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background & motivation




QCD phase diagram
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zero density region

--> well known by Lattice QCD simulations.

high density region
--> we can know by astrophysical phenomena.
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Quark-hadron phase transition
and magnetic field

Yasutake, Kiuchi, Kotake 2010 MNRAS etc.
density magnetic field

hadron matter
(BHF theory)
+

Quark matter

hadron matter
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Non-spherical temperature distribution

observation

Geppert et al.2004

the thermal conductivity

O Our work (burst)
¥ Our work (steady emussion).
A Previcus work (burst).
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Fig. 3. Relationship between the 2BB temperatures k77,
and kTyr. The triangles and squares denote the previous
work on the bursts (Feroci et al. 2004; Olive et al. 2004; Gotz

e . et al. 2006a; Nakagawa et al. 2007) ar 1e quiescent emission
Fig. 5 Temperature distribution in a strongly magnetized neutron star l,t ,1 _.ZUUU . ) lk"‘L‘ - . (‘t . 200 ' ‘l u'l the . - '_] L em = -
crust (whose thickness has been stretched bv a factor five for easier ._.\.l)r): et {11. 2003; Gotthell et al. ZU'\)I ()()llh(.‘lt &’. II:"..D[‘]']\.
reading). The choosen field scale parameters are B®™ = 7.5 x 10"3 G, 2005; Tiengo et al. 2005; Mereghetti et al. 2006a), respec-
Byt =12.5> 10'1’ G, BfF =3> 101 G, and the toroidal component’s tively. The circles and stars denote our work on the bursts
generating functions T 1s the model “T1” of Fig. 4). The color code
maps the relative temperature, 1.e., T(7,6) /Ty, With a core tempera-
ture Toore = 6 % 107 K. White lines show field lines of BP!_ the field the best-fit power law model.
lines of B'"" being perpendicular to the plane of the figure. The heat
blanketing effect of the toroidal component 1s clearly visible. (From

Geppert et al. 2006.) Yujin E. Nakagawa, Atsumasa Yoshida,
Kazutaka Yamaoka, Noriaki Shibazaki (2009)

and the quiescent emission, respectively. The line represents
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Non-spherical temperature distribution

Theory observation

Geppert et al.2004

the thermal conductivity
K. Kxn O

K = — f\' K'. O

0 0Kk

Effects of magnetic field appear s
through the thermal evolution.
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Fig. 3. Relationship between the 2BB temperatures k77,
and kTyr. The triangles and squares denote the previous
work on the bursts (Feroci et al. 2004; Olive et al. 2004; Gotz
et al. 2006a; Nakagawa et al. 2007) and the quiescent emission
(Morii et al. 2003; Gotthelf et al. 2004; Gotthelf & Halpern
2005; Tiengo et al. 2005; Mereghetti et al. 2006a), respec-
tively. The circles and stars denote our work on the bursts

Fig. 5 Temperature distribution in a strongly magnetized neutron star
crust (whose thickness has been stretched by a factor five for easier
reading). The choosen field scale parameters are B> = 7.5 108 G,
BFWst = 2.5 %108 G, BY" = 3 x 10"° G, and the toroidal component’s
generating functions T 1s the model “T1” of Fig. 4). The color code
maps the relative temperature, 1.e., T(7,6) /Ty, With a core tempera-
ture Toore = 6 % 107 K. White lines show field lines of BP!_ the field
lines of B'"" being perpendicular to the plane of the figure. The heat
blanketing effect of the toroidal component 1s clearly visible. (From

Geppert et al. 2006.) Yujin E. Nakagawa, Atsumasa Yoshida,
Kazutaka Yamaoka, Noriaki Shibazaki (2009)

and the quiescent emission, respectively. The line represents
the best-fit power law model.
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How to calculate
thermal evolutions ?




How to calculate the thermal evolution
of compact stars ?

Quark. hyperon, normal matter,
EOS pion-condesation, kaon-condensation, etc.
(P)NJL. (D)BHF, RMF, variational principle etc.
Landau effects magnetization etc.

structure w/wo rotation, w/wo magnetic field, axi symetric  etc.
COO"ng URCA, MURCA, HURCA., quark beta decay. superconductivity
etc.
: Ohmic decay, Hall effect, ambipoler difution etc.
he(]tlng vortex etc.
eVOlu'tiOn thermal conduction in strong magnetic field
etc.

| |
Comparison with observations



Equation of state

Yasutake Maruyama, Tatsumi, 2009, 2011 in prep.

Hadron matter

Brueckner-Hartree-Fock theory including hyperons (Schulze et al. 1995)
NN interaction - Argonne V18 + UIX phenomenological three body forces
NY interaction = Nijmegen soft-core 89

— We can update these interactions by LQCD and J-PARC.

Quark matter I

Thermodynamic bag model ( “density dependent bag model” )
— We can change them to other models. cf.) NJL, pNJL, DSE

® We impose the Wigner-Seitz cell
approximations for mixed phase

We must solve following conditions self-consistently;
- charge neutrality

Non-uniform -
structures ’

- chemical equilibrium
- conservation of number
- balance between “surface tention” and “Coulomb interaction” .
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Breok though in studies dbout
“Baryon-Baryon interactions”

Full QCD (m =701 MeV, a=0.09 fm, L=2.9 fr. ... IR
using PACS-CS configuration /\ N

I.S.‘.I . ' \l I)

ww

EPUEDUEA SOUS DD W ) WSS CE R RN,

m.=701 MeV ~ . , 20 0.0 1.0

{ lo= 1 3
'\"t‘l‘mf=6 09

Ishii, Aoki & Hatsuda (2009) Nemura, Ishii, Aoki & Hatsuda (2009)
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Non uniform phase transition

droplet rod
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oalock core? ' transition in Jupiter (Enime group)
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HON

+

Tomimura & ErigUChi 2005 - 1412108 6 4 2 0 2 4 6 8 101214 " 1412108 6 4 2 )(()k:-: 46 8101214
(1) axi symmetric X [kem) (k)
(2) GQUOJ[OI’iCﬂ Symmetric ox10”  3x10°°  &x10” 0 0.2 04 ox10° 310"  &x10' 0
(3 no convection Structures with rotation a

+ magnetic field

GR correction

on the gravitational
potential

ref) Mareck et al. 2006
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cooling rate(L) & heating rate(H)

hyperon matter normal matter

1412108 6 4 2
X [km]

0.0x10°  1.0x10"° 2.0x107° 0.0x10"° 1.0x10% 2.0x10”

%% [VT + (wpT)’ (b VT)- b+ wpt (b X V'i’)l
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results & summary




Crust temperature
INn strong magnetic field

1e+09 4.0075e+08
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hermal conduction Is suppressed in equatorial region
by toroidal magnetic field ("blanket effect”).
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Summary

« We get EOSs using NN, NY interactions directly, and can update them by

LQCD and JPARC.
 Using realistic EOSs, we calculated thermal evolutions of compact stars.

« As the result, non-spherical temperature distribution appears as shown in

observations.
« We must compare our results with the observations.

“Future work”
cf) Color super conductivity, Landau effect etc.
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Yasutake et al. PRD200%b

T=0MeV hadron —— T = 30 MeV
NS matter BS matter

M"*J’”H'Fﬂ
BS matter

3

high T — discontinuity of density appears — It will appear in NS-NS mergers.
— The discontinuity is suppressed in NSs.
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Yasutake et al. PRD200%b

T=0MeV hadron ——— T = 30 MeV
NS matter ¢ BS matter

- Maxwell —= Maxwell

] ]
25 3 35
.I
Ng/ny

T =30 MeV

M"*J’”H'Fﬂ
BS matter

|
3 35

high T — discontinuity of density appears — It will appear in NS-NS mergers.
— The discontinuity is suppressed in NSs.
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EOS®@

Yasutake et al. 2011 PRD in prep
Y|I=0.4, T=30MeV

qj\q(‘i O SN matter /
SN matter |

~.~~ hadron
Maxwell " v droplet

rod
slab
bubble
Gibbs
quark
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#EE (fm3)

high Y| - EOSs become close to the ones under the local charge neutrarity.

— The phase transitions are not sharp in PNSs.
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EOS®@

Yasutake et al. 2011 PRD in prep
Y|I=0.4, T=30MeV

v ' EoS2-cold|
NG, YL _ 052-CO

| Eo0S2-PNS|
SN matter 250 - local charge neutrality .~
Pagliara et al. 2009 .~

”’

Maxwell

P[MeV/fm']
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high Y| - EOSs become close to the ones under the local charge neutrarity.

— The phase transitions are not sharp in PNSs.
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X-ray transit objects
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Thermal evolutions (1D)

S. Tsuruta, J. Sadino, A. Kobelski, M. A. Teter, A. C. Liebmann, T. Takatsukaq,
K. Nomoto, and H. Umeda (2009)

* Magnetars have been
observed in 2nd eraq.

w

ZEIE (log erg/sec)

not thermal eq.
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previous works
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Our 1D simulations
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Our 1D simulations
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Our 1D simulations
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Our 1D simulations
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Our 1D simulations
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Our 1D simulations
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Uncertainty of phase transition

Schaffner group (Heiderberg Univ.) 2009

TABLE III. As Table II, but now for the hadron-quark phase transition. u, = w, i1s valid if strangeness 1s in equilibrium.

Case Conserved densities/fractions Equilibrium conditions Construction of
mixed phase
Globally Locally

ng, (Y,), (Y1), nc - Direct

Y, Yi, nc (1= Yo)pn + Yplpp + ul) + (Y = Yo)ut! Maxwell
(2= Y pa+ (L+ Y, + Youd + (Y = Y )us

Y., ne pon + Yt =2, + p, + Y pl Maxwell

Y.,';e ne (1 Y.,-;),U'r.- ' Y,':'(/J'p ' ,Uf'!) = (2 Y,'I':)#d' + (14 Y,r':'/-isc ‘ Y,ﬁ/"'? Maxwell

ne My =24 + W, Maxwell

Y, ne (1 =Y, pn + Y, (, + pff) | Maxwell/Gibbs
(2= Yp)pa + (L + Yp)py + Youl, ulf = pf

ne B = 24ty + proy, p = u¥ Gibbs

Y1, e o+ Yol = 2pg t gt Yo, Gibbs
1 , /

Pp = fn = My t e = py — pg — @
Mop — 2:“'.:.’ * oy [.L".; .: /.l{{ o ' d ‘ Gibbs

B = 2fhg + o = pf, oy pl = 2p, + pa t pé Gibbs
‘ y H ) ) - -
IU.',_ o 2/“‘1.!' ' l‘l'u' /‘Ls o /-LE-' #.,'; o u | - » (Jlbbs
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Uncertainties of phase transition

Shen EOS + NJL model
Yasutake & Kashiwa, PRD, (2009)
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Brueckner-Hartree-Fock model

Using baryon-baryon interaction,
we calculate the energy self-consistently.

.
Z [I,(k) + 51,.',-(“}

 — Y (D)
i=n,p,A\,2 k<kj

U (k) = Relkk'|Gjip[Eqp k. KKK

k' <k
Wl=vV.. + )———————— —
(l‘”-,[u] ‘ ab (Z g{ ‘ u(‘ll‘)[‘) ) H' _ b‘(‘ + I'E G motrlx
X (pp/|G,[W]
Uik = Y Uk

j=n,p, A\, X
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Stability of pasta phase

Yasutake Maruyama, Tatsumi, 2009, 2011 in prep.

neutrino effects

Fs T effects

=~ T[MeV]=0 ——
10
20
30
40
50

AF/A [MeV)

s
Q
=
<
(VI
<l -

0=2.500,
density dependent bag model

surface tension
=40 MeV/fm3
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Energy components

Yasutake Maruyama, Tatsumi, 2009, 2011 in prep.
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thinlines < « «zero temperature thinlines « « « Yv=0.01
thick lines « « « T=50 MeV thick lines« « « Yv=0.15

Main componentis “ Ecorr” Main components are “Ecorr , EC”
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Particle distribution and Coulomb potential

Yasutake Maruyama, Tatsumi, 2009b, 2011 in prep.

Existence of neutrinos changes the chemical equilibrium
and then the Coulomb potential.
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Yasutake et al. PRD200%b

T =30 MeV

with Quarks

T =30 MeV

Hyperon number densities are suppressed.
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