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ABSTRACT

We explore the thermal state of the neutron star in the Cassid supernova remnant using
the recent result of Ho & Heinke (2009) that the thermal raelieof this star is well-described
by a carbon atmosphere model and the emission comes fromtihrestellar surface. Starting
from neutron star cooling theory, we formulate a robust métto extract neutrino cooling
rates of thermally relaxed stars at the neutrino coolingestaom observations of thermal
surface radiation. We show how to compare these rates wathates of standard candles —
stars with non-superfluid nucleon cores cooling slowly Via modified Urca process. We
find that the internal temperature of standard candles isllede@ned function of the stellar
compactness parametet rg/R, irrespective of the equation of state of neutron star méite
andrgy are circumferential and gravitational radii, respeciiyeiVe demonstrate that the data
on the Cassiopeia A neutron star can be explained in terrhsad parameters;, the neutrino
cooling dficiency with respect to the standard candle; the compaciqessl the amount of
light elements in the heat blanketing envelope. For an argli(iron) heat blanketing envelope
or a low-mass< 10713 M,) carbon envelope, we find théfieiency f, ~ 1 (standard cooling)
for x 5 0.5 andf, ~ 0.02 (slower cooling) for a maximum compactness: 0.7. A heat
blanket containing the maximum mass 108 M) of light elements increasefs by a factor
of 50. We also examine the (unlikely) possibility that tharss still thermally non-relaxed.

Key words: dense matter — equation of state — neutrinos — stars: nestsupernovae:
individual (Cassiopeia A) — X-rays: stars

1 INTRODUCTION 2002, for review and discussion); nevertheless, a supareay
plosion in 1681+ 19 years has been estimated by examining

?glljtlr(onbsiars Zre Ikl) orn V\lnt: veryglljgh |n.t emt?]l tfr:n pera}tQT(e;g i the expansion of the remna006). Hereafter w
) but gradually cool down. Observing the thermal radiation shall assume that Cas A has a current age of 832D yr. Al-

Ir??s igotlr']r;%rlzglcagle?ngggrsrogllztagsoigdtg(;mpli r:g%;g%m though the supernova remnant is extremely well-studiesl cén-
u : W xp tral compact source was only identified in first-ligBhandra

tain) physical properties of superdense matter in neuti@mceres ) : m@ .
(see, e.gl, Pethick 1992; Tsuruta 1998; Yakovlev & Pethed? i)(yraEy observalt 1ons oY 99) and 5 ubéequentlyedtud
— er 20 © Cassionei ()JAOQ,Cfor riwewt) di (2009). Recently, it was showh (Ho & Heinke 2D09) that the €com

€ supernova remnant _Cassiopeia A (Cas A), at a dis- pact source in the remnant is a neutron star, which we widrref

tance ofd = 3'{83 kpc_ {MII_:L_QQS), is one of the to as CANS (for Cas A Neutron Star or CArbon Neutron Star),
ypungest-known in the Milky Way. The supernova that_gave i 2 carbon atmosphere and low magnetic fisddg 10'* G).
l%bt;) ::gure?t?]?gtmn;ayhgi\éebgiﬁn;ﬁ?:.?éi?,ﬁﬂ;%wgrth From the spectral fitting of th€handra observations, the neu-
Thors"[enser? Fosen &il/an don Boiah 2001- Ste hensonﬁﬁE’Gree tron star (gravitational) magdd, (circumferential) radiu®, and ef-
Yective (non-redshifted) surface temperatliewere found to be
M ~ 15-24M,, R ~ 8 — 18 km (at 90% confidence), and
Ts ~ 2 x 10P K, respectively [(Ho & Heinkeé 2009). Prior to this
* E-mail: yak@astro.iffe.ru last work, the possibility to study the CANS thermal evaduativas
T E-mail: wynnho@slac.stanford.edu
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hindered by the assumption that the measured temperafleetee

a local hot spot, hence it could only be used to set an uppér lim
on the surface temperatuOOO). Howevéin, thée
recent results showing that the X-ray emission arises fizeren-

tire neutron star surfacd can be treated as the average surface
temperature. Because the next youngest neutron stars,hichw
surface thermal emission has been detected, have agesliexcee
a thousand years, the CANS serves as a valuable window iato th
early life of a cooling neutron star.

In this paper we use the theory of neutron star cooling and ana
lyze the thermal state of the CANS. Because cooling theamssg
wealth of cooling scenarios involving many uncertain préips of
superdense matter in neutron star interiors (such as cotigpos
equation of state — EQS, superfluid properties of baryors), et

ferred neutron star mass and radius, wilkkel0%). CIAO 4.1 and
XSPEC 12.4.0 are used for the data reduction and analysis.

We note that using seveZhandra ACIS observations from the
past ten yearlO) showed that the temperafur
the CANS has been declining. However, the relative changelys
~ 4% during the period of observation. Since we are considerin
the CANS in the context of its long-term temperature evoluiin
the present work, we treat the observed temperature as tanbns
at the current epoch.

To fit the spectrum of the CANS, we used neutron star at-
mosphere models with various compositi009
These models are constructed assuming a plane-parall@- atm
sphere (since the atmosphere thicknes$0 cm is much smaller
than the stellar radius). The atmosphere is in hydrostatitra-

we do not test these scenarios one by one. Instead, we proposeliative equilibrium at constant surface gravitational ederation

a robust method to analyze observations of neutron stargef a
~ 10°-1C yr, i.e., those which have thermally relaxed interiors and
cool via neutrino emission from their cores. We describeptioge-
dure to extract the neutrino cooling rate of neutron stdrs (atio

of their neutrino luminosity to the heat capacity) from ava¢ions
and to compare the measurements with the theoretical cpaltes

of neutron stars with non-superfluid nucleon cores whicH e@o
the modified Urca process of neutrino emission. These ttieake
cooling rates can be treated as standard neutrino candiésha
comparison between observations and theory can give \alurab
formation on the physical properties of neutron star iotsti We
apply this method to interpret observations of the CANS]weva
ate the CANS cooling rate and outline various physical nodél
CANS internal structure that are compatible with the obsgons.
We also explore the possibility that the CANS is still in arthally
non-relaxed state.

2 DATA ANALYSIS

g = GM/(R? V1 - x), where

rg 2GM M 10 km
is the stellar compactness parameter, i.e., the ratio of its
Schwarzschild radiusfy = 2GM/c?, to R. The dficient sep-
aration of light and heavy elements results in atmospheres
composed of a single element_(Alcock & Illariohoy 1980;
Brown, Bildsten & Chad¢ 20dD2); the opacities are obtain@anfr
tables computed by the Opacity ProfecEurther details of the
atmosphere model construction are given 001);
). Only a non-magnetic carbon atmospheve pr
vides both a good fit to the spectrum of the CANS and an emis-
sion size consistent with theoretical predictions for nautstar

radii (Ho & Heinke|2009). In additior, Chang & Bildsten (2()04
and Chang, Bildsten & Arras (2010) find that the high tempeest

present in youngg 10° y) neutron stars remove all surface hy-
drogen and helium on timescales shorter than the age of the ne
tron star. The (minimum) column depth and total mass of aarbo
required to form an optically thick photosphere~is50 g cnt?

@)

We summarize here the observations and spectral fitting of and~ 10%° g, respectively, and the density at one optical depth

the CANS used in our study; further details can be found in
IHo & Heinke (2000) and_Heinke & Ho (2010). Sixteen sets of
Chandra X-ray Observatory archival data are considered (see
for a listing), all using the ACIS-S charge-
coupled device which provides spatial and spectral infoiona
). A series of observations, totalling 1 megagsd
(the majority of all extant data), was taken in 2004 to studygu-
pernova remna 04). Several medium-lgrdit

ks) observations have been taken at various times betwént80
2009. A 70-kilosecond observation in 2006 was designeduidyst
the compact sourcé (Pavlov & Luha 2009), using a subarray con
figuration to reduce instrument piIeOOl). As désed

in [Heinke & Ho (201D), most of the 2004 dataset is subtly con-
taminated by the presence of bad pixefeeting the flux from
CANS. Although Chandra response functions include tfeceof

the bad pixels, the calibration becomes rathéfedént, inducing
small (< 2%) variations in the computed temperature, depending
on telescope orientation (as the position of the CANS witipeet

to the bad pixels varies). We choose to include all data amd pe
mit variations in the fitted temperatures, while forcingatter pa-
rameters to be the same betweeffiedent observations (except the
pileup grade-migration parameter permitted to vary with dfer-

ent frame times). We justify including all data by the muaiosger
constraints we obtain on neutron star mass and radius whém we
clude all the data, and by the fact that the temperature ti@m&ga
between observations are small (thus affgas on, e.g., the in-

is ~ 0.02 - 4 g cnt3. Thus we only consider hereafter the carbon
atmosphere model.

Fits of the CANS spectrum by a neutron star atmosphere
model depend on several parameters (in addition to coorecti
from pile-up and dust scattering). They are neutron staiusad
and masdM, effective surface temperatufg, and dfective column
density of interstellar hydrogeNy. In our spectral fits we have
fixed the distance tal = 3.4 kpc (Reed et al. 1995). The small-
est uncertainty is ifNy (to within ~ 15% aroundNy = 1.8 x
10?2 cm2). The measured flux implies a bolometric (1-€M0 keV)
luminosity of 7532 x 10* erg s* at 90% confidence, assuming a
distance between 3-3.7 kpc.

Spectral fits give us allowed regions T, M andR param-
eter space at fierent confidence levels. These results are shown
in Figs.[d and’R. The best-fit values are Tag[K] 6.326,

M = 1.65M, andR = 103 km (shown by filled squares). Fig.
[@ presents 68% (dotted lines), 90% (short-dashed linespaga
(long-dashed lines) contours on the mass-radius diagramefo-
tron stars. The shaded upper-left corner is forbidden by #usal-

ity principle. TheM — R diagram and causality constraints are dis-
cussed, e.g., in Haensel, Potekhin & Yakovlev (2007). Whe R
uncertainties are seen to be wide.

To compare with theory, the solid lines in Fig. 1 give theoret

1 httpy/cdsweb.u-strasbg/fopbasgop.html
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Figure 1. (Color on line) CANS mass versus radius as inferred from-spec
tral fits at 68% (dotted line), 90% (short-dashed line) arb$®ng-dashed
line) confidence. The filled square gives the best-fit valliee. shaded re-
gion in the upper left corner is forbidden by the causalitin@ple (e.g.,
7). The lower shaded region approximatedys the al-
lowed values oM andR for realistic neutron star models. The three solid
lines showM —Rrelations for neutron stars with the SLy, APR and PAL1240
EOSs. Filled dots indicate the most massive stable neutess for these
EOSs. Triangles are the stellar masses above which the direa process
becomes allowed for the APR and PAL1240 EOSs (this procespisssi-

ble in a stable star for the SLy EOS).

ical M(R) relations for neutron stars which contain nucleon cores

with three diferent EOSs: SLy EOS by Douchin & Haensel (2001);
APR EOS byl Akmal, Pandharipande & Raverhall (1998); a ver-
sion PAL1240 of the PAL EOS hy Prakash, Ainsworth & Lattimer
@). By APR we mean the parametrization of APR results sug
gested by Heiselberg & Hjorth-Jensen (1999); specificalg/use
version APR | proposed by Gusakov et al. (2005). The PAL1240 i
a version of the PAL EOS with the compression modulus of sat-
urated nuclear mattdf, = 240 MeV and model 1 for symmetry
energy [(Prakash etlal. 1988). Filled dots on the solid lindiate
maximum-mass neutron star configurations £ Mpa). Triangles
correspond to the mass threshoMgsy where the powerful direct
Urca process of neutrino emission becomes allowed (morsiveas
stars cool rapidly if the direct Urca process in their cosasat sup-
pressed by superfluidity; see SEC]4.2). For the SLy EOS we hav
Mmax = 2.05My, and rapid cooling is forbidden at ahy < Mmax.

For the APR EOSMpy = 1.829M, andMpax = 1.929M,, while

for the PAL1240 EOSMpy = 1.25M, and Myax = 1.95M,,. The
central shaded region in F[g. 1 shows the rang®l@ndR that can

be obtained for other EOSs which we consider as realisticséde
that the CANS limits orM andR, inferred from observations, are
wider than the range of theoretical predictions.

In Fig.[2 we present contours @t inferred from the CANS
observations as a function & (left), M (middle) andx (right).
These contours are given by the upper curves. They are fimjec
of the appropriatds — M — Rregions (at 90% and 99% confidence
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Ievelsﬁ on the corresponding axi®, M or x. HavingTs — M - R
regions, we also show the associalet — M — R regions, where
TS = Ts V1-xis the (redshifted) surface temperature as mea-
sured by distant observer. The lower curves in Eig. 2 aredhec
sponding contours ofg°. Other curves are explained and discussed
in Sectioi4.B.

3 THREE COOLING STAGES

Generally, neutron stars cool via neutrino emission froeirtimte-
riors (mainly from the core) and via heat conduction to thésmie

and successive thermal surface emission. Cooling thedweso
the heat conduction problem within the star in General Relat
ity ), accounting for internal neutrino enelgyses
and surface emission of photons. One can distinguish thee m
cooling stages. During the first stage (which lasts frem10

yr to a few centuries depending on the specific model), a newly
born neutron star is thermally non-relaxed, with the corandpe
cooler than the crust because of stronger neutrino emidgion

the core (seE Nomoto & TsurlUta 1981, 1987; Lattimer gt al4199
\Gnedin, Yakovlev & Potekhi

in_2001;_Shternin & Yakovlev 2008,
for details). The core is thermally decoupled from the criln&t sur-
face temperaturg&; reflects the physics of the crust. During the sec-
ond cooling stage (which lasts for3:01C° yr), the star is thermally
relaxed inside; it cools mainly via neutrino emission. Thaim
temperature gradient is located in a thin layer near theaserin
the so called heat-blanketing envelope, at densitiesp, ~ 10°
g cnt3,|Gudmundsson, Pethick & Epstein 1983). During the third
(final) stage, the thermally relaxed star cools via the serfamis-
sion of thermal photons. During each cooling stage, themhér
radiation of neutron stars carriedférent information on the stel-
lar structure. Isolated neutron stars, whose thermal sainfadia-
tion has been detected, are mostly at the (second) neutoiole ¢
ing stage (with isothermal interior). The CANS is the youstgef
these neutron stars and is thus of special interest. We #teder-
mal state of this neutron star using our general relatévistioling
code 1) and useful semi-analytic exprasdie-

scribed below.

4 NEUTRINO COOLING OF THERMALLY RELAXED
STARS

4.1 Basicreations

A thermally relaxed star has an isothermal interior whictergs
from the center to the heat blanketing envelope (i.eg at pp).
Taking into account thefiects of General Relativity (e.ne

1977), isothermality means spatially constant redshifteernal

temperaturd (t) = T(r,t) exp@(r)), whereT (1, t) is the local inter-
nal temperature, is radial coordinate andb(r) is the metric func-
tion that determines gravitational redshift. The coolingiaions
in such a star are much simpler than the general equationsabf h
transport. They reduce to the equation of global thermadriza

(Glen & Sutherlanl 1980),

2 Note that contours in Fid]1 refer to two-dimensiond ¢ R) confi-
dence levels, while contours in Fi§d[2—4 are for somewttEréint three-
dimensional Ts — M — R) confidence levels. However, thisfidirence does
not afect our principal conclusions.



4 D.G. Yakovievetal.

6.5

AM=10-% M,

12
R (km)

0.4 0.5
Compactness

Figure 2. (Color on line) Non-redshifted and redshifteffestive surface temperaturés andTs® (upper and lower lines, respectively) of the CANS, inferred
from observations at 90% (short-dashed lines) and 99% {ltastped lines) confidence levels, as a function of radidig,(leass (middle) and compactness
(right). The shaded regions are theoretical value$scind TS® for neutron star standard candles (having non-superfluddenn cores and cooling via the
modified Urca process) with realistd andR from the shaded region in Figl 1. The solid lines refer to reeustar models constructed using the SLy, APR
and PAL1240 EOSs with the direct Urca process switch@dAdl theoretical surface temperatures are calculatedraggpiron heat blanketing envelopes,
except for the two lightly-shaded regions in the right pameich assume carbon envelopes of mabs= 10"8M.

— dT _
CM 4 = LM -La(T). @
whereL‘;°('I~') andLZ(Ts) are, respectively, the neutrino luminosity
and the photon thermal luminosity of the star (redshiftealdastant
observer), whileC(T) is the stellar heat capacity. These quantities
are given by

L@ = f AV Q.(T. p) exp(2(r)), 3)
L2(Ts) = 4noTiRE (1-X), (4)
cM = f AV Cy(T.p). ®)

where Q,(T,p) is the neutrino emissivityCy(T,p) is the spe-
cific heat capacityy is the Stefan-Boltzmann constant, and ¢
4712 dr exp(l) is the element of proper volume determined by the
appropriate metric function(r).

The hydrostatic stellar structure(f), ®(r), etc.] is calcu-
lated by solving the Tolman-Oppenheimer-Vdikequation (e.g.,
Shapiro & Teukolsky 1983). Then the cooling problem can k= ea
ily solved by integrating[{2); the solution giveB(t) and T(t).

To this aim, one needs to calculate the two functioh$('l~')
and C(T) [by integrating over the stellar volume if](3) and
(®)]. In addition, one needs to relafg to the temperaturd,

at the bottom of the heat blanketing envelope € pp,) by
solving separately the stationary one-dimensional heatiuo
tion problem within this envelope (e.q., Gudmundsson &t $83;
Potekhin, Chabrier & Yakovley 1997; Potekhin etlal. 2003p- A
proximately, Ts o T2/? (Gudmundsson et Bl. 1983). Since the en-
velope is thin, one can set expf)) ~ exp@(R)) = V1 — x within

it, so thatT ~ T, V1—- x. Eq. [2) is solved with some initial con-
dition, T(0) = To. However, for realistic value¥, > 10° K, the
dependencé (t) att > 1 yr is insensitive td, (the initial condition

is forgotten at such).

Thus the cooling of thermally relaxed neutron stars is gov-
erned by the functionk(T), C(T) andT(Ty), which are the only
three functions that can be tested by comparing neutrocstéing
theory with observations. This cooling theory is fairlyénsitive to

the microphysics of the stellar crust @t pp) and to the thermal
conductivity in the isothermal interior. The functi0|h$°(f) and
C(T) are sensitive to the (uncertain) microphysics in the meutr
star core, while th@'s(Ty)-relation is based on the (better-known)
plasma physics in the outer neutron star envelope.

Our cooling model implies that the isothermal stellar inte-
rior (o > pp) is spherically symmetric. The structure of the heat
blanketing envelopeo(< pp) can deviate from spherical symme-
try under the &ects of strong magnetic fields. If the lattefexts
are substantialTs varies over the neutron star surface, which is
taken into account in our envelope models (Potekhin et @320
[Potekhin, Chabrier & Yakovlév 2007). However, we have cleeck
that the magnetic fieldd < 10" G, which can be present in
the surface layers of the CANS, does ndteat LY, averaged
over the surface. Thus, we s& = 0, so that the envelope
models are determined only by the surface gragitgnd by the
massAM of light (accreted) elements. This assumption is sup-
ported by the non-detection thus far of pulsations from thé&S
(Murray et al.| 2002] Mereghetti, Tiengo & Israel 2D02; Rarso
[2002; Pavlov & Luna 2009; Halpern & Gotthelf 2010).

Our basic model will be the standard iron heat blanketing en-
velope. The presence of a small amount of carldd (~ 10718M,)
in the CANS atmosphere does ndtext the cooling properties
of the star. We also consider models with more substangt-li
element envelopes. Light elements increase the thermalucen
tivity and make the envelope more heat transparent (ineréas
for the sameTy,). Since we assume a carbon atmosphere, the enve-
lope can contain carbon or heavier elements (hydrogen amhel
if present, would flow up to the surface). To this aim, we hawe-c
structed new (carbon-iron) models witHf@irent carbon massM,
and iron under the carbon layer. The thickest carbon lay&h w
AM ~ 108M,, can extend to the density of a few times of 10
g cnt3; at higher densities carbon is destroyed by beta captures
and pycnonuclear reactions.

© 2010 RAS, MNRASD00, [TH12



4.2 Neutrino cooling rate

The cooling problem is further simplified during the neutrgool-
ing stage. In this casel” can be neglected i(2), so that
dT

dt

Ly(T)
c(m)
The internal temperature is controlled by the physics ofded-
lar interior (mainly, the core), being insensitive to theusture of
the heat blanketing envelope. The cooling is governed byttee
function ¢(T), which specifies the cooling rate — the ratio of the
neutrino luminosity to the heat capacity [Kyt — that is mainly
determined by the properties of superdense core. It is 6Ty
that can (in principle) be extracted from measured valu€ebs(@y.
However, the extraction is not straightforward. Two staithwhe
same mass and internal structure have the Sgt)élook the same
from inside). However, if their heat blanketing envelopesdiffer-
ent, they have dierent surface temperaturgg(t) (look different
from outside).

We discuss the extraction, neglecting theets of very fast
rotation, superstrong internal magnetic field and possileeia-
tions from beta-equilibrium. Then there is a single uniqoelc
ing function ¢(T) for the real EOS and microphysics of neutron
star cores. This unknown function depends onlyToand M (or
some other quantityR or x, instead ofM). Theoretical models
give different functiong(T), for different compositions, EOSs, and
superfluid properties of the core. Of the two ingredientg/(d¥)
[L(T) and C(T)], the neutrino luminosityL°(T) is much more
sensitive to the microphysics of superdense matter, theaheht ca-
pacityC(T). Thereforef(T) mostly reflects the neutrino luminosity
of neutron star cores. The standard neutrino emission mesha
is the modified Urca process (e.g.. Pethick 1992: Yakovlellet
[2001;[Page et al. 2006, 2009) in non-superfluid cores. Itsgive
L, (T) ~ (10 — 10°Y) T erg s* (whereTg = T/10° K). We
consider this as a neutrino standard candle (standard slotimo
emission). The heat capacity of such cores is mainly deterdiby
neutronsC(T) ~ 10°8 T erg K-1. The cooling rate of the standard
candle (SC) can be estimated as

=—(T), (T)= (6)

lse(T) ~ (0.3-3)T{ Kyr ™ (7)

We discusssc(T) in more detail in Sectiof413.

The actual (unknown) cooling rate can stronglffefi from the
standard one, either enhanced or reduced. In this respecisieful
to introduce the ratio

fo = 0(T)/tsc(T), )

which expresses the actual ré(@&) in units of standard candles (of
the sameM andR). It measures the neutrino coolinfieiency, the
very important property of superdense matter to be extiafcten
observations of cooling neutron stars. The paramgtshould be
taken at a temperatufg(t) of the cooling star. I#(T) and £s¢(T)
have the same temperature dependence, thénjust a number,
independent o ; otherwise it depends oR, as discussed next.
The enhancement @i{(T) over ¢sc(T) can occur if more ef-
ficient neutrino emission mechanisms are allowed in therinne
cores of massive neutron stars. These fast mechanismolead-+
trino luminosity Lj"(‘?) « T6. The strongest enhancement over
L, (with f, ~ 10° - 107 at T ~ 10° K) can be provided by
the direct Urca processes in nucleon or nuclegperon matter
(Lattimer et al| 1991; Prakash et al. 1992). They open atitiens
higher than some threshold density,. Thus the neutrino lumi-
nosity in non-superfluid low-mass neutron stars (where trexcd

© 2010 RAS, MNRASD00, [TH12
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Urca process is forbidden) is our neutrino standard candhde

at largerM it is much higher, leading to fast neutrino cooling. The
density threshol@py and the associated neutron-star mass thresh-
old Mpy for fast neutrino cooling are very model dependent (see
Sec[2 and Fidl1).

Even if direct Urca processes are forbidden in the inner neu-
tron star core, the neutrino luminosity can still be enhdnoeer
Lyyu and can scale aBj"(‘T’) o« TS. This happens provided the
inner core has an exotic composition (contains pion coratess
kaon condensates or free quarks) owing to specific direca-Urc
like processes in exotic matter. The neutrino Iuminoskimf)
depends on this composition (e.g.._Pethick 1992; Yakoviewle
2001; Page et &l. 2005, 2009) but is smaller thay (T), lead-
ing to a smaller enhancement factior In pion condensed matter
one getsf, ~ 10° — 1¢°, while in kaon-condensed or quark matter
f, ~ 107 — 10*. Calculations of neutrino emissivities af(r) for
these cases are very model dependent.

The situation is even more complicated in the presence of su-
perfluidity of baryons (Cooper pairing due to attractive pament
of the baryon-baryon interaction) in neutron star coreshénsim-
plest case of nucleon matter, one deals with superfluidityenf
trons and protons. Hyperons gadquarks (if available) can also be
in a superfluid state. Pion or kaon condensaféscasuperfluidity
of baryons. Each superfluidity is characterized by its owrticat
temperaturd, that depends op. Calculations ofT (o) are model
dependent (e.d., Lombardo & Schulze 2001); various modets g
alarge scatter of (o) values ¢ 10° — 10'° K or higher). In central
regions of massive stars, superfluidity disappe@réo) — 0] be-
cause short-range nucleon-nucleon repulsion destroypeC pair-

ing.

Baryon superfluidity can greatly modify neutrino emission,
and hence féect ¢(T) and f; (see, e.g.| Yakovlev etlal. 2001;
Page et al. 2006, 2009). First, strong superfluidity & T) ex-
ponentially suppresses the traditional neutrino reastiamich in-
volve superfluid particles, and reduc&3) because the gap in the
energy spectra of superfluid particles blocks the reacti®asond,
superfluidity initiates a dierent neutrino emission process due to
Cooper pairing of baryons, which increag¢s).

Let us illustrate these statements by taking neutron stihs w
nucleon cores as an example. Consider a low-mass star, which
would cool via the modified Urca process in a non-superfluid
case. Strong (for instance, proton) superfluidity in thesceup-
presses the modified Urca process and redd€E} If neutrons
were non-superfluid, the main neutrino emission would beideal
by neutrino pair production in neutron-neutron collisigneutron-
neutron bremsstrahlung);"(f) would be proportional t38 (as for
the modified Urca process) but would be weaker thip, (T); the
star would cool slower than its non-superfluid counterpesgling
to f, ~ 0.01- 0.1. Now assume a mild triplet-state neutron super-
fluid in the core, with maximunT,(p) of a few times of 18 K.
When the temperature in the core drops below this maximum,
Cooper pairing of neutrons can initiate dfstiently strong neutrino
emission, Witth“(‘T’) o« T8. Such a star would be a faster neutrino
cooler than the standard candle (with maximdm~ 10 — 100).

On the other hand, this extra neutrino emission is negkgibthe
direct Urca process is open (even slightly) in the core.

The dfect of superfluidity in a massive star can be dramatic.
The direct Urca process can be formally allowed in its core bu
suppressed by superfluidity. In this case, superfluiditgsierms
the fast neutrino cooling into a slow one arfteetively increases
Mpy. It can greatly smooth out the transition from slow to fasileo
ing with increasingM. However, very massive stars would cool
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rapidly (if fast cooling is allowed by the EOS) because sflipier
ity disappears in their central regions (see above).

Recall that¢(T) depends also on the heat capa@§T). In
a non-superfluid star with a nucleon cof(T) is mainly deter-
mined by neutrons (see above). The proton contributionlig
of the neutron one, and the contribution of electrons andnauo

4.3 Standard candles

We simulate cooling of many standard candles, taking 17 nu-
cleonic EOSs that describe the neutron star core. The EOSs
include all 9 original versions of the phenomenological PAL

EOS 88), as well as 3 other versions of this

_EOS with the symmetry energy of nuclear matter proposed by

is ~1/20 @éﬂ%). Strong neutron superfluidity suppresses t
neutron contribution, and strong proton superfluidity seppes the
proton contribution, but the electron and muon heat cajeacitl-
ways survive.

Allin all, current theories predict ffierent cooling rate&(T)
which depend on many uncertain properties of superdensemat
The temperature depender& ) is mainly expected to be a power-
law,

oT) =qm™, 9)

with n = 6 for fast neutrino cooling and = 8 for slow cooling;q
determines the coolingiéciency. From[(P) and{6) at the neutrino
cooling stage (after the initial conditions are forgottan)e obtains
the cooling relation

T() = [(n - 2)qt] ™2, (10)
with
oT) = T/[(n-2)t]. (11)

Such solutions have been presented in previous works maueg ti
(see, e.992). If one knotys and T, then [11) imme-
diately gives the cooling rat&T). For a fixedt the rate is directly
proportional toT. Eq. [I0) greatly simplifies the solution of the
cooling problem for a thermally relaxed star at the neutdooling
stage. Note the weak dependencd ant and on the cooling fé-

ciencyq, which stems from the strong temperature dependence of _

the cooling rate.
It is instructive to introduce the parameter

_ T _n-2 (T
! Tsot) Nsc—2 ts(Tso)

(12)

wheren and T(t) refer to a given star, whilesc = 8 and Tsc(t)
refer to the standard candle of the same ddeandR. fr mea-
sures the ratio of internal temperatures of the star andahdle,
as well as the ratio of their cooling rates taken at their awternal
temperatures. Because of the stranglependence of the cooling
rate¢ [see eq.[(D)], the parametéf [« 1/¢so(Tso)] is drastically
different from the raticf, [« 1/£so(T); see eq.[I8)]. According to
egs. [®) and[{10), the coolingfeiency f, [calculated at a given
stellar temperatur& (t)] is related tofr by
Nsc—-2 1

q =n
fr= L Frme Mez2 2 (13)
Osc n-2 fsc

For instance, if the star has= 8 and is twice as hot as the corre-
sponding standard candle should Ibe £ 2), its cooling diciency

is much lower than that of the candl& = 1/2"sc? = 1/64). We
will show in Sectior 4} thafr can be easily constrained from ob-
servations. However, it i§, that determines thefleciency of neu-
trino emission and is the quantity of primary importance.

We will also show that observations of the CANS are consis-
tent with f, ~ 0.01 — 100. In this case it is reasonable to choose
n = 8 (as we will do throughout the paperff); and fr are then in-
dependent of andT. If in actualityn = 6, while we have chosen
n = 8, then eq.[(113) underestimatésby a factor of 1.5.

“Page & Applegat€ (1952); the APR E

{al. 1998); the
SLy EOS ((Douchin & Haensel 2001); and three new modifica-
tions (i—iii) of the PAL EOS. These modifications correspdnd
(i) Ko = 400 MeV and model 2 for the symmetry energy from
|Prakash et all (1988); (iilk, = 300 MeV and model 3; and (iii)
Ko = 400 MeV and model 3; the parameterin I.
@) was taken to be zero in all three cases. These thres EOS
are definitely superdfiand unrealistic. In particular, they predict
the existence of very massive stars (with maximum masses up t
~ 2.8 M;). We include them to check that the scaling relations pre-
sented below can be extrapolated to supermassive neuarsnisor
any chosen EOS, we consider neutron star modelsftgrdntM,
from 1M, to the maximum mass, with a step size of MJ or
smaller. For those models where the direct Urca proceskised,
we switch the procesdiato ensure that we consider only standard
candles. In this way, we take about 170 neutron star modeltshwh
cover a large area of the mass-radius diagram, Riffom about
9 to 15 km. We simulate cooling of all our models and determine
T(t) and T(t). In the simulations, we assume non-magnetic iron
heat blanketing envelopes. However, the values (of are almost
insensitive to the composition of the envelopes (which raeiee
Ts) at the neutrino cooling stage (see Secfion 4.1).

We find that the internal temperatufgt) = Tsc(t) of all ther-
mally relaxed neutron stars (standard candles) at theinewool-
ing stage can be approximated by

1+012 (i)z] (t—c)m, (14)

Tsce(t) =3.45x 1P K (1 - X) 0k :

where the compactnessis given by [1) andc is some fiducial
(normalization) timescale. The latter is set equal to the afgthe
Cas A supernova remnarit (= 330 yr) that is convenient for our
purpose. The time dependenceTet in (I4) is taken in accordance
with eq. [I0). Calculations show that this time dependesc@ni
deed, accurate at the neutrino cooling stage (see Sédtitfiggt
establishes in the core which thermally equilibrates fastan the
inner crust. After the global internal thermal relaxatignowver, it
becomes accurate in the entire star (except for the heakditan
ing envelope). The numerical factors 3.45 and 0.120h (1 )obr
tained by fitting the calculated valug4tc). The accuracy of the fit
is suficiently good. The root mean square relative fit erroe 8%
(which translates into the 1.5% error Bf becausd’s o« T,'%); the
maximum error over all models is 10% for an unrealistic (super-
massive) model wittM = 2.85M,; the maximum error over160
models withM < 2.4 M, is ~ 7% (for the 1.8, model with the
SLy EOS).

Note, that our cooling curves contain systematic uncerésn
which come from uncertainties in the calculations of thetriea
luminosity L7}, , and heat capacit¢ of the core. The main uncer-
tainties are those in thdfective masses of neutrons and protons,
m;, andm;;, and in the squared matrix elemém|? of the modified
Urca process in the core. These quantities should be ctdddalf-
consistently for a specific EOS (using specific many-bodpityje
as a function of density, but such calculations (which would be
most desired!) are currently unavailable. Instead, we@eesvhat
arbitrarily i, = ny = 0.7m, (m, being the free neutron mass),

© 2010 RAS, MNRASO00, [THI2
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Figure 3. (Color on line) Cooling rateg [defined by eq.[(6)] inferred from the observations of CAND9% confidence level (dashed lines) as a function
of radius (left), mass (middle) and compactness (rightp fidies are inferred assuming either an iron heat-blarketinelope AM = 0) or envelopes with
outer carbon shells of mageM = 10°12M,, and 108M,. On the right panel we add the dashed linesAdt = 10713 and 1011 M. The shaded regions
are theoretical'sc values for standard candles with andR from the shaded region in Figl 1. Solid lines refer to stadd@andles using the SLy, APR and
PAL1240 EOSs. The right vertical scale on the right panelshthe internal temperature of the CANS.

and we use the standard approximate expressionMft# from
Yakovlev et al.|[(2001). To estimate the above uncertaintetsus
introduce a typical nucleonfiective massry, in dense matter and
note that.%},, o (M;)*M|? andC(T) o« ny,. Then from eq [(T0) we
conclude thall o 1/g¥® o (mg,)~Y2|M|~*/3. For instance, allow-
ing a 20% uncertainty img, and 30% (uncorrelated) uncertainty in
|MJ2, we obtain~ 15% uncertainty i and 7% inTs. We will not
take these uncertainties into account in our further ama(yghich
is a common practice in the neutron star cooling theory) armw
about them. Taking the same nucledfeetive massry, for neu-
trons and protons would be inaccurate in advanced simogbat
is suficient for estimating the uncertainties Bf

Eq. (I3) gives a very simple method to calculate the standard

slow cooling of thermally relaxed neutron star of any reasba
mass and radius during the neutrino stage. It does not eedei
tailed knowledge of the internal stellar structure and optiysics
of superdense matter. Becadsis independent of the properties of
the heat blanketing envelope at the neutrino cooling seqd13)

is not biased by these properties but allows one to take thém i
account while calculatings. One can easily determirfefor given
values oft, M andR, and findT,, = 'T/ V1 - x at the bottom of the
heat blanketing envelope. Then it is a simple task to caledla
using theTg(Ty) relation.

For example, the shaded regions in Elg. 2 representfthe-e
tive surface temperature$(and TS°) of standard candles of age
t = 330 yr. Their masses and radii are taken from the (realistic
EOS) shaded region in Fif] 1. All of them assume an iron heat
blanketing envelope; the exception is for the two lighthaded re-
gions in the right panel — these are for heat blanketing epes
containingAM = 10°8M, of carbon. Note a striking feature of
theoretical standard candle curves — they are describedn®tla
defined (nearly universal) function of compactngsbut not ofM
andR. This is a remarkable manifestation of General Relativity.
The presence of the maximum amount of carddvi ~ 108M,
in the heat blanketing envelope does not violate the existefa
well-defined dependence ®f andT® on X, but raises theféective
temperatures by 25% for standard candles of the CANS age.

At x < 0.5 the redshifted surface temperature of all stan-
dard candles with iron blanketing envelopes is nearly thmesa

© 2010 RAS, MNRASD00, [TH12

T ~ 1.4 MK. With increasingx, the redshifted temperatufie®
decreases, down te 1.1 MK for standard candles with the max-
imum compactness ~ 0.7; in contrast, the non-redshifted tem-
peratureTs increases. Thus compact standard candles would ap-
pear colder for a distant observer but would be hotter forcallo
observer. The diering behavior ofT® and Ts is another mani-
festation of General Relativity. The weak sensitivity T (t) to
variations of M and R for standard candles was first noted by
[Page & Applegatd (1952) and later discussed in the litezgug.,
Yakovlev & Pethick 2004, and references therein); here wanqu
tify this effect.

The three solid lines in Fi§2 shofs and T for standard
candles using the SLy, APR and PAL1240 EOSs (their Rrela-
tions are displayed in Fif] 1). We plot these curves usingEd).
and assuming iron heat blanketing envelopes. These cueese:
ilar to each other, not only as a functionxfbut also as a function
of M (because the three EOSs are alike).

Theoretical cooling rates [ed.](9), along with dq.](14)]stan-
dard candles of the CANS age are shown by the shaded regions in
Fig.[3. The three panels give these rates veRusl and x. The
masses and radii of neutron stars are again taken from thikedha
region in Fig[d and the solid lines are again the theoretiatds
for standard candles with the SLy, APR and PAL1240 EOSs.
these rates are independent of the properties of the blagken-
velopes. We see again that there is a well-defined relatitweas
the cooling rat¢ and compactness

All

Since¢(T) unambiguously determinds (for n = 8), the right
vertical scale in Fid.13 can be used to calibrate the interaatron
star temperatur€. The expected values dfare a fewx10® K. The
non-redshifted local internal temperatufeis somewhat higher.
The relation betweef andT is similar to that betweefi® and T
in Fig.[2. The diference betweet andT in the neutron star core
is larger than in the crust because of stronger gravitatieashifts
in the core. The core is hotter (s higher) than the crust for a given
isothermal interior (giverT).
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4.4 Determining the cooling rate

We now propose a simple and robust method to determine the coo
ing rate£(T) in a thermally relaxed star at the neutrino cooling
stage. Assuming some values i and R, a model for the heat
blanketing envelope, and taking a measured (constrairsdg Vs

(or T), we can find (constrain} . With a given (or assumed) age
t, the cooling rate’ can then be determined (estimated) fréml (11)
(with n = 8 as discussed above).

The application of this method to the CANS is presented in
Fig.[3, which shows values df (left vertical scale) and (right
vertical scale) of the CANS versi® M and x. These values are
inferred from spectral fits of the CANS at the 99% confidengelle
(Fig.[2). The accuracy of inferring is limited by the accuracy of
our models for heat blanketing envelopes; the accuracyfeifring
Cis also d@ected by the assumption that 8. The upper (dashed)
lines of ¢ and T are obtained using the neutron star models with
iron heat blankets. Lower lines are for models with carbogllsh
of different masaM. We again see that the valuesoéndT are
well-defined functions ok (for a givenAM). The inferred values
of ¢ andT of the CANS for realistic values d¥l, R, xandAM vary
within the factorf; ~ 3. The advantage of Fifl 3 is that it gives
absolute values of the cooling ratean important parameter of the
CANS.

We now take the inferred values ®f use eq.[{8) and calcu-
late the cooling fficiency f,, which is another important param-
eter of the CANS cooling. As discussed in Secfiod 4.2, nedti
small variations ofT yield much larger variations of;. This is
demonstrated in Fid.] 4, which plofs as a function ofR, M and
x. Lower, middle and upper lines refer to the blanketing eopes
with AM/M, = 0, 107*2 and 108, respectively. The figure directly
compares the CANS neutrino cooling rate to that of the stahda
candle.

Figure$2El impose constraints on the CANS cooling rate. Re-
call that we can specify the rate by the single paramitgrovided
we fix n = 8). Our results suggest thit(as well ag, Ts, T) is a
nearly universal function ok andAM. If the CANS has low com-
pactnesx < 0.4 — 0.5 and possesses either an iron blanketing en-
velope AM = 0) or an envelope with a very low mass carbon shell
(AM < 1013 M,), we find f, ~ 1 (i.e., standard candle cooling).
For largerx but the same heat blanket, we obtain lowgei(very
slow cooling). For the maximum compactnessy 0.7, we find
f, ~ 0.02- 0.03. If the CANS has a massive carbon heat blanket,
then a higher coolingféciency is required. With the most massive
carbon shelAM ~ 108M, atx < 0.4— 0.5, the CANS cools faster
than the standard candle, with~ 30— 50. However,f, decreases
with increasingx and reaches the standard levekat 0.7. Note the
oppositeAM-dependence of the cooling rat¢Fig.[3) and cooling
efficiency f, (Fig.[4). The star with smallef; cools slower and has
higher temperature (and hence higligthan the standard candle
of the same age [see eQ.[13)].

We thus set robust restrictions on the coolirfigcéency f, of
the CANS as a thermally relaxed cooling neutron star. Unfort
nately, the values of, do not specify unambiguously the neutrino
emission mechanisms within the star (Secfion 4.2) and cae-be
alized by diferent physical models for the interior of CANS. For
instance,f, ~ 1 is consistent with the modified Urca process in a
non-superfluid neutron star core. It is equally consisteitit @n-
hanced neutrino emission that is partially suppressed pgréu-
idity. Thus there is ambiguity in the theoretical interjatain. We
can explain the CANS data assumingdfelientx and AM, while

the values off,, inferred at fixedk andAM, can be consistent with
many models of CANS interiors.

5 CANSAMONG OTHER COOLING STARS

Figure[B plots the CANS limits on theTg — t plane, as well as
the data on other cooling isolated neutron stars, The CAM&di
are those obtained from 99% confidence contours [Fig. 2)ebs
vational data on other sources are taken from referenced it
Yakovlev et al. [(2008); Kaminker etlal. (2009). The CANS is th
youngest in the family of cooling neutron stars whose serfam-
peratures are measured (constrained) more or less reliably

The thick solid line in Fig[b demonstrates the cooling of a
standard candle. For this case, we take a neutron starMith
1.4My, R = 1214 km (x = 0.34), the APR EOS in the core and a
heat-blanketing envelope composed of iron. The initiat pathe
cooling curve is almost flat, which indicates that the stetiterior
is not thermally relaxed (Lattimer etlal. 1994; Gnedin 2801).
The rapid drop of the surface temperature signals the erbafial
relaxation. By the current age of the CANS 830 yr), the star has
an isothermal interior, and the results of Secfibn 4 apghg Gurve
is reasonably consistent with the CANS observations, ir@gent
with the results of Sectidn4.4.

The thick long-dashed cooling curve is calculated using the
approximate cooling relation given by ef. 114). It is valigridg
the neutrino cooling stage in a thermally relaxed star. duaately
describes the cooling at> 250 yr (when the thermal relaxation
is over) untilt < 10° yr (while photon cooling is still unimpor-
tant). The densely-shaded region around this cooling cigre¢so
calculated from eq[{14). We only show it in the limited raroje
because eql_(14) is inapplicable for very young and very s
This region is covered by cooling curves of standard cang@¥h
iron envelopes); masses and radii are taken from that patteof
central shaded region in F[g. 1 whete: 0.5. These cooling curves
nearly coincide and are almost consistent with the CANS (@ata
agreement with the results of Sect[on]4.4; see [Eigs. 7 hnthe).
lower lightly-shaded region in Fifl] 5 is covered by similaoting
curves of more compact standard candle$ @ x < 0.7) from
the shaded region in Figl 1. With increasing compactneasdatd
candles have lowefg and cannot explain the CANS data. Neu-
trino emission would need to be reduced to be consistenttivith
observations. A reduction of the cooling ratefto~ 0.02 - 0.03 is
required for the maximum compactness 0.7.

The thin solid lines in Fig]5 are again the cooling curves of
the 1.4M, APR star (with the iron heat blanketing envelope). How-
ever, in this case thefliciency of neutrino emission is artificially
enhanced (the lower curve) or suppressed (the upper cuyva) b
factor of 30 (i.e.,f, = 30 or Y30, respectively). The thin dashed
lines are analytic approximations of these curves; theycateu-
lated from eq.[(T¥), in which we introduce the factor’® in ac-
cordance with eq[{10) to renormalize thii@ency of neutrino
emission. There is a good agreement between the lower théh so
and dashed curves (when the star is thermally relaxed and coo
via the neutrino emission). Also note that theNMI4APR star with
f, = 30 cools almost as a very compagt<£ 0.7) standard candle
(f, = 1). On the other hand, we obtain a slight disagreement be-
tween the upper solid and long-dashed curves (for our baBR A
star with strongly reduced neutrino emissidp,= 1/30). This is
because the cooling of neutron stars with very low neutrimise
sion from the core can befacted by neutrino emission from the
crust. When we artificially reduce the emission from the grile
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Figure 5. (Color on line) Theoretical cooling curvdg°(t) compared with
observations of cooling isolated neutron stars. The thallddine is the
standard candle (thedM. APR star) with an iron heat blanketing enve-
lope. Upper and lower thin solid lines are for the same starthm neu-
trino emission rate is artificially reduced and enhancedpeetively, by

a factor of 30. The thick long-dashed line is the same as tio& golid
line but calculated from the analytic expressibnl (14) teatdlid for ther-
mally relaxed stars at the neutrino cooling stage. The dgsbaded strip

is covered by numerous cooling curves of standard candiéadhaon en-
velopes and < 0.5; lightly-shaded strip is the same but for standard can-
dles with 05 < x < 0.7. The upper and lower thin long-dashed lines are
analytic approximationd{14) of the corresponding thiricsolirves. The
thin short-dashed line is the analytic approximation ofdbeling curve for
the 14M,, APR star with a blanketing envelope containitiiyl = 108Mg,

of carbon. CANS is the data point fitv 330 yr, while the values for the
other data points are taken from references, citéd in Yakos

[(2009).

© 2010 RAS, MNRASD00, [TH12

upper thin solid curve shifts to the upper thin long-dashed/e
(the shifted curve is not shown in Figl 5). We have checked tha
this efect becomes noticeable only in neutron stars with very low
neutrino cooling ratef{ < 0.03). Similar dfects were discussed
bylKaminker, Haensel & YakovleV (2001) who studied very diow
cooling neutron stars with the neutrino emission in the gpeatly
suppressed by strong nucleon superfluidity. Thus our @nadpk:
proximation becomes inaccurate for << 0.03. One should also
be careful in applying this approximation to the casef,0f> 30
because it is reasonable to expect that the cooling rate imdan
change fromn = nsc = 8 ton = 6 (see Section 41.2).

Finally, the thin short-dashed line in Figl 5 is the analytic
cooling curve of the APR.4M,, standard candle with a (maximal
AM = 10°8M,) carbon heat blanketing envelope. Recall that during
the neutrino cooling stage such a star has the same intempkt-
ature as a star with an iron envelope; nevertheless, it hasterh
surface because the carbon envelope is more heat transpetren
thin short-dashed curve is close to the upper solid and tzsed
curves meaning that the surface temperature of a standadifieca
with the carbon envelope is nearly the same as that of a star wi
lower cooling rate {; ~ 0.03) and iron envelope. If the CANS has
a carbon envelope and is not too compack(0.5), then its neu-
trino cooling rate should be over that of the standard cahylla
factor of 30-50 (in agreement with the results of Sedfio). 44
the compactness increases, the surface temperature datitasd
candle with a carbon envelope will tend to the CANS rangettfer
highest compactness and a carbon envelope, CANS would sool a
a standard candle.

An analysis of current theories of isolated neutron stars

is given, e.g., by Yakovlev & Pethick (2004): Page etal. €00
\Yakovlev et al

.l(2008); Page etl&l. (2009). We note that thface

temperatures of nearly all stars lie between the upper andrlo
thin curves in Fig[b (the observed isolated stars do notirequ
extremely slow or fast neutrino cooling). Our results irdéthat
the coldest of them (like the Vela pulsar), which have uguadlen
treated as rapid neutrino coolers, can in fact be very cotrgtan-
dard candles. Note that the surface temperatures of malatado
neutron stars (especially the colder ones) can also depesitiang
magnetic fields, whichféects heat transport in the blanketing en-

velopes (see Potekhin et/al. 2003, 2007).
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6 ISCANSRELAXED?

As shown in Sectiofi]4, observations of the CANS are congisten
with the assumption that the star is thermally relaxed arndsoe|-
atively slowly (with a cooling ficiency f, ~ 0.02 — 50). In this
section, we examine the possibility that the CANS is coofmgch
faster but its surface is not too cold because it is not yanthdy
relaxed. We stress that cooling theories with the standactdom
physics of neutron stars give relaxation times shorter 8@hyr
(e.g., Lattimer et al. 1994; Gnedin el lal. 2001). This mehasthe
possibility considered here requires non-standard cgasloenarios
which delay relaxation.

In a young neutron star, the crust is hotter than the core be-
cause of lower neutrino emission in the crust. Relaxatioplies
thermal equilibration of the crust with the core that is nhanegu-
lated by the physics of the crust (Lattimer e al. 1994; Gnedial.
[2001; Shternin & Yakovle\ 2008). It can be delayed by lowgrin
the thermal conductivity and neutrino luminosity in the strand
by considering neutron star models with a thicker crust ¢wlin-
creases the thermalfflision timescale in the crust).

Figure[® gives a number of cooling curvegt) which are cal-

culated for two neutron star models based on the PAL1240 EOS.

We assume that the neutron stars have non-superfluid cames (s
we focus on delaying relaxation by tuning the physics of thst.
The first model had/ = 1.86M, andR = 12.9 km. Recall that the
direct Urca process is allowed for this EOS\&3, = 1.25M,,. Here
we do not switch this procesdsfdas in the calculations presented
in Sectior[4). As a result, the neutrino cooling rate is muigiér
[with f, ~ 1(F; see eq.[(8)] than for standard candles. The second
neutron star model hasl = 1.3M, andR = 129 km. Its mass
again exceedMpy, and the neutrino cooling rate is huge. This star
has a thicker crust than theB6M,, star, and its relaxation time can
be longer. The displayed CANS errorbars are estimates figriZlF
Curve 1 in Fig[® shows the cooling of theB&M,, star with
the standard physics of the core and crust. The end of the ther
mal relaxation manifests itself in the drop ©f(t) att ~ 40 yr.
By the current age of CANS, the star is thermally relaxedsit i
much colder than the CANS (in agreement with the results of Se
tion ). The largest delay of relaxation can be achieved by lo
ering the thermal conductivity in the crust. We demonstihts
by using a model thermal conductivity proposeo@OO
(curve 2 in Fig[$). This model corresponds to an amorphoust cr
and can be regarded as the lowest limit on the crustal comeuct
ity. The relaxation time is now longer than the CANS age. By ta
ing the thermal conductivity to be lower than the normal one b
above the lower limit, we can match any point in the region be-
tween curves 1 and 2 and thus explain the CANS data. Howéeer, t
hypothesis of low conductivity contradicts observatiohthermal

relaxation in quasi-persistent X-ray transients (see rSntet al.
2007] Brown & Cummid@ 2009, and references therein).

Curve 3 shows the cooling of the3M, neutron star (with a
thicker crust) assuming standard physics in the crust. @lagation
time is longer than for the.&6M,, star (curve 1), but the delay is in-
suficient to explain the CANS observations. Curve 4 demonstrate
the cooling of the same 3M,, star but with the lowest crustal ther-
mal conductivity MO), corresponding to curve 2this
case, relaxation is rather slow. Again by taking intermediaal-
ues of thermal conductivity, we can fit any point between esr¥
and 4.

Relaxation can be accelerated if the neutron heat caparcity i
the inner crust is suppressed by neutron superfluidity. &fiect
is illustrated by curve 5, which is calculated using the Istnteer-

(years)

log ¢

Figure 6. (Color on line) Cooling curves calculated for86M. neutron
star (solid lines) and .BM,, star (dashed lines) with the PAL1240 EOS
compared with observations of the CANS. Curves 1 and 3 quores to
standard physics input. Curves 2 and 4 employ the lowest éimthe ther-
mal conductivity in the crust. Curve 5 is the same as 4 butrepdioderate
neutron superfluidity in the crust. Curve 6 is the same as Bheustar has
most massive carbon shell in the heat blanketing envelope.

mal conductivity but assuming moderate neutron superfiuidi
the crust (c.f., curve 4). The relaxation time drops to 7QGipout
twice the age of CANS. Finally, curve 6 is the same as 5 butfer t
star with the carbon heat blanketing envelop®i(= 2x 108M,).
This star is the same inside but looks hotter from the outait
has the same relaxation time.

Thus the observations of the CANS can be compatible with a
neutron star that undergoes fast cooling (via the directUo-
cess) but is still not thermally relaxed. However, this caty doe
done by employing a very low thermal conductivity throughiine
neutron star crust, which seems unrealistic.

7 CONCLUSIONS

We have used the cooling theory of isolated neutron starsaged
gested a robust method (Sectfon]4.4) to infer the neutrimdirgp
rate¢ [defined by eq.[(6)] of stars from observations of their ther-
mal radiation at the neutrino cooling stage (ates 10° — 10°

yr) after the end of their internal thermal relaxation. Wmsiated
cooling of many models (wide ranges of EOSs, masses andl o&adii
standard candles (neutron stars with non-superfluid noateces
which cool via the modified Urca process) and formulated #mp
relations (Sectiop413) which determine the cooling rateseol-
ing dynamics during the neutrino cooling stage. We have show
that ultra-compact standard candles with compactres8.7 have
noticeably lower redshifted surface temperaturgshan their less
compact counterpartx (s 0.5). Based on these results, we devel-
oped a method to compare the inferred cooling rates to tles ot
standard candles and to determine the neutrino cooffigency f,
[given by eq.[(B)] of observed neutron stars. We have shown-(S
tion[4) that many physical properties, which characterieether-
mal state of a cooling neutron star (such as the surface agwchai
temperatures, cooling rate), are well-defined functionghefstel-
lar compactness, rather than the stellar mabs or radiusR. Self-
similarity properties in the cooling of standard candles. [@4)],

© 2010 RAS, MNRASO00, [THI2



their universal dependence on the compactreasd the relatively
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support of the Dynasty Foundation and RF Presidential Rrogr

low T of ultra-compact standard candles have been previously MK-5857.2010.2. COH acknowledges support from the Natural

overlooked in the cooling theory. The suggested methoddstpr
cal. Fundamental uncertainties in the physics of supesderater
in neutron stars are incorporated into the paramgtér the cool-
ing rate!) which can be determined (constrained) from observa-
tions.

We applied our theoretical formalism to study the thermal

state of the neutron star in the Cas A supernova remnant. We

base our study on the recent results of Ho & Helike (2009)chvhi
showed that the observed X-ray radiation from this neutitan s
can be interpreted as thermal radiation from a carbon atneosp
(and the radiation is emitted from the entire stellar sw@fadVe
discussed the data (Sectidn 2) and provided a theoretiwapie-
tation (Sectiofi4), assuming that the Cas A neutron star (EAbI
thermally relaxed. Our analysis shows that the CANS coadlatg
is ¢ ~ 10° K yr~! and its internal temperatufe ~ (2 — 3) x 108 K
(Fig.[3). Its thermal state is mainly determined by the aupkf-
ficiency f,, compactness and mass\M of light elements in the
heat-blanketing envelope. The magnetic fiBlg 10'* G expected
in the surface layers of the CANS (Gotthelf & Halgern 200020
Ho & Heinke|2000] Halpern & Gotthelf 2010) does ndfest its
cooling.

If the CANS has a moderate compactness 0.5 and pos-
sesses an iron heat blanketing envelope or an envelope \dth a
mass shell of carborAM < 1013 M,), we find f, ~ 1 (imply-
ing standard candle cooling). If it has the same heat blabket
largerx we obtain a loweff, (slower neutrino cooling), with a min-
imum f, ~ 0.02 — 0.03 for Xnax ~ 0.7. For the most massive car-
bon shell AM ~ 108M,) and moderate, the CANS would have
f, ~ 30— 50 (implying a cooling rate enhanced with respect to the
standard candle), but for the same shell and maximutwould
have the standard-candle coolinff@ency f, ~ 1. In summary, we
find 0.02 < f, < 50 for the CANS. Though these results do not
give an unambiguous physical picture of the thermal strectd
the CANS, they do impose firm and robust constraints.

We also examined the possibility that the CANS has a high
neutrino cooling rate but is still not thermally relaxed atftere-
fore, is not very cold (Sectidnl 6). We found that this is polesi
(though not likely) provided the neutron star has a very |bert
mal conductivity in the crust.

Note that we considered heat blanketing envelopes made of

iron, as well as envelopes composed of an outer carbon ¥iell.
could have complicated the model, e.g., introducing an eryg
shell beneath the carbon shell, but we do not expect queditat
different results.

It would be instructive to apply the above analysis to other
cooling neutron stars, in an attempt to reconstruct theicgaohte
function ¢. It is expected to be one and the same function for all
neutron stars, and it contains an important information eumtnon
star structure.
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