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Cosmic ray particle acceleration in supernovae is expected to occur. A proto neutron star is
formed in the aftermath of the supernova explosion of a massive star. Therefore, the study of
properties and structure of proto neutron stars has great implications for investigating the origin
and acceleration of cosmic rays. Considering the baryon octet which comprises of the least mas-
sive baryons and includes the Λ,Σ and Ξ, focusing on the influence of trapped neutrinos, we study
the structure of massive proto neutron star of PSR J1614-2230 in the framework of relativistic
mean field theory (RMFT). In this presentation we show the calculation results about constitu-
tion, temperature, equation of states, mass and radius of the proto neutron star for different cases
of trapped neutrinos. It is found that trapped neutrinos have significant impact on the natures of
massive proto neutron star.
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1. Introduction

It is generally acknowledged that shock acceleration in supernovae offers a plausible explana-
tion for cosmic ray origin up to energy of 1014eV[1, 2] . X-ray observations of supernova remnants,
such as SN1006, have produced evidence of high energy electron acceleration to energies exceed-
ing 1013eV[3]. Although the supernova model for cosmic ray acceleration is appealing from the
point of view of energetics, there is still no direct evidence that it is correct[4]. A protoneutron star
is formed in the aftermath of the supernova explosion of a massive star. Therefore, the study of
properties and structure of protoneutron stars has great implication for investigating the origin and
acceleration of cosmic rays.

The evolution of the proto neutron star proceeds through several distinct stages which may
have various outcomes. The typical neutron star which is one kind of evolution outcomes of a
protoneutron star as generally used refers to a cold, neutrino-free star with a mass M of about
1.5M⊙, and the radius R of 12 km[5] . But recently, the massive neutron stars have been observed[6,
7] . In particular, the mass of PSR J1614-2230 was measured to be 1.97 ±0.04 M⊙. The equation of
state (EOS) and the composition of massive neutron stars aroused researcher

′
s great interest. Many

studies have been performed on the composition and global structure of these massive neutron stars
with zero temperature. The properties of the protoneutron star corresponding these massive neutron
stars, especially PSR J1614-2230 , are of practical importance, but little attention has been on this
aspect.

A newly-formed neutron star should accrete its final baryon mass within a second or two of
its birth, so that the neutrinos will not have had time to diffuse from the stellar core. These trapped
neutrinos may be an important influential factor of the proto neutron star. In this presentation we
will discuss the influence of these trapped neutrinos on the structure of the proto neutron star of
PSR J1614-2230 in the framework of relativistic mean field theory (RMFT).

2. Relativistic mean field theory in finite temperature

When the neutrinos are trapped in the proto neutron star, the composition of the star is deter-
mined by the requirement of charge neutrality and chemical equilibrium. The equilibrium condition
is

µi = biµn −qi(µe −µνe) (2.1)

where µi refers to the chemical potential of baryon i , bi is its baryon number and qi is its charge. µn

, µe denote the chemical potentials of neutron and electron, respectively. µνe is the chemical
potential of the electron neutrino.

In the relativistic mean field theory, baryons B interact via the exchange of mesons. We shall
consider the case where the hyperons Λ,Σ and Ξ, are included in the set of baryons. The formulas
of these baryons contribution to the equation of state for proto neutron star matter have been listed
in references[12, 13].

2



P
o
S
(
I
C
R
C
2
0
1
5
)
1
1
1
8

Structure of PNS Huanyu Jia

For leptons, the interaction is negligible, the partition function of system whose temperature
is T can be written as

lnZL =
V
T ∑

ν

µ4
ν

24π2 (1+2(
T π
µν

)2 +
7

15
(
T π
µν

)4)+

∑
l
(

1
π2

∫ ∞

0
k2dk[ln[1+ e−(εl−µl)/T ]]) (2.2)

where V is the volume.
The first line is the contribution of neutrinos and second line is the contribution from the

electron and muon. From this partition function, the number density , energy density and pressure
of leptons can be got as follows

ρl =
1

π2

∫ ∞

0
k2nl(k)dk, ρν =

π2T 2µν +µ3
ν

6π2 (2.3)

ε = ∑
l

1
π2

∫ ∞

0

√
(k2 +m2

l )k
2nl(k)dk+∑

v
(
7T 4π2

120
+

T 2µ2
ν

12
− µ4

ν
24π2 ) (2.4)

P =
1
3 ∑

l

1
π2

∫ ∞

0

k4√
k2 +m2

l

nl(k)dk+∑
ν

1
360

(7T 4π2 +30T 2u2
v +

15u4

π2 ) (2.5)

Here l denotes electron or muon,ν denotes electron-neutrino or muon-neutrino. nl(k)= 1
1+e[εe(k)−µl ]/T

is Fermi-Dirac distribution for electron and muon. We can define

Ylν = Yl +Yν =
ρl +ρν

ρ
(2.6)

as the numbers of leptons per baryon of each flavor of neutrino. Here l = e and µ .
The influence of trapped neutrinos on the PNS can be calculated by fixing relative numbers of

leptons in the star. Before that, the coupling parameters between baryons and mesons have to be
determined.

3. Coupling parameters

The first step in the application of the RMFT is to fix the coupling constants gσ , gω , gρ ,b
and c which denotes the coupling strength between nucleons and σ ,ω , ρ mesons and meson

′
s

self-interaction. These five coupling constants can be fixed by the saturation properties of nuclear
matter, in particular, the binding per nucleon B/A, the saturation baryon density ρ0 , the effective
mass of the nucleon at saturation m∗, the compression modulus K, and the symmetry energy coef-
ficient asym. In this study we choose the coupling parameter set GL85[14]. The hyperon coupling
parameters are expressed as ratios to the nucleon couplings

xσH =
gσN

gσH
, xωH =

gωN

gωH
, xρH =

gρN

gρH
(3.1)

3



P
o
S
(
I
C
R
C
2
0
1
5
)
1
1
1
8

Structure of PNS Huanyu Jia

The vector coupling constants for hyperons xρH which are determined from SU(6) symmetry con-
straints [15] remain unchanged. They are

xρΛ = 0,xρΣ = 2,xρΞ = 1 (3.2)

The scalar meson coupling parameters of hyperons xσH can be calculated from the potential depths
UN

H of hyperon in the saturated nuclear matter[16]

UN
H = xωHV − xσHS (3.3)

here S = m−m∗,V = ( gωN
mωN

)2ρ0 are the scalar and vector field strengths for symmetric nuclear
matter at saturation. The potential depths UN

H of hyperons can be taken as[17, 18, 19, 20, 21, 22]
UN

Λ =−30MeV, UN
Σ = 30MeV, UN

Ξ =−15MeV.
The masses and radiuses of cold and neutrino-free neutron star can be calculated with xωH

changing from 0.1 to 1.The calculation results are shown in Fig. 1 and 2.
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Figure 1: Maxmum neutron star mass as a function of hyperon vector coupling. The shadow area corre-
sponds to the mass of PSR J1614-2230 .

Fig.1 shows that the maximum mass of neutron star increases with xωH , and when xωH = 1.0,
the maximum mass arrives to 2.1M⊙ which is larger than the mass of massive neutron star PSR
J1614-2230. The calculation result of radius for PSRJ1614-2230 which is 13.03km given in Fig.2 is
consistent with the observation for PSR J1614-2230. The above coupling constants with xωH = 1.0
can well describe the structure of PSR J1614-2230. Then we extend these coupling constants to
calculate properties of massive protoneutron stars corresponding to PSR J1614-2230.
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Figure 2: Radius-Mass relationship when xωH = 1.0 .

4. Results and discussion

For massive PNS, we fix the entropy per baryon S=1 and Yeν = 0.4 .Yuν = 0 because trapped
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Figure 3: The fraction of various particles in protoneutron star as a function of the total baryon number
density when S=1 and Yeν = 0.4 .

neutrinos suppress the appearing of muons, and calculate the fraction of populations of various
particles as the total baryon density. The result is shown in Fig.3. From Fig.3 we can see that the
fraction of electron neutrino decreases with the total baryon density and gradual increase with the
emergence of muon and hyperons.

Fig.4 shows the calculation results of the interior temperature of PRN with different values of
Yeν . It can be seen that the interior temperature of PRN increase with the baryon density, but the
increase rate slow down after hyperons appear. The smaller is the numbers of leptons per baryon
of each flavor of neutrino Yeν , the lower is the interior temperature of PRN.
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Figure 4: When S=1and Yeν changes from 0.1 to 0.4,the interior temperature as the function of total baryon
number density.
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Figure 5: The equations of state of PNS when Yeν changes from 0.1 to 0.4 and S=1.

The equations of state of PNS are shown in Fig.5 which gives relations between logP and logE
when Yeν changes from 0.1 to 0.4. We have seen that trapped neutrinos have opposite effect on the
equation of state.As to PNS including hyperons, the trapped neutrinos will make the equation of
state stiffer as suppress hyperons appearing.With these equations of state, the mass and radius of
PNS can be calculated by solving the hydrostatic equilibrium equations of Tolman-Oppenheimer-
Volkoff[23].

The behavior of the radius vs mass is illustrated in Fig.6 for four different neutrino trapped in
PNS. From Fig.6 we can get the radius of the protoneutron star corresponding the PSR J1614-2230
whose mass is 1.97M⊙. For Yeν = 0.1, the radius of PNS of PSR J1614-2230 is 13.61km, whose
central density ρc is 0.54 f m−3. The properties of PNS of PSR J1614-2230 for different neutrino
trapped are listed in Tab.1.

6



P
o
S
(
I
C
R
C
2
0
1
5
)
1
1
1
8

Structure of PNS Huanyu Jia

0.9 1.0 1.1 1.2 1.3 1.4 1.5 1.6 1.7 1.8 1.9 2.0 2.1 2.2

10

11

12

13

14

15

16

R
(K
m
)

M/M

 S=1,Ye =0.1
 Ye =0.2
 Ye =0.3
 Ye =0.4

 

 

Figure 6: Radius-Mass relationship for Yeν =0.1∼0.4 when S=1. The maximum mass reaches up to 2.1M⊙.
when Yeν is 0.1.

Yeν ρc( f m−3) Tc(MeV) R(km)
0.1 0.54 19.57 13.61
0.2 0.58 22.55 13.16
0.3 0.61 25.48 13.00
0.4 0.63 27.47 13.09

Table 1: The properties of PNS of PSR J1614-2230 for different neutrino trapped . ρc, Tc and R are central
density, central temperature, and radius of PNS of PSR J1614-2230.

5. Summary

Basing on the framework of the RMF theory, including the hyperons Λ,Σ and Ξ, we calculate
the properties of PNS of PSR J1614-2230 for different neutrino trapped.

It is found that abundance trapped neutrinos lead to fewer hyperons appearing in the massive
protoneutron star. The more are neutrinos trapped in the PNS, the higher is the central temperature
of PNS. The central temperatures of PNS corresponding to PSR J1614-2230 are 19.57, 22.55,
25.48, 27.47MeV for Yeν = 0.1, 0.2, 0.3, 0.4.The radius of massive protoneutron star will decrease
with increase of Yeν . The radius of protoneutron star of PSR J1614-2230 are calculated to 13.61,
13.16, 13.00, 13.09km for Yeν =0.1, 0.2, 0.3, 0.4.

These results about the PNS of PSR J1614-2230 may have important significance for studying
the neutron star

′
s evolution and acceleration and origin of cosmic rays.
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