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NEUTRINO EMISSION FROM NEUTRON STARS *
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The main mechanisms of neutrino emission from the matter of supranuclear density
in superfluid cores of neutron stars are reviewed, with the emphasis on the cores
composed of nucleons. The effects of neutrino emission on the thermal evolution
of neutron stars are described. The prospects of exploring the fundamental (but
still poorly known) properties of supranuclear matter by comparing simulations of
neutron star thermal evolution with observations are outlined.

1. Introduction

Neutron stars are the most compact stellar objects in the Universe. Their
typical masses are M ~ 1.4 Mg (where Mg is the solar mass), while their
radii are only ~ 10 km. Their mean mass density reaches a few py (po =~
2.8 x 10 g em™2 is the standard nuclear matter density); their central
density can exceed 10 pg. Accordingly, neutron stars can be regarded as
unique astrophysical laboratories of supranuclear matter.

It is currently thought (e.g., Ref. ') that a neutron star consists of
a thin crust (of mass < 1072M) and a core (where the mass density
p 2 po/2). The crustal matter contains atomic nuclei, electrons, and (at
p > 4 x 10 g cm™3) free neutrons. The core can be subdivided into the
outer (p < 2po) and inner parts. The outer core consists of neutrons (n),
with an admixture of protons (p), electrons (e), and muons (all constituents
being strongly degenerate). The composition of the inner core is unknown.
It may be the same as in the outer core but may also contain hyperons,
pion or kaon condensates, quark matter, or a mixture of different phases.
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Table 1. Main processes of neutrino emission in nucleon matter

Process Reactions Ly, ergs™! Comment
Direct Urca n — pev pe — nv ~ 1044*46T§R fast
Modified Urca nN — pNev pNe —nNv ~ 1039*40T§R slow
Bremsstrahlung NN — NNvp ~ 1037*39T§R very slow
Cooper pairing NN = vp < 1040’427“5 moderate

Nucleons, hyperons, and quarks can be in superfluid state. Microscopic
theories of dense matter are model dependent. The fundamental problem
of the equation of state (EOS) and composition of the matter in neutron
star cores is still unsolved.

Here, we briefly review neutrino processes in neutron stars with nucleon
cores and their effect on neutron star cooling (see, e.g., Refs. 23456 for
more details).

2. Neutrino Emission Processes

Neutron stars are born hot in supernova explosions, with the internal tem-
perature T ~ 10'!' K, producing a powerful neutrino outburst. In one
minute after the birth a star becomes transparent for neutrinos. We dis-
cuss the following neutrino-transparent stage when the neutrino emission
is much weaker than at the supernova stage but still important for neutron
star cooling.

We outline the neutrino emission from stellar cores which is usually more
powerful than from crusts. The main neutrino reactions in nucleon cores
are listed in Table 1. It is important to know the neutrino emissivities @)
(erg cm™3 s71) for these reactions and the associated neutrino luminosities
L, (erg s71), which are the emissivities integrated over the star volume.

The most powerful is the direct Urca process 7. In the matter composed
of n, p, and e, this is the beta decay of a neutron and subsequent electron
capture by a proton (Table 1). The process occurs if the proton fraction
is sufficiently high (to satisfy momentum conservation). This happens only
for some EOSs in the inner cores of massive stars, where the density exceeds
a certain density threshold pp.

In addition, there are slower neutrino processes (Table 1), which operate
in the outer and inner cores. They are two modified Urca processes (for
N=n or p) and three bremsstrahlung processes (nn, pp and np). The mod-
ified Urca processes differ from the direct Urca by an additional nucleon-
spectator N (which simplifies momentum conservation). In the presence of
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muons there are additional Urca processes, with muons instead of electrons.

Neutrino reactions are greatly affected by nucleon superfluidity. When
the temperature T" drops much below the critical temperature 7. for a given
nucleon species, the energy gap in the nucleon energy spectrum greatly (ex-
ponentially) suppresses all reactions involving such nucleons (e.g., Ref. 3).

Also, superfluidity initiates a specific neutrino process owing to Cooper
pairing of nucleons 8 (annihilation of Bogoliubov quasi-nucleons N into
neutrino pairs, Table 1). This process is forbidden in nonsuperfluid matter.
With decreasing T', it becomes allowed at T' = T¢, produces the maximum
emissivity at T' ~ 0.8 T¢, and is exponentially suppressed at T < T.. For
realistic density profiles T¢(p) at T much below the maximum value of
T.(p), the neutrino luminosity due to this process behaves as LSF oc T
and may exceed the luminosity provided by the modified Urca process in a
nonsuperfluid star by up to two orders of magnitude ®°.

Order-of-magnitude estimates of neutrino luminosities for the cited pro-
cesses are given in Table 1, where Ty = T/10° K and R describes the re-
duction of the luminosity by superfluidity (with R = 1 and LS = 0 in a
nonsuperfluid star).

3. Neutrino emission and cooling neutron stars

Because the neutrino emission depends on the internal structure of neutron
stars and affects their cooling, it allows one to explore the internal structure
by comparing the cooling theory with observations. Here we follow Ref. 0.

Observations of isolated neutron stars, whose thermal surface radiation
has been detected or constrained, are summarized in Fig. 1 (the data are
the same as in Refs. 919). We present the stellar ages ¢ and effective sur-
face temperatures T.° inferred from observations; ‘co’ means the quantity
redshifted to the reference frame of a distant observer. Arrows show the
upper limits on T2° (in cases no thermal radiation has been detected).

The cooling theory gives cooling curves, T>°(t) (e.g., Fig. 1). In ¢ < 100
years the stellar interiors become thermally relaxed. At t < 10° years, a
star cools mainly via neutrino emission; at ¢ > 10° years it cools via thermal
surface emission of photons.

Figure 1 shows the basic cooling curve. It is calculated for a star with
a non-superfluid nucleon core which cools slowly via the modified Urca
process. This curve is almost independent of the EOS and neutron star
mass. It cannot explain the observations — some sources are hotter and
some colder than predicted by the curve.
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Figure 1. Left: Observational limits of surface temperatures for several isolated neutron
stars compared with the basic theoretical cooling curve. Right: Internal and surface
temperatures; neutrino, photon and total luminosities (redshifted for a distant observer)
for the basic cooling model.
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Figure 2. Left: Illustrative models of critical temperatures for singlet-state proton (p)
and triplet-state neutron (nt) pairing in a neutron star core. Right: Neutrino emissivity
in the same core at T' = 3 x 10% K for non-superfluid matter (thick line; noSF) and either
for proton pairing (p) or for proton and neutron pairing (p+nt). The vertical dotted line
shows the direct Urca threshold.

At the next step let us take into account the effects of enhanced neutrino
emission in massive neutron stars (Fig. 2). We adopt a moderately stiff EOS
of dense nucleon matter from Ref. 1! (the same modification as in Ref. 4).



September 7, 2006 11:46 Proceedings Trim Size: 9in x 6in romania

209
6.6 R A g — —
[a¥ >~ a i
19 3 p 1% 8 p+nt]
[P ~ [ PN 0
5 Y 2 + 4
g8 £ 2 8 ©Q
Eo 8 @ T RIS T
['e} ['e]
L > o 2 % ey
1 s | o™ s | @
8.2 — a0 = — o =
L g8 © 28 ©
— 29 =9
< Eo2 . ° Eoe
= gz = g dz =9
SE‘”‘ 6 LLE;E? [ LLES‘,
3 Lo
0 / 8 LS / 8
o [ 5 2 5
2 2
5.8 - LS =
L o o©
5.6 f f
5.4
2 4 6 2 4 6
lgt (yrs) lgt (yrs)

Figure 3. Left: Cooling of neutron stars of several masses (indicated near the curves)
with proton superfluidity p from Fig. 2 in the cores. Right: Same as in the left panel
but adding the effect of neutron superfluidity nt.

It opens the direct Urca process at p > pp = 7.851 x 104 g cm™3, i.e.,
at M > Mp = 1.358 Mg (M being the gravitational mass) and gives the
maximum neutron-star mass My, = 1.977 Mg. In non-superfluid matter
the direct Urca process switches on sharply at p > pp. If M exceeds Mp
only by 0.1%, the neutrino luminosity owing to the direct Urca process is
already so strong that 72°(¢) falls much below the T'° for coldest observed
stars in Fig. 1 (close to the lowest curves in Fig. 3). Therefore, we have
either the basic curve for M < Mp or much lower curves for more massive
stars; these curves are inconsistent with the data.

However, protons and neutrons in neutron star cores can be in superfluid
state. As a rule, protons undergo singlet-state pairing, whereas neutrons
undergo triplet-state pairing (e.g., Ref.'?) with density dependent critical
temperatures Tcp(p) and Teng(p) which are very sensitive to theoretical
models. Figure 2 shows some phenomenological Teut(p) and Tep(p) curves 4
and their effect on the neutrino emissivity.

First we assume strong proton superfluidity p alone. It extends to den-
sities p > pp and suppresses the modified Urca process in low-mass stars
(M < Mp). The neutrino luminosity of these stars becomes lower (Fig. 2),
being determined by a weaker mechanism (nn bremsstrahlung, unaffected
by proton superfluidity). This rises the cooling curves of low-mass stars
and allows one to explain the observations of stars hottest for their age,
such as RX J0822-43, 1E 1207-52, PSR B1055-52 (left panel of Fig. 3).
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Figure 4. Left: Model density dependence for critical temperatures of protons (pl) and
neutrons (ntl) in a nucleon stellar core for the EOS which forbids the direct Urca process.
Right: Cooling of neutron stars of several masses (indicated in the inset) with pairing
pl and ntl for the same EOS.

Thus, we may treat these sources as low-mass neutron stars.

Proton pairing p suppresses even the direct Urca process at p ~ pp. At
higher p pairing gradually dies out, opening the direct Urca process. The
gradual opening broadens the direct Urca threshold (Fig. 2) and ensures the
gradual decrease of cooling curves with increasing M. In this way we may
attribute masses to observed neutron stars '3, as shown in the left panel of
Fig. 3, and explain all the data. For instance, we obtain M = 1.47 M, for
the Vela pulsar. However, this weighing of neutron stars is sensitive '* to
the EOS of dense matter, to the direct Urca threshold, and to superfluidity
model T, (p). Even strong pairing p dies out in the centers of massive stars
(M ~ Mpayx), where direct Urca process is allowed. Thus, massive stars
cool very rapidly, as if they are non-superfluid, and become very cold.

Now let us include also neutron pairing nt with the peak of Ten(p) as
low as ~ 4 x 108 K at p ~ 4 x 10'* g em™3. This pairing is mild and
insignificant, according to nuclear physics standards, but crucial for the
cooling. It appears in a cooling star when the internal temperature falls
below the peak value. It creates then a powerful neutrino emission owing
to Cooper pairing of neutrons in outer stellar cores, especially efficient in
low-mass stars. The emission accelerates the cooling (the right panel of
Fig. 3) and violates the interpretation of the observations of such sources
as PSR B1055-52. Thus, this mild neutron superfluidity contradicts the
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observations.

The opposite example is given in Fig. 4. Let us consider neutron stars
with nucleon cores and employ the EOS ® which forbids the direct Urca
process in all stars with M < M.« = 2.05 M. Furthermore, let us adopt
the model of strong proton pairing pl and mild neutron pairing nt1 (the left
panel of Fig. 4). Pairing p1 is similar to pairing p in Fig. 2; it suppresses the
modified Urca process in low-mass stars. The peak of Ten(p) for pairing
ntl is as low as for pairing nt but shifted to higher densities. Accordingly,
pairing nt1 is inefficient in low-mass stars and does not affect their cooling.
However, the enhanced neutrino emission owing to this pairing operates in
massive stars and accelerates their cooling. Then the cooling of stars with
different masses enables us to explain the data (the right panel of Fig. 4),
but only under stringent constraints on the Ten(p) profile ¥. Note that a
discovery of a neutron star slightly colder than those observed now would
ruin this interpretation.

4. Conclusions

We have outlined the main neutrino emission mechanisms in nucleon cores
of neutron stars. We have shown than these mechanisms are greatly af-
fected by the EOS and by superfluid properties of dense matter. We have
demonstrated that the neutrino emission strongly regulates the cooling of
isolated neutron stars. Current observations of cooling neutron stars can
be explained by different theoretical models of dense matter. Nevertheless
the theory rules out some theoretical models (e.g., the model in the right
panel of Fig. 3).

Neutron star cooling can also be regulated by the surface magnetic
fields and by the presence of light (accreted) elements on stellar surfaces
(see, e.g., Refs. +6:10). The fields and accreted elements affect the thermal
conductivity of surface layers. They may increase the surface temperature
T2°(t) of middle-aged stars and decrease T°(t) for t 2 10° yrs. In addition,
the neutrino emission and cooling can be modified ¢ by the presence of
different forms of matter (hyperons, pion or kaon condensates, deconfined
quarks) in neutron stars (and in strange quark stars). Also, the cooling
can be affected by some reheating mechanisms, for instance, by the viscous
dissipation of rotational energy or Ohmic decay of magnetic field. All in all,
current observations of cooling neutron stars can be explained by drastically
different physical models of dense matter.

New observations of neutron stars are required for a better understand-
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ing of their internal structure. Observations of cooling neutron stars should
be analyzed together with other observational data. The data should be
combined with new theoretical results, particularly, with new studies of nu-
cleon superfluidity and neutrino emission properties. This would allow one
to obtain more stringent constraints on neutron star structure.
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