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The maximum possible central densities of neutron stars

3_] LI | I LI I LI I LI I LI I LI I LI I LI I LI I LI
I Maximum possible mass
2.5 -
c |
a [
s h
= 7
= [ Possible density range\
1.5 .
1 11 1 l 11 1 l L1 1 l 111 l 11 1 l 11 1 l 11 1 l L1 1 l 11 1 l L1 1
o 2 4 o6 8 10 12 14 16 18 20
ele
0
Oliver Hamil, SDSU (2010) See also Rhoades & Ruffini (1974), Hartle (1978),

Lattimer & Prakash (2010)



Rotation in General Relativity

» Frame dragging (Lense—Thirring effect)
» Rotational deformation (= 2-D problem)
» Define limits on stable rapid rotation



Einstein's Field Equations for Rotating Compact Objects

0 Metric: ds? = — e 2V dt? + eX**B) 2 5in%0 (dp — N® dt)> + 2@ (dr? + 12 d6?)

A Christoffel symbols:
FGuv: gck (avguk + augvk_ 8Xguv) /2

O Riemann tensor:
Rt =0I" —0TI*® +I* I*™ —Ix I~
Hveo V' Mo [OTY UG KV [TAR NG

Q Ricei tensor: R =R °,

Q Scalar curvature: R = Ruv gt

a Kepler frequency: Q, =r'ev*P U+ N°

O Differential rotation/uniform rotation

Stellar properties: M, Rp, Req, Iz, Q ., 0,Pc¢,p



The maximum possible rotational periods

Kepler Period (msec)
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Frequency dependence of a neutron star’s central density

| | LI I L | |

1500

1250 |
1000 -
:% l
S 750
(D]
> l
& 500 ¢

250 -

1 8.9

:7.1

1107

: 54 ¢€l¢g,
13.6

11.8



Frequency dependence of a neutron star’s central density
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Sample composition of NS matter
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Rotation-driven onset of Direct Urca Process in stellar core
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Rapid Cooling of the Neutron Star in Cassiopeia A Triggered
by Neutron Superfluidity in Dense Matter

Dany Page,' Madappa Prakash,” James M. Lattimer,> and Andrew W. Steiner*
Unstituto de Astronomia, Universidad Nacional Autonoma de México, Mexico D.F. 04510, Mexico
2Department of Physics and Astronomy, Ohio University, Athens, Ohio 45701-2979, USA
3D.epartm.ent of Physics and Astronomy, State University of New York at Stony Brook, Stony Brook, New York 11794-3800, USA
4 Joint Institute for Nuclear Astrophysics, National Superconducting Cyclotron Laboratory and, Department of Physics

and Astronomy, Michigan State University, East Lansing, Michigan 48824, USA
(Received 29 November 2010; published 22 February 2011)

We propose that the observed cooling of the neutron star in Cassiopeia A is due to enhanced neutrino
emission from the recent onset of the breaking and formation of neutron Cooper pairs in the 3P, channel.
We find that the critical temperature for this superfluid transition is = 0.5 X 10° K. The observed rapidity
of the cooling implies that protons were already in a superconducting state with a larger critical
temperature. This is the first direct evidence that superfluidity and superconductivity occur at supranuclear
densities within neutron stars. Our prediction that this cooling will continue for several decades at the
present rate can be tested by continuous monitoring of this neutron star.

See also D. Yakovlev et al., MNRAS 411 (2011) 1977
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Cooling of the neutron star in Cassiopeia A

D. Blaschke,'? H. Grigorian,® D. N. Voskresensky,*> and E. Weber®
!nstitute for Theoretical Physics, University of Wroclaw, 50-204 Wroctaw, Poland
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SExtreMe Matter Institute (EMMI) and Research Division, GSI Helmholtzzentrum fiir Schwerionenforschung,
PlanckstraBe 1, 64291 Darmstadt, Germany
®Department of Physics, San Diego State University, San Diego, California 92182, USA
(Received 20 August 2011; published 27 February 2012)

We demonstrate that the high-quality cooling data observed for the young neutron star in the supernova remnant
Cassiopeia A over the past 10 years—as well as all other reliably known temperature data of neutron stars—can be
comfortably explained within the “nuclear medium cooling” scenario. The cooling rates of this scenario account
for medium-modified one-pion exchange in dense matter and polarization effects in the pair-breaking formations
of superfluid neutrons and protons. Crucial for the successful description of the observed data is a substantial
reduction of the thermal conductivity, resulting from a suppression of both the electron and nucleon contributions
to it by medium effects. In a few more decades of continued monitoring of Cassiopeia A, the observed data may
allow one to put additional constraints on the efficiency of different cooling processes in neutron stars.

DOI: 10.1103/PhysRevC.85.022802 PACS number(s): 97.60.Jd, 95.30.Cq, 26.60.—c
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Rotation-driven compositional changes inside of neutron stars
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Model Composition of a M=1.7 M_ Neutron Star
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A word of caution seems appropriate

@1 ®1
A = A + Dyson equation
0
g, g,
o o1

Self-energy

(p), . GG
T 514 1
Direct term Exchange term

Hartree (Walecka) Hartree-Fock



T-matrix approximation
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Composition computed for RBHF approximation
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Modeling the Quark-Hadron Phase Transition
in the Cores of Neutron Stars

L Phenomenological model for confined hadronic matter (RMF, RHF, RBHF)

O Phenomenological model for quark matter (MIT bag, NJL)
Pr(py 1, x) = Py, p%x) s x = Vo/ (Vg + Vi)

1 Impose global electric charge neutrality (Glendenning 1992)

O Impose chemical equilibrium
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Model Neutron Star Matter Composition
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2.1

Mass-Radius Relationship

Non-local SU(3) NJL model
with vector coupling
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Moment of inertia

1
[ = ﬁ/drdﬁdqb Ty' V=g

Braking index (n) of a pulsar:
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Geometrical Structures in Quark-Hadron Phase

.... N. K. Glendenning, PRD 46 (1992) 1274

» Impose global (rather than local) electric charge neutrality

» Relaxes the extreme isospin asymmetry of neutron star matter
Q Allows for re-arrangement of electric charges
Q Positively charged regions of nuclear matter

O Negatively charged regions of quark matter

» Competition between Coulomb and surface energies in the mixed

phase

» Mixed quark-hadron phase may develop geometrical structures



Model Neutron Star Matter Composition
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Quark blobs Hadronic blobs

o

Quark Quark Quark Hadronic Hadronic  Hadronic
blobs rods slabs slabs rods blobs

Hadron Gas (0<y<1)

Impact on heat capacity, thermal conductivity, neutrino emissivity?



Mass number, A, of spherical blobs as a function
of quark volume fraction, ¢
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Electric charge, Z, of spherical blobs as a function
of quark volume fraction, ¢
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Modified URCA: RS
n+n — ntptetv =
1036

Nucleon Bremsstrahlung: /

ntn — ntntvtv - [
1 030

Electron-quark blob
Bremsstrahlung:
e+H(Z,A) — et(Z,A)+v+v

Xuesen Na, R. X. Xu & FW, arXiv:1208.5022v2 (to appear in PRD)



Specific heat, c,, of quark-hadron phase as a function
of quark volume fraction, %
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Thermal Conductivity

Xuesen Na, R. X. Xu & FW, arXiv:1208.5022v1 astro-ph.SR (to appear in PRD)



FACTS TO TAKE HOME

Particle composition in rotating (proto-) neutron stars is
not frozen in:

» Neutron-to-proton ratio
» Hyperon population

» Boson condensates

» Quark matter fraction

all change with frequency.

Hyperons, boson condensates, quark matter may be
removed/produced during spin-up/spin-down
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