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We calculate modified Urca neutrino emission rates in the dense nuclear matter in neutron star cores.
We find that these rates are strongly enhanced in the beta-stable matter in regions of the core close
to the direct Urca process threshold. This enhancement can be tracked to the use of the in-medium
nucleon spectrum in the virtual nucleon propagator. We describe the in-medium nucleon scattering
in the non-relativistic Bruckner-Hartree-Fock framework taking into account two-body as well as the
effective three-body forces, although the proposed enhancement does not rely on a particular way of the
nucleon interaction treatment. Finally we suggest a simple approximate expression for the emissivity of
the neutron branch of the modified Urca process that can be used in the neutron stars cooling simulations
with any nucleon equation of state of dense matter.
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1. Introduction

Neutron stars (NSs) are the densest stars in the Universe. Their
cores contain cold superdense matter with densities reaching sev-
eral times the nuclear saturation density ng = 0.16 fm~3. NSs oc-
cupy the unique location in the QCD phase diagram, currently un-
reachable by the modern ground-based experimental studies, and
as such the composition and equation of state (EOS) in NS interi-
ors is largely unknown [1]. On the other hand, NSs have extremely
large diversity of astrophysical manifestations spanning the whole
electromagnetic [2], and, recently, gravitational wave spectrum |3,
4]. It is believed that confronting the observational data with the
results of theoretical modeling of various processes in NSs one can
constrain uncertain properties of their interiors and, as a conse-
quence, increase the knowledge about the fundamental interac-
tions in dense matter. That is why NS studies attract constant
attention.

One of a few insights into the uncertain physics of the NS in-
teriors comes from the study of the thermal evolution of these
objects, either isolated or in binary systems, see, e.g. [5,2]. One
of the main cooling regulators, alongside with the surface electro-
magnetic emission, is the neutrino emission from the NS bulk. For
sufficiently hot NSs the latter is in fact the main ingredient of the
NS cooling theory [5].
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There is a big diversity of neutrino generation processes inside
NSs, with the liquid stellar core being the source of the strongest
ones [6]. Operation of these processes and their rates inevitably
depend on the NS EOS and composition. For instance, the most
powerful mechanism of the neutrino emission in nucleon cores of
NSs, the so-called direct Urca process, consists of a pair of charged
weak current reactions n — p + £ + Vg, p+ £ — n+ vy, where ¢ is
a lepton, electron or muon, and v, is the corresponding neutrino.
Strong degeneracy of the NS matter puts a fundamental restric-
tion on the direct Urca process requiring that pg, < prp + Pre,
where pp; is the Fermi momentum of the i species. This sug-
gests that the proton fraction should be sufficiently high for the
direct Urca process to operate. Therefore, the direct Urca process
can proceed in sufficiently heavy NSs with central density larger
than some threshold density nqy. Different EOSs predict different
ngy. In lighter NSs and for some EOSs in all NSs up to maximally
massive ones, direct Urca processes are forbidden and other reac-
tions come into a play. In this case, the basic neutrino emission
mechanisms in the (non-superfluid) NSs involve nucleon collisions.
The strongest process of this type is the modified Urca process
which also proceeds via the charged weak current and is given by
a pair of reactions:

n+N—->p+N+£+V,, p+N+£€—->n+N+v,. (1)

Here N is the additional nucleon which relaxes the momenta re-
strictions. The companion nucleon bremsstrahlung processes which
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involve neutral weak currents are order of magnitude less power-
ful [6].

The standard benchmark for the treatment of modified Urca re-
actions in NS physics is the work by Friman and Maxwell [7]. It is
based on the free one-pion exchange (OPE) model and the central
part (nuclear correlations) is described by a certain set of Landau
parameters. Several studies expand results of Ref. [7], basically fo-
cusing on the improvement of the in-medium effects treatment,
see, e.g., Ref. [8]. In particular, Ref. [9] estimated the effect of the
replacement of the free one-pion exchange interaction with the
in-medium T-matrix and found some reduction of the emissiv-
ity. Recent study [10] employed independent pair approximation
extending Ref. [11]. They calculated pair correlation function in
the variational approach accounting for two-body as well as three-
body forces. The final result turned out to be not so far from those
of Ref. [7].

In a series of papers staring from Ref. [12] the scenario named
‘medium modified Urca’ was developed, see Refs. [13,14] for re-
view. The basis of this scenario is the pion-exchange model of
the interaction with a strong softening of the in-medium pion
(medium-modified one-pion exchange, or MOPE). This leads to the
strong enhancement of the modified Urca rates. Moreover, it was
argued that the strongest subprocess involving charged weak cur-
rent is the conversion of the virtual charged pion to virtual neutral
pion with the emission of the lepton pair. However these results
are strongly dependent on a particular choice of the model param-
eters. In some cases a strong softening of the pion mode is the
precursor of the real pion condensation at higher density [13].

In this letter we show that all previous studies missed an im-
portant piece of a picture. Specifically, we argue that the account of
the nucleon potential energy in the medium amplifies considerably
the modified Urca rates. The proposed amplification is universal,
resulting only from the requirement of the beta-equilibrium, and
the importance of this amplification increases when the density
gradually approaches ngqy.

The paper is organized as follows. In Sec. 2 we briefly present
the standard formalism for the calculations of the modified Urca
rates. The in-medium nucleon propagator is discussed in Sec. 2.1;
this section contains the main result of our work. In Sec. 2.2
we outline the adopted model for in-medium scattering. We de-
scribe the nucleon interaction by means of the G-matrix of the
Brueckner-Hartree-Fock theory constructed on top of the realistic
nucleon potential with inclusion of the effective three-body forces.
We discuss our results and illustrate their effect on the model cool-
ing calculations in Sec. 3 and conclude in Sec. 4.

For concreteness, we focus on the neutron branch of the mod-
ified Urca process, where N =n in Eq. (1), although the obtained
results are qualitatively applicable to the proton branch (N = p) as
well. Effects of superfluidity and magnetic fields are not consid-
ered. Unless otherwise is indicated, we use the natural unit system
with kg =h=c=1.

2. Formalism

In the conditions appropriate for the NS cores below the di-
rect Urca threshold, it is enough to describe nucleons in the non-
relativistic quasi-particle approximation. The modified Urca emis-
sion rate can then be found from the Fermi golden rule for each of
the reactions (1). The detailed derivation is given, for instance, in
the review [6]. Under the conditions of beta-equilibrium, the rates
of forward and reverse reactions are equal, so one can consider
one reaction of the pair [we focus on the first reaction in (1)] and
double the result. The neutrino emissivity is then
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Fig. 1. Direct external leg Feynmann diagrams A (left) and B (right) contributing to
the modified Urca process.
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where j enumerate nucleons, F = f1f2(1 — f3)(1 — f4)(1 — fy) is
the Pauli blocking factor with f; = [1+exp ((g; — ui)/T)]”" be-
ing the Fermi-Dirac function, ¢;, p;, and u; are the quasiparticle
energy, momentum, and chemical potential, respectively, T is the
temperature, M i =} ins IM il is the squared matrix element
of the process, summed over the spin states, s =2~! is the sym-
metry factor that accounts for the double-counting of the same
collision events, (Ef,Ps) and (E;, P;) are the total energy and mo-
mentum of the final and initial particles, respectively.

Since neutron star matter is strongly degenerate, all fermions
except neutrinos in Eq. (2) are placed at the respective Fermi sur-
faces. The neutrino momentum is small (of the order of T), there-
fore it can be neglected in the momentum conservation and in the
matrix element. These facts allow to decompose energy and angu-
lar integrations in Eq. (2) which greatly simplifies the calculations.
As a result, the phase space averaging of the matrix element con-
tains only four non-trivial angular integrations, see, e.g., [6,8,15].

In the non-relativistic V — A approximation, the weak interac-
tion Lagrangian is

GFcosfc
L=—80—/—
V2

where Gr = 1.17 x 10~> GeV~2 is the Fermi coupling constant,
cosfc = 0.975 is the cosine of the Cabibbo angle, ¥, and ¥, are
the proton and neutron spinors, respectively, oj, i =1...3, are the
Pauli matrices, gy =1 and g4 ~ 1.26 are nucleon weak vector
and axial vector coupling constants, respectively. Lepton charged
current is I, =1y, (1 — ys)v, where I and v are lepton and an-
tineutrino Dirac spinors, y,, and ys5 are Dirac matrices. Here we
neglect additional contributions from the weak magnetism or in-
duced pseudoscalar interactions [16].

The basic direct diagrams which contribute to the modified
Urca processes are given in Fig. 1 where the hatched blocks rep-
resent the nucleon interaction. The amplitude corresponding to
diagrams in Fig. 1 is (neglecting neutrino momentum)

1“0, (gv8,.0 — 8811.i01) Wi, (3)

M?iir =l (fvgp(51 —&¢,P1 —Pe)Gpn (4)
+GunGn(e3 +&¢,p3 + pZ)f‘v> )

where [', is the weak vertex, which follows from (3), Gn(py is the
neutron (proton) propagator, and G, and Gy, are the scattering
matrices corresponding to the proton-neutron interaction for the
diagram A and neutron-neutron interaction for the diagram B, re-
spectively. The exchange diagrams correspond to the interchange
of initial states {1 <> 2}. In addition to the external-leg emission
diagrams shown in Fig. 1, there are other diagrams that can con-
tribute to the modified Urca process, see, e.g., Refs. [9,17,8]. These
diagrams correspond to intermediate state processes and generally

https://doi.org/10.1016/j.physletb.2018.09.035

Please cite this article in press as: P.S. Shternin et al., In-medium enhancement of the modified Urca neutrino reaction rates, Phys. Lett. B (2018),

66
67
68
69
70
71
72
73
74
75
76
77
78
79
80
81
82
83
84
85
86
87
88
89
90
91
92
93
94
95
96
97
98
99
100
101
102
103
104
105
106
107
108
109
110
11
112
113
114
115
116
117
118
119
120
121
122
123
124
125
126
127
128
129
130



Download English Version:

hitps://daneshyari.com/en/article/10156515

Download Persian Version:

https://daneshyari.com/article/10156515

Daneshyari.com


https://daneshyari.com/en/article/10156515
https://daneshyari.com/article/10156515
https://daneshyari.com

