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Neutron star structure

/cm
. atmosphere (ionized light elements: C, O, ..)
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g/cm’

Neutron star structure

atmosphere (ionized light elements: C, O, ..)

10* +— e - degeneracy, Coulomb crystal of %0 Fo nuclei

7
10" 4+— pe > m, — m, = 1.3 MeV neutronization of nuclei

1011'— neutron drip — proton clusters in quasi-free neutron liquid

1013 49— cluster deformation — pasta phases
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g/ cm? Neutron star structure
. atmosphere (ionized light elements: C, O, ..)
10
10% <— e — degeneracy, Coulomb crystal of °% Fe nuclei
7
10" 4— te > mp — mp = 1.3 MeV  neutronization of nuclei
1011—— neutron drip — proton clusters in quasi-free neutron liquid
1013—— cluster deformation — pasta phases
1014
-— = 0.5n9 bottom egde of the crust
liquid core — npl-matter liquid core: * > 95% of total M
unknown at higher density: * > 95% of total J
* hyperons
* meson condensates « M__ - mainly depends on
e quark matter
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Neutron Star masses
[from binary systems/

typical: 1.5 Mg
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pressure (dyn/cm?)

NS masses and EoS
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Lindblom '92

Mass (Mo)
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Radius (km)

non-rotating configuration
Tolman-Oppenheimer-Volkoff equations

‘;—’:= 4nr?p ,
dp m + 4nrp
i —(p + p) o 2m)
P(p) «— M(R)

stiffer EoS: M #, R

no simultaneous measurement of M and R



Maximum mass constraint

Mass (Msun)

TOV property : M.«
M pax > 2Ms  too soft EoSs ruled out:
* meson condensates

* hyperons
« quark matter (?)
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S(n) relationand M - R

S(n) — Bezier curve parametrization
Alvarez-Castillo & SK '12
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Symmetry Energy role

A
u:erm| level SN explosion, core collapse
\ k / degenerated n, p, e, U
777 at beta equilibrium
> p+e — n—+1ue
% . n — e+p+rg
2
fFD(E S(n)(1—2x)° = pe = ke

Enuc(n, x) = V(n) + S(n)(1 — 2x)2 +

/ \ abundance of ALL species:

stiffness of the P(p) — Mpax leptons, hyperons, condensates..
cooling

crust-core transition
radius



Cooling of Neutron Stars

neutrino emission from the whole volume of NS

direct Urca cycle

p+e — n+v,
n — e+p+re
k, ~ kT ~ 0.01 MeV
Kn.p.e ~ 100 MeV




Cooling of Neutron Stars

neutrino emission from the of NS
direct Urca cycle modified Urca cycle
pte — n+ve p+e+N — n+ N+,
no— etptre n+N — e+p+ N+

k, ~ kT ~ 0.01 MeV
kn.p.e ~ 100 MeV

“enhanced” cooling “standard” cooling
_ 6 8
Qfast — QD Tg Qslow == QM Tg
Kp
Process Q. [ergem ™ s7!]
Y triangle —
k. condition Modified Urca nN — pNev pNe — nNv  107°-3 x 10?!
] Bremsstrahlung ~ NN — NNvb 1019-10%°
large lepton abundance required!
XdUrea = 011 —0.14 Nucleon matter 2—> [_‘fl_' pi—> m,:, 10%-3 x 1077
S(no) — 30 MeV — x — 0.04 Pion condensate T—:r E]Cﬁ nIth —'r—r[jll-* 102°-10%
Kaon condensate B — Beiv Be — Bv 102-10%

exotica (hyperons, kaons.. ) may help  Quark matter d— uev ue — dv 1023102




S(n) — cooling regulator
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S(n) — cooling regulator ? new era: XMM Newton and Chandra

Yakovlev '04
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S(n) — cooling regulator ? new era: XMM Newton and Chandra

Yakovlev '04
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Cas A neutron star — the onset of superfluidity

Chandra archival data:
sudden drop in T over 10 years
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EoS details
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Frequency v (HZ)

Change in spin rate
(107" hertz per second)

Pulsar Glitching

sudden, unexpected increase in Q
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Pulsar Glitching contd
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but! — improved analysis by Newton et al '15

* neutron entrainment £0S d dent
 reduction of pinning region 0> dependen
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r-mode instability and lower limit on spin period of MSP

the fastest pulsar 716 Hz
Keplerian frequency
(shedding mass limit) ~ 2000 Hz

GW emission above 2,
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r-mode instability and lower limit on spin period of MSP

the fastest pulsar 716 Hz

Keplerian frequency
(shedding mass limit) ~ 2000 Hz

GW emission above 2,

Wen et al. '12
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Conclusions

e constraining S(n) by NS observations -
possible and promising

* highly model dependent

... Isn't our job to make models ?
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