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Phase Diagram @ 1980

PHASE DIAGRAM OF NUCLEAR MATTER
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Phase Diagram @ 2011

Quark-Gluon Plasma
sQGP

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

Outer (A+e)
& Inner (A+n+e)
Crust

Yagi, Hatsuda and Miake,
“Quark-Gluon Plasma” Cambridge Univ. Press (2008)




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)
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Attractive configuration for neutrons (rho-exchange)
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Theory of Dipole Interaction in Crystals *

J. M. LurTINGER AND L. Tisza
Research Laboratory of Electronics, Massachusets Institute of Technology, Cambridge, Massachusells

(Received July 17, 1946)

It is shown that dipole arrays may be represented as vectors in a many-dimensional vector
space. The classical dipole interaction energy is a quadratic form in the components of the
dipole moments. Its calculation is reduced to the diagonalization of this form. The charac-
teristic vectors are so called basic arrays. An arbitrary array may be decomposed into a linear
combination of basic arrays, the energies are additive and may be obtained from the charac-
teristic values of the quadratic form. The method is demonstrated by the complete solution
of the characteristic value problem of a highly symmetric class of cubic arrays.. The minimum
energy arrays are obtained without and with an external magnetic field for the simple cubic,
body-centered cubic, and face-centered cubic lattices. The results are in good qualitative
agreement with the experiments of de Haas and Wiersma on Cs Ti alum. Some discrepancies
are attributed to quantum effects and to incomplete saturation (entropy .S>0). The extension
to these more general cases will be considered in a following paper.




n® and/or p® condensation in neutron matter
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0 and p® condensations in neutron matter

E and B condensations in dipolar atoms/molecules
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Ultra-cold atomic Gasses

Figure from Pascal Naidon (RIKEN)



Bose-Einstein Condensate 1995

Superfluid helium

Superconducting electrons

Superfluid nucleons

Superconducting quarks

Fermi superfluid 2003
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Viewpoint
Quantum Dipolar Gases in Boson or Fermion Flavor

Bruno Laburthe-Tolra
Laboratoire de Physique des Lasers, UMR 7538 CNRS, Université Paris 15, 99 Avenue J.-B. Clément, 95430 Villetaneuse,

France

Published May 21, 2012

Lanthanide atoms are offering the best opportunities to study the effects of strong dipolar interactions
in a quantum gas.

Subject Areas: Atomic and Molecular Physics

A Viewpoint on:

Quantum Degenerate Dipolar Fermi Gas

Mingwnu Lu, Nathaniel (). Burdick, and Benjamin L. Lev

Phys. Rev. Lett. 108, 215301 (2012) — Published May 21, 2012

Bose-Einstein Condensation of Erbium
K. Aikawa, A. Frisch, M. Mark, S. Baier, A. Rietzler, R. Grimm, and F. Ferlaino
Phys. Rev. Lett. 108, 210401 (2012) — Published May 21, 2012
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Meson condensation analogs in ultracold atomic and molecular dipolar gases

sympathetically cooling with
factor T/Tr = 0.2 below the |
to approximately T, for Bose
dipolar Bose-Fermi gas mixtui
1Dy without %Dy 1o T/ T

of universal dipolar scattering

Kenji Maeda,! Tetsuo Hatsuda,!? and Gordon Baym?®

1D€pm‘m:enr of Physics,

The University of Tokyo, Tokyvo 113-0033, Japan

2 Theoretical Research Division, Nishina Cen
RIKEN, Wako 351-0198, Japan
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3Department o Physies, University of Illinois,
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Bose-Einstein Condensd
K. Aikawa, A. Frisch, M. N
Phys. Rev. Lett. 108, 2104

1110 W. Green Street, Urbana, Illinois 61801, USA

‘We show how an analog of meson condensation in dense nuclear matter can be realized in an ultracold
gas of fermionic atoms, or molecules, with large magnetic, or electric. dipole moments. We construct
an antiferrrosmectic-C phase that at high densities has lower energy than the Fermi gas or ferronematic
phases. The antiferrrosmectic-C phase is a one-dimensional periodic structure in which the fermions
localize in layers with their pseudospin direction aligned parallel to the layers, and staggered layer by
layer.
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Shown above is an 18-column periodic table layout, which has come to be referred to as the common or standard form, on account of its popularity. It is also sometimes
referred to as the long form, in comparison to the short Mendeleev-style & periodic table. The wide periodic table incorporates the lanthanides and the actinides, rather than
separating them from the main body of the table. The exiended periodic table adds the 8th and 9th periods, and the theoretical superactinides. The lanthanides and actinides
are sometimes instead called the lanthanoids and actinoids.




n® and p® condensations in neutron matter
E and B condensations in dipolar atoms/molecules
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Two-level model

1 1
dF VU (7) - VU (F) + — [dF

2m ST
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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
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Smectic-C (AFSC) state

Maeda, Hatsuda, Baym, arXiv:1205.1086
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EATHCAOHON-FEF vs. BRI VTTHALIAHON-TTILIEF
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