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Equation of State of Newborn Neutron Star
Matter With Untrapped Neutrinos
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The equation of state of the newborn neutron star matter with untrapped neutrinos is
calculated with the A¥g potential along isentropic paths. The same calculations are done
with the AV14 potential for the sake of comparison. Temperature—density correlation,
proton fraction, adiabatic index, and the velocity of sound are also obtained at different
entropies. It is shown that the proton fraction (adiabatic index) increases (decreases)
by increasing entropy. We have shown that our calculated equations of state obey the
causality condition. The results are compared with those of others in the literature.

1. INTRODUCTION

Neutron stars are formed in the gravitational collapse of supernovae (Shapiro
and Teukolsky, 1983). Newborn neutron stars differ from ordinary neutron stars, in
the sense that the matter inside them has nearly constant entropy per nucleon of the
order 1-2 in the units of the Boltzmann constdaf) (Betheet al, 1979; Burrows
and Lattimer, 1986; Keil and Janka, 1995; Petsl, 1999; Sumiyoshet al,

1995). In the case of untrapped neutrinos, we can consider a matter consisting of
neutrons, protons, electrons, and muons under conditions of charge neutrality and
beta equilibrium (Burrows and Lattimer, 1986; Keil and Janka, 1995; Bbal

1999; Sumiyoshét al.,, 1995).

The properties of the neutron star matter, especially its equation of state, have
a crucial role for studying the structure and evolution and determining the mass of
neutron stars (Bombaci, 1996; Lattimedral, 1991; Prakash, 1994; Praka=tal,,

1988).

In recent years, the equation of state of the neutron star matter is calcu-

lated by various many-body methods. The results of these calculations show large
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differences, since these are based on various models of the nucleon—nucleon po-
tentials that are not phase-shift equivalent (Engatilal, 1997). On the contrary,

by using the modern potentials, such as the new Argonne potentigd péential)
(Wiringaet al,, 1995), these differences become small (Engtill, 1997). This
feature is very important for a more precise mass determination (Bombaci, 1996;
Prakastet al., 1988).

Recently, we have used the lowest order constrained variational (LOCV)
method for investigating the properties of nuclear matter at zero (Bordbar and
Modarres, 1997, 1998) and finite (Bordbar, in press; Modarres and Bordbar, 1998)
temperatures. More recently, we have calculated the equation of state of cold
neutron star matter and some of its properties (Bordbar and Riazi, submitted).

Inthe present paper, we introduce the equation of state of newborn neutron star
matter and some of its properties in the case of untrapped neutrinos, using LOCV
method. In our calculations, we employ the A\potential (Wiringaet al.,, 1995),
together with the AV, potential (Wiringaet al., 1984) for the sake of comparison.

2. LOCV METHOD AT T #0

By using variational method, we can write the wave function of a system of
A interacting particles as

v =F¢, 1)
where theA-particle correlation function is taken to be
F=3S[]fa)) )

i>]
and¢ is a Slater determinant of the single-particle wave functions. In the afore-
mentioned equatiord; is the symmetrizing operator and the two-body correlation
operatorsf (ij) are as follows

3
fi) =Y PO, 3
a,p=1
wherea = {J,L, S T, T,} and
2 1 1 1
Op=l,3 = 11 a - '\ 5 o~ ’ 4
; (5+552) (5-5%) @
whereS;; is the tensor operator (Wiringe al,, 1995).
Now, we consider up to the two-body term in the cluster expansion for the
energy functional,
1WIHY)
A Y Iv)

For nucleonic matter at finite temperatufg £ 0), E; is the Fermi-gas kinetic

ECf]D = =Ei +Ea ®)
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energy expression,

ZZ n(kTp.) (6)

i=n,p k
wheren; (k, 7, pj) is the Fermi—Dirac distribution function,
1
itk 7. p1) = ST 41 0

In the aforementioned equatigh= oT T and u; are the chemical potentialg,
are the nucleonic number densities, and
h?k?2

&k, 7, pi) = T ) (8)

are the single particle energies, associated with the protons and neutroms’ The
are the effective masses.
The two-body energyg,, is

E, = 21AZ” Va2l - ji, ©
where
2
V(12)= —;—m[f(12),[V122, f(12)]] + f(12)v(12)f (12). (10)

The general form of two-body nucleon—nucleon interactist{12), is
(Wiringa et al, 1995)
18
V(12)= ) VP(r1p)0p, (11)
p=1
where

O% ™ =1,01-00, 11 1, (01- 02)(71 - 2), Si2 Sial11 - 12),

L. S, L- S(‘L']_ . ‘L’2), L2, L2(0‘1 . 0'2), L2(7,'1 . ‘L’z),
L2(o1- 02)(t1- 12), (L - S), (L - (11 - 72),
T12, (01 02)T12, S12T 12, (T21 - T22). (12)

Here, Ty, is the isotensor operator (Wiringd al., 1995).

Now, as in our previous calculations, we minimize the two-body energy with
respect to the variations in the correlation functidgfisbut subject to the normal-
ization constraint (Bordbar, in press; Bordbar and Modarres, 1997, 1998; Modarres
and Bordbar, 1998). Each correlation functi6fi is required to heal to the Pauli
functionhr,,

1

241
hr =![1_%(F7r)) 2 T,=+1 (13)
‘ 1, T, =0,
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where
Ti(r) = / ni(k, 7, pi)Jo(kr)k?dKk, (14)
(27)2 Jo
andv = 2. The total nucleonic number densipy, is
L = pPp + Pn (15)

By minimizing the two-body energy, we get a set of Euler—Lagrange differ-
ential equations similar to those described in our previous works (Bordbar and
Modarres, 1998). The procedure for the calculation of energy has been fully dis-
cussed in Bordbar and Modarres (1998).

3. EQUATION OF STATE

Now, we consider the newborn neutron star matter in the case of untrapped
neutrinos, which has nearly constant entropy per nuckeenl-2. This matter is
an uncharged composition of neutrons, protons, electrons, and muons, that is in
beta equilibrium.

The contribution from the energy of leptons (electrons and muons), which
should be added to Eg. (5), is as follows

EL= > > nik, T, p)[(mic?)? + h’ck?] Y2, (16)
i=e,u k
The conditions of charge neutrality and beta equilibrium impose the following
constraints on the calculation of the energy of neutron star matter,

Pp = Pet Py 17)

and

Pn — Mp = [le = [y- (18)

The equation of state of newborn neutron star maRép, s), can be simply
obtained using

29E(p, S)
p

wheres is the entropy per nucleon. In Fig. 1, we have presented the pressure of
newborn neutron star matter as a function of total number dengityith the AV g

and AVy4 potentials at different entropies £ 1.0, 20). We have also presented

the results of our calculations for the cold neutron star master (.0) (Bordbar

and Riazi, submitted). We see that for all values of entropy, the equation of state
with the AV g potential is stiffer than those with the Aypotential. We also see that
with increasing density, the differences between the equations of state at different

P(p,s)=p (19)
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Fig. 1. The equation of state of newborn neutron star mattera®.0
(upper curves) and 1.0 (middle curves) and cold neutron star matter
(lower curves) with the Ays (full curves) and A4 (dashed curves)
potentials. The results of Stroketlal.(1999) (dotted curves) are given

for comparison.

entropies become more appreciable. In this figure, we have also shown the results
of Strobelet al. (1999) for comparison. We can see that the equations of state of
Strobelet al. (1999) are much harder than those of ours. It can also be seen that

1675

the differences between the results of Stradtedl. (1999) at different entropies

are more appreciable relative to our results. This is because we do not vary the

effective massestf) and choosen® = my; in our calculations, since in the case

of constant entropy, we have found that the internal energy does not change with

these parameters (Modarres and Bordbar, 1998).
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Fig. 2. Temperature versus total number density for newborn neutron
star matter as = 2.0 (upper curves) and 1.0 (middle curves) with the
AV 15 (full curves) and A4 (dashed curves) potentials. The results of
Strobelet al. (1999) (dotted curves) are given for comparison.

The temperature of newborn neutron star matter as a function of total number
density with the Afg and AVi4 potentials as = 1.0 and 2.0 is given in Fig. 2.
We see that the temperature increases with increasing entropy. Also, the calcu-
lated temperatures with the Aypotential are nearly identical with those of AV
potential, especially at low densities. In Fig. 2, we have also shown the results of
Strobelet al. (1999). The large differences between our results and the results of
Strobelet al. (1999) are due to the choice of the effective masses, as described in
the previous paragraph.

In Fig. 3, we have plotted the proton fraction of the newborn neutron star
matter as a function of total number density with the;fdnd AVy4 potentials
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Fig. 3. Proton fraction versus total number density for newborn neu-
tron star matter at = 2.0 (upper curves) and 1.0 (middle curves) and
cold neutron star matter (lower curves) with thes&\full curves) and

AV 14 (dashed curves) potentials.

ats= 1.0 and 2.0 as well as for cold neutron star mattet=(0.0) (Bordbar
and Riazi, submitted). It is seen that the proton fraction increases by increasing
entropy. This result has an important implication in the investigation of the cooling
of neutron stars (Lattimest al, 1991; Prakash, 1994). Also, the calculations with
the AV, g potential show a higher proton fraction than those with the/détential,
especially at high densities.

The adiabatic indexy, is defined by

olnP
= (), 0
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This parameter is of crucial importance for the core bounce of the collapsing
stars. It is well known that as the density approaches to nuclear matter density,
y rises above A3 (a value that corresponds to relativistic leptons). This means
that the collapse comes rapidly to a halt, and is reversed into a bounce. Further-
more, the stability of a star depends on the value @f the core (Shapiro and
Teukolsky, 1983). In Fig. 4, we have shown the results of our calculations for
the adiabatic indexy() with the AVig and AVy4 potentials at different entropies
(s=10.0, 10, 20). It can be seen that> 4/3 even at low densities and becomes
even more at high densities. We can also see yhdecreases with increasing
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Fig. 4. Adiabatic index versus total number density for newborn neu-
tron star matter at = 2.0 (lower curves) and 1.0 (middle curves) and
cold neutron star matter (upper curves) with the &¢full curves) and
AV 14 (dashed curves) potentials. The results of Strabell. (1999)
(dotted curves) are given for comparison.
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entropy. In this figure, we have also presented the results of Steobel(1999).
There is an overall agreement between our results and those of Sétoakl
(1999).

In order to check the causality condition of equations of state calculated in
this paper, we calculate the velocity of soumg,according to

_ (%E)l/z’ 21)
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Fig. 5. Velocity of sound (in the units of the velocity of light in the
vacuum) versus total number densityat 2.0 (upper curves), 1.0
(middle curves), and 0.0 (lower curves) with the A\(full curves)
potential. The results of Strobet al. (1999) (dotted curves) are
given for comparison.
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whereg is the mass—energy density,
e = p(E + md), (22)

m is the nucleon mass, amds the velocity of light in the vacuum. In Fig. 5, the
velocity of sound (in the units af) is shown with the A\g potential ats = 0.0,

1.0, and 2.0. The velocity of sound with the A\potential (which is not shown

in this figure) is nearly identical to that of the Aypotential. It is seen that the
velocity of sound increases with both increasing entropy and density, but it is
always lower than the velocity of light in vacuur)(Therefore, all equations of
state calculated in this paper obey the causality condition. In Fig. 5, we have also
presented the results of Stroketlal. (1999). There is a considerable difference
between the two calculations, which is caused by the differences in the equations
of state, as discussed earlier.

4. SUMMARY AND CONCLUSION

The equation of state of the newborn neutron star matter in the case of
untrapped neutrinos was presented. Our calculations were based on the LOCV
method. The nucleon—nucleon potentials used in these calculations wgyariV/

AV 14. The following properties were also calculated and compared to the results
of Strobelet al. (1999):

temperature—density relation,

proton fraction as a function of total number density,
adiabatic index as a function of total number density, and
the velocity of sound as a function of total number density.

Our results indicated that the entropy affects the equation of state, especially
at high densities. The temperature and proton fraction were found to increase with
the entropy. The adiabatic index was found to be greater tjiamtdall densities
(and entropies). Itis interesting to note that this parameter becomes fairly constant
at densities beyon#0.6 fm~3. Finally, the causality condition was shown to hold
for all of the results presented in this paper.

ACKNOWLEDGMENT

Financial suppport from Shiraz University research council and IPM is grate-
fully acknowledged.

REFERENCES

Bethe, H. A., Brown, G. E., Applegate, J., and Lattimer, J. M. (19KR@klear Physics 824, 487.
Bombaci, I. (1996)Astronomy and Astrophysi@95 871.



Equation of State of Newborn Neutron Star Matter With Untrapped Neutrinos 1681

Bordbar, G. H. and Modarres, M. (1993purnal of Physics G: Nuclear and Particle Physi&$ 1631.

Bordbar, G. H. and Modarres, M. (199®8hysical Review C: Nuclear Physi6g, 714.

Bordbar, G. H. (2001)International Journal of Theoretical Physics, Group Theory, and Nonlinear
Optics.7, 1.

Bordbar, G. H. and Riazi, N. (submitted).

Burrows, A. and Lattimer, J. M. (1986Astrophysical JournaB07, 178.

Engvik, L., Hjorth-Jensen, M., Machleidt, R., Muther, H., and Polls, A. (1984glear Physics 827,
85.

Keil, W. and Janka, H.-Th. (1995Astronomy and Astrophysi@96, 145.

Lattimer, J. M., Pethik, C. J., Prakash, M., and Haensel, P. (189)sical Review Lette®6, 2701.

Modarres, M. and Bordbar, G. H. (199®hysical Review C: Nuclear Physib8, 2781.

Pons, J. A., Reddy, S., Prakash, M., Lattimer, J. M., and Miralles, J. A. (1888pphysical Journal
513 780.

Prakash, M. (1994Physical Repor242 191.

Prakash, M., Ainsworth, T. L., and Lattimer, J. M. (1988hysical Review Lettei&l, 2518.

Shapiro, S. and Teukolsky, S. (198BJack Holes, White Dwarfs and Neutron Stavéiley, USA.

Strobel, K., Schaab, Ch., and Weigel, M. K. (19983tronomy and Astrophysi&50, 497.

Sumiyoshi, K., Suzuki, H., and Toki, H. (199%stronomy and Astrophysi&93 475.

Wiringa, R. B., Smith, R. A., and Ainsworth, T. L. (1984)hysical Review C: Nuclear Physi2s,
1207.

Wiringa, R. B., Stoks, V., and Schiavilla, R. (1998hysical Review C: Nuclear Physi6§, 38.



