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The importance of taking into account collective effects of the nucleon medium in the problem
of the luminosity of neutron stars is demonstrated. New processes are introduced:
nonresonance, which can be reduced to two-nucleon reactions but with allowance for multiple
scattering in intermediate states, and resonance, associated with collective vibrations of the
medium such as spin sound or a pion condensate. In the low-temperature approximation
T<eb~5( p/p,)*® MeV, where p,, is the density of a nucleus, the contribution to the
luminosity of all the most important processes is calculated. The resulting luminosity depends
strongly on the mean density p of the nucleon matter and at larger p appreciably exceeds the
estimates of earlier studies that did not take into account the collective effects. Therefore,
neutron stars having a higher mean density (or mass) emit neutrinos much more copiously
than ones having a lower density (or mass). This opens up a possibility of explaining the low
experimental limits on the surface temperatures of some neutron stars assumed to exist in the
remnants of young supernovas without recourse to the pion condensate hypothesis. The mean
free paths of neutrinos in different direct processes are calculated. The minimal neutrino mean
free path ~ 10 km is comparable to the radius of the star at a temperature T=T,, S € £.
Lowering 7, compared with earlier estimates leads to the retention of neutrinos in a neutron

star during the first minutes of its life. Experimental consequences of the obtained results are

discussed.

I. INTRODUCTION

According to current ideas, neutron stars are formed
when very massive stars collapse after supernova explo-
sions."? The characteristic mass of a neutron star is
M~M,,, where M, is the mass of the Sun, the radius being
R ~10 km. In the course of the collapse, the neutron star is
heated to a temperature T~ 10 MeV ~1.16.10""' °K, after
which it cools, emitting neutrinos and photons.

The first calculations of various processes that contri-
bute to the cooling of neutron stars were made in 1965.>* At
that time, they were mainly of academic interest. The situa-
tion was radically changed in connection with a unique pos-
sibility that appeared recently for carrying out experiments
in space.

The Einstein space observatory detected soft and non-
pulsating radiation from sources at the centers of four super-
novaremnants. These observations were used to estimate the
surface temperatures of the associated neutron stars under
the assumption that all the radiation is thermal. In addition,
dozens of upper limits 7'** on the surface temperatures of
neutron stars were obtained under the assumption that they
were formed in explosions of young supernovas.’ A new and
rapidly progressing experimental field developed in which
one could expect fascinating results relating to the detection
of central sources and the lowering of the upper limits of the
surface temperatures of neutron stars assumed to exist in
supernova remnants.

Analysis of the theoretical calculations of different re-
actions that lead to cooling of neutron stars, a comparison of
them with experimental data, and references to the literature
can be found, for example, in the review of Ref. 6, and also in
later publications.”®
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Study of various reactions led to the development of a
certain scenario of neutron star cooling, according to which
the main contribution to the cooling at a temperature
T,, 2 10°°K of the internal region of the star is made by
neutrino emission from this internal region, which has a den-
sity p2 10" g/cm?, determined basically by the modified
URCA process nn—npev (T, ~ (1072107 )T, ; Ref. 9).
The ordinary B decay of the neutron, n—pe¥, is strongly
suppressed due to the difficulty of satisfying the momentum
conservation law (the Fermi momenta of the proton and
electron are pp, =pr. =85(p/po)*’> MeV/c, where
Po=2.8-10"* g/cm? is the density of a nucleus, while the
neutron Fermi momentum is p, ~340( p/po)'/* MeV/c,
c¢q~T S 10MeV). Therefore, a second particle is required in
order to satisfy the momentum conservation law. As the
temperature is lowered, crust neutrinos'® and then photons
begin to make a contribution.

Calculations of the cooling of neutron stars have been
made for different scenarios. Different equations of state
have been introduced, assumptions have been made about
the presence or absence of neutron and proton superfluidity
and about the magnetic field, the values of poorly known
physical parameters have been varied, and so forth. It has
been found that the resulting luminosities depend strongly
on the assumptions made about the internal structure of the
neutron stars and the choice of the physical parameters.
Nevertheless, it has been shown that for all the adopted as-
sumptions about the equation of state, the presence or ab-
sence of superfluidity, the strength and radial dependence of
the magnetic field, etc., the low experimental upper limits on
the surface temperatures of some neutron stars cannot be
explained by means of the processes usually considered.

If in the interior regions of neutron stars there were a
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sufficient number ( p,. ~p,) of free pions, then through the
reaction n7~ —nev neutron stars could be cooled much
more rapidly than follows from the modified URCA pro-
cess.> However, there were no grounds for supposing free
pions present in the matter of neutron stars. Indeed, at the
characteristic density of neutron matter, p ~p,, the neutron
chemical potential is £, ~60 MeV, and the production of
pions with energy R m, ~ 140 MeV is suppressed by the ex-
ponential factor ~e ~®7 (here Tis givenin MeV). Interest
in such processes was rekindled by the hypothesis of pion
condensation in dense neutron matter.'"!> Then a conden-
sate pion could play the part of the free pion in the reaction
nm~—nev. The corresponding specific luminosity (the lu-
minosity of unit volume) is found to be of the same order as if
the pion were free.'* Nevertheless, doubts were expressed—
first, a pion condensate need not develop in the matter of a
neutron star if the central density is below the critical value
for pion condensation, this value varying in the interval
Pc ~Po — 4p, depending on the chosen parameters; second,
in some models with strong nucleon-nucleon correlations,
which suppress both the 7NN and the 7NN %, interaction
vertex, a pion condensate does not arise at all.'*

As candidates for processes leading to rapid cooling,
consideration has also been given to the processes d—ue¥,
ue—dv, which take place on up and down quarks.'* How-
ever, the more detailed study of Ref. 8 showed that the corre-
sponding reactions make a'‘much smaller contribution than
the m-condensate process. Thus, it remained to conclude
that either there is a pion condensate in neutron stars or that
neutron stars are not present in the supernova remnants in
which the values of T'"** are sufficiently low. However, the
latter conclusion is difficult to reconcile with the experimen-
tal data on the frequency of supernova explosions and of the
formation of pulsars in the Galaxy'® and also with the suc-
cessful description of the data on the fluctuations of pulsar
periods, which require objects to have very low tempera-
tures.!’

All the studies mentioned above were based on the as-
sumption that the neutrinos mean free path is much greater
than the radius of the system. It is only in this case that the
effects of neutrino absorption can be ignored. In Refs. 18 and
19 it was shown that in the early stage of cooling, i.e., at
comparatively high temperatures, the neutrino mean free
path is appreciably less than the radius of the neutron star,
which radiates as a black body. However, this occurs during
the first minutes (in the absence of a pion condensate) or
hours (if there is a pion condensate) from the time of forma-
tion of the neutron star. Then, as the cooling proceeds, the
neutrino mean free path becomes greater than the radius of
the system, and during the entire subsequent evolution the
radiation is nonequilibrium. For comparison with the ex-
perimental values of the surface temperatures of neutron
stars formed after supernova explosions that occurred many
years ago these modifications are unimportant. Neverthe-
less, they could be extremely important, for example, for
studying the possible pulsations of neutron stars immediate-
ly after their formation," and also for the description of the
ejection of supernova shells.
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In view of how important learning whether neutron
stars are present in supernova explosions is for obtaining
new information about the structure of neutron stars, for
testing the hypothesis of pion condensation in neutron stars,
for describing the pulsations of a neutron star during the
initial stage of its cooling, and also for explaining the part
played by neutrinos in the ejection of the supernova shell,
one should consider carefully whether all possibilities have
been exhausted for increasing the matrix elements of the pro-
cesses usually considered, and also whether there might not
be other, as yet unstudied, processes capable of leading to
rapid cooling of neutron stars. These are the matters to
which the present paper is devoted.

Some of the results have been briefly presented in Ref.
21. In the following section, we introduce the formalism
needed in the present work. The description of the NN inter-
action is constructed in accordance with Migdal’s theory of
finite Fermi systems, while Weinberg—Salam theory is used
to describe the weak interaction. In Sec. III, we discuss new
processes, forbidden in the vacuum but possible in a nucleon
medium, which, as will be shown, significantly increase the
resulting neutrino luminosity. We describe the approxima-
tion in which the luminosity of the neutron star will be calcu-
lated. In Sec. IV, we find the contribution of the nonresonant
processes to the luminosity, and in Sec. V we estimate the
luminosity of the resonant processes. The luminosities of the
reactions that take place on the pion condensate are found
under the assumption that it exists. It is shown that the pion
condensation hypothesis is not required to explain the low
experimental upper limits on the surface temperatures of
some neutron stars. In Sec. VI, we find the mean free paths
for the processes studied in the paper. Characteristic cooling
curves are given. In Sec. VII, we formulate some unresolved
problems.

Il. GENERAL FORMALISM

1. Description of the strong interaction

The equation for the NN scattering amplitude has the
form!?

< N A AN
R P

where I', is the NN scattering amplitude having no pion exci-
tation in the channel considered, .7, is the vertex of the 7N
interaction that does not contain a pion pole, and nucleon—
nucleon correlations are included in T, and 7 ;; D,, is the
pion Green’s function:

D"-‘=(m"+u“)2—-k2—m"2—n(k7 ®ny Ur, T)v h=c=1v (2'2)

(2.1)

D,=WD,, D,., D) for the 7° 7+, 7~ mesons,
D, (w,,k)=D,.(—w,, —k),m, isthemass, , is the
chemical potential, and w,, and k the frequency and momen-
tum of the pion; I1(k, w,,,u,,, T) is the temperature-depen-
dent polarization operator of the pion. It is basically deter-
mined by the following graphs'%?2-2%;

I=II™*+117, (2.3)
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47, v Ty = Qe+ e 7]
| s
‘ (2.4)

nm = . (25)

In (2.4), the first graph corresponds to pion decay into a
nucleon particle and hole, the second into an N *-isobar and
nucleon hole, and the third corresponds to S-wave scatter-
ing; the graph (2.5) corresponds to allowance for the pion
fluctuations. The hatched vertices denote allowance for the
nucleon correlations.

In the present paper, we do not require the explicit form
of the pion polarization operator, and we therefore restrict
ourselves to the comments already made. For the details, we
refer to Refs. 12, 23, and 24. For .7, we have the symbolic
equation'?

Here, .7 o, =f okr, is the bare vertex of the 7NN interac-
tion, f=~m_ !, and F , is a local interaction of quasiparticles
in nuclear matter, this being introduced through the con-

stants of the nuclear matter as follows'%:
dn/der|ppmpF 1= {771, (g+5 7,7,)0,6,} 6 (r,—T2), (2.7)

where 1, and r, are the isotopic and ¢, and o, the spin matri-
ces of the two nucleons, and p,, is the Fermi momentum at the
nuclear density. The constants f, /', g, g’ are found by com-
paring the theoretical and experimental data, and

A =—i5 G (p+k)G(p)dip/ (2m)* (2.8)

is a loop of fermions (nucleons) and N ¥; resonances. There
is an exactly similar loop correction of the local interaction
I',. Because of the dependence on the different constants,
and also the different values of the momentum transfers and
frequencies in the different vertices, the factors of the nu-
cleon-nucleon correlations are, in general, different for the
7 * np, m°nn, and NNIv vertices.

Since the numerical values of the parameters of the the-
ory of finite Fermi systems for a neutron system are un-
known and the expression for the results is extremely cum-
bersome in the general case, the nucleon correlations will be
taken into account schematically in what follows, all vertices
being suppressed by one and the same factor y(w, k). Be-
cause of the uncertainties associated with the different treat-
ment of the nucleon correlations, this parameter may vary
over fairly wide ranges ¥ ~0.3-1.'>?> For general under-
standing, we nevertheless indicate the structure of the nu-
cleon correlation parameter:

Yoo (K, ©) ~ [1+g7Pepe™ @1 (K, 02, pa) 17
Yun (K @) ~[1+€""pepe™ @ (K, ©x)]7",
where
D=0, (k, 0:) D, (—k, —0x)
is the Lindhard function, and g~ and g"" are constants of the

theory of finite Fermi systems. We note that in a realistic
situation the introduction of the two constants g~ and g"" is
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insufficient on account of the different suppressions of the
7NN and 7NN * interaction vertices,'? and also on account
of the dependence of the vertices of the NN/¥ interaction on
the constants £, f', g, 8.

For simplicity, we shall in what follows ignore the local
block I'; compared with the contribution of the medium-
softened one-pion exchange. At these neutron matter densi-
ties ( p~po — 5po) and parameter values, allowance for I,
leads to a comparatively moderate change in the specific lu-
minosities. (At characteristics values |D ~'(w, =0,
k~p%)| S1andy~1, this change is negligible and increases
to afactor ~ 1 as ¥ decreases to 0.3-0.4.) The generalization
to the case I'; #£0is laborious but does not present any funda-
mental difficulties.

The degree of softening of the pion propagator (2.2) in
the dense nucleon medium is determined by how much it
differs from the corresponding vacuum  value
D ;! = w? — k? — m?. Since the characteristic quantity in
(2.2) when p~py,~m? is m,, and the characteristic fre-
quencies are @, ~T<m,, in what follows we shall use in
place of Re D ! the expression D ; '(w, =0). At suffi-
ciently high densities of the nuclear matter, pXp,,
Re|D ~!(w, = 0)|, there is a minimum at k = k,~pf.
Therefore, we shall sometimes use the simpler expression?

Re| D' (02=0) | &>+, (K*—k,2) *[4k,*. (2.9)
The gap @ is found from the self-consistent equation
o2 =m +k+1 (k, 0.=0, T, ®). (2.10)

Under the assumption that the graph (2.5) corresponding to
the pion fluctuations is small, we have

B~ 0 =m L+ (k, 0,=0, T). (2.11)

Then the transition to the pion condensate occurs at the den-
sity p = p, at which w}, (k,) = 0 and is a phase transition of
the second kind. In reality, IT¥ #£0 and the 7-condensate
phase transition is of the first kind,?*?>~>* though in the limit
T—0 this difference may not be too significant for numerical
reasons.”®

2. Description of the weak interaction

For the description of the weak processes in the Wein-
berg-Salam model, we use the nonrelativistic expression for
the interaction Lagrangian.”’

With participation of the charged current

G
gc = “:‘Xp+ (Gpo‘g,;ém'()i)x,,lu, (2.12)
V2
where y, and y," are the spinors of the incoming neutron
and the outgoing proton, G=1.7-10~° GeV~? is the Fermi

constant of the weak interaction, g, =~ 1.26 is the constant of
the axial-vector interaction,

lu=ﬁ(q1)'{u(1—75)u(q2)v (2.13)

is the leptonic current, ¢, = (@,, ¢,) and g, = (w,, g,) are
the lepton 4-momenta, and y,, are the Dirac matrices.
With participation of the neutral currents,
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)
G +

L= ?a/," X1 (Bpo—8464:0:) X2l (2.14)

for the neutrons and for the protons

.Q’—G *(CvBuo—ga0ui0:) %2l

p—'sz1 CvOyo gA niVi XZm
CV=1—4 sin® ew, sin® 9w20,23. (2'15)
The nucleon Green’s function is

Gry=(E—p*[2my"+py)~", (2.16)

where E and p are the energy and the momentum, u is the
nucleon chemical potential, and m¥ is the effective mass. To
small corrections associated with the large nucleon mass,

G (E+0)==(o+Ap)-". (2.17)

Here, o is the total energy carried away by the leptons, and
Ap = Ofor processes on the neutral currents (2.14), (2.15);
Ay =p, —u,, where theindices n and p correspond to neu-
trons and protons, respectively, for processes on the charged
currents (2.12). The + and — signs correspond to the
cases when the weak process takes place on the outgoing and
ingoing nucleon, respectively.

Ill. RESONANT AND NONRESONANT REACTIONS

As already mentioned in the Introduction, the ordinary
neutron B decay n—pe¥v is suppressed at the characteristic
neutrino energies and momenta, w, ~¥, ~ T, because of the
difficulty of satisfying the momentum conservation law. An
additional particle capable of carrying the extra momentum
~pr is therefore required. Even in the most favorable case
when free pions are taken as these additional particles (rep-
resented in Fig. 1 by the wavy lines), these processes are still
suppressed because of the absence of free pions in the matter
of a neutron star. Therefore, in earlier studies devoted to the
problem of the luminosity of neutron stars the one-nucleon
processes of Fig. 1 were not taken seriously. But in a nucleon

888 Sov. Phys. JETP 63 (5), May 1986

FIG. 1. Diagrams of one-nucleon processes. The continuous
lines represent nucleons and leptons, as indicated in the fig-
ure. The broken lines represent the weak interaction. The
wavy line corresponds to a medium pion (indicated in the
figure) or to a quantum of the local NN interaction. In the
presence of a pion condensate, the wavy line must be replaced
by an external 7-condensate field. The hatched block takes
into account the nucleon-nucleon correlations.

medium, such processes may take place quite differently; for
in a medium there is not only the comparatively high-lying
pion excitation branch, which with decreasing density p goes
over into the vacuum '* = (m2 + k2)'/2, but also low-
lying excitation branches. Spin-isospin excitations are of this
type. For the 7° mesons, the low-lying spin-isospin branch
has the asymptotic behavior o ~sykvy, k—0, i.e., corre-
sponds to spin-isospin sound. For charged =* mesons in a
neutron medium, a low-lying excitation branch occurs only
when the medium has a sufficiently high density:
p>p ~po. Then w,+ < —u, and a small admixture of
protons in the matter of the neutron star goes over into #n and
7+,i.e., the presence of sucha 77 branch means the produc-
tion of a 7% condensate.

There are also acoustic collective vibrations associated
with the local NV interaction. At T 0, the low-lying excita-
tion branches can be populated, and the quasiparticles corre-
sponding to them can participate in neutrino reactions. The
possible processes are shown in Figs. 1 and 2. The wavy lines

L
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| | n
n Y/ z
z0 @ z+ P ﬁ~. x*
h

i

3

SN
NN

41

FIG. 2. Diagrams of one-pion reactions. The wavy lines correspond to

medium pions (indicated in the figure) or quanta of the local interaction.
The other notation is the same as in Fig. 1.
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in these figures represent soft excitations, for example, spin-
isospin acoustic excitations or spin-spin acoustic excitations.
In the presence of a pion condensate, the wavy line in Fig. 1
must be replaced by the external 7-condensate field. As Fig.
2 shows, in the initial and final states one can actually have
processes without participation of a nucleon at all. These are
one-pion processes if the wavy line corresponds to a pion
from the spin-isospin branch, or processes corresponding to
acoustic vibrations of local type. All these processes are de-
cidedly collective and are possible only in the presence of a
medium. They can be called resonant processes, since the
imaginary part of the propagator of the corresponding quasi-
particle is proportional to § (@ — w(k) ), where @ (k) is the
pole of the propagator that determines the dispersion law of
the excitations.

On the other hand, because of the possibility of pion
decay into a particle and hole, the pole term of the polariza-
tion operator

3.1

has in a certain region of frequencies w, and momentum
transfers k(w, < kvy) an imaginary part different from a -
function form:

Im oy =—2Lfhny’

&p

(2n)*’
(3.2)

xj (nl’ﬂ—n:+k) & (mu+Epa—E:+k+Ma—|J«o)

Im It =— Im (Dyas) ",

where D # is the advanced pion Green’s function. Here, the
indices @ and S relate to the nucleon species (1, p), { = 1 for
7° mesons and 2 for 7+ mesons. For charged pions in the

intermediate states (3.2) different nucleons » and p partici-
pate.

The presence of the non-6-function imaginary part in
the propagator means physically that pions are created and
annihilated with the passage of time. Once created, they can
participate in neutrino reactions. We shall refer to such reac-
tions as nonresonant.

The square of the matrix element of the one-nucleon
reaction in Fig. 1, summed over the spins and final states of
the pion field, is

[ M)~ g*e|i>=2Im D.*/[exp(w./T)—1]. (3.3)

Using (3.3) and (3.2), and also the general expressions
for the luminosities of the one- and two-nucleon processes
(see (4.1) below), one can show that the calculation of the
luminosity of any one-nucleon nonresonance process of Fig.
1 or one-pion nonresonance process of Fig. 2 reduces to the
calculation of the luminosity of the corresponding two-nu-
cleon process (denoted in Figs. 3-5 by the same Latin letters
a, b, ... ,asin Figs. 1 and 2). This is simply a consequence of
the optical theorem. Generally speaking, the luminosities of
all these processes could be found directly using the formal-
ism of the optical theorem. However, the analogy with the
calculations made in the literature would then be less trans-
parent. Therefore, we here use a different, more physical
language. Bearing in mind what has been said, we shall in
what follows, when calculating the nonresonant processes,
consider only the corresponding two-nucleon processes in-
stead of the one-nucleon and one-pion processes.

The two-nucleon reactions that contribute to the result-
ing neutrino luminosity are shown in Figs. 3-5. The group of
diagrams shown in Fig. 3 corresponds to the process
nn—npev with charged weak currents and can be called the
generalized URCA process by analogy with the name used
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FIG. 3. Diagrams of the process nn—npev (generalized
URCA process). The wavy line corresponds to the nucleon-
nucleon interaction. The remaining notation is the same as in
Fig. 1.
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earlier. Figures 4 and 5 show the diagrams of the processes
nn—nnvvy and np—npvv with neutral currents.

Two-nucleon reactions have been investigated earlier in
many studies, the most detailed of which is that of Ref. 27. It
was shown there that the main contribution to the specific
luminosity is made by the modified URCA process
nn—npev. A certain contribution is also made by the pro-
duction of neutrino pairs v¥ accompanying nucleon scatter-
ing nn—nnvv and np—npvv on neutral currents. The nu-
cleon-nucleon interaction was approximated by one-pion
exchange with the free pion propagator. With regard to the
local interaction, it was not given a loop correction. Even in
this case, allowance for the local interaction only slightly
changes the luminosities of the other processes (by a factor
0.5-1). The cutoff of the one-pion exchange potential at
short distances leads to even smaller modifications.

As is obvious fron the description of the nucleon-nu-
cleon interaction formulated above, in a dense nucleon medi-

Z, Z,
\4 A4
plop

nln g n

FIG. 4. Diagrams of the process nn—nnvv. The notation is
the same as in Fig. 3.

um it differs radically from the vacuum interaction, and this
significantly changes the results of the earlier studies from
both the qualitative and quantitative points of view.

Thus, the principal changes that we have introduced
into the description of the two-nucleon reactions consist of
the following: 1) the pion Green’s function is significantly
modified in the medium, 2) the 7NN vertices acquire loop
corrections, 3) weak processes also take place in intermedi-
ate particle-hole states.

It should be pointed out that the introduction of medi-
um effects is necessary from a fundamental point of view. At
the first glance, it might appear that the use of the vacuum
pion propagator in the two-nucleon processes symbolizes
only the belief of the authors in the hardness of the 7V inter-
action, suppressed, for example, for some reason by strong
nucleon correlations. Until reliable experimental data is ob-
tained, such a point of view has a valid right to existence. In
reality; the approximation under examination is inconsis-

x a*

Y v

<

FIG. 5. Diagram of the process nn—npvv. The notation is
the same as in Fig. 3.

n n n n
.7Z'U
p g 7
9 ]
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tent. This can be seen particularly clearly if one starts from
the one-nucleon processes. Complete neglect of IT in the two-
nucleon process corresponds to allowing for it in first order
in the one-nucleon process (i.e., in the imaginary part of D,,
itis necessary totake D, = D7, + D7, I1D 7, inthe calcu-
lation of the one-nucleon process). Indeed, it is possible to
have multiple scattering of pions by particle-hole pairs of the
medium, corresponding to the expression of the Dyson equa-
tion in the form D, =D, + D], I1D, . It reduces to the
previous equation when |I1|/(m2 + k ?) €1, @ =0. This can
be achieved only by strongly suppressing the 7NN vertex.
On the other hand, significant suppression of the 7VN and
NNIv vertices leads to the appearance of a strong factor sup-
pressing the luminosity of the process, ~¥°<1, in contrast to
the factor ~0.5-1 used in Ref. 27. Thus, the approximation
in which the nuclear interaction is approximated by vacuum
one-pion exchange in a certain sense contradicts the optical
theorem. The graphs of Fig. 2 are lost altogether. Such an
approximation is justified only when p<p,, when the medi-
um effects are unimportant.

It is inconsistent a fortiori to ignore the change in the
interaction in the medium but then directly take into ac-
count pion condensation when p >p. ~p,. In a consistent
scheme of nuclear forces, pion condensation arises precisely
as a result of the softening of the pion mode with increasing
density of the nuclear matter.'? In the scheme used in our
paper, all processes are described from a common point of
view.

Of course, one can also have more complicated dia-
grams not shown in Figs. 1-5 that may also make some con-
tribution to the resulting neutrino luminosity. We shall se-
lect the most important graphs with respect to the parameter
T /eX €1, restricting ourselves to allowance for the contribu-
tions to the luminosity that are ~ (7 /&¥)® inclusively. In
this approximation, only the diagrams shown in Figs. 1-5
are important. The remaining graphs either make a smaller
contribution to the luminosity at the parameters y <1,
@* ~1 or contain powers of T' /&Y higher than (7 /e})®.

As will be shown in Sec. VI, when TR T, (T,, S€%)
the effects of the absorption of neutrinos (and antineu-
trinos) produced in direct processes become important (7,
is determined from the condition that the neutrino mean free
path A, be equal to the radius of the neutron star). When
T>T,,, thereis equilibrium emission, and calculation of the
contributions to the luminosities from the different direct
processes is meaningless. When T'~ T, , only numerical so-
lution to the problem of cooling of the neutron star is possi-
ble. Thus, the restriction to the case of low temperatures
T ££% in the calculation of the contributions to the luminosi-
ty of the direct processes is entirely justified.

IV. TWO-NUCLEON PROCESSES

The specific luminosity of the two-nucleon processes is
determined by the general expression

. &°p; d’q, d*q.
ev=2ﬂj [ H (2n)3] 20).(q2ﬂ)“ 2‘02(?3“)3

i=1
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X 8(E/—E:) (211) 6 (P,—Py,) ™! (Z |M l’)
(4.1)

where n; are the population numbers of the particles partici-
pating in the reaction, p,; are the nucleon momenta, ¢; and w;
are the momenta and energies of the leptons, w,, is the total
energy of the neutrinos, the § functions take into account the
energy-momentum conservation laws, = |M |is thesquare of
the reaction matrix element summed over the spins, and sisa
symmetry factor. As in Ref. 27, we make the following sim-
plifications:

& p~d’pd (pi—ps') (mi'[ps') SdEs, i=N,

&*pi~d*pd (pi—ps') SAE,, i=e, (4.2)

these being possible on account of the strong inequality
T<e¥, and we also use the equation

1= J @k6® (k—pitpo),

substituting this integral in the expression (4.1), which
makes it possible to reduce the angular part of the integral
over the phase space to an integral over k. The technique of
the calculations is analogous to that described in Ref. 27.
Therefore, we give the final results directly.

a) nn—npev. The generalized URCA process, Fig. 3.
For the matrix element of the URCA. process nn—npev on
the charged current, using the corresponding expression for
the weak interaction Lagrangian (see (2.12)) and taking
into account the collective effects of the nucleon medium in
the pion propagator (2.2), we obtain without allowance for
the exchange interaction

2"f@G

@ (k) (0+Ap)

X v, (1—ns) (1—n.),

(4.2a)

{loXs+k0X1Xi+k0X2 (1"ﬂ (k)
+x (mm k) )
— ga (IK) x5 okt xat 84D (k) g koyaxs* (ke) (16) %}, (4.3)

where we have introduced the notation

B(k) =0’ (k)@ (k), n(0x k)=Y[TI:" (0 k)
_i/znpﬂo(mu, Kty k)]/ﬁjﬂtz(k)!

in which I1,, is the pole term of the pion polarization opera-
tor (the first graph is (2.4)).
Using the relation

M URCA =

(4.3a)

Spl+l,=8 (QHsz‘I’QxAin— (Q1qz)ghi+4i8ﬁnkquqzn) (4.4)

and the rules for commuting the Pauli matrices, we obtain
for the square of the matrix element (4.3), summed over the
spins,
fﬁGZ,YG

'mg28 "1 ,0,4 (k),
Z | M [2=128 7 010 (%)

[1+3p% (k) Jga2+[1—B (k) +x (0q k) 1°}.
(4.5a)
In deriving (4.5), we have, as in Ref. 27, ignored the terms
~ (q;°k) (q,°k). In (4.5) they are, generally speaking, of the

same order as the terms retained but make only a small cor-
rection to the specific luminosity. Indeed, since

(4.5)

A(k)=

—_—
G-):l"‘ (/") ¢
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q1, §2~0y, 02:~T<Lpy, pp~pr", Pr’,
the momenta of the leptons can be ignored compared with
the nucleon momenta. In particular, this will be done in the
S-function of the momentum conservation law. Then the
terms of the type (q,°k) (g,°k) in (4.5) disappear when the
square of the matrix element is integrated over the phase
space. Therefore, in what follows too such terms will be
omitted in writing down the matrix elements in order to
shorten the expressions and because they are not needed.

Note that (4.5) contains a vector current contribution
absent when the vacuum pion propagator is used. The term
with x #0 corresponds to lepton production in intermediate
particle-hole states.

Thus far we have ignored the requirement of symmetry
of the nucleon wave functions. To satisfy this requirement,
we must add to the diagrams of Fig. 3 corresponding dia-
grams with the ingoing and outgoing nucleonsi- . -~hanged.
These diagrams are added coherently to the mau..a elements
of the diagrams previously taken into account. The direct
and exchange contributions to the resulting matrix element
differ only in the position of the spinors, the value of the
momentum transfer, and the sign.

For the square of the matrix element of the process in
Fig. 3, summed over the spins with allowance for the ex-
change interaction, we have
641 G*°w 0,

(0+Ap)?
—[2(kike) *—k\*ks” | B (k1) B(k2) —8.4°C (kyy Ka) },
B(k)=®"2(k)[1—B (k) tx (@, k)],

C(ky, ky) =m0 2 (k1) @0~ (k2) { (kikz) 2— [2k,k,)?
—k ko [B (ko) +B (k) 1B (Ki) B (k2) [2(koke) k).

The luminosity of the processes shown in Fig. 3 can be
found from (4.1) with allowance for (4.2), (4.2a), and
(4.5) or (4.6) after direct calculations completely analo-
gous to those made in Ref. 27. Therefore, we give the final
result:

| M= | = {4 (k) +A (k)

(4.6)

ev=Cof G*m"’my"\°pe® (p&") ‘T°® 0~ (p&™) Iygrea ’
co=11513/24 1920x. 4.7)

The value of I gca is different for the cases without and
with allowance for the exchange interaction:

Jre exch

Urca =[ 1-B (pe") +% (0, pe") 1>+ [ 1438 (pr™) 1847, (4.8)
I:;IC(‘EA ="/s (1+'°/:p (pe") ) *g 24/, (1—B (ps™)
+K (0, pp"))z+°’/‘2g,42(1—ﬁ (pp"))z. (4'9)

On the transition from (4.6) to (4.7) and (4.9), we used the
relations k| = k3 = (p})? and k;-k, = 1(p})? which fol-
low from the momentum conservation law. Since
ISR, > Tk, allowance for the exchange interaction
leads to an additional increase in the luminosity.

In the limit of low neutron matter density, p—0, the
expression (4.7) goes over into the corresponding expres-
sion of Ref. 27.

Substituting in (4.7) the numerical values of the con-
stants and taking into account the doubling of (4.7) by the
inverse reactions not shown in Fig. 3, we have
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. 3 .
EURCA z2.7'10“(ﬂn—) (m,, )

m, mp
P 24 Ma 4
X(QT) (—‘——"@ o(ppn)) 1" rea Ts%. (4.10)

In the numerical estimates, the luminosity is measured in
erg.em s~ !, and Ty =T /10° K.

In the limit of strong softening of the pion mode, the
main contribution to (4.10) is made by the neutrino pro-
cesses in the intermediate particle-hole states. Taking into
account only this contribution to I {as ~5x%(0, p%)/2 and
%#(0, pi) ~y( pi)?/2 for @* ~m?, we obtain from (4.10)

«\ 3 . 10/, 8
Eurca ~6-10% (ﬁ—) (m” )(—p—) [~~—m——] *'T.
ma my /N po - @a0(ps”)
(4.11)

As can be seen from the comparison of (4.10) and (4.11)
with the corresponding expression of Ref. 27 for the lumi-
nosity of the modified URCA process, we obtain not only a
different numerical estimate for the luminosity of the pro-
cess but also quite different qualitative dependences on the
density p and the correlation parameter y.

Taking as a rough estimate in (4.10)
@2 ~@ . ~0.7m?%* and choosing the factor y in the same

way as in Ref. 27 (y°~0.5-1), we obtain £ygrcs (present
paper) ~10°cycra (Ref. 27) forp ~p,and eyrca (present
paper) ~10%ygrca (Ref. 27) for p~2p,. If it is assumed
that in neutron matter and in matter with N=~Z the con-
stants characterizing the nucleon correlations are of the
same order, then a more natural estimate of the parameter ¥
will be ¥ ~0.5. For ¥y ~0.5, @*( p%) ~m> we obtain the esti-
mate eyrca (present paper) ~éeyrca (Ref. 27) for p~p,
and eyrca (present paper) ~ 10eyrca (Ref. 27) for
P ~2p,

Thus, our numerical estimate shows that in a fairly wide
range of variation of the parameters our luminosity for the
process nn—npev is substantially greater than the one found
previously in Ref. 27. Moreover, the result increases appre-
ciably with increasing density.

b) nn—nnvv. The process is shown graphically in Fig.
4. Its matrix element without allowance for the exchange
interaction can be written in the form

_szgAlisimn

= m{X4+k0‘x2X3+anikm+X3+k0X1X4+0ankm} .

(4.12)
For the square of the matrix element of the reactions shown
in Fig. 4, summed over the spins, we obtain

VM P =647 G (B Ko~ 010 (4.13)

The exchange interaction is taken into account in the
same way as for the URCA process. As a result, we obtain

Z IMexchI2=64f4G2gA2,YG(0—2m1m2
o N SR T ST N
Gjn”‘ (kt) C‘jn"‘i (kz) (Dn"l‘ (kl) (T)n"k (kz)

Using (4.13) or (4.14), we obtain from (4.1), (4.2), and
(4.2a) the luminosity of the processes shown in Fig. 4,
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e~ ' G m, g a (D" ) TP B~ (P#") Inny €,=328/14175m,
(4.15)

where I, is different without and with allowance for ex-
change:

(4.16)

1
1 =0 (ps") | d 2t/ (20572
(4
Under the assumption of strong softening of the pion mode,
(@,0 (k) €7,k % [see (2.9)], for 2p} > ko~ pF, the integral
I, can be calculated analytically:

no ex k14 mu”-s (ko) ( )
I nn Ch P T 0] ,;'7‘ "
6 4 'Y y ko pr (p F )
With allowance for the exchange interaction,
P 1 dz dy z*
In:M"" —mna‘ (p!‘") j N { 70
2n 24 y2<1, 7,y >0 (1—x2_yz) /: G)"°A (ZPF .’ll)

(4.17)

y’A + zzyz
Bt (2pr"y) B (2pr"T) Bs® (2P6"Y)
The luminosity (4.15) found for the process nn—nnvv must
also be multiplied by N, , where N, is the number of light
neutrino species. Setting N, = 2 for the two light neutrino
species v, and v,,, we give a numerical estimate for the lumi-
nosity of the nn—nnvv process:

}, (4.18)

e, (nn—nnvv)
.,8410”( ‘)‘(;’o )/['5)‘%,—)'] TR, (4.19)

¢) np—npvv. The process is shown graphically in Fig.
5. The square of the matrix element shown by the graphs in
Fig. 5 can, summed over the spin, be reduced to the following
forms:

without allowance for the exchange interaction

2 IM!IO exch I 2=64f6G2gA2,YGkbm—2(T)"o—£ (k) 0)1(02(1+2ﬁ2 (k) ) ,

. . ) (4.20)
with allowance for the exchange interaction

Z lM“Ghlz=64f‘ng42'{a(D—z(l)10)z
ke(1428 (k) | k(1428 (k) (2K ]”
X { mn"‘ (ki) * (-1550‘ (kz) ma"z (ki)mu“z (kz) },
(4.21)

from which we obtain for the luminosity of the process in
Fig. 5

e"pzc‘fLGZ ( mn‘) 2 (m,') z'fagAzpFe (ppn)ATsG)“O—b (pp")
X(Znprt1ng2), (4.22)
where
Ing 7 =p? (bs7)/8, (4.23)

no exch

=20 5" (p,")z“‘g ' dx/® " (2petx),  z=p/ps",

Inyz
0
(424)
2
151 =02 (o)~ o { :
’ ’ oj 83 ‘(pp")  0a (205°2) B (p27)
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4ot }

L 4.25
a)n*‘ (prﬂiv) ’ ( )
exch n 1
155 =26 (o )~§ {W

(4.26)

z* z*
- + }
2mn°2(2pl'nz) an (PFn) (7)“04 (2pan)

The numerical estimate (4.22) with allowance for its dou-
bling when N, = 2 gives

) (2) (L)

—”Tn. myp ;O—

2mt ] .
Te.
Sy 470"

ey (np—>npvv) z2,6-10“(

(4.27)

[ My
@ ot (Pr")

The contribution to the luminosity of the processes
np—npvv and nn—nnvv in a wide range of variation of the
employed parameters is less than that of the process
nn—npev. Nevertheless, @2 (k,( p)) can decrease more ra-
pidly with increasing p than &2 (pi(p)) or even than
@t (pr(p))/m2. In addition, &2 (k,) <@> ( p}) always.
Therefore, the relative contribution to the luminosity of the
processes nn—nnvv and np—npvv compared with
nn—npev can increase when the transition to high nucleon
matter densities takes place.

To conclude this section, we note that we have ignored
the processes on neutral currents that take place through
intermediate particle-hole states since they contribute to the
luminosity in a higher order in the parameter T /&% <1 than
(T /ed)®.

V. LUMINOSITY OF RESONANT REACTIONS

1. Processes associated with pion condensate

When nuclear matter becomes denser, a pion conden-
sate may arise.'"'> In a neutron medium with density
p>pt,pZE, plZp, condensates of 7", 7+ , and 7° can ap-
pear.'? The first possibility is associated with the reaction
p—n + m;, which is allowed because when p > p " an addi-
tional branch appears in the spectrum of the 7+ meson on
which g+ < —pu, . The second is due to the fact that at
p =pk the total energy of the 7 and 7~ mesons vanishes.
The third possibility corresponds to the occurrence when
p >p? of abranch with w? < 0 in the 7° spectrum. The specif-
ic luminosities of the reactions associated with the pion con-
densate can be calculated under the simplifying condition
|@ |*¢m? by the same method as was used to calculate the
luminosities of the one-pion processes. For this, the wavy
line in Figs. 1 and 2, which corresponded previously to a
pion from the spin-isospin branch, must be replaced by the
external field. This corresponds to the replacement in the
expressions for the squares of the matrix elements (3.3) of

(ilp @ i) by

i|gre|id>=(2n)"a* (®x—n.)d (k—k,), (5.1)

where a=(a,.,a_.,a.), pc= @’ puF0), kK
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= (ko, k&, k3) for the condensates of the 7.;*, 7%, or 7°
mesons.

From the expression for the luminosity of the one-nu-
cleon processes, which differs from (4.1) by the presence of
one nucleon in the final and initial states, we obtain for the
process nwo, ,—pev, using (3.3) and (5.1), and also the
approximation (4.2) and (4.2a),

e;':ozczf’G’(1+gA’) ma."my’ ' ka’ T,  ¢,—4577/5040. (52)

In deriving (5.2), we have also used the inequalities
ppn_pFe<k00<ppn+ppe'

For the luminosity of the =* -condensate process
nw . —nev we have

e =g (@o—>ay, k'~ ko*) (1+3g.2)/4(1+g.7),  (5.3)

(5.4)

o+ +
e = Ege (ax = a,, kot — ko', pt — p.").

The estimate of the luminosity of the process n72,,, —nvv
gives

e =csen gat/ (1+g4%),  €y=224/9597, (5.5)

and for the processes nw ., —pvv and pr o, , —nvv we have
,‘z~ [(cv+1)2+4gA2] no

Evv FCi Ve 5

¢,=56/9597.
1+g4°

(5.6)
Toinclude in the treatment the inverse reactions, the expres-
sions (5.2)-(5.4) must also be multiplied by 2.

The numerical estimate of the luminosity of the pro-
cesses nmo, , —pev and ne—pmo, 4 v is

Tond —_ ko® [ mp*mp*\ 070 6

&5, ~6.2~1027—m—n(Tm)v -4—T,, (5.7)
where 6, = 2fa,. /g, is the chiral angle.

We note that the reaction nw_,,—pev (Fig. 1c) has
already been considered in Ref. 13 in the framework of the o
model with neglect of the nucleon correlations at the vertices
of the 7NN and NNV interactions. Other 7-condensate pro-
cesses have not yet been investigated. As we have already
argued, the inclusion of nucleon correlations, although done
trivially, significantly changes the numerical estimates of the
star’s luminosity. Indeed, if the factor  were ~0.3, the re-
sulting luminosity would be suppressed by * ~ 10~ times.

It can be seen from the expressions (4.11) and (5.7)
that in the early stage of cooling of the neutron star, i.e., at
sufficiently high temperature, 10°T,X TX T,, processes
without 7 condensation can actually predominate over the
m-condensate processes. Thus, the conclusion of earlier
studies (which did not take into account collective effects)
that the low experimental upper limits on the surface tem-
peratures of some neutron stars can be explained only by
recourse to pion condensation is without support.

We note that even processes associated with excitations
of a new m-condensate vacuum make a contribution to the
cooling. These processes differ from the ones we considered
in the earlier sections only through the difference of the pion
propagator for pion excitations measured from the new and
old vacuums. The corresponding dispersion laws of the new
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pion excitations in cold neutron matter were obtained in Ref.
28. Taking them into account, one should repeat the calcula-
tions of the processes analogous to those shown in Figs. 1-5.
Here, we shall not make these calculations, which are labori-
ous but straightforward from the conceptual point of view.
We merely mention that such calculations lead to an appre-
ciable anisotropy of the luminosity along and at right angles
to the direction of the condensate wave vector.

1. Non-w-condensate resonance processes

In the absence of a pion condensate, resonance reac-
tions are associated with spin-spin or spin-isospin sound. It
is easy to see that other processes are forbidden by symmetry
requirements. The main contribution to the luminosity
arises from the neutral-current reactions shown in Fig. 2j, in
which the wavy line now corresponds to the quantum of the
spin sound or spin-isospin sound. A simple estimate gives

ev~Y* exp{— (so’>—1) es"/T}. (5.8)

To obtain (5.8), we used the dispersion law o =~ s kv
for the excitations. As follows from (5.8), £, decreases ex-
ponentially with decreasing temperature, and therefore such
a process must be rejected in the approximation T <€} that
we use. Nevertheless, we still draw attention to the absence
of the suppression factor ~¥°-y%. The resonance processes
associated with charged currents make an even smaller con-
tribution to the luminosity. Processes with charged pions are
possible only in the presence of a pion condensate.

VI. NEUTRINO TRANSPORT PROBLEM

The initial stage of the cooling of the neutron star is
described as follows. During the collapse to the formation of
the neutron star and immediately after it the process of neu-
tronization, accompanied by neutrino production, takes
place. The neutrinos are strongly degenerate and rapidly
leave the star (characteristic time ~ 1 s). The chemical po-
tential of the neutrinos becomes less than 7, but the mean
free path A, is still less than the radius of the star (~10km).
The luminosity is determined by the well-known formula
L =47(7/8)0T* (o is the Stefan-Boltzmann constant ). At
T =T,,, the neutrino mean free path 4, becomes equal to
the radius R ~ 10 km of the neutron star. For T<T,,, 4, >R
and the emission is determined by the direct processes. The
total luminosity is f2¢,, integrated over all direct processes.

The characteristic cooling time of the star, during
which the neutrinos still trapped in the star are nondegener-
ate and there is black-body emission, can be estimated on the
basis of the diffusion equation'®:

17 .9 T aT
—or-t—\ PT\p (T)— ) =Cy — (6.1)
2 7 ar( Thon )6r) Cv e

Ar(T)= J. da, 0y*M (v, T)
xd;dT [1 + exp (—(}—)3 )]_7j do, 0y’ :T[ 1+ exp( (D?")]—l ,

where T'(r, t) is the radial distribution of the temperature of
the star at the time ¢, and C,, is the specific heat. A dimen-
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sional estimate of the characteristic time during which the
neutrinos carry heat to the surface layer of width ~A,,, from
which they are radiated outside the star, is

to~Ae " R*Cyo' T2, (6.2)

The neutrino mean free path A, can be determined from
the simple relation®

[1+exp(w./T) ]dL/doy=2"7""A,"! (®,) ©,°T*, (6.3)

where dL /dw, is the derivative of the luminosity per unit
volume with respect to the neutrino energy o, .

Making the calculations, we obtain from (6.3) and
(4.7) for the neutrino mean free path in the URCA process

A Urca

G

= 24

f(y) =y'+10x*y*+9z", y=aw./T. (6.4)
Since A [ !'~¢,, we can find from (6.4) and the relations
obtained above for the luminosities of the various processes
the corresponding values of A ;'. The neutrino mean free

path is a minimum for the generalized URCA process. The
numerical estimate (6.4) gives

ZL(m,")* (mp) ¥ (™) P Tf (4) I TR /" (P5"),

| g e,
(6.5)

where the radius R of the neutron star is taken to be ~ 10 km.
Equation (6.5) shows that neutrinos of mean energy
y=y=0,/T=4.7, where

1w @+n-yay [ ] 1w @+n-ray,

produced in the process nn—npev, will have a mean free
path less than the radius of the star if T, exceeds
TP =6 pt)(po/p)*'® 2. (Here, we have assumed that
the main contribution to the luminosity of the nn—npev pro-
cess is made by reactions with the emission of neutrinos in
intermediate particle-hole states.) The analogous quantity
T ¥ obtained in Ref. 27 for the modified URCA process was
~22,and in Ref. 19 it was T ¥ ~ 50. Thus, the minimal value
of A, can be less than was expected in Refs. 27 and 19. Ac-
cording to the estimate of (6.2), this can lead to additional
confinement of the neutrinos during the first minutes in the
life of the neutron star. Therefore, there may be basic
changes in the description of the initial stage of cooling of the
neutron star, when the neutrino radiation is trapped. In the
first place, this will be manifested in the description of inter-
esting physical phenomena such as the ejection of the super-
nova shell, vibrations of the neutron star about the equilibri-
um position, and associated neutrino pulsations, which, in
principle, could be detected on the earth if a supernova ex-
plodes in our Galaxy.

Leaving aside these important questions, which relate
to the description of the initial stage in the evolution of the
neutron star (at times # S ¢,, on the order of minutes or an
hour), we turn to the time evolution of the neutron star lumi-
nosity during times ¢>#,, when neutrino absorption is no

Av My
L 2 180T (o) v
R 1 9 f (y) 'Y Gﬁno(pp")
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FIG. 6. Comparison of theoretical calculations with data of the Einstein
observatory. The abscissa is the logarithm of the time, the ordinate the
logarithm of the surface temperature. The equation of state is that of
Pandharipande and Smith (M~1.3 M, R=~8 km, R* = 11 km). The
experimental data (see Ref. 7): 1) Cas A 2) Kepler, 3) Tycho, 4) Crab,”
5) SN1006, 6) RCW103, 7) RCW86, 8) W28, 9) G350, 0-18, 10) G22, 7-
02. The open circles represent observed sources, the black circles are up-
per limits. The curves are as follows: S for superfluid neutron stars, N for
normal stars, MS for magnetic superfluid stars, and MN for magnetic
normal stars.” Curves 1 and 2 represent our calculations with mean den-
sity g = pg, @, = m,, ¥y =0.47 and p = 2py, ®, =0.5m,, y = 0.47, re-
spectively. Curves 3 and 4 are our calculations for the same values of p but
with luminosity from Ref. 27.

longer important. It is determined by the equation

CyF=—L, L= Zj ey dr,

Here, C,, =C% + C7, C% is the specific heat of the baryon
subsystem, and C 7, ~C}, is the contribution to the specific
heat of the pion fluctuations.?>** As can be seen from Eq.
(6.6), the cooling time of the star is shortened by as many
times as the luminosity is increased.

In Fig. 6, which is taken from Ref. 7, we give cooling
curves calculated in different scenarios (with and without
allowance for superfluidity and a magnetic field) with the
equation of state of Pandharipande and Smith in conjunc-
tion with the experimental data of the Einstein observatory.
All curves of Ref. 7 lie appreciably above some of the experi-
mental data. '

In Fig. 6, to demonstrate qualitatively the influence of
the collective effects of the nucleon medium on the time evo-
lution of the cooling of a neutron star, we give L(#) curves
calculated for different mean values of the nuclear matter
density. The following values were taken: p = p, (curve 1)
and p = 2p, (curve 2). The dependence T, (T, ) was taken
from Ref. 9. We assumed

B (pr" (o) ) =Mz, Y (o) =0.47;

(OF (pFﬂ (290) ) =O'5ma, 'Y (200) =O.47

The specific heat C;, was taken equal to the specific heat for
an ideal neutron gas. Curves 3 and 4 were also calculated for
p = p, and p = 2p, but with the luminosity of Ref. 27 and

~C ™. As can be seen from Fig. 6, our curves 1 and 2
can be reconciled with all the experimental data under the
assumption that different densitites are attained in the neu-
tron stars (with different masses). The results of other stud-
ies cannot be reconciled with the experimental data without
recourse to the hypothesis of pion condensation (under the
assumption that neutron stars exist in the objects studied).

(6.6)
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Of course, to obtain quantitative information, one
should make detailed numerical calculations for specific
stars, using their parameters and the currently calculated
realistic dependences @, (n), y(n), etc., for the given equa-
tion of state. Such an analysis would probably make it possi-
ble to determine definite information about the internal
structure of specific neutron stars as well as some informa-
tion about the nuclear interactions in neutron matter.

VIl. CONCLUDING REMARKS

If in the future central sources are discovered in super-
nova remnants with low values of 7, (see Fig. 6), then they
could be associated with neutron stars having a denser inter-
nal region than other neutron stars with higher 7, (the other
parameters being assumed more or less equal ). On the other
hand, if neutron stars with low surface temperatures are not
found at all, it will be necessary either to conclude that in
neutron stars there is no dense internal region, or to recon-
sider our ideas about nuclear forces in dense neutron matter.

We mention here that with increasing absolute value of
the specific luminosity of the internal layers of a star there is
simultaneously an increase in the relative contribution of the
internal luminosity compared with the luminosity deter-
mined by the processes taking place in the crust, including
the photon luminosity. Therefore, neutrino cooling of the
internal layers of a neutron star is the dominant process
down to lower temperatures than hitherto assumed.

Several important questions have remained outside our
treatment. We have ignored the possibility of neutron
superfluidity and proton superconductivity (see Ref. 29),
which could significantly change the results obtained in the
region of temperatures TS A,, A, ~10° °K, where A, and
A, are the pairing gaps for the neutrons and protons. It
would be interesting to study the influence of the proposed
effects on the evolution stage ¢ S ¢, of the neutron star. Solu-
tion of the transport problem would make it possible to study
the damped vibrations of the neutron star, the pulsations of
the neutrino radiation, the dependence T'(r) through the
star, and the part played by the neutrinos in the ejection of
the supernova shell. It would be important to take into ac-
count the influence of the pionic degrees of freedom on the
equation of state of the neutron matter. In particular, be-
cause the neutron-proton system interacting through the
soft pions is highly collisional, the isotopic composition of
this system could be significantly changed. As was demon-
strated in Ref. 24, even at T = 0 some of the nucleons may go
over into N ¥ resonances on account of the strong NN %,
interaction. There then appear additional neutrino reaction
channels and the resulting luminosity can be increased still
‘further.

In Ref. 30, to explain the low values of T, axions—
hypothetical practically massless pseudoscalar particles as-
sociated with Peccei-Quinn symmetry,®' were introduced.
As is well known, these particles are introduced to solve the
problem of CP invariance in strong interactions. The same
two-nucleon processes were calculated as in Ref. 27 but with
the axion instead of the neutrino. The nuclear part of the
interaction was constructed in accordance with the scheme
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used in Ref. 27, i.e., it was effectively reduced to vacuum
one-pion exchange. It is obvious that the calculations of Ref.
30 can be readily generalized with allowance for collective
effects of the nucleon medium. They will be unchanged only
in the limit p €p,, when the polarization of the nuclear medi-
um becomes unimportant.

It is a pleasant duty to thank A. B. Migdal, V. F. Dmi-
triev, and V. N. Osadchiev for stimulating discussions, and
A. M. Dyugaev for a number of critical remarks.

YNeutrino pulsations could be experimentally observed if a supernova
exploded in our Galaxy.?®

DThis assumption is by no means necessary for us, but we shall sometimes
make it to demonstrate the limiting case of strong softening. It is not the
explicit form of Re D ! that is important but the degree of softening.

*The assumption @2 (k) = @, (k) is unjustified even in the limit of
vanishing 7N interaction (IT-0). According to (2.2), in this case &’ ,
—m2 +k? —ﬂ:.t s Bpe = —fo- =M, —M,, and @ (k) —m}
+ k2

“In calculating the luminosity of the process nn —nnvv and then the pro-
cess np — npvv with allowance for exchange effects, we use the orthogon-
ality of k, and k,, which follows from the momentum conservation laws.

S1f some of the radiation has a nonthermal nature, then this is not the
surface temperature but an upper limit on 7. From the recent successful
description of the data on fluctuations of the periods of the Crab and Vela
pulsars in a model using neutron superfluidity there follow values of T,
and, therefore, T, (log Ty, [deg] =~5.48, log t[yr] =4, logT,
[deg] =6.2.'7 Such a low value of 7,y,,, cannot be explained without
recourse to the mechanisms considered in the present paper.
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