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Properties

» Mass: 1-2 Solar Masses
> Densi’[y:p>2p0:2.7ﬂ(34 93 inthe cor
cm
» Rotation period: ms — hours, days
> Magnetic field10® - 13* C
» Radius: ~10 km

o . cm
> Gravitational acceleration10” - 1014?




Tolman-Oppenheimer-Volkov equation
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Equation of State

relationship between P(r) amd >  &F
2 Assumptions:

» No rotation present, because rotation does not affect
the fundamental EOS, it just changes the parameters
we get up to about 20%

» Temperature is OK. Reasonable because degeneration
energy is much higher than the temperature
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Atmosphere and Surface

g
cm’

» Plasma of H, He, C, Fe in the atmosphere

» temperature and magnetic fields important
for radiation

» atmosphere Is not gray

» thin surface with large density gradient

» p<10



outer crust

J 1 9
> 100 —-< p<4.310 p—

cm
» relativistic degenerate electron gas

» heavy, neutron rich nuclel
> PFe- ®Ni - MKr
» B-equilibrium

> Coulomb lattice



Inner crust

> 430106 -2 —<p< (2 2. 4)]16‘
cm’ cnT

» neutrons drop off from the nuclel

» superfluid neutrons



neutron liquid

> (2-2. 4)D164 —<p< 2. g118 2
cm’ cnt

» superfluid neutrons

» superconducting protons



core region

> 28001 <p
cm . .

» behavior of nuclear interactions not known

> muon condensation

» pion condensation

» hyperions

» quark matter



Maximum mass (In general)

Assumptions:

» General relativity is valid
» microscopic stability § 20
» causality <¢
p
» known EOS below some densiby

Result:

M, =3.6 M_

Max



EOS Miax | B ra/ R | 1. e
(M ] [kan] [fm=3] | [10'® g em—?]

BPAL12 1.46 9.00 0.4%30 | 1.76 3.94
BGN1HI1 1.64 9.38 0.519 | 1.60 302
BBBI1 1.79 9.66 0.547 | 1.37 3.09
FPS .80 9.27 0.572 | 1.46 3.40
BGN2H1 1.82 9.53 0.564 1.45 3.48
BBB2 1.92 9.49 0.596 | 1.35 3.20
SLy 2.05 9.99 (.605 1.21 2.806
BGNI 2.18 10.9 0.592 | 1.05 2.26
APR 2.21 10.0 0.651 .15 2.73
BGN2 2.48 5 B 0.626 | 0.86 2.02

P.Haensel, 2003
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PER JM2Y-4715
PHRE J1012+5307
PSR J1045-4508
FER J1713+07
PHR B1802-0QF
PSR J1BQ4-271H
FSR H1855+0%
P3R J2019+2425

PSR B1&1B+49

PER B1518449 companion
PER Bibadd+1:2

FBHE BHl&34+12 companion
FER Hi1P13+16

FER BH1213+18 companion
PSH BE127+11C

BER BE12¥+110 companian

P3E BR303+48
PER BE303445 companion

i PEE Mi5-—-7314
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P.Haensel, 2003



Cooling of Neutron Stars

e Neutrino emission

 dominates at least for the first 50000 years

* Neutron star is transparent for neutrinos, because the
their mean free path is much larger than the radius of
a neutron star

 photon emission

* photons are emitted only from the surface
o radiation should have black-body spectrum



process reaction emissivity (erg/s/cm3)
direct URCA process no pt+e +v
p e ~1027 >(-|-69
p+te - n+vy,
n-condensat +77 - nN+e +v
N+77 - n+e +v, 105 xT®,
nte - n+m +v,
quark URCA process dou+te +0
© ~10° x T,
u+te —d+v,
K-condensate +K™ o n+e +v
n+K n+e +, L1 xT
nte - n+K +v,
modified URCA process nN+n-n+p+e +7
) ~10°xT?,
n+p+e - n+n+y,
coupled electron-neutrino yte e U 4D o
processes . - =107 T
e +te -V +1,
Neutron-Neutron and Neutron N+N o n+nN+v+i -
~10° =T
Proton Bremsstrahlung DN o PNtV 4T 9
election-ion-neutrino i i B A
Bremsstrahlung & +(Z,A) & +(Z,A+V, +7, 0T

Becker 1995
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RX J0822-4300
the Velar pulsar
PSR 0656+14
Geminga

RX J1856-3754
PSR 1055-52

Cas A point source
Crab pulsar

PSR J0205-6449
PSR 1509-58

PSR 1706-44

PSR 1823-13

PSR 2334+61
PSR 1951+32
PSR 0355+54

PSR 1929+10

3C58

Tsuruta et al., 2002



Remember QPO's

» two characteristic peaks

» assume sonic-point
beat-frequency model

2/ Hz)
2 2x107°
I
1

» frequency of the higher-frequenc
QPO is the Keplerian frequency
at a special radius
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Power spectrum of Sco X-1
(Van der Klis, 2000)



Getting maximum bounds for mass and radius of NS from QPOs:
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i,

> let 1220 Hz be the highest obser
value of the higher-frequency

T

1220 H=

W T

> the orbital radius R, of the clum
producing the QPO must be gree
than the stellar radius

> R
radius R, of the innermost stab

"a
iy

has also to be greater than

orb MD(R

urh)

=
I I I I | I I I

circular orbit, in order to produce L
wave trains that lasts tens of 0 D 10 15 20

. . Radiusg {(km)
oscillation periods

Lamp, Miller, Psaltis, 1998



Comparison the allowed mass/radius regions with some EOS

Blllllllllllll]lllllll
_-b =

i UU/\ i
1220 Hz F;W\

il
“"Em'” - 1500 HEA)R
1|
i
=

1600 Hz

0 5 10 15 20
Radius (km)
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regions allowed for rotating NS and comparing with EOS

» consider a fixed frequency

» parameter for importance of
rotational effects:

cJ
GM?

J

» for spin frequencies ~300Hz
jis about 0.1-0.3
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