%ﬂ

B—iyk

- Electric dipolar molecules MR EETE : Y,o2 ~1(161Dy), 310(CH,F)

Simulating quantum magnets with symmetric top molecules

Michael L. Wall*, Kenji Maeda™, and Lincoln D Carr
Department of Physics, Colorado School of Mines, Golden, Colorado 80401, USA

arX1v:1305.1236v1 [cond-mat.quant-gas] 6 May 2013



Neutron star cold atoms

Meson condensation Photon condensation
By tensor force by dipolar interaction

» Almost the same hamiltonian in both systems
oY cond. & magnetic dipolars (smectic C phase)
p¢ cond. © magnetic dipolars (chiral nematic phase) ?

» M~10pg of magnetic dipolar atoms too small....

= electric dipolar molecules (d~1000ug) e.g. CHF



Theory
Lattice QCD

+ many-body theories

Cold atoms/molecules

tabletop simulator

Obs.
X-ray, Neutrino,
gravitational wave

Expt.
(RIBF, J-PARC etc)

basic data
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