Cooling of neutron stars

Neutrino generation in core
Heat transport in “blanket”
Radiation from surface

(+ heating processes)




URCA process: N pre+V

ETrp— N

Neutrinos leave star carrying energy and entropy away

For proton fraction < 11-14% can’'t satisfy energy and
momentum conservation, since p; (n) >> p: (p) = ps (€)

Modified URCA process
Process works If excess momentum is transfered to a

bystander nucleon FFTEESE
e r0a N — WAl N

Cooling time t,qurca > (1 yr)/

(where Tg = T/10°K)




Cooling ratesin degenerate matter

Pauli principle limitsinitial particles and final
states that can participate in process. Reduction of
rate by factor » T/T, for each degenerate initial

and final particle.

One additional factor of T for final neutrino.

N=prerey Rate >» T (T/my)(T/my)2 » T4

E g M A

Rate >> T (T/m)3(T/m)? >» T°




Direct URCA process

For large proton fraction can have direct URCA.
Nuclear symmetry energy not sufficiently certain to rule
It out in INner core

direct URCA
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URCA in exotic phases faster than modified URCA

Pion condensed phase

ﬂ-—'J‘PJ-E'A—Ti
Pr{a) — N

needed momentum

tp, > (L min)/g? Ty

Kaon condensed phase, similar ~ tk » 300t

Quark matter: relativistic kinematics with interactions
allows phase space for direct process

tom > 1,




Crust bremsstrahlung produces neutrino- antineutrino pairs

Rates very sensitive to solid
state band effects in crust

teg » T°

Crust
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Accelerated cooling of neutron stars by exotic interiors
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Accelerated cooling by exotic interior, for 1.4M— star
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Fuz. a7 X-ray luminnsities {(1.5-2 k%) as a funetion of age for newtron stars in SNRs from Table 2. Sources whose emission
iz primarily thermal are indicated with plus symbals, those whose emission is primarily non-thermal are indicated with stars,

and those with only limits are indicated with trisngles. The souress that have X-ray PWNe, which are typically = 10 times the
X-ray luminosity of the neutron stars themselves, are circled. We also plat the limits to blackbody emission from sources in SNRs
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ny, and 12T 1+0L5

in Table 18 (i.e

the

witlest probable range of luminesities), and the likely range of ages is also shown, The cooling curves are the 1p proton superfluid

medels from Yakovlev et al. (2003) (solid lines, with mass as labeled) and the normel {i.e, non-superfluid) Af = 1.356 M model

{dot-dashed line), ssuming blackbody spectrs and K. 10 km. These curves are meant to be illustrative of general cooling

trends, and should pot be interpreted as detailed predictions, The borizontal lines show the luminesity produced by blackbodies

kb |':'.M 10 km and |u}_lJ oy (K as indicated. Faster cooling than the curves 1= e maible, due erther to the presemee of exotic
particles in the NS core or o the full onset. of direct Ures cooling for a beavier NS (eg, Yakoviev et al, 2002h)

X-ray luminosity
of neutron stars
IN supernova
remnants

D.L. Kaplan et al.,
ApJS 153, 269 (2004)
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Cooling after 25,000 years. cf. Vela
Haensel & Yakovlev, A& A 407, 2003

t=2.5x10¢ yrs

Ap/p,=
0.01




Effects of superfluidity in interior

Specific heat of matter enhanced
just below T . and exponentially
suppressed at T<<T

.':'.I:Il ]
| vanadium _
_ g

=> slower cooling just below T_, and much faster at T<<T

Neutrino processes suppressed by energy gap in nucleon
quasiparticle spectrum: E= ((p%2m - n)2 + DA)12+m




With and without proton

superconductivity With and without neutron

superfluidity

‘Modified URCA
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F1G. 3.—Effect of proton superfividity on direct Urca cooling. Cooling
curves for a 1.4 Mg direct Urca star using various assumptions about the
proton '8, gap are shown. The dash-dot curve uses the proton gap found by
Chao et al. (1972). The dashed curve and the two solid curves have heen Log t (years)
computed using density-independent critical temperature for proton '8, 9 s
superfluidity as labeled. The dotted curves show the cooling of a 1.3 M, star Fig. 2—Eflect of neutron superfluidity on the direct Urca cooling. Cooling
without direct Urca, with and without proton pairing for comparison. curves for a 1.4 M5 direct Urca star using various calculations of the neutron

3P, gop are shown in the solid curves. The labels are defined in the text. The
dashed curve has no neutron *P, superfluidity. The dotted curves show the
cooling of a 1.3 M star without direct Urca, with and without neutron P,
pairing for comparison. The sources of the plotted data are given in the text.

M=14 M- Page and Applegate, Ap. J. Lett. 394 (1992)
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Effects of magnetic fields

Photon emissivity >» (w/w,)?for polarization ? B.
w, = eB/mc = e cyclotron frequency
Rai ses surface temperature.

Effects of magnetosphere surrounding star.

Beam of
4 radrl'lrﬂr'l

Fi::rtanﬂn '_ | Jz*’ by
axis | A

/ Hﬂ‘ | A ' _j_f Deducing surface temperatures and
L\ radii of neutron stars from detected
& X-ray luminosity non-trivial.

" Magnetic
, - field
Beam of R lines
radiation




