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1. Introduction: "neutron stars" do exist

Neutron stars contain the densest form of cold matter obbésvin the Universe. Larger
energy densities are transiently reached in relativistgviy ion collisions, but the resulting matter
is extremely "hot". Black holes contain a much denser fornmatter, but their interior is not
observable. Two simple arguments can convince us that $acd) sery small and very dense, do
exist. First, consider the fastest known radio pulsar,3&dl (PSR J1748-2446ad) [21], and posit
that the observed period of its puls€s= 1.39 ms, is its rotational period. Usirggusality that is,
imposing that the velocity at its equator is smaller thansiheed of lightc, one then obtains

2nR cP
Vequator: QR= T <c = R« ET = 65km. (11)

This value of 65 km for the radiuRis only a strict upper limit; detailed theoretical modeldigate
radii on the order of 10 km. Secondly, assuming that the stouind by gravitywe can require
that the gravitational accelerati@g, at the equator is larger than the centrifugal acceleragign
and obtain

ATPR M 4 M

GM
agr=— >a=Q°R=—-— or

— > p=-—— >8x10" 3. @2
= Pz R3>GP2 = P §HR3> X gcm (1.2)

Obviously, Newtonian gravity is not accurate in this casd,we can nevertheless conclude that
the central density of these stars is comparable, or lilalgdr, than the nuclear densgyyc ~

2.7 x 10'* g cm 3. Theoretical models show that densities up t@.L@are possibly reachable
[26]. In short, a "neutron star" is a gigantic, and compréssacleus of the size of a city.

In what follows, we outline the basic properties of neutrtarsrelevant for describing their
thermal evolution with emphasis on the neutrino emissiatgsses and neutron/proton superflu-
idity/superconductivity. This allows us to present simplealytical models of the cooling of a
neutron star in order to gain physical insight. The resulthese analytical models are comple-
mented by those of numerical simulations in which full gaheelativity and the state of the art
microphysics are employed. Finally, an interpretationhef dbserved rapid cooling of the neutron
star in Cassiopeia A as due to the recent onset of neutromflligiy in it core is proffered. The
role of proton superconductivity in determining the rapidif Cas A's cooling is addressed.

2. Neutron Stars: "pure neutron stars" do not exist

A "pure neutron star", as originally conceived by Baade & @kyi[3] and Oppenheimer &
Volkoff [31] cannot really exist. Neutrons in a ball shouldady into protons through

nN— p+€e +Ve. (2.1)

This decay is possible for free neutronsnas> m, + me.. However, given the densities expected
within the neutron star interior, the relevant quantities r@ot the masses, but instead the chemical
potentialsy; (i denoting the species) of the participants. The matter ismgte as typical Fermi
energies are on the order of tens to hundreds of MeV’s, whkeltea temperature drops below
a few MeV within seconds after the birth of the neutron staaioore collapse supernova [10].
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Starting with a ball of almost degenerate neutrons, theydet&q. (2.1) will generate a Fermi
sea of protons, electrons and anti-neutrinos. The inferaatean free paths of anti-neutrinos (and
neutrinos) far exceed the size of the star and these canl@eddo leave the star. Thus, the decay
will be possible until

Url - IJp+IJe7 (22)

where we have neglectgd,. Under this condition, the inverse reaction
p+e —n+ve (2.3)

also becomes energetically possible. Hence, under equitibconditions, which a neutron star
will reach within a few tens of seconds after its birfhreactions such as Eq. (2.1) and (2.3) will
adjust the chemical composition of matter to that charestierof 8 (or chemical) -equilibrium
determined by Eg. (2.2). A neutron star is not born as a "dafienutrons” which may decay
according to Eq. (2.1), but from the collapse of the iron aufra massive star. It is thus born with
an excess of protons so that the reaction Eq. (2.3) initddigninates over Eq. (2.1) in order to
reduce the proton fraction and it is only when the neutrirszmpe that the final col@-equilibrium
configuration, Eq. (2.2), is reached.

Notice that oncele > my, ~ 105 MeV, muons will appear, and be stably present wijth= L.
The condition for the appearance of muons is fulfilled when dlensity is slightly above,,c.
Thus, in all processes we describe below, there will alwaythe possibility to replace electrons
by muons when the density is large enough to allow for theisence.

Let us consider simple expressions for the chemical patisriti

pr (p)?
2mp

n2
un:qur%JrVn and Hp = My +

He = \/méc4+ pr(e)?c2=pr(e)c  and Hu = \/mﬁc4+ Pr(M)2c?,  (2.5)

+V, (2.4)

wherepe (i) is the Fermi momentum of specigsandV, andV, are the mean-field energies of
andp. For the leptonsye andV,, are negligibly small, and we have considered that electrous
not necessarily muons, are ultra-relativistic. With a kiemige ofV,, andV,, the twof-equilibrium
relations Eq. (2.2) anfl, = L can be solved. With foug;’s and two equations, a unique solution
is obtained by imposing charge neutrality

and fixing the baryon density

With the nj’s and pi’s known, one can calculate any thermodynamic potentiaparticular the
pressurd® and energy density= pc?. Varying the value ofg gives us thequation of stat¢EOS):
P =P(p). Given an EOS, an integration of the Tolman-Oppenheiméke¥b(TOV) equations of
hydrostatic equilibrium provides us with a well defined mlaafea neutron star.

IRelativistic expressions fqiy and i, also exist, but are omitted here in the interest of simplicit
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Figure 1: Schematic illustration of the structure of a neutron stgyré taken from [38].

The potentiald/, andV, in Eq. (2.4) turn out to be rapidly growing functions of depsand
one can anticipate that eventually reactions such as

p+e —-A+Ve or/and n+e —3I +Ve (2.8)

may produce hyperons. Hyperons can appear, and be stabéethencorresponding-equilibrium
conditions are satisfied, i.quy = pa or/andu, + pe = s . At the threshold, whereg (A) = 0 or
pr(Z7) =0, one can expect théifp| < my and|Vs- | < ms- and thusup ~ mp and ps- ~ ms-.
Sincemy andms- are larger than the nucleon mass by only about 200 MeV theserby$ are
good candidates for an "exotic" form of matter in neutronrsstalong similar lines, the lightest
mesons, pions and/or kaons, may also appear stably, andeamfeson condensates. At even
larger densities, the ground state of matter is likely to be of deconfined quarks. All these
possibilities depend crucially on the strong interactitersns,V, andV,. As we will not employ
them in this chapter, we refer, e.g., to [38] for more detaiidl entries to the original literature.

2The=t is less favored as it8-equilibrium condition igus+ = Hp = Un— He. Heavier baryon are even less favored,
but cannot priori be excluded.
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Figure 1 illustrates our present understanding (or mistgtaeding) of the interior of a neutron
star, with a black question mark "?" in its densest part. Thieropart of the star, itsrust is
described briefly in the following subsection.

When only nucleons, plugs andu’s as implied by charge neutrality and constrainedBay
equilibrium, are considered, the EOS can be calculated mitbh more confidence than in the
presence of "exotic" forms of matter. For illustrative psps, we will employ the EOS of Akmal,
Pandharipande & Ravenhall [1] ("APR" hereatfter) in presgnour results.

Although there is no evidence that any observed "neutrah @tgulsar might actually instead
be a pure quark star, theory allows this possibility. Suctaawould be nearly completely com-
posed of a mixture of up, down and strange quarks, and wofflet liom a neutron star in that it
would be self-bound rather than held together by gravity.

The reader can find a more detailed presentation and erdrtbs key literature in [38].

The Neutron Star Crust

In the outer part of the star, whepe< pn,c, @ homogeneous liquid of nucleons is mechanically
unstable (spinodal instablity). Stability is, howevestoged by the formation of nuclei, or nuclear
clusters. At the surface, defined as the layer wRete0, we expect the presence of an atmosphere,
but there is the possibility of having a solid surface comsgéehby a sufficiently strong magnetic
field [25]. A few meters below the surface, ions are totallyized by the increasing density (the
radius of the first Bohr orbital will be larger than the interelear distance thmi 10 g cmd).
Matter then consists of a gas/liquid of nuclei immersed iruarmum liquid of electrons. When
p ~ 10 g cm 3, L is of the order of 1 MeV and the electrons become relativigtiom here on,
the Coulomb correction to the electron gas EOS is negligibkk electrons form an almost perfect
Fermi gas. However, the Coulomb correction to the ion EQ®isegligible. From a gaseous state
at the surface, ions will progressively go through a liquates and finally crystallize, at densities
between 19 up to~ 10'° g cm 2 depending on the temperature (within the range of tempestu
for which the neutron star is thermally detectable). Witbvging p, and the accompanying growth
of e, it is energetically favorable to absorb electrons intoleiuand, hence, the nuclear species
expected to be present have a neutron fraction stronglyiggowith p. Whenp ~ 4—8x 10 g
cm2 (the exact value depending on the assumed chemical cofopdsitne reaches theeutron
drip point at which the neutron density is so much larger thandhtite proton that not all neutrons
are bound to nuclei. Matter then consists of a crystal ofgiugimersed in a perfect Fermi gas of
electrons and a quantum liquid of dripped neutrons. Thi®reig usually called thener crust In
most of this inner crust, the dripped neutrons are preditiddrm a superfluid (in a spin-singlet,
zero orbital angular momentum, sta®). All neutron stars we observe are rotating; a superfluid
cannot undergo rigid body rotation, but it can simulate itftiyming an array of vortices (in the
core of which superfluidity is destroyed). (See, e.g., A8he resulting structure is illustrated in
the inset A of Fig. 1.

At not too high densities, nucleons are correlated at shistances by the strong interaction
and anti-correlated at larger distances by the Coulomblsiepubetween the nuclei, the former
producing spherical nuclei and the latter resulting in thestallization of the matter. Ap ap-
proacheson, the shape of the "nuclei" can undergo drastic changes: thkearuattraction and
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Coulomb repulsion length-scales become comparable argygtem is “frustrated”. From spheri-
cal shapes, nuclei are expected to become elongated (‘&fiaghform 2D structures ("lasagnas"),
always surrounded by the neutron gas/superfluid which deswgn increasingly small portion of
the volume. Then the geometry is inverted, with the drippedtrons confined into 2D, then 1D
("anti-spaghettis") and finally OD ("swiss cheese") bubblBhe homogeneous phase, i.e. ¢hee

of the star, is reached when= pg. ~ 0.6pn,c 3. This "pasta” regime is illustrated in the inset B of
Fig. 1 and is thought to resemble a liquid crystal [40].

3. Neutrino Emission Processes

The thermal evolution of neutron stars with age<0® yrs is driven by neutrino emission.
Here we describe the dominant processes. The simplestn@atnitting processes, Eq. (2.1) and
Eqg. (2.3), are

{n — pte +Ve 3.1)

pPp+€ — N+ Ve,

and are generally referred to as tfieect Urca ("DU") cycle.

By the condition of3-equilibrium the cycle naturally satisfies energy consegowa but mo-
mentum conservation is much more delicate. Due to the highrieracy, all participating particles
have momenta(i) equal (within a small < Tg correction) to their Fermi momenta:(i). As
pe(i) O nil/3 andnp ~ ne < Ny, momentum conservation is natpriori guaranteed. It is easy to
see that, in the absence of muons and hence wyith ne, the "triangle rule" for momentum con-
servation requires thag, > 1/9 ~ 11%, whereas gt ~ pnyc We havex, ~ 5%. In the presence of
muons, which appear just abopg,c, the condition is stronger and one neggdarger than about
15% [27]. The proton fractior, grows with density, its growth being directly determinedtbg
growth of the nuclear symmetry energy, so that the criticatgn fraction for the DU process is
likely reached at some supra-nuclear density [27]. For & Bf APR, the corresponding critical
neutron star mass for the allowance of the DU proces9i8M,.,, but other EOS'’s predict smaller
values.

At densities below the threshold density for the DU processariant of this process, the
modified Urca(MU) process
{n+n’ — p+N+e +Ve (3.2)

p+n+e — nd+n+ Ve '

can operate as advantage is taken of neighboring partictee medium [17]. A bystander neutron
n' can take or give the needed momentum for momentum consarvathe processes in Eqg. (3.2)
show theneutron branctof the MU process and in theroton branch his replaced by a protop'.
As it involves the participation of five degenerate parsicldhe MU process is much less efficient
than the DU process. Unlike the DU processes which requifecismt amount of protons, both
branches of the MU process operate at any density when msuara protons are present.

3pnuccorrespond to the density of symmetric nuclear mattemiith a proton fractiorxp = 50%, and zero pressure,
whereas in a neutron star crusfoet- pnyc one has<p ~ 3 —5%.
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Name Process Emissivity
(ergcmi3s1)
Modified Urca n+n—n e + V
TNTNEPTE FVe 0 1IRTE Slow
(neutron branch) N+p+e —N+n+Vve
Modified Urca ~ 4 Ve
p+n—>F_)+p+e + Ve N]_OZ]'RBS Slow
(proton branch) p+p+e — p+n+Vve
n+n—n+n+v+v
Bremsstrahlungs N+p—Nn+p+v+v ~10YRTE Slow
p+p— p+p+Vv+v
i - 1pT7
Cooper pair n+n— [nn| +VEV 5><1029R'I§7 Medium
p+p—[pp+V+Vv ~5x10Y9R Ty
Direct Urca " 4 Ve
N=P+e +v ~10PRT  Fast
(nucleons) p+e€ —n+ Ve
Direct Urca 4+ Ve
A= phe Ve ~10PRT  Fast
(/\ hyperons) p+e — A+ Ve
Direct Urca - ~ Ve
A > oonte Ve ~17RTS  Fast
(Z~ hyperons) n+e — 2 +Ve

< >=N+e + Ve
<K >—=n+e + Ve

71~ condensate
K~ condensate

~ 10°°RT¢ Fast
~10P°RTE Fast

Direct Urca cycle d e +V
y TuTe dve ~10PRT  Fast
(u-d quarks) u+e —d+ve

Direct Urca cycle ‘ S uUt+e +Ve

- ~10P'RTE Fast
(u-s quarks) u+e —s+Vve

Table 1: A sample of neutrino emission process@g.is temperaturd in units of 10 K and theR's are
control factors to include the suppressing effects of pgifsee 8§5).

In the presence of hyperons, DU and MU processes which arewbgeneralizations of
the nucleon-only process can also occur [42]. When theyapplee/A's have a density much
smaller than that of the neutron and hence a smaller Fermiantum. Consequently, momentum
conservation in the DU cyclp+e~ — A+ Ve and/A\ — p+ €~ + Ve is easily satisfied, requiring
anxp of only ~ 3%. Notice that if the nucleon DU process is kinematicallsbfdden, the hyperon
DU proces2™ — n+e~ +Vewith n+e~ — 2~ + Ve is also kinematically forbidden, whereas the
no-nucleon DU process™ — A+ € + Vg together withA +e~ — X~ + ve may be possible and
require very low threshold fractiong, andx; .

In deconfined quark matter, DU processes suchi#® — d + Ve andd — u+e+ ve are

possible [23]. Reactions in which tliequark is replaced by amquark can also occur in the case
quarks are present.

In the presence of a meson condensate copious neutrinci@miisprocesses such as

{n+e s N T+ Ve 3.3

N+7mT — n+e +Ve
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and
n+e- — n+K~+v
{ e +K Ve (3.4)
n+K~ — n+e +Ve
occur [29, 9]. As the meson condensate is a macroscopictdhge is no restriction arising from
momentum conservation in these processes.
Finally, another class of processes, bremsstrahlung,ssilgle through neutral currents [16].

Reactions such as

n+n —n+n' +ve+Ve (3.5)
p+p — p+ P +Vet+Ve (3.6)
n+p —n+p + Vet Ve (3.7)

are less efficient, by about 2 orders of magnitude, than thepvidesses, but may make some
contribution in the case that the MU process is suppressguioyng of neutrons or protons as we
will see in §5.

In Table 1 we list these processes with order of magnitudmats of their neutrino emissiv-
ities. Most noticeable is the clear distinction betweercpsses involving 5 degenerate fermions
with aT® dependence, which are labeled as "slow", and those with3dégenerate fermions with
aT® dependence, which are several orders of magnitude moregffand labeled as "fast". The
difference in thel dependence is important and simply related to phase spgumants which are
outlined below. The Cooper pair process [15, 51] will be désdl in 85.

The reader can find a detailed description of neutrino eormigsiocesses in [54] and an alter-
native point of view in [50].

Temperature dependence of neutrino emission

We turn now to briefly describe how the specific temperatupeddence of the neutrino pro-
cesses described above emerges. Consider first the singgdeot#he neutrometadecay. The
weak interaction is described by the Hamiltonia#f = (Gg /+/2)B,L¥, where G is Fermi's
constant, and.* = Py (1 - y5)Yy, and By, = Ppyu(Cvl—Caks)Yn are the lepton and baryon
currents, respectively. In the non relativistic approxtioa one has3® = cosg.WjW, andB' =
—cosf.ga W}, o'W, where 6 is the Cabibbo angle angi the axial-vector coupling. Fermi's
Golden rule gives us for the neutron decay rate

3 3
W= [f] G s ik G (23 PR [M (3.8)
i.e., a sum of(2m)*d4(Pf — R) - ]Mfi]Z over the phase space of all final states- (By, Pe, Pp)-
The integration gives the well known result; = 15 [GZ cos* 6:(1+ 3g3)mec*]ws, wherewg ~ 1
takes into account small Coulomb corrections. This givethasieutron mean lifer,, ~ 15 min.,
or, measuringy, a measurement &g (modulo co$). andwg).

The emissivityePY of the DU process (the Feynman diagram for this process iarslio
Fig. 2) can be obtained by the same method as above leading to

3 3 3 3
_//// : Fr d pe : p)p (dzrgn (1—fe)(1— fp)fn-(er)454(Pf—P.)||\/|fi|2.EV (3.9)
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Direct Urca Modified Urca Bremsstrahlung

Figure 2: Feynman diagrams for the indicated neutrino emitting psees.

with an extra factoE, for the neutrino energy and the phase space sum now inclbdasitial
n. The f; terms, f; being the Fermi-Dirac distribution for particieat temperaturdl’, take into
account: (1) the probability to haverain the initial state,f,, and (2) the probabilities to have
available states for the finaland p, denoted by(1— fe) and (1 — f,), respectively. We do not
introduce a Pauli blocking factdd — fy) for the anti-neutrino as it is assumed to be able to freely
leave the star (i.e.fy = 0). When performing the phase space integrals, each degeriermion
gives us a factor, as particles are restricted to be within a shell of thickikg¥ of their respective
Fermi surfaces. The anti-neutrino phase space gives a fétd he factorsE, ~ T and the delta
function 6%(P; — P) gives a factoiT ~* (it cancels one of th@'’s from the degenerate fermions).
Altogether, we find that
sDUDT3-T-T-T-%-(1)2-T:T6, (3.10)

where the(1)? factor emphasizes that the squared matrix elendit? is T-independent. An
explicit expression for the neutrino emissivity for the Dtbpess can be found in [27] .

Figure Fig. 2 shows a Feynman diagram for the MU process. eTaer two more such di-
agrams in which the weak interaction vertex is attached toafrthe two incoming legs. In this
case, th@ -power counting gives

MU D-|—3>,-|—,-|-.-|-,-|-,-|-.%.(1)2.'|':T87 (3.11)

where the|Msi|?> now involves a strong interaction vertex, the wavy line ig.R, but is still T-
independent. Notice that in the MU case, the internal naugoff-shell by an amount L, which
does not introduce any extfadependence as we are working in the dasée) <100 MeV>>T.
Reference [17] contains the expression from which neutiméssivity from the MU process can
be calculated. Considering finally tme— n bremsstrahlung process. One diagram is shown in
Fig. 2 and there are three more diagrams with the weak irteracertices attached to the other
three external lines. THE-power counting now gives

2
EBrDT3.T3.T-T-T-T-%-<%> T=T8 (3.12)
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with two T2 factors for the neutrino pair and(@ —1)? from the matrix element: the intermediate
neutron is almost on-shell, with an energy defieit , and its propagator gives ua' dependence
for M¢j. A working expression for the bremsstrahlung process cdoura in [17].

4. Neutron Star Cooling

The basic features of the cooling of a neutron star are bestriited by considering the energy
balance equation for the star in its Newtonian formulétion

%:C\,%—I:—LV—LﬁH, (4.1)
where Ey, is the thermal energy content of the st@rjts internal temperature, and, its total
specific heat. The two energy sinks are neutrino lumindsjtydescribed in 83, and the surface
photon luminosityL, discussed in §4.2. The source tefhwould include heating mechanisms as,

e.g., magnetic field decay, which we will not consider here.

4.1 Specific Heat

The dominant contributions to the specific hEatome from the core, constituting more than
90% of the total volume, whose constituents are quantunidsgof leptons, baryons, mesons, and
possibly deconfined quarks at the highest densities. Heme&as

CVZZCVJ with  Cy :// cvidv (i=e u,n, p, hyperonsquarks...), 4.2)
|

wherec, ; is the specific heat, per unit volume, of componierior normal (i.e., unpaired) degen-
erate fermions, the standard Fermi liquid result [6]

v o, m' pri

Cvi = N(O)ngT with N(0) = T (4.3)
"."_| I i
£ 2 \_
[3) | ]
v 15 F 7
o neutrons
()]

1L _
2 \ i
o
— 0.5 m_
o L MUORS |

o Lelecions T

o 1 2 3 4 5 6

Stellar Volume [10"® cm?]

Figure 3: Cumulative specific heats of g, p, and n vs. stellar volume in the core of a M4 star built
using the EOS of APR, at temperatufe= 10° K. Nucleons are assumed to be unpaired. No hyperons or
quarks are presentin the EOS. This figure is adapted from [35]

4Numerical results to be shown later include full generaatieistic effects.

10
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can be used, whema" is the fermion’s effective mass. In Fig. 3, the various dbntions toCy
are illustrated. When baryons, and quarks, become paishriefly described in 85, their con-
tribution toC, is strongly suppressed at temperatufes Tc (Tc being the corresponding critical
temperature). Extensive baryon, and quark, pairing camdhgnificantly reduc€,, but by at most
a factor of order ten as the leptons do not pair. The crustatiboition is in principle dominated by
neutrons in the inner crust but, as these are certainly siviy paired, practically only the nuclear
lattice and electrons contribute.

4.2 Photon emission and the neutron star envelope

Thermal photons from the neutron star surface are emittie gthotosphere, which is usually
in an atmosphere but could be a solid surface in the presdracgasy strong magnetic field. The
atmosphere, which is only a few centimeters thick, presgimesnperature gradient. Consequently,
photons of increasing energy escape from deeper and hayters! It is customary to define an
effectivetemperature]e, so that the total surface photon luminosity, by analogywit blackbody
emission, is written as

L, = 4nRosgTy, (4.4)

whereosg is the Stefan-Boltzmann constant. ObservationaljyandT, are red-shifted and Eq. (4.4)
is rewritten as

Lye = 4TR% 058 Ter, (4.5)

whereL e, = €9L,, Tew = €%Te, andR., = e YR. Here ¥ = 1+ z, with zbeing the red-shift, and
€?? is theggo coefficient of the Schwarzschild metric, i.e.,

2GM
- RE
Notice thatR, has the physical interpretation of being the star’s radna &n observer would
measure trigonometrically, if this were possible.

In a detailed cooling calculation, the time evolution of thigole temperature profile in the star
is followed. However, the uppermost layers have a thermad-tcale much shorter than the interior
of the star and are practically always in a steady state. Heige common to treat these layers
separately as agnvelope Encompassing a density range frpgat its bottom (typicallyp, = 10%°
g cn3) up to that at the photosphere, and a temperature rangeTiyomT,, the envelope is about
one hundred meters thick. Due to the high thermal condugtofi degenerate matter, stars older
than a few decades have an almost uniform internal temperakeept within the envelope which
acts as a thermal blanket insulating the hot interior froenablder surface. A simple relationship
betweenT, andTe can be formulated as in [19]:

0.5+a
Te~10° <L> (4.7)

e’ 1

(4.6)

18K

with a < 1. The precisd. — Ty, relationship depends on the chemical composition of thelepe.
The presence of light elements, resulting in larger thewgoatuctivities, implies a largék, for the
sameT, compared to the case of a heavy element envelope. Magnédis &ilso alter thige — Ty,
relationship (see, e.g., [34] for more details).

11
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4.3 Some simple analytical solutions

As the essential ingredients entering Eq. (4.1) can all pecgimated by power-law functions,
one can obtain simple and illustrative analytical solwioet us write

Cy=Cy-To, Ly=Nog-T¢  and Ly=S T&™, (4.8)

whereTg = T/(10° K). As written,L,, considers slow neutrino emission involving five degenerate
fermions from the modified Urca and the similar bremsstnadplprocesses, summarized in Table 1.
The photon luminosityL, is obtained from Eq. (4.4) using the simple expression in (B.).
Typical values ar€y ~ 10°° erg K1, Ng ~ 10°% erg s andSy ~ 10°3 erg s * (see Table 3 in [34]

for more details). In young stars neutrinos dominate theggnisses (in the so-callegeutrino
cooling erg and photons take over after abouf 3@s (in thephoton cooling erh

Neutrino cooling era: In this case, we can neglelc) in Eq. (4.1) and find

( 10°Co

— W( t 1 > — T =10K(tmu/t)Y® (whenT < To) (4.9)
9

S T
with a MU cooling time-scaleryy = 19°C9/6Ng ~ 1 yr when the star reaches the asymptotic
solution T < Ty, Tp being the initial temperature at tinhe= ty = 0).

Photon cooling era:In this era,L, becomes negligible comparedlip so that we obtain

Co < 1 1

t=tj+-——— [ ——
4aS10P360 \ Tda  Tag

> —  TOt (whenT <« Ty) (4.10)
whereT; is T at timet;. Notice here that the slope,1/4a, of the asymptotic solution is strongly
affected by any small change in the envelope structure,Z£g).(

4.4 Some numerical solutions

Numerical simulations of a cooling neutron star use an dévmiucode in which the energy
balance and energy transport equations in their fully gerrefativistic forms are solved, usually
assuming spherical symmetry and with a numerical radidl gffseveral hundred zon@sA set of
cooling curves that illustrate the difference between iogotiriven by the modified Urca and the
direct Urca processes is presented in Fig. 4. Cooling cusfegght different stars of increasing
mass are shown, using an equation of state model, from [4di;hnallows the DU process at
densities above.25x 10*° g cm 3, i.e., above a critical neutron star mass of 1M5. Notice
that the equation of state used is a parametric one and asgaers wergpecifically adjustedo
obtain a critical mass of 1.3Bl, which falls within the expected range of isolated neutrar st
masses; other equations of state can result in very differdital masses. The difference arising
from slowandfastneutrino processes is clear.

Four successive cooling stages are marked in the figure n@tigino cooling eras marked
stage 3 and thehoton cooling erds marked stage 4. As the figure shoWs and sincelg ~
TO5, the slopes of the cooling curves in this figure are rescalem the values of Eq. (4.9) and
(4.10), i.e., they become —1/12 and~ —1/8a, respectively. The simple analytical model of the

5Such a codeNSCool , is available atht t p: // www. ast r oscu. unam nx/ neut r ones/ NSCool /
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Figure 4: Slow versus fast cooling (see text for details of stagesduiin 4 marked in the figure). Figure
adapted from [33].

previous section considered a single temperature in tHarstgerior. For a young star, whose age
is smaller that its thermal relaxation time, the interianfeerature has a very complicated radial
profile. In particular, the core cools much faster than thestgrdue to its much stronger neutrino
emission. During stage 1 in Fig. 4, the surface temperatuoemtrolled by processes occurring
in the outer layers of the crust and is totally independentheftemperature deeper in the star.
(One can appreciate that the more massive stars have a Targethat time; this is mostly due to
the fact that their blanketing envelopes are thinner thaovinmass stars.) The rapid drop Ta
occurring during stage 2 corresponds to the thermal retaxaf the crust; the star's age becomes
comparable to the heat transport time-scale from the coultet core and the crustal heat flows
into the core. After stage 2, the stellar interior is essdigtisothermal with a strong temperature
gradient present only in the envelope and the simple acalydblutions presented above apply.

5. Pairing and its Effects

Pairing, which induces superfluidity in the case of degdremautral fermions and supercon-
ductivity for charged fermions, is expected to occur betweeutrons/protons in the interior of
neutron stars [30]. Th€ooper Theorenil2] states that, in a system of degenerate fermions the
Fermi surface is unstable, &t= 0, due to the formation of Cooper pairs if there is an attvacti
interaction in some spin-angular momentum channel. Thenessof the BCS theory [5] is that as
a result of this instability there is a collective reorgatian of the particles at energies around the
Fermi energy and the appearance of a gap in the quasi-paspelctrum (see Fig. 5) which is the
binding energy of a Cooper pair. At high enough temperategyap)\(T) vanishes and the system
is in the normal state. The transition to the superfluid/segeducting state is a second order phase
transition and the gaf(T) is its order parameter (see Fig. 6). Explicity,T) = 0 whenT > T
and, whenT drops belowT¢, A(T) grows rapidly but continuously, with a discontinuity in #®pe
atT =T.. Thisis in sharp contrast with a first order phase transiilomwhich the transition occurs
entirely atT. (see left panel of Fig. 6) and will be of paramount importafareour purpose. In the
BCS theory, which remains approximately valid for nucleahe relationship between the gap and

13
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Figure 5: Comparison of quasi-particle spectedk), i.e., the pole in the 2-point Green’s function, for a
normal and a superfluid Fermi liquid. The reorganizationatiples ate ~ & into Cooper pairs results in
the development a ga@\k) in the spectrum so that no particle can have an energy betsgee (kg ) and

& +A(ke).

T is
AT =0) ~ 1.75kgTc. (5.1)

In a normal Fermi system &t = 0, all particles are in states with energies< ee. When
T > 0, states with energiesi & can be smoothly occupied (left panel of Fig. 5) resulting in
a smearing of the particle distribution arougg in a range~ kgT. It is precisely this smooth
smearing of energies arousd which produces the linedr dependence daf,, § 4.1, and thd@® or
T8 dependence of the neutrino emissivities, § 3.

In a superfluid/superconducting Fermi syster at O, all particles are in states with energies
€ < g (actually,e < gg —A). When 0< T < T, states with energy > & (actually,e > &g +A)
can be populated. However, in contrast to the smooth fillihipwels abovesr in the case of a

First Order Phase Transition Second Order Phase Transition Smooth State Tra
AA A T AA AA
—() A(T) A(T)
T T Te T T

Figure 6: Temperature evolution of the state of a system parametbyeh "order” parametefy\(T).

First order phase transition: discontinuous change @ at T; latent heat due to the entropy difference
between the two states. (Examples: selidiquid; liquid <> gas below the critical point.)

Second order phase transition: continuous change af but with a discontinuity in the slope dt; no
latent heat but a discontinuity in specific heat. (Examp&sgerfluid«<» normal fluid; ferromagnetig-
paramagnetic.)

Smooth state transition: continuous change d with no critical temperature; increase of specific heat in
the regime wheré\(T) changes rapidly. (Examples: liqui¢ gas above the critical point; atomic gas
plasma.)
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Figure 7: Control functions for MU neutrino emission (left panel) espkcific heat (right panel).

normal Fermi liquid, the presence of thA(d) gap in the spectrum implies that the occupation
probability is strongly suppressed by a Boltzmann faetaxp—2A(T)/ksT]. Consequently, all
physical properties/processes depending on thermalligeeixparticles, such as the specific heat
and the neutrino emission processes described in § 3, argbtrsuppressed wheéh <« T.. In
practice, for numerical simulations of neutron star caplithese suppressions are implemented
through "control functionsR, such that

cy — C\F/’aired — C\I)lormal (5'2)

g — E\I/Daired: Rvg\lj\lormal. (5_3)
There is a large family of such functions, for each procesktiagy moreover depend on how many
of the participating particles are paired and on the spekifid of pairing; a few examples are
displayed in Fig. 7 [54].
5.1 Theoretical expectations on pairing gaps

Soon after the development of the BCS theory, Bohr, Mottel&dine [8] pointed out that
excitation energies of nuclei show a gap, as shown in theplafel of Fig. 8. Even-even nuclei

E4(MeV) oeven-even nuclei
. EA[T T T T T T T T T T T T T T T T T I T T TTT]
o o x odd—even/even-odd nuclei ™ev) | oeven—even nuclei _,
o %o = odd—-even/even-odd nuclei
L W -
10[° o o o o0 86l 0599 % |
° o ©°°° . > Q%h%%w
° o o I o %,
[ L8 o
$ OO"O
0.51 8.0F ox %%&%
x Xx X x u Xo )o)o)o
X x X x x x 0% x F o ’0%,
0.1=x xxxx % XX yx x 4 S 2 Y N
* 1 : L L 0 50 100 150 200 250

150 170 190 210 230 250

Mass number A Mass number A

Figure 8: Left panel: lowest excitation levels of nuclei (adaptedirf8]). Right panel: binding energy per
nucleon for the most beta-stable isobars.

15



Superfluidity in Cas A Dany Page

Phase shift (in degrees)
s,

Spin-singlet pairs 30
S=0
¢ & 7
L=0 L>0 10°
Spin-triplet pairs 0’
‘ ‘ S=1 » ER°\ (MeV)
L=0 L>0 -2

'S

Er (MeV)

25 50 75 100125 150

I| I T I| T I T |I T I T

1 2 4 6 8 10 12
p (10*gcn3 )

Figure 9: Left panel: possible spin-angular momentum combination€boper-pairs. Right panel: phase
shifts for N-N scattering as a function of the laboratoryrgggmiddle axis) or the neutron Fermi energy
and density for a neutron star interior (lower axis). Adddtem [47].

clearly require a finite minimal energy for excitation. Tlisergy was interpreted as being the
binding energy of the Cooper pair which must break to produtexcitation. In contrast, odd

nuclei do not show such a gap, and this is due to the fact tlegtliave one nucleon, neutron or
proton, which is not paired and can be easily excited. Tha pgnel of Fig. 8 shows that pairing

also manifests itself in the binding energies, even-evatenbeing slightly more bound than odd

nuclef.

As a two-particle bound state, the Cooper pair can appearamyrapin-orbital angular mo-
mentum states (see left panel of Fig. 9). In terrestrial sgreducting metals, the Cooper pairs are
generally in the!Sy channel, i.e., spin-singlets with= 0 orbital angular momentum, whereas in
liquid 3He they are in spin-triplet states. What can we expect in &orestar ? In the right panel
of Fig. 9, we adapt a figure from one of the first works to studytrmn pairing in the neutron star
core [47] showing laboratory measured phase-shifts frol Btattering. A positive phase-shift
implies an attractive interaction. From this figure, one eapect that nucleons could pair in a
spin-singlet state!Sy, at low densities, whereas a spin-tripé,, pairing should appear at higher
densities. We emphasize that this is onlprasumptionas medium effects can strongly affect
particle interactions.

A simple model can illustrate the difficulty in calculatingipng gaps. Consider a dilute Fermi
gas with a weak, attractive, interaction potential The interaction is then entirely described by
the corresponding scattering leng#h,” which is negative for an attractive potential. In this case,

6Notice that, as a result of pairing, the only stable odd-odclei are?H(1,1),6Li(3,3), 19B(5,5), and“N(7,7). All
heavier odd-odd nuclei are beta-unstable and decay inteeam@ven nucleus.
"The scattering lengthis related tdJ by a= (m/4mh)Ug with U, = [d3r exp(ik -r)U(r).
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Figure 10: Three collections of predicted pairing critical temperatufor neutrons in théS, and 3P,
channels and protons in th& channel. See [35] for references to the original works.

the model has a single dimensionless paramgtés, and the dilute gas correspondgétkes < 1.

Assuming the pairing interaction is just the bare intemotl (which is, improperly, called thBCS
approximation, the gap equation & = 0 can be solved analytically, giving tlveeak-coupling
BCS-approximatiormgap:

Ale) — Ageske) = 2 <%> exp[—i] when |ake +0.  (5.4)
e\ 2M 2|alke

This result is bad news: the gap depends exponentially qoetineg potentialJ. The Cooper pairs
have a size of the order éf~ hvs /A (the coherence lengdhand thusE kg ~ exp+1/2|alks] > 1

in the weak coupling limit. There appear to be many otheriglag within the pair's coherence
length. These particles will react, and can screen or ueesgrthe interaction. Including this
medium polarization on the pairing is callbdyond BCSand in the weak coupling limit its effect
has been calculated analyticaly [18], giving

Ake) —> Doms(ke) = ———Agcke) ~ 0.450pcske)  when |alke 0.  (5.5)

(46)1/3
So, screening by the medium reduces the gap by more tharoatiact even in an extremely dilute
system.

Pairing correlations in nuclei are part of everyday nucfgaysics, and a significant amount of
work has also been devoted to the neutron star environmeat €sg., [13] and [28] for reviews).
We show in Fig. 10 three sets of predict&dfor the neutron star interior. At low density, corre-
sponding to the neutron star crust in the regime of drippedrans, the expectation of a neutron
1Sy superfluid is amply confirmed by the models. This regime was #lustrated in the inset A
of Fig. 1. At higher densities, corresponding to the neustar core, the situation is much more
ambiguous. Due to their low concentrations, protons havaldrermi momenta in the core and
are expected to form &S, superconductor. There is, however, a significant unceytamthe
size of their gap, with predicted values Tfranging from~ 10° K up to 6x 10° K, and a larger
uncertainty in the range of Fermi momenta in whittkg) is non-zero, which translates into an
uncertainty of a factor of more than 3 on the density range by the superconductor. In the
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"pessimistic” case protons would be superconducting antizeé outer part of the core, whereas in
the "optimistic" case the whole core may be superconducting

For neutrons in the neutron star core, there is no agreemnsénebn the many published mod-
els about either the maximum value Bf or on the density range in which pairing is significant.
Notice that, due to the tensor interaction, pairing is etgrto be in théP,-3F, channel. However,
even the best models of the N-N interactiarvacuumfail to reproduce the measured phase shift in
the3P, channel [4]. Due to medium polarization a long-wavelengtisbr force appears that is not
present in thén vacuuminteraction and results in a strong suppression of the gajp Recently,
the effect of three-body forces (TBF), absent in the lalmoyalN-N scattering experiment, has been
considered. TBF are necessary to reproduce the nucleaatatudensity; they are, in the bulk,
repulsive and their importance grows with increasing dgnsiowever, it was found in [57, 58]
that, at the Fermi surface, they are strongly attractiveé3®,-2F, channel and result in very large
neutron®P»-3F, gaps. Other delicate issues are the effect of the protormoonant and the likely
development of ai® condensafewhich also strongly affects the size of the neutron (andagorpt
gap(s). In short, the size and extent in density of the na#Pe-3F, gap in the neutron star core is
poorly known.

5.2 The Cooper pair neutrino process

The formation of the fermonic pair condensate also triggansw neutrino emission process,
which has been termed as the "pair breaking and formatiarPB#, process [44]. When an ff pair
(f=n, p, or any fermion undergoing pair condensation) fqritssbinding energy can be emitted
as av — V pair. Under the right conditions, this PBF process can bealtminant cooling agent
in the evolution of a neutron star [32]. Such efficiency is doig¢he fact that the pairing phase
transition is second order in nature. During the coolinghefstar, the phase transition starts when
the temperatur@ reached. when pairs begin to form, but thermal agitation will consiiamduce
the breaking of pairs with subsequent re-formation andiplesseutrino pair emission.

=
o
T

nn Cooper
pair

Control function Rgg
o
2

0.0 1 1 1
0.0 0.2 04 0.6 0.8 1.0
T/Te

Figure 11: Left panel: Feynman diagram for— v emission from the pair breaking and formation (PBF)
process. Right panel: control functioRsgr for the PBF process.

8|n the presence of a charget condensate a new Urca neutrino emission pathway is operiTad#e 1 and
Eq (3.3). The development of a neutrél condensate has, however, little effect on neutrino emmissio
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The emissivity of the PBF process can be written as

PBF = 1506 (kBT)7af.jRj [Aj(T)/T]
er -
— 351x 107 cm393 X 7 Pr.g Td ag j Ry [A;(T)/T] (5.6)

for a fermionf in a pairing statg =Sy or 3P,. The coefficientss j depend on the type of fermion
and on vector and axial couplin@ andCx (see, e.g., [36]). The control functioR are plotted

in the right panel of Fig. 11. These functions encapsulagestfect that the PBF process turns on
whenT reached; and practically turns off af < 0.2T. when there is not enough thermal energy to
break pairs. The PBF process was first discovered by FloReiderman, and Sutherland [15] and,
independently, by Voskresensky and Senatorov [51]. It Wwasgever, completely overlooked for 20
years (?) until finally implemented in a cooling calculatior{44] and its importance emphasized
in [32].

An alternative way of looking at the PBF process is simply msnéer band transition of a
nucleon [55]. Considering the particle spectrum in a pagtade, right panel of Fig. 5, the lower
branch (withe < &g — A) corresponds to paired particles whereas the upper braretcited ones,
i.e., coming from a "broken pair" which hence left a hole ie tbwer branch. A transition of
a particle from the upper branch to a hole in the lower brarmhesponds to the formation of a
Cooper pair.

6. Cooling of Superfluid Neutron Stars

In order to complement the brief description of cooling preasd in § 4.4, we now include
the effects of pairing, but restrict ourself to cases in Whio fast neutrino emission process is
allowed (theminimal coolingscenario [35, 36]). In the left panel of Fig. 12, three exaaphf
the thermal evolution of a.4 M., star are shown. The 4 cooling stages, introduced in Fig. 4,
are similarly marked in this figure. The first model does notlide any effect from pairing, and
is very similar to the ¥ M, model of Fig. 4 (but not completely identical because of sdve
improvements in the microphysics with respect to the olddeudations of [33]). The other two
models include nucleon pairing and in both cases the sugipgeeffects on the neutrino emission
as well as the modification of the specific heat are taken iotount (see Egs. (5.3) and (5.2)), but
the PBF process is artificially turned off in one case. Wheop@o pair neutrino emission from
the PBF process is turned off, one can clearly see the effettteosuppression of the modified
Urca and bremsstrahlung processes during stage 3 whichsré@swa much warmer star. One
can also see the effect of the suppression of the specificwidah results in a faster cooling
during the photon cooling era (stage 4). During stage 3,jkeific heat is also suppressed, but its
effect is not as pronounced as in stage 4. In the presence &fBF process, however, the star is
significantly colder during stage 3, the PBF process beingerafficient than the MU process in
the unsuppressed case (i.e., no pairing). In stage 4, th&ayestories with pairing, but with and
without the PBF process, converge as cooling is now drivethbyphotons and only the specific
heat suppression by pairing is relevant. Notice that dusitagie 2, the crust relaxation period,
the model with pairing (and PBF) has a shorter relaxatior tiracause of the suppression of the
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Figure 12: Left panel: three models of cooling neutron stars illugtigathe impact of pairing. Right panel:
exploration of the effect of a late onset of neutron supetityi36, 37]. The curves are labeled according
to the maximum value of the neutréR, Tg: Tc = maxTc(ke ). No proton superconductivity is taken into
account in these models. The star marks the observed valf fufr the Cas A neutron star at an age of
330 yrs. See text for description.

neutron specific heat from tH&, gap in the inner crust (the same effect is present in the model
with pairing and no PBF, but is barely visible because the ¢®1too hot). In stage 1, the three
models give identical’s as at that agé is controlled by the evolution of the upper layers where
no superfluid is present.

The constituent whose pairing has the major effect is théroeuluid in the core. For il-
lustrative purposes, the left panel of Fig. 12 employed arnadP, gap chosen to maximize the
differences between the three models: the bell shdp@g ) curve (see the examples in Fig. 10)
reaches a maximum dt = T~ 5x 10° K. The right panel of Fig. 12 shows a series of models
in which the neutroriP, gapT.(kr) is rescaled by a constant factor, keeping the same shape. The
dotted curves, with low values @t, exhibit a transit of the neutron star from the warm trajgcto
with Tc = 0 toward the cold trajectories, wifft = 1 or 2x 10° K. At early times when the star’s
core temperaturd@ is aboveTc, neutrons are normal but wh@hreacheslc the phase transition
starts at some location in the star (see the left panel ofIddor a schematic of the evolution of
L,). At that stage, neutrons in a thick shell go through the phimsition and the neutrino lumi-
nosity suddenly increases due to the triggering of the PBEg®s. The star then begins its transit
toward a colder trajectory. AB decreases, this shell splits into two shells which slowift thward
the lower and higher density regions away from the maximurthefbell-shapedc(kg) profile.
WhenT is much belowT¢ (kg ) everywhere in the coré,, decreases rapidly. In the cases for which
Tc ~ 8 x 108 K the onset of the phase transition occurs after the peridklesmal relaxation of the
crust and is seen as a second phase of rapid decredgeFadr larger values ofc, this transitory
rapid cooling of the core is hidden by the crust which is ndttigermally relaxed with the core.

The simple analytical solution of Eq. (4.9) gives some ihsigto this transitory behavior.
WhenT > T¢, but < To, the star follows the asymptotic "MU trajectoryT, ~ t~%/6, and when
T reachedlc, at timet = tc, the neutrino luminosity suddenly increases. Despite timpticated
T dependence ofBF, Eq. (5.6), the resulting luminosity, once integrated oiver entire core
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Figure 13: See text for description. Figure from [36] and [37].

(also, aided the bell shape of tiiglkr) curve), is well approximated by B® power law in theT
regime in which some thick shell of neutrons is going throtiggn phase transition. If we write
LPBF = f . LMY = fNoT&, with f ~ 10, the solution of Eq. (4.9), replacingby tc andTo by Tc,
gives

T= e —Tic)/tc]l/ﬁ and T =10K(tvy/ft)® (whenT <« T¢) . (6.1)
The central panel of Fig. 12 shows the two asymptotic MU ané BBjectories and the transit
trajectory. Notice that in case the neutrino emission waesadly suppressed previously to the onset
of neutron superfluidity, e.g., by proton supercondugtivitith a larger critical temperature, the
MU trajectory is replaced by a warmer suppressed MU (SMUé¢tary and the initial part of the
transit is much faster, as illustrated in the right paneligf E2.

7. Cassiopeia A and its Cooling Neutron Star

The Cassiopeia A supernova remnant (SNR) was discoverediimin 1947 and is the second
brightest radio source in the sky (after the Sun). It hasesihen been observed at almost all wave-
lengths. Very likely, this supernova was observed by thé¢ Aissronomer Royal, John Flamsteed
[2] who, on August 16, 1680, when describing the stars in iBpeg&a constellation listed the star "3
Cassiopeia" at a position almost coincident with the supermemnant. This star had never been
reported previously, and was never seen again until Audi8® vhen the first light observation of
Chandr a found a point source in the very center of the remnant (se€lBig

The distance to the SNR is4{8:‘1‘ kpc [43], and the direct observation, by thietbbl e
Space Tel escope, of the remnant expansion implies a birth in the second Hathe 17"
century [14] and supports Flamsteed’s observation. Thesergations give a present age of 331
yrs for the neutron star in Cassiopeia A. The optical spetifithe supernova has been observed
through its light echo from scattering of the original lidht a cloud of interstellar dust and shows
the supernova was of type IlIb [24]. The progenitor was thusdasupergiant that had lost most of
its hydrogen envelope, with an estimated zero age main segU AMS) mass of 16 to 2M,
[52, 11, 49] or even up to 2B, in the case of a binary system [56]. This implies a relatively
massive neutron star, i.e. Iikeﬁ,/ 1.4 M, [56].

21



Superfluidity in Cas A Dany Page

Figure 14: The Cassiopeia supernova remnant in X-rays: first ligh€Clo&ndr a, August 1999. (The
neutron star is highlighted by the authors.) Image flOINASA/CXC/SAOQ.

The soft X-ray spectrum of the point source in the center ef 3NR in Cassiopeia A is
thermal, but its interpretation has been challenging [8@th a known distance, a measurement of
the temperature implies a measurement of the star’s raoliispectral fits with a blackbody or a
H atmosphere model resulted in an estimated radius of 0.2 &mdl, respectively. It was only in
2009 that a successful model was found: a non-magnéteddmosphere, which implies a stellar
radius between 8 to 18 km [22]. With this model, and analy&mdpservations of the SNR, Heinke
& Ho [20] found that the neutron star temperature had drogped% from 2000 to 2009, from
2.12 t0 204 x 10° K, and the observed flux had decreased by 21%. The neutrom €assiopeia
A is thus the youngest known neutron star and the first one evhosling has been observed in
real time!

8. Superfluid Neutrons in the Core of the Cassiopeia A Neutrorstar

The Chandr a observations of Cassiopeia A presented in the previougosetbgether with
its known distance, imply that the photon luminosity of tleeition star is

L,~10*ergs?. (8.1)

With a measured, ~ 2 x 1P K [22], we deduce an interndl ~ 4 x 1% K from Eq. (4.7). The
star's total specific heat is thi®, ~ 4 x 10°® erg K~ (from Fig. 3 or Eq. (4.8)). The observed
ATe/Te ~ 4% [20] gives for the internal temperatutd /T ~ 8% over a ten years period since
T ~ T2. Assuming the observed cooling corresponds géohal coolingof the whole neutron star,
its thermal energy loss is

Eh=CT~(4x108ergK ) x (0.1Ks 1) ~4x10* ergs? (8.2)

9There is, to date, no evidence for the presence of a magreltidriithe Cassiopeia A neutron star.
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Figure 15: A very good fit of the rapid cooling of the neutron star in Capsiia A obtained assuming a
recent onset of neutrotP, superfluidity and the resulting increase in neutrino erais§iom the formation
and breaking of Cooper pairs. The successful model assumasienum critical temperatufg = 5.5x 108

K and the inset compares it with the six observational poinith their 1o error bars, from [20] and [46].
The two dotted curves with no neutron superfluidity= 0, and superfluidity with a high@g = 1 x 10° K
illustrate the sensitivity tdc . Figure adapted from [37].

which is 3-4 orders of magnitude larger than what it sedr,inFor a young neutron star, neutrinos
are the prime candidates to induce such a large energy loss.

The cooling rate of this neutron star is so large that it measalbiransitory event, which was
initiated only recently. Something critical occurred nettg within this star! "Something critical”
for a cooling neutron star points toward a critical tempam®t and a phase transition is a good
candidate. The results of the previous section exhibitedase of accelerated cooling when the
neutron3P, pairing phase transition is triggered. Witifa~ 5 x 108 K, a transitory cooling can
occur at an age- 300 yrs as shown in the right panel of Fig. 12.

This interpretation of the observed rapid cooling of thetrmustar in Cassiopeia A as trig-
gered by the recent onset of the neutt®a superfluid phase transition and the resulting increase in
neutrino emission from the formation and breaking of pairthe neutron superfluid was recently
proposed in [37] and, independently, in [46]. Models sucthasones in the right panel of Fig. 12
do not, however, exhibit a cooling rate as large as the obderne.

A second key ingredient for reproducing the observed cgadlate is illustrated in the right
panel of Fig. 13. The neutron star was very hot before thetafsgeutron superfluidity. This is
possible in the case the protons were already in a superctinglstate, which implies that the
corresponding critical temperature is significantly larti&n theT. for neutrons. That thé&. for
15, proton pairing is larger than th& for neutron3P, pairing is expected from the theoretical
results presented in 8 5.1. However, a hot young neutrorcataonly be achieved in the case that
the protons are superconductimghe entire coreso that neutrino emission form the modified Urca
processes is strongly suppressed [46, 37]. This requireph&ces strong constraints on the proton
15, pairing and is easier to fulfill if the neutron star mass is toat large as theoretical models
show that proton superconductivity does not extend to vegly tensities. A better understanding
of the progenitor of Cassiopeia A, and constraining the etgaeneutron star mass, is essential for
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this scenario to work.

A very good fit to the observations is shown in Fig. 15, in whiclmaximum neutrorfP,
pairing Tc of 5.5 x 108 K is employed and protons are assumed to be superconductihg entire
core withT,(kr) > 10° K everywhere. Very similar results were obtained indepetigien [46].

9. Discussion and Conclusions

The observation, in real time, of the cooling of a neutrom stainique and its interpretation
potentially imposes very strong constraints on the physfcsltra-dense matter. We have here
given a basic presentation of the physical principles thatiravolved in trying to understand the
interior of a neutron star. Neutrino emission processedlamdkely occurrence of pairing are the
two most important ingredients, and in both cases many tiedéssues still remain.

We have presented arguments which, we hope, make it plausiat the observed 4% tem-
perature drop, in a period of 10 years, of the young neutranistthe Cassiopeia A supernova
remnant may signal the recent triggering of the phase tianf the core neutron fluid to a su-
perfluid state. The resulting on-going formation®&% Cooper pairs results in a strong neutrino
emission which can explain the observed rapid temperatae af this neutron star. An essential
requirement for the cooling to be as rapid as observed istligaheutron star was relatively hot
at earlier times, and we described how this may be due to therasssion of the early neutrino
emission by proton superconductivity. This would implyttttee critical temperaturél?, for pro-
ton superconductivity is, everywhere in the star’s coregdathan 18 K. Under this condition,
we found that the critical temperature for neutron supaetityi which is density dependent, must
have a maximum value G ~ 5 x 10° K. This would be the first direct evidence that neutron and
proton superfluidity/superconductivity occur at supralear densities in the core of a neutron star
[37, 46] and, further, these results would highly constthiir respective critical temperatures.

Alternatively, one could consider the observed coolindhefdtar in Cassiopeia A to be instead
due to a longer thermal relaxation timescale in some lay¢heftar than we have assumed. In
such a case the estimate of Eq. (8.2), which assumes anrisathgtar, does not apply. As seen,
e.g., in Fig. 12, the crust thermal relaxation occurs on &+tale of a few decades. However,
in case the crust thermal conductivity is smaller that the employed here it may possible that
this early temperature drop be delayed till the star is 300ykars old (see, e.g., [53]). Similarly,
the core thermal relaxation time may be much larger thanllyscansidered: in case the inner
core of the star cools rapidly it may take a few hundreds ykarthe star to become isothermal
and this can induce a rapid decreasdgfas proposed in [7] and presented in these proceedings
by D. Blaschke. This scenario requires that the core theomadluctivity be lower than usually
considered, by a factor of a few, and also implies that nestao not form a superfluid until the
star is much colder.

The neutron superfluid scenario we have presented fits witleiminimal coolingscenario
[35] and is compatible with observations of other coolingitnen stars [36]. The very similar
model of [46] also successfully passes the same test asswblkapposite core relaxation scenario
of [7]. More work is required to confront these possibiktiith other facets of the neutron star
phenomenology.
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