
Neutron Star Cooling n Strong Magnetic 

Field : Neutrino -Antineutrino Pair Emission 

and Diret Urca Porcesses

1

Tomoyuki Maruyama BRS, Nihon University

Collaborators  

Toshitaka Kajino Beihang Univ., China 

Myong-Ki Cheoun Soongsil Univ., Korea

A. Baha Balantekin Univ . of  Wisconsin, USA

Grand. J.  Mathews                  Univ. of Notre Dome, USA

T.M. et al., PLB805 (2020) 135413,   T.M. et al., arXiv:2103.01703  



1) Very Strong Magnetic Field    B ～ 1014ー15 G   (surface)

B ～ 1017－19 G (insides)

Normal Neutron Star     B ～ 1012 －13 G

2)  Long Spin Period

P = 2 ～ 12 s

Magnetar Neutron-Star with Strong Magnetic-Field 

3) Higher Temperature

Magnetic Eng. -> Thermal Eng.

4)  Emitting High Energy Photons

Soft Gamma Repeater (SGR) 

Anomalous Xray pulsar (AXP)



Neutron Star Cooling

1) Modified Urca    𝑛 + 𝐵 → 𝑝 + 𝐵 +𝑒− +തν

Neutrino Luminosity    𝐿 ∝ 𝑇8

2) Direct Urca           𝑛 → 𝑝 +𝑒− + ҧ𝜈,  𝑝+𝑒−→ 𝑛 + 𝜈

Proton Fraction      𝑥𝑝 >
1

9
(kn < kp + ke =2 kp : Fermi  Mom. )

Neutrino Luminosity    𝐿 ∝ 𝑇6

3) neutrino-antineutrino pair emission

𝑒− + 𝐵 → 𝑒− + 𝐵 + ν +ഥν (Crust,  Low Density Region)

Conditions are determined by Energy Momentum Conservation

In Strong Magnetic Field 

Momentum Conservation is not necessary

Trans. bet. Two Landau Levels give Additional Momentum

Neutrino Emission  → Information on Inside of  NSs



The Present Work

In Strong Magnetic Field  

Transition Between Different Landau Level States

1) 𝑒− → 𝑒− + ν +ഥν,   𝑝+ → 𝑝+ + ν +ഥν (ν ҧν - pair Emission)

Inner Crust  ~ Core

p, 𝑒

ν

ഥν
T.M. et al., PLB805 (2020) 135413
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2)  𝑛 → 𝑝 + 𝑒− +ഥν (DU)      Core

T.M. et al., arXiv:2103.01703 



Neutron-Star Matter with Strong Mag. Field
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Nucleon Mean-Fields   RMF Theory

e

Magnetic Field :

Dirac Eq. 𝜶 ∙ −𝑖𝜵 − 𝑞𝑨 + 𝛽 𝑀 − 𝑈𝑠 + 𝑈0 +
𝑒𝜅𝐵

2𝑀
𝜓(𝒓) = 𝐸𝜓(𝒓)

𝑈𝑠:Scalar Mean-Field 𝑈0:Vector Mean-Field AMM

𝐵𝐸 = 16 MeV, 𝑀𝑁
∗ /𝑀𝑁 = 0.70,

𝐾 = 200 MeV , 𝑒𝑠𝑦𝑚 = 32MeV

at 𝜌0 = 0.17 fm−3



n

6Single Particle Energies and Wave-Functions

Single Pariicle Energy

p & e

Wave-Fuction

p & e

p e

Neutron

Landau Level Number



Decay Width of νതν - pair Emission

Low Temperature Expansion ( T < < 1 )

Emitted Particle Energy  ~ T (Temperature)
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Landau Level  Transition Energy is kept to be  a  few MeV

G10  when MeV43.2 15== BeB

Total Luminosity

In Strong Mag. Fld. f(ei) ~(1－f(ef)) <<1  

(ei – ef) >> T



Neutrino Luminosity in νതν - pair Emission

proton

MU

MU

proton

Temperature Dependence 𝐵 = 1015 G

EOS:   𝐵𝐸 = 16 MeV, Τ𝑀𝑁
∗ 𝑀𝑁 = 0.70,

𝐾 = 200 MeV , 𝑒𝑠𝑦𝑚 = 32MeV at 𝜌0 = 0.17 fm−3

(νഥν-Pair) >> (Modified Urca)



proton

electron

MU

Effects of Magnetic Fields are Very Large 

(νഥν-Pair) >> (Modified Urca)

Density Dependence



Direct Urca Process

10

J
C
A
P
0
8
(
2
0
1
0
)
0
1
0

p1 p4

p2
P

⌫e

N
p3

e−

F igu re 3. The direct Urca process.

4 N uclear m atter : the d i rect U rca process

W e want to determine the mean free path of the weak interaction of an electron travelling
inside a neutron star and the rate at which electrons are created. To do so we will estimate the
transition rate following the standard techniques from [34]. Estimating the mean free path
allows us to determine whether the helicity built from the weak interaction is washed out or if
the asymmetry can escape the star.6 Similar calculations have been done only for neutrinos
as the electron’s mean free path is assumed to be much shorter due to electromagnetic
interactions. However, as we argued above, the electromagnetic interactions do not wash
out P-odd asymmetry and the electrons are allowed to propagate due to the non-dissipating,
topological vector current. I n order to find the mean free path we will consider the direct
Urca process, equation (2.10), given by the Feynman diagram in figure 3.

Given the order of the diagram this should be to dominant process in normal nuclear
matter, but it is not. I t is suppressed because the particles taking part are unable to conserve
momentum. I f all interacting particles lie on their Fermi surface then,

pe + pP − pN ⌧ T , (4.1)

where T is approximately the energy of the neutrino. In order for the process to conserve
momentum the initial electron and proton, or the final neutron, must be far from their Fermi
surface in a region with almost no particle occupation. Forcing this inequality to become an
equality introduces a suppression of order ⇠ e− kN / T . W hen the proton fraction is sufficiently
large, xp > 1/ 9, this interaction proceeds unfettered [32]. The transition rate is given by,

w =
⌦4

(2⇡ )12

Z

d3p1d
3p2d

3p3d
3p4 S (2⇡ )4⌦δ(pf − pi ) |Ŝ|2 , (4.2)

where⌦is the volume of the phase space, the pi are respectively the electron, proton, neutron,
and neutrino momentum, S is a statistical factor that takes into account the Fermi blocking,
and Ŝ the scattering matrix.

The Fermi blocking factors limit the phase space in which the initial particles can exist
and the final particles can be created. Particles that exist at the beginning of the reaction,

6 Here and in what fol lows we do not assume that an electron physical ly escapes a star: we use the
term “escape” to emphasize that the electron can leave the region of degeneracy without being re-scattered
by dense surrounding matter. T he fate of the moving electrons when they enter the non-degenerate region
µe ⇠ T from deep degenerate region depends on specific properties of matter with µe ⇠ T . I n this region
the current becomes dissipating, and the electrons may transfer their energy/momentum to the surrounding
dense environment. T his sub ject is beyond the interests of the present work, and shall not be discussed here.
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Low Temperature Limit

𝑻 → 𝟎

All Particles on Fermi Surface

Neutrino Emissivity

𝑓𝑛 𝑥 :１dim. HO Wave-Function



Nuclear Matter RMF Equations of State
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Two kinds of symmetric force

Lorenz Vector & Scalar 

SF1 : Vector Type Sym. Force

SF2 : Scalar Type Sy, Force

SF3: Negative Vector



Density-Dependence of the Neutrino Emissivity in DU

⇑ DU

⇓ no DU

Proton Fraction

DU does not appear 

when B=0

Spikes reflect the 

density of states given 

by the Landau levels

Neutrinos emitted 

through Transitions 

between Landau levels

NS matter consistss of

n & p & e



Density & Mag. Fld. Dep. of the Neutrino Emissivity

n & p & e n & p & e & μ



Summary

DU process from NS matter   

Three Parameter-sets for Symmetry Energy

Proton Fraction  ←→ the Neutrino Emissivity.

Laudau Levels are introduced into Calculations 

of  Neutrino Emissions  in Strong Magnetic Field 

At Low Temp. Limit, Mag.  Effect in DU is not very Large when xp < 1/9 .

-Emissivity may become Larger in Exact Calculations

In the forbidden region xp < 1/9

ν ҧν - Pair Emission  

Mag. Fld. make DU

Because of Low Temperature Approximation (?) .

Energy Loss  ≫ MU



Matter include MuonEmissivity


