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Abstract 1. Neutron Star Cooling
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model and a model equation of state in neutron star cores. It is based on %) Rc? Rc? _ S -

nearly universal approximations of the neutrino luminosity L, and the _~ \ \ * After first 100 yr the interior is relaxed (T = const).
heat capacity C of the star (e.g. Ofengeim et al. 2016, 2017a) by analytic ’ [® = 476 R2T* (1 - 2GM ) « Relation between internal (T,) and surface (Ty)
functions of stellar mass M, radius R and redshifted internal temperature Y S Rc? temperatures is given by heat blanket (HB) theory
T, for some selected basic cooling scenarios. This allows us to analyse (Potekhin et al. 2003, Yakovlev et al. 2011, Beznogov &
neutron stars at the neutrino cooling stage (t < 10° yr). In particular, we LY = f Q,(p, T)gpodV C = J c(p, T)dV Yakovlev 2016).

have considered the neutron star XMMU_ J173203._3—34418 ((_)fengelm N + Cooling agents: neutrinos v and photons .

et al. 2015) and the \ela pulsar (Zyuzin et al., in preparation). For dT o _

neutron stars of ages 10° — 10° yr that transit from the neutrino to the C— = —®° — [ * Photon luminosity Ly’ is determined by T.

photon cooling stage, we have found a simple temperature — age relation dt v 4 « Neutrino luminosity L3, and heat capacity C are given by
valid for both, the neutrino and photon cooling stages. Using these emissivity @, and specific heat ¢ integrated over the
results, we analyse the cooling neutron star RX J1856.5-3754 Aim: to build a method for analysing cooling core volume (Yakovlev et al. 2001).

_(Ofengeim et al. 2017!:{): This model-indep_endent analysis allows one to of NSs with npeu cores_ f_ipp|iCab|e to many 0, and ¢ depend on equation of state (EOS) models and
Investigate the composition of heat-blanketing envelopes of neutron stars EOS and baryon superfluidity models. baryon superfluidity in the core.

as well as nucleon superfluidity in neutron stars cores.

2. EOS model independent approximations for L, and C
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C; =%;(M,R)T, j=n+ptet+u (normal baryons), n+e+u (superfluid - T g Elim] S to L5 v 2‘1[\)/1 25 30 30
protons), e+u (all baryons are superfluid) o | ?] _
_ _ Mass-radius relations for EOS models taken ~ Approximations vs. numerically calculated L7; and C;. Symbols for exact calculations,
* A; and 2; are analytic functions of M and R. | to calibrate the approximations. Circles lines for approximations. Left: neutrino luminosities for nn-bremsstrahlung (nn), MU and
 [For each process i or heat capac_lty case J, A; an_d X; are the same for all considered mark DU thresholds in the center of a star. DU processes. Right: heat capacities for normal baryons (n+p+e+), superfluid protons
EOS models. EOS dependence Is encapsulated in M and R values. (n+e+u), and fully superfluid baryons (e+u).

3. Analysis of v-cooling Neutron Stars (¢ < 10° yr)

XMMU J173203.3—344518 dT _ 1> _ _ 1 )
LY » LY > — =~ —qTm1, 2V _ gqM,RT"1>T= ((n — z)qt) n—2 B0833-45 (Vela pulsar)

ot =~ 27 kyr, d~ 3.2 kpC | o 1:EaCh M,Rt: Ione Olbta_tins tl”l;soo dt C (e.g. Yakovlev et al 2011)  * t ~11 kyr’ d ~ 290 pC (Dodson e Minimal C00|ing (Page et al.
* Isolated middle-aged NS with weak O:ml fpeCTri ana ﬁg der: —— 52 p et al. 2003). 2004): enhancement of L%
magnetic field. calculates 1-1rom a Hb mode ' ' . by v emission from triplet
| with fixed p, then finds f,., 0. - 1« Pavlov etal. (2001): Y > P
* Klochkov et al. (2015): carbon p - ~ hvd tic at n Cooper pairing of neutrons.
B 028 . h 1010 _ _ ydrogen magnetic atmosphere |
atmosphere, M = 1.557J28 M, °carbon burns at p XMMU J1732 ~ + power law « Yakovlev et al. (2011):
A o - 1
R = 12.4%%3 km. glcm®, proton - superfluidity i ) 2 : —~ M =1.4Mg, R = 10 km q = feqsana, fr ~ const
* too hot for standard cooling (MU + vanishes at high densities = & & - — T® =(6.8+0.3) x 10°K accounts Cooper pairing v
iron HB) = accreted carbon HB + one should havg max pc < “ o0 | _ o _ emission independently of a
superconducting protons (main v 10'% g/cm® and min fp, > 0, = = 2 ] « Zyuzinetal. (in preparatlon): pairing model.
reaction is nn brems), i.e restrictionson M, R plane. | ' — hydrogen magnetic atmosphere | oo magnetic  HB
), e a ) N _
q = f{’pCIstand + Qun: ftop ~ const ° Eg, realistic values max p. = ] MpOV\I./?er Ia\-lfvd | | model by Potekhin et al.
« Carbon extends to p < pc; HB p . (2003)

1/60 significantly constrain M > 3 4 5 — T° = 6.7555 x 10° K
modelform Yakovle etl. (201) Too cold for standard MU cooling.

dR * mass of accreted matter;: AM
and R.
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- 0.020 = 18+ f; S 100 (e.g. Page et al.
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M — R confidence levels (black lines) inferred from spectral analysis (Klochkov et al. 2015) vs. constraints M — R confidence levels (black lines) from spectral analysis (Zyuzin et al., in preparation) and f,
from cooling theory. It 1s assumed that minf,, =1/60 (gray line). Thin white lines mark colormap for different AM /M. A gray shaded region is the EOS constraint from Nittil4 et al.
fep = 0.005,0.010, ..., 0.035. Right panel shows that p. < 10” g/cm? is not allowed. (2016), a gray line mark max possible f, ~ 100, white lines are for log f, = 1.0,1.2, ... 2.4.
Conclusions
o The method for neutron star cooling analysis that is independent of EOS and
L° < L™ L, ~ - . .
v ~ My — =qM,R)T" ! _ baryon superfluidity models is presented. It allows one to obtain valuable
i i i ¢ dT —n— =y — = 1 n-2 2-a Information about physics of inner regions of cooling neutron stars.
simple fit for Potekhin L — _an 1 _ ¢Ta-1 5 T ~ (s/q)n—a (a . Z)Sn—aqn—at +1
etal. (1997); > 1V ~ Te-1 dt N
’ ~ s(M,R)T
valid for iron HB only C
6.4 . .
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