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Abstract. We study the vy-pair and axion production from electron and proton, which occurs only under the strong magnetic field.
We perform the exact relativistic quantum calculation including the Landau levels and the anomalous magnetic moment. Cooling
by vv-pair and axion emission are shown to be much larger than neutrino cooling by the Urca processes. Thus, these processes by
the strong magnetic field is expected to contribute very largely to the cooling process of the magnetar.

INTRODUCTION

Magnetic fields in neutron stars play important roles in the interpretation of many observed phenomena. Magne-
tars, which are associated with a super strong magnetic field [1, 2] have properties different from normal neutron stars.
Indeed, the magnetars emit high energy photons [3], and their surface temperatures are 7 ~ 0.28 — 0.72 keV, which
is larger than those of normal neutron star 7 = 0.01 — 0.15 keV with the similar age [4]. Thus, the associate strong
magnetic fields may have significant roles in these phenomena, and phenomena related with the magnetars must give
a lot of information about the roles of the magnetic field.

Many people have paid attention into neutron star cooling processes, which must give us important information of
neutron stars structure [5]. The neutron stars are cooled by the neutrino emission, and the magnetic field is expected
to affect the emission mechanism largely because the strong magnetic field can supply energy and momentum into
the process. Particle emission by synchrotron radiation is a cooling process peculiar to strong magnetic field systems.
In particular, the vv-pair and axion productions have been studied by many people through the processes via e™(p) —
e (p) + vv(a).

However, the calculations have been performed within the semi-classical approach,which is available when a mag-
netic field is as weak as the Landau level being negligible, for v¥-pair production [6, 7] and the axion production [8].
In Refs. [9, 10], we have introduced Landau levels and have calculated pion production from proton synchrotron radi-
ation in the strong magnetic fields. The number of the produced pions is much larger in the quantum calculation than
in the semi-classical calculations. In that work we have found that quantum calculations give much large production
rates than semi-classical calculations.

In this work, then, we apply our quantum theoretical approach to the vy-pair and axion productions in the strong
magnetic field and calculate them through the transition between the different Landau levels for electrons and protons.
Only this quantum approach can exactly describe the momentum transfer from the magnetic field.
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FORMALISM

We assume a uniform magnetic field along the z-direction, B = (0,0, B), and take the electro-magnetic vector
potential A* to be A = (0,0, xB,0) at the position r = (x,y,z). The relativistic proton (electron) wave function ¢ is
obtained from the following Dirac equation:

. kB
a;p; — i 0y + a’y(py —{eBx) + (M - U?)ﬂ + UOﬁEz 1//(x, Dz 8) = EY(x, p., 5), €))

where a and 8 are Dirac matrices, M is the proton (electron) mass, « is the anomalous magnetic moment, e is the
particle charge, { = +1 is the sign of the particle charge. U, and U are the scalar field and time component of the
vector field, respectively.

In our model charged particles are protons and electrons. The mean-fields are taken to be zero for electrons, while
for protons they are given by relativistic mean-field (RMF) theory [11]. The single particle energy is then written as

B\2
E(n, p,,s) = \/pg +( V2eBn + M*2 — se;] ) + Uy 2)

with M* = M — U and n being the Landau number.
The interaction parts for the neutrino and the axion in the Lagrangian density is written as

Lw = Griyu(l=ysWy ) UaYulev = caysWo =i ) Baar¥a¥Vs¥adas 3)

where ¥, is the neutrino field, ¢, is the axion field, ¥, is the field of the particle @ which indicates the proton and
electron, and G, cy and c, are the coupling constants for the weak interaction [12].

By using the above wave function and the interaction, we calculate the width of protons and electrons for v¥-pairs
and axion. Actually we perform the calculation in the neutron-star matter composed of proton, neutron and electron.
The equation of state is obtained at the zero temperature in the relativistic mean-field theory using the parameter-set
in Ref. [13].

RESULTS

Before showing calculation results, we give a comment on the calculation in very low temperature region, 7' <
10 keV.

With VeB < E} = Er — Uy, where Er is the Fermi energy, we can expand the transition energy between two
Landau levels as

AE E(n;, p.,si) — E(nyg, p, — Ap;, sy7)

B
\/ZeBni +pr+ M2 - \/ZeB(ni — Anip) + (p, — Ap.)* + M*2 — %Asif

A B
PAP: _ ﬂAsif, (4)

eB
N — L -
\2n;eB + M*2 2neB+ M2 M

where An;r = n; — ny, Asip = (si — s¢)/2, and n; y > An;y is assumed.

Because a particle production is not allowed without the magnetic field because of the energy momentum conser-
vation, the relation \/e_BAn,-f > |Ap,| is satisfied, and a contribution from the second term in Eq. (6) is very small.
In the low temperature region, the initial and final states are near the Fermi surface, so that the energy interval of the

dominant transition is given by
eB eBk
AE =~ —An;r — —As;y. 5
E; nif M Sif ( )
The luminosities are proportional to the Fermi distribution of the initial state and the Pauli-blocking factor of the
final state, f(E)[1 — f(Ef)]. In the low temperature expansion, it is assumed that energies of the initial and final states
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FIGURE 1. v¥-pair emission luminosity per nucleon at the baryon density pp = po/2 (a) and pg = po (b). The solid circles and
the open squares represent results when B = 10"°G and B = 10'°G, respectively. The dotted lines indicates the results with the
modified Urca process.

populate the region with AE < T. When B = 105 G, however, VeB = 2.4 MeV and T < AE, so that the low
temperature expansion is not available. We need to calculate the luminosity exactly.

In Fig. 1, we show the calculation results of the vy-pair emission luminosity per nucleon L,;/A at the baryon
density pp = po/2 (a) and pg = po (b), where pg is normal nuclear matter density. The solid circles and open squares
represent the calculation results when B = 10°G and B = 2 x 10'°G, respectively. For comparison, we give the
neutrino luminosity per volume in the modified Urca (MU) process [14] with the dotted line.

As mentioned before, we need to calculate the luminosities exactly without using the low temperature expansion
but we are not able to calculate them in a realistic temperature region, T < 1 keV. It is well known that the low
temperature expansion leads to a power law temperature dependence of the emission luminosity. Then, we need to
extrapolate them up to the realistic temperature by using the fitting function L,;/A = ¢T* with a and ¢ being the fitting
parameters. The solid and dot lines represent the results of the fitting function when B = 10'°G and B = 10'°G,
respectively. The values of fitting parameter a are exhibited in Table 1

TABLE 1. Estimated total luminosity of vv-pair per volume L,;/V at T = 0.7 keV.

‘ PB | %Po | Po \
| B | 105G | 100G | 100G | 100G |
| a | 108 | 093 | w01 | 077 |
Lyy/A (keV/s)
atT = 0.7 keV 22x107° | 87x10™* | 48x107° | 12x107 |
| MU | 1.0x 107 | 5.6x 1072 |
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In order to examine our results, furthermore, we show the results at 7 = 700eV in Table 1. Thus, we can know
that v¥ luminosities are much larger than the v luminosity from the MU process.

Here, we give a comment on the contributions from protons and electrons. In actual calculations proton contribu-
tions do not change any results. At T = 0.7 keV and pp = 0.1py, for example, the luminosity are 9.0 x 107 keV/s
for electron and 2.6 x 10~ keV/s for proton, while the luminosity is 9.9 x 10'? erg/cm?/s in the MU process. In the
yy-production process, the electron contribution is dominant though the proton contribution is negligibly small. Then,
we can consider only the electron contributions.

In addition, the semi-classical approach in Ref. [7] gives L,; o« T3, their results are much smaller than ours. In
the strong magnetic field the quantum calculation is very important, and we need to introduce the Landau levels for
particle productions.

Next. we discuss the axion production. In this work we choose the axion-nucleon coupling to be g,yy = 6 x 10712
and the axion-electron coupling to be g4, = 9% 10~13, which are 1072 below the maximum value deduced in Ref. [15].
These parameters are chosen to impose the condition that the axion emission be negligible compared to the neutrino
emission in normal neutron stars.

In Fig. 2 we show the temperature dependence of the axion luminosity per nucleon L,/A at B = 10'3G for baryon
densities of pg = 0.1p¢ (2), pg = 0.5p¢ (b), pg = po (c) and pg = 2p( (d). The solid and long-dashed lines represent
the contributions from protons and those of electrons, respectively. For comparison, we also exhibit the neutrino
luminosities from the modified Urca (MU) process [14] (dotted lines).

First, we see that the axion luminosity varies slowly when T 2 10 keV, while it changes rapidly in the low
temperature region.
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FIGURE 2. Axion luminosity versus temperature at baryon densities pp = 0.1p0 (a) pp = 0.500 (b), pp = po (c) and pp = 2p, (d)
for B = 10'3G. The solid and dashed lines represent the results for protons and for electrons, respectively. The dotted lines indicate
the neutrino luminosities from the MU process, respectively.
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In the semi-classical approach [8], the axion luminosity from an electron was shown to be proportional to 7¢ with
a = 13/3 = 4.3. In our results the electron contributions can be fitted with a = 3.6 — 3.8 in the high temperature
region; these values are similar to those obtained in the semi-classical approach. However, one should also consider
realistic low magnetar temperatures 7 < 1 keV. In this case, the temperature dependence of the luminosity is more
complicated. In particular, to satisfy the power law, one requires that the particle energies be continuous. In a strong
magnetic field, however, the transverse momentum is discontinuous.

The energy of emitted particles at the largest decay strength is proportional to the mass of the produced particle
[10]. The axion mass is negligibly small, and the largest contribution comes from An;r = n; — ny = 1, so that the
energy of an emitted axion is estimated to be

B B
Y (6)
E. M

AE

When B = 10°G, eB/E}. = 6.6 keV at pp = 0.1py and eB/E}. = 9.4 keV at pp = pg for protons, while
eB/E}, = 6.7 keV at pp = pg for electrons. As can be seen in Fig. 2, indeed, the change of the axion luminosities
becomes more abrupt for T’ < eB/Ej.

Furthermore, the energy step is much smaller for protons than that for electrons because the proton mass is much
larger than the electron mass, and the proton axion luminosity becomes the dominant source. The relation in the
luminosity between the proton and the electron for the axion production is opposite to that for the vv-pair production.
The invariant mass of the v¥-pair is not fixed. As the mass of a source particle decreases, the invariant mass becomes
larger in the particle transition, and the production probability increases.

SUMMARY

In this work we have studied v¥ and axion production from neutron-star matter with the strong magnetic fields,
B = 10"G and 10'® G in the relativistic quantum approach. We calculated their luminosities due to the transitions of
protons and electrons between two different Landau levels without invoking any classical approximation.

In our calculation for the vi-pair production the power of the temperature turned out to be very small, a = 1.0,
while a = 8 for the MU process, and a = 6 for the direct Urca process [16]. These smaller powers of the temperature
make the total luminosities much larger than that of the usual cooling processes such as the MU and DU processes.

The present results for the vv-air production are still preliminary, while the results for the axion production is
fixed. We may improve the numerical calculations carefully. Therefore, we have not been able to give a conclusion,
yet. However, it can be convinced that the quantum approach is very important in the strong magnetic field.

Full quantum calculations provide a higher yield for particle production than the semi-classical and/or the per-
turbative calculations for pions [10], v¥-pair and axions. Hence, it would be worthwhile to investigate the heating
processes of magnetars [17] by calculating particle production from other mechanisms such as photons from syn-
chrotron radiation in the quantum approach.
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