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Systems composed of nuclear matter
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Phenomenological EOS parameters

Energy per nucleon of bulk nuclear matter near the saturation point
(nucleon density n, neutron excess «):
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Mgy, W, saturation density & energy of symmetric nuclear matter
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Nuclear pasta
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EFEREIAETF vs. 1B B Ref. Watanabe & lida, PRC 68 (2003) 045801
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Pasta and symmetry enerqy
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Phase diagrams from macroscopic nuclear model

Macroscopic nuclear model

For a nucleus in vacuum: Ref Oyamatsu & Iida, PTP 109 (2003) 631.
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Phase diagrams from macroscopic nuclear model (contd.)

Pasta region Ref. Oyamatsu & lida, PRC 75 (2007) 015801.
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Proton clustering and fission instability

Lower end of the pasta region

Ref. Pethick & Ravenhall, ARNPS 45 (1995) 429.

—— naively understood from fissionlike instability of spherical nuclei

Wigner-
Seitz cell
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Proton clustering and fission instability (contd.)

Upper end of the pasta region Ref. Pethick, Ravenhall, & Lorenz, NPA 584 (1995) 675.

—— naively understood from proton clustering instability of uniform matter
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Proton clustering and fission instability (contd.)

L dependence of the onset densities Ref. Oyamatsu & lida, PRC 75 (2007) 015801.
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Thomas-Fermi approach to nuclear pasta beyond the Wigner-Seitz approximation
3D (grid 0.8 fm, cell size 60 fm)

Ref. Okamoto, Maruyama, Yabana, & Tatsumi, arXiv:1110.6672.

FIG. 1: (color online) Proton density distributions of the FIG. 4: Proton density distributions with complex structures (Y, = 0.5). (a) mixture of droplet and rod, 0.022 fm =2, (b) slab

ground states of symmetric matter (Y, = 0.5). Typical pasta and tube, 0.068 fm™ ; (c) dumbbell like structure, 0.018 fm™ ; (d) diamond like structure, 0.048 fm~>
phases are observed: (a) Spherical droplets with a fec crys-

talline structure at baryon density ps = 0.01 fm~2. (b) Cylin-
drical rods with a honeycomb crystalline structure at 0.024
fm=2. (c) Slabs at 0.05 fm™2. (d) Cylindrical tubes with a
honeycomb crystalline structure at 0.08 fm~>. (e) Spherical
bubbles with a fcc crystalline structure at 0.09 fm~>

2D (grid 0.08 fm, cell size 10-20 fm) Ref. Nakazato, Oyamatsu, & lida, to be published.
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Fig. 4. Nucleon distributions for rod type nuclei with (ns,xp) = (0.3n0,0.5) in (a) solid figure Fig. 6. Nucleon distributions for (a) slab type nuclei with (ng,zp) = (0.4n0,0.5) and (b) rod-hole
and in (b) contour map where the lines are drawn by steps of 0.02 fm~®. The computational type nuclei with (ng,zp) = (0.5n0,0.5). The eight computational regions are connected
region is 0 fm < z < 0.885 fm and 0 fm < y < /3 x 9.885 fm, while the eight computational in the depicted profiles as in Fig. 4.
regions are connected in the depicted profiles.



Gyroid

AW / af (KaV Im~9)

Ref. Nakazato, lida, & Oyamatsu, arXiv:1011.3866.
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Gvroid in polymer systems

Ref. Bates & Fredrickson, Phys. Today Feb. (1999)32.
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FIGURE 3. PHASE DIAGRAM for linear AB diblock copolymers, comparing theory and experiment. a: Self-consistent mean-field
theory® predicts four equilibrium morphologies: spherical (S), cylindrical (C), gyroid (G) and lamellar (L), depending on the
composition [ and combination parameter yN. Here, y is the segment-segment interaction energy (proportional to the heat of
mixing A and B segments) and N 1s the degree of polymernizatuon (number of monomers of all types per macromolecule). b:
Experimental phase portrairt for poly(isoprene-styrene) diblock copolymers.” The resemblance to the theoretcal diagram is
remarkable, though there are important differences, as discussed in the text. One difference is the observed PL phase, which 1s

actually metastable. Shown at the bottom of the figure is a representation of the equilibrium micredomain structures as £, is
increased for fixed ¥, with tvoe A and B monomers confined to blue and red rezions. respecuvelv.



Pastas at finite temperatures

T=1MeV

T=2MeV

Ref. Sonoda, PhD thesis (2009, U. Tokyo).
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Pastas at finite temperatures (contd.) Ref. Pethick & Potekhin, PLB 427 (1998) 7.

Thermally induced fluctuations of slab and rod nucleli

Columnar phase

Transverse shear

Elastic properties of pasta nuclei

I

Change in the Coulomb and surface energies due to displacements



Pastas at finite temperatures (contd.)

Ref. Watanabe, lida, & Sato, NPA 676 (2000) 455.

Melting temperatures determined from rms displacement vs. internuclear spacing
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One-dimensional lattice is more susceptible to thermal fluctuations a la Landau-Peierls.



QPOs in giant flares from SGRs X-ray light
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QPOs in giant flares from SGRs (contd.) BECE=ALNED(XaT
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FIG. 3: The crust oscillation frequencies as a function of neu- " / \ Zg 0) j: L ) g“' |$ Z;ﬁ\z 7\
tron star mass, for both the fundamental (n = 0,1 = 2) tor-
sional shear mode and the first radial (n = 1) overtone. The 5‘/ = 'j: rP

curves end at the maximum mass. The arrows on the right in-
dicate QPO frequencies measured during the 2004 hyperflare

from SGR. 1806-20 [2, 4, 5]. Steiner & Watts (2009)




Equilibrium nuclear size in the inner crust of a neutron star

Ref. Oyamatsu & lida, PRC 75 (2007) 015801.
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Constraint on L from estimates of crustal torsional oscillation frequencies

Ref. Sotani, Nakazato, lida, & Oyamatsu, arXiv:1202.6242.
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Quiescent LMXB systems
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Figure 2. Chandra/ACIS spectra of IGR J17480-2446 at three
different epochs. The 2011 data was obtained within a few months
after the end of the 2010 October—-December outburst and the
2009 data ~ 1 year prior to the accretion activity. The solid lines
indicate best-fits to the neutron star atmosphere model NSATMOS.

Degenaar et al., arXiv:1107.5317.

Deep crustal heating during accretion
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Fig. 1. Evolution of nuclear species with the increase of the density. The mark
@ indicates the point of the first pycnonuclear reaction, © the second, A
the third and [ the fourth. The initial species is *Fe. (Model D

K. Sato (1979)
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Conclusion

QPOs in giant flares Pasta region in
from SGRs neutron star crusts

severely constrained

Nuclear size
In neutron
star crusts

L> ~50 MeV

Confirmation by Hartree-Fock calculations is desired.



