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ANALYSIS OF THE EQUATIONS
OF STATE FOR NEUTRON STARS

Abstract. In this work we consider various equations of state of neutron star matter, which include from the
point of neutron drops formation to supra nuclear densities. Particular attention is paid to the nucleon — nucleon
interaction since, in addition to the kinetic energies of the particles, the interactions among nucleons play a key role.
Moreover, we investigate the properties of super-dense matter with diverse sets of particles such as electrons,
protons, and the contribution of various particles-carriers of interaction. In order to achieve these goals, different
potentials were considered, which are in a good agreement with experimental data. Furthermore, we find the energy
of the system by using a variety of multi-particle methods, including the interaction of nucleons. Thanks to this
information, thermodynamic parameters such as pressure, energy density and the speed of sound in the star are
calculated. We compared similar equations of state of matter so that we could demonstrate the difference from each
other. The Tolman-Oppenheimer-Volkoff system of equations has been solved numerically to construct mass-central
density, radius-central density and mass-radius relations using different equations of state. In conclusion, the latest
observational constraints on the equation of state are taken into account and we show that the observational data
require that the equation of state be stiff, despite the fact that all stiff equations of state violate the principle of
causality at high central densities, unlike soft ones.

Keywords: Equation of state, neutron stars, nuclear interactions, observational constraints.

1. Introduction. First theoretical calculations on the properties of neutron stars were carried out at the
beginning of the 20th century by Tolman and Oppenheimer. It was shown that with increasing mass of a
star, the electron pressure is no longer able to oppose the gravitational compression. Whereas the
electrostatic corrections do not make a large contribution to the pressure of the star in the descriptions of
white dwarf stars and were often neglected, the interactions between nucleons become crucial as the
matter density becomes close to the nuclear density. The attraction between the nucleons reduces the
pressure, but the repulsion caused by vector carriers increases the pressure, thereby preventing the collapse
of the star [1]. If the Fermi energy is large, then in addition to neutrons other particles are formed in the
neutron star. The Baym equation of state (EoS), which includes neutrons, protons and electrons, describes
well neutron star matter at densities below the formation of neutron drops p,,, =4.3x 10" g/cm’ then it

goes quite smoothly into the Baym-Bem-Petrik EoS [2], which in turn describes the state of matter within
Pup <P < P> Where p - =28x10" g /cm’— nuclear density. Further, the results vary widely within the

densities above the density of nuclear matter. This is the range we will investigate in this work. The
structure of the paper is organized as follows: in sections 2 and 3, a neutron star is considered at zero
temperatures for the EoS of a degenerate neutron gas. In sections 4, 5, and 6, different equations of state
(EsoS) are compared, taking into account the interactions between particles. In section 7, the main results
are discussed and the corresponding conclusions are summarized.
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2. Pure neutron gas. The pressure of a degenerate neutron gas is calculated in the so-called phase
spaces. With an increase in the density of a neutron star, the uncertainty principle greatly increases the
momentum phase space and the radius of the star decreases. Further, due to the gravitational instability, it

will decrease to the gravitational radius r, =2GM / ¢* where the inner structure of the star is destroyed
and a black hole is formed. Here G is the gravitational constant, ¢ is the speed of light in vacuum and M is

the total mass of the star. We write the relativistic hydrostatic equilibrium equation, Tolman-
Oppenheimer-Volkoff (TOV) equation, for a perfect fluid as:

dn;(r) _ 47sz2 ()
r c L (1)
dp(r) () Gm(r) 1+ p(r) n 4 p(r) [l 3 2Gm(r)}
dr c’r’ e(r) c’m(r) c’r

where &(r) = c’p(r) is the energy density of hadron matter, p(r) is the pressure, P(7) is the density,
m(r) is the mass of matter inside a sphere enclosed within radius 7. This is a system of first-order
ordinary differential equations, the solutions of which should represent equilibrium configurations of a
perfect fluid with density &(7) and pressure p(7). The TOV equation cannot be solved in its present form

because it is an open system of differential equations. To close it, we must add an equation, which is
usually given in the form of an EoS (EoS). Clearly, not every EoS can be used to generate physically
reasonable solutions of the TOV equation. In fact, not every EoS can lead to an equilibrium configuration.
In the case of a neutron star an appropriate EoS can be written in a parametric form as:

£(r) = ?[(2y(r>3 T+ 300 () + 10
p(r)= ;[(zy(r>3 3y NI ) + 3ty + T 0))|

where, y(r)=k,(r)/m,c, k,(r) is the dimensionless Fermi momentum of a neutron, &, =m.c’ / z°h’

2

constant having the dimension of energy density [3]. We introduce the dimensionless energy density and
pressure in the following form & =g&c*/Gb*, p=pc*/Gb*, p=pc’/Gb*, where p is the dimensionless
density, p is the dimensionless pressure, £ is the dimensionless energy density. To make systems of
equations (1) and (2) dimensionless we introduce the quantities »=bx, m=mc’b/G, where
b=rm+h’/Gem ! isa parameter with dimension of length, satisfying the equality ¢, = ¢*/Gb* [3], X

is dimensionless radial coordinate, and m is the dimensionless mass. Then, the EoS (2) reduces to

£(r)= ;[ay(rf W () 4T 507

3)
B(r)= 214[(2)/0)3 3yNTE ) 430y 4152007
and the structure equations (1) become
dm (x) =4m’E(x)
dx L 4)
D) _ gy PO 4 [1 _ 2m<x)}
dx x’ e(r) m(x) X

equations (3)-(4) describe the behavior of matter at densities below the formation of neutron droplets and
above nuclear matter.

3. Neutron stars with protons, electrons. The pressure caused by protons and electrons in a neutron
star is small, but it is still present and softens the EoS by slightly reducing the maximum mass. In order to

—— 44 ——
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achieve equilibrium the electro-neutrality condition n, = n,, where n is the particle number density [4],

along with a balance between reactions 7 — p+e+V, and p+e—>n+v, must be fulfilled within the

star. Hence, the EoS is constructed in the same way as for degenerate noninteracting neutrons and has the
following form [5]:

f =Y "2y, 43,520ty () 15,7

i Az (5)
p=5 3 7% (25,9 =35, 3,7 4310y, () 4414 3,007

i=n,p,e
where, the Compton wavelength of particles are A, =1.319fm, A, =1.321fin, A, =2.42x10° fin and the

rest masses are mec2 =0.511Mev, mpc2 =938.272Mev, and the dimensionless Fermi momenta for

protons and electrons are given by

Jm 2 = m (L 3, () = 2m2 (0% +m2 (14, (x)°))
y,(x)= = . Vo=V, (6)
2m,m, \/1 +y,(x)

where for convenience we have denoted mic2 =m, . The Fermi momentum can be calculated from the
condition that the lower threshold for the neutron formation at y,(x) =0 is equal to y,(x)=0.001265,
y.(x)=y,(x), and central density is p =1.186x10"g/cm’.

By solving the TOV equations using (5) we get the mass-radius relation for a neutron star depicted in
Fig. 1. Note that in the M — p diagram (right panel) the configurations to the left of M, are unstable
and collapse into a black hole. A similar situation also occurs in the M — p diagram (left panel), only
here unstable configurations are to the right of M, . It can be seen that the contribution of protons and
electrons to the pressure or density and correspondingly to the mass is not significant.

Another feature of the EoS with non-interacting protons, neutrons and electrons is that with increasing
Fermi energies, electrons can decay into muons [6], and muons in turn decay into electrons with the
emission of neutrinos or anti-neutrinos. This is one of the few ways for cooling of a neutron star at high
temperatures [1]. The minimum density at which muons are formed is p =8.21x10"g/cm’. At densities
p=136x10"g/cm’, T < T.=2.2x10"K pion condensate forms [7]. If we take into account that during
the formation of a neutron star, the temperature still reaches a value 7 > T, but due to the neutrino
cooling the temperature decreases from 10" until 10°K in a month, then the formation of pion
condensation in the core of stars is inevitable. It means that, in realistic models and in all EsoS, the curves
should strongly move down after p~10" g/cm’, since pion condensations soften the EoS by decreasing
the maximum mass and are highly dependent on the model, though they have no contribution to pressure.
As for other pions, for example neutral pions 7" in 98% cases decay into two gamma quanta 7 - 2y,
that is, there is an equilibrium state between e 2y but the equation for the chemical potential gives
U, = 0, and for M ==, < 0, therefore, in both cases, the distribution function for 7 = 0K tends to
f= m — 0. The formation of such particles is not expected in superdense matter, at least not
at low temperatures, for the same reason positrons, anti-baryons and other mesons must be absent in an
ideal gas [4].




News of the National Academy of sciences of the Republic of Kazakhstan

M M N
el )8
3 f(ll]{{u 3 ‘[ﬁjf(‘ My=0.722M,,
2.5 Lom, \ 1
Pure ’ -‘-,_ :
2-0; ----- - Skyme o i
of I
L5 g [y
f PNE -
1 .0: e "I, J-’
0.0 B 10 5% "R km
a) Mass-central density (M —p) relation b) Mass-radius M —R relation

for various EsoS of matter

Figure 1 - The mass-central density (in g/cm?) and mass-radius relations, NN is the empirical EoS, Skyrme is for the skyrme
potential, Pure is the degenerate neutron gas and BJ is the Bethe-Jones EoS. It can be seen that the maximum mass is decreased
and is equal to M = 0.7057Mun at R = 9.394 km if we include electrons and protons into degenerate neutron gas

4. Bethe-Johnson nuclear interaction. Almost all EsoS of neutron stars are based on finding the
energies of nucleon-nucleon interactions [8]. Nuclear scientists and theoreticians have spent plenty of time
and effort studying nucleon-nucleon interactions. From interaction theories it is known that the attraction
between nucleons is due to the exchange of scalar fields of pions, and repulsion by vector particles, in
particular p, @, @ (where p, @, @ particle carriers of nuclear matter). Bethe and Johnson only
considered repulsion from @ (783 MeV ), since it is this particle with nucleons that possesses the
strongest coupling constant and is approximately estimated in gf) =/hc=12.868 [9], and most
importantly, it describes well the experimental data on the binding energy of nucleons and the quadrupole
moment of the deuteron. So using the Bethe and Jones potential, taking into account the variational
method and considering the agreement with experiments, we obtain an EoS that relates density and

pressure through the parametric equations [1]:

2 \2/3 2
) 337 (ne) n(x)*" + 236n(x)""
d( / ) (13()”;’1)2/3(7/2 )2 (7)
=y LEL T ) Y () +363n(x)""
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n

where a =1.54, m, = mnc2 MeV and fic =197.327 MeVx fin. To make equation (7) dimensionless we
multiplied by Gb*/c* =1.007x10™* fin’ / MeV . The speed of sound on the surface of a star is equal to

®)

(c_T _dp  0.143n*" +0.649n°

c) de 0214n*"° +n“ +1.01

where, the speed of sound is always ¢, <c for any densities in the Bethe-Jones EoS, as well as in the case

of a degenerate neutron gas or mixed with protons and electrons. Numerical solutions of the TOV
equations are given in figures 1 and 2.

—— 46 ——
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Figure 2 - Dependence of various parameters for the neutron star EoS

5. Empirical nuclear interaction. No matter how we choose the interaction potential between
nucleons, it must be in agreement with the experimental data, that is, it must lead to the saturation of
nuclear matter having satisfied 3 conditions: 1) the number density at which the saturation is achieved

n, =0.16 fm™, 2) the binding energy at saturation BE = E - _ —16 MeV , where BE is the binding

n=n

energy, 3) the compressibility of the nuclear matter K (n ): d—p:400 MeV, it is known from the
0 dn

experiment that the compressibility value changes depending on the potentials. In our case, a test function
for the EoS of symmetric matter n, = n, has the following form:

A B
5/n:mn+<E0>u2/3+—u+ u’
o+l 9)
2 A Bo
/n, ==(E W +=u? +——u°"
e S

after substituting in the conditions for saturation of the nuclear matter, the constants are equal to
A=-1182 MeV, B=6539 MeV , oc=2.112, <E0> =22.1 MeV . A model describing only neutron

matter 7 =7, is given by

A B
e T e Ly T 1)
5/3
p/noz3<E0>u5/3+(12‘1_(22/3_1)<E0>+S0ju2+ Bo

+1
uo‘
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where S is the volume symmetry coefficient (degree of deviation from symmetry), u = n/n,, the range

of applicability of the equation is from the order of the nuclear density to p=1.135x10" g/ cm’ since

beyond this value it will violate the principle of causality.

6. Skyrme interaction. In this section, we select a potential that gives a repulsive effect at high
concentrations, since at high densities, which is equivalent to the reduction of the distance between
nucleons, the repulsive force due to the exchange of vector particles dominates. Based on these arguments

we choose the potential in the form of V(x—y)=05(x— y)(%gn—toj, where f is the parameter that

characterizes repulsion owing to the exchange of scalar particles between two nucleons, #; is the

parameter describing the repulsion at high densities. Next, we find the energy with help of the Hartree-
Fock method, if the spin of particles is not considered (the calculation of the same potential using the
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method of Hartree) we find that the energy increases twice. This is due to the fact that taking into account
the spin of the particles reduces the total energy practical twice because in the first approximations only
those pairs interact which have antiparallel spins. The EoS with spin reads as follows:

3(3”2)2/3(hc)2 si3 Ly 3 1y 2
- - _ 11
g=m,n(x)+ Tom, n(x) 4 n(x) 4n(x) , (11)
2 /3 2
p= LR o ey Loy,

where the constants 7, 7, are found from the saturation condition for nuclear matter as well as for

nucleon-nucleon interactions. After simple calculations one finds 7, =14600.8 MeV , t, =1024.1 MeV .

The domain of applicability of the EoS is 2.707x10" g/cm’ < p<1.55x10" g/cm’[3].

7. Observational constraint. The physical constraints imposed on the EoS are known. This is
primarily a restriction on the speed of sound, since the speed of sound in the core and on the surface of a

star must fulfill the condition ¢, /c <1, in our cases, these conditions are not met for the skyrme EoS

when p>1.55x10" g/ cm’ and for the empirical nucleon- nucleon interaction at
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Figure 3 - Various EsoS with theoretical and observational constraints

p>1.135%x10" g/ cm’ , in Fig. 3a it can be seen that the maximum mass for the skyrme potential
and for the empirical EoS must not exist from the physical point of view, since it lies above the plane
c,/c=1.In figure 2 (b) the matter pressure is shown as a function of the energy density. As one can see

the behavior of each EoS is different.
As for observational constraints, we learned from collecting data on neutron stars for 2019-2020 year
[10] that with 95% confidence the mass of the most massive pulsar PSR J0740+6620, located at a distance

of 1500 light years from Earth, lies in the range M =2.14"00M ¢
figures 4c), it is marked with a thick red line. The lowest radius has been observed in the RX J1856-3754

[11]; for an observer at infinity the radius is R =R = 2(2;];5 so that for R . =16.8 km [12], the
c

with a rotation period in 2.89 ms (see

conditions read 2GM /c*R>R—-R’/ (R:fm )2 [13]. In figure 3b, this is indicated by a dotted curve and a
dotted line. Furthermore, the largest surface gravity of a neutron star is for M =1.4M

Sun *

On the other hand, the observed radius with 90% confidence is 15.64 km <R _<18.86 km ; in
figure 3b, we mark the lower limit of the surface gravity with two dotted curves of the form

—— 48§ ——
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2GM /¢c*R>R-R’ /(Rm )2 [13]. The most famous and fastest rotating neutron star PSR J1748-2246 [14]
has the highest rotation frequency 716 Hz and the equation for the frequency is determined as
Viax = 1045(M IMs,, )”2(1 Okm/ R)3/2 . Therefore, the constraint on the rotation looks like this

M >0.47(R/10km)’ M
surface gravity of a neutron star is determined by the pulsar XTE J1814-338 and the constraint is
M /Mg, <24x10°c*R/GM

relations must pass through the region surrounded by the observational constraints. Therefore, as one can
see, the pure degenerate neutron gas EoS is not realistic.

and the figure it is shown as a dashed curve. Finally, the upper limit on the

Sun

shown in the figure as a solid black line [15]. Realistic mass-radius

Sun Sun

8. Discussion and conclusion. In this paper, we obtained the dependence of mass on radius and on
the central density for different EsoSs of Neutron Stars. It can be seen in figure 1 that if we do not take
into account the nucleon-nucleon interaction, the EoS will be extremely soft to describe the dependence of
the mass on the radius, which does not correspond to the observations. In section III, we discussed the
appearance of pion condensation, but in realistic models, the formation of condensation must be prevented
by many factors such as the pion-nucleon interaction [7]. In Ref. [16] the EoS with protons, neutrons and
electrons was studied, but instead of the local electroneutrality condition n,—n,=0 the global
electroneutrality condition was used in the formJ. Pad’r= Je[np (r)—ng(r)]z 0. At the same time, the
Lagrangian density L takes into account the repulsive force between nucleons from vector bosons p,
and @, also the electromagnetic 4-potential 4, or any Lagrangian types [17].

As can be seen from figures 1 and 3, the empirical EoS has the most rigid dependence of mass on
radius, but the plots quickly fall down with the inclusion of protons. The equation of Bethe - Jones is in
good agreement with the experimental data, but at high densities, it is not enough to describe the repulsive
force with a single @ meson. Nevertheless, the EoS does not contradict the latest observational and
theoretical constraints, which is certainly a big advantage. The EoS for the skyrme potential is just a good
description of the matter at high densities up to p<5.5p,,. which corresponds to a star with mass
M=23TM,, .

The final results are shown in figure 3, as expected, the lower limit of observational constraints lies in
the interval 1.3M, <M <1.4M
of 1.38 — 1.44 M,,, for white dwarf stars. According to some estimates the maximum observed mass of a
neutron star PSR J0740+6620 is 2.17M g, . The existence of such an object is explained by the fact that a
rapidly rotating neutron star increases the maximum mass by almost 15%. Apparently, in the past, PSR

that is close to the Chandrasekhar limit, which in turn lies in the range

Sun

J0740+6620 absorbed a significant part of the substance of its companion - most likely, when it was still at
the stage of the red giant [18].

According to 2015 data, about 2500 neutron stars are known. Out of them, only 10% have
companions. Many massive neutron stars also have an inner core. The radius of the inner core can reach
up to several kilometers, and the density in the center of the nucleus can exceed the density of atomic
nuclei by 7-8 times. The composition and EoS of the substance of the inner core are not known for certain.
At such densities, neutrons can give way to hyperons, three-quark particles that include at least one
strange quark, or even consist of free quarks and gluons [19].

Acknowledgement. This work was supported by Ministry of Education and Science of the Republic
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HEWTPOH/BIK JKYJIIBI3IAPABIH KYI TEHAEYJEPIH TAJIJIAY

Annotanus. JKyMmbicTa HEHTPOHIIBIK KYJIIBI3AApAbIH, HEUTPOHBIK TaMIUBIIAPIBIH Taiiia OonyblHaH Oacrarl,
ACKBIH SIIPOJIBIK THIFBI3IBIKKA JIEHIHT1 opTYpil KYH TeHIeylepi: aiHbIFaH HEHTpOHIBIK Ta3, bera sxone J[koHC Kyl
TEHJIEYl, SIMIUPHUKAIBIK KYH TeHzaeyi skoHe Skyrme moTeHIManpl Kyd TeHJeyi KapacThIpbUIFaH. AJFalIKbl Kagam
periage TommaH-OnmenreiiMep-BoIKOBTHH PENSTHBTIK THAPOCTATHKANBIK TEMEe-TEHAIK TEHAEYl Macca-OpTaibIK
THIFBI3MIBIK, MAacca-pafiniyc >KOHE PaJNyC-OPTANBIK THIFBI3ABIK KATBIHACHIH TYPFHIZY YIIiH Konmaweuigsl. CebeOi
HEHTPOHIBIK JKYIABI3 Ta3a peNATUBTIK 00BekT. Kyl TeHIeyiH TaHmay OapbhIChIHIAa HEHTpOHOAp >KoHE KeHbip
JKarjainap yurH OpOTOHAAP apachiHAarbl HyKIIOH-HYKJIOHBIK 9cepiiecyre aca MoH Oepiii. OWTKeHI, KWHETHKAJIBIK
SHEepPrusMeH KaTtap HyKJIOHIAp apachIHIAFbl 9CEpIIeCy A€ MaHBI3IBI POJl aTKapasibl.

CoHbIMEH KaTap, HEWTpOHHAH 0acKa AJIEKTPOH JKOHE IPOTOH CHUSKTBHI SPTYpJi OOJILIEKTep XKUBIHTHIFbIHAH
TYpAaThIH aca ThIFbI3 MaTEPHUSIHBIH KacHETTepl )KOHE acepiiecy/li TachIMaliayibl OelieKkTepAiH yieci 3eprrenai. Ocsl
MakcaTKa eTy OaphIChIHAAa TXIpHOeMeH »akchl yiuleceTiH bera MeH JIKOHC MOTEHIMANbI JkoHE SKyrme
MOTEHLMAIBI KapacThIpbulabl. HyKIoHmapapIH acepiiecyiMeH Koca, SpTypili KeIOeIeKTiK d/1icTepl, XapTpH KoHe
Xaprpu-Pok oxicTepi KONIAHBLIBII, )XYHEHIH 3HEprusichl aHbIKTaaabel. OChl aKmapaTka CyileHe OTBIPBIIN KBICHIM,
SHEPTHsl THIFBI3JBIFEl JKOHE HEHTPOHIBI IKYJIJBI3AAFbl ABIOBIC KBULIAMIBIFBI CHAKTHI TEPMOJMHAMMKAIBIK
mapaMeTpiep THIFBI3IOBIK (QYHKIUACH peTiHae ecenTenmi. bip-OipiHeH aWbIpMAIIBUIBIKTAPBIH KOPCETy YIIiH
KacHeTTepi yKcac KeJeTiH 3aTThIH KYH TeHAeyIepi CabICTHIPBUIIBL.

Kanmer anranna, GyHIaMEHTAIABI 3aHIAPIBl TEKCepy OapBICHIHIA MaHBI3IBl aCTPO(PHU3UKAIBIK OOBEKT OOJBIIT
caHalaThlH MHJUTUCEKYH/THIK IyJibcapyap OakbulaHaJbl. BakbuiayJblH COHFBI HOTIKENEpI KYH TeHIeyJepiHiH,
KYMCaK Kyi TeHJeyliepiHe KaparaH/a, )KOFapFbl ThIFBI3JBIKTA ceOer-caaap MPUHIMIIH Oy3aThlHbIHA KapaMacTaH,
KaTaH 0oy bl Tajamn eTTi. by HoTIKenep, allHanaThiH Mynbcapabl Oakpuiay 6apsicbinga [llanupo s dexti apKbuIbl
MyJIbCap MaccachlH aHbIKTayFa MYMKIH/IK OepeTiH (u3MKalbIK mapaMmeTpiep/ii aHbIKTayFa OOJIaThIHBIH KOPCETKEH.
Contycrik Amepuka obOcepBaropusicbiHIa TpaBuTanusuiblK TONKbIHAAD (NANOGrav) yiniH HaHorepu OoWbIHIIA
MaiMeTTepai OipikTipy OapeichiHza 12,5 xbul 00ibl opOuTanmsl (aszanbl Oakputayna Green Bank teneckoObIH
KojaaHa oTeIpbIn, PSR J0740 + 6620 — HEUTPOHIBIK KYJIIBI3IBIH MaCcCACHI 2,14:'3:(1)8 KYH MaccacblHa TeH 00JaThIHbI
aHbIKTIIBL. bizniy ecenteyimizge PSR J1748-2246 HeHTpOHABI >KYIABI3IBIH alfHATYBl CTAHIAPTTHI OaKbUIAYIAH
Oenriymi mexTey OONBIN caHamaAbl. ATanFaH Iyinbcap ceKyHnbiHa 1122 aifHaneim xacaiiteiH XTE J1739-285
MyJIbcapAaH KeHiH JKpUIIaMIbIFbl OOMBIHINIA eKiHIIi Ooubin caHanmaabl. JlereameH O6acka actpornomumap XTE J1739-
285 mynmecapAbIH aifHaTTy TIEPUOJIBIH J1i TOJBIK pacTaMaraH.

KopsIThIH/IBLIAN Kelle, JKYMBICTa dcepiiecy/li €CKepMEreH ecenrtey HOTHXeNepi, Oip TachMalIayliblHbIH dcepi
eckepinrenzeri acepiecy (bera xxone JKOHC Kyl TeHIeyJepl xKaFnaiiblHIa) HOTWIKEIEPIHEH eIoyip allblpMAaIlbLIbIK
kepcereTiHi OasHnanraH. COHBIMEH Katap, SMIIMPHUKAIBIK KOJIMEH TYPFBI3bUIFaH, KYJIIBI3IBIH TOJIBIK PaINyChIHbIH
OPTAaJIBIK THIFBI3ABIKKA TOYEJAUIIrT allHBIFAH HEWTPOHIBIK ra3jiaH epeKuleneHeTiHl kepceTini. KyMbICThIH jkaHa-
JIBIFBI, OaKbUIAYaH AIBIHFAH MOJIIMETTEPMEH KOCA, HEHTPOHIBIK JKYJIIBI3AAp/bl CHIIATTAY VIIIH OPTYPJ KYyH TEHIEY-
JIepiH KOJIaHy/1a KoHE OJIap/IbIH KalCBICHI )KETKUTIKTI Typ/ie (PM3UKAIBIK IIBIHAWBUIBIKTEI CUIIATTAHTHIHBIH KOPCETYIE.

Tyiiin ce3mep: KyH TeHIeyl, HEHTPOHABI >KYJJBI3, Macca-paJnyC apakaTbIHACHI, SIPOJBIK dcepliecy,
OakpuIayaH aJbIHFaH IIEKTeyIep.

A. Taemucos!, K. Tunemucona'?, K. bomkaes!?3, A. Ypasaauna'? u 3. Kesemxo*>!

'Kazaxckuit HaUMOHANBHBIN yHUBEPCUTET UM.anb-Dapadu, Anvarel, Kasaxcran;
’HaumoHabHas HAHOTEXHOJIOTHYECKAs J1ab0paTopus OTKPLITOro Tuna, AnmMarsl, Kasaxcran;
3Actpodusuueckuii uacTuTyT M. Pecenkopa, Anmartsl, Kazaxcran;

‘MIHCTHTYT s11EpHBIX HayK, HalnoHaIbHBIH aBTOHOMHBINH YHUBEPCUTET MEKCHKHY;

*Kadenpa (u3nky 1 MexXTyHapOAHBIA EHTP PEATUBUCTCKOM acTpOH3HUKH,
Pumckuit Yausepcutet “Jla Canuenna”, Pum, Utanus
AHAJIN3 YPABHEHUM COCTOSSHUSI HEUTPOHHBIX 3BE3/]

AnnHortauus. B nanHO# paboTe pacCMOTPEHBI pa3InYHbIe YPAaBHEHUS COCTOSHISI HEHTPOHHBIX 3BE3M, TaKHE KaK
YpaBHEHHE COCTOSHUSI BBIPOKACHHOTO HEHTPOHHOTO ra3a, ypaBHEHHE cOCTOsiHUS bera m JIKoHca, sMmupuiecKoe
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YpaBHEHHE COCTOSIHUS M YPaBHEHHE COCTOSHHMS C HNOTEHUHaIoM SKyrme, OT TOYKH OOpa3oBaHHs HEHTPOHHBIX
Karelb 10 CBEPXsACPHBIX IIIOTHOCTEH. [10CKONIbKY HEHTPOHHAS 3B€3/1a SIBJISETCS YUCTO PENISITUBUCTCKAM OOBEKTOM,
OBUIO HCHOJIB30BAaHO PEJISITUBUCTCKOE YPaBHEHHE THAPOCTaTHYECKOro paBHoBecusi Tonmana-OnmneHreimepa-
BonkoBa B kadecTBe OTHpaBHON TOYKH I MOJYYEHHS COOTHOIIEHHM Macca-IeHTpajbHas IMJIOTHOCTb, Macca-
pamuyc u paguyc-LeHTpaibHas IoTHOCTh. [Ipu BeIOOpE ypaBHEHHH COCTOSIHUS OBLIO YIEJIeHO 0co00e BHUMaHHE
TEM YpaBHEHUSIM, B KOTOPBIX YUUTBHIBACTCS! HYKJIOH-HYKJIOHHBIE B3aMMOJICHCTBHS MKy HEHTPOHAMH, B HEKOTOPBIX
cilyyasix C IPOTOHAMH, MOCKOJBbKY KpOME KHHETHYECKOHW OSHEprWd 4YacTUIBl, OONBIIYI0 pOJb HIPAIOT
B3aUMO/ICHCTBUS MEX/Yy HyKJIOHAMH.

Brun nccnenoBaHb! CBOICTBA CBEPXIUIOTHOM MAaTEPHHU C PA3IMIHBIM HAOOPOM YACTHII, TAKUMH KaK HEHTPOHEL,
a TaKKe JEKTPOHBI U MPOTOHBI. Takxke OBLT HCCIIEIOBAH BKJIAJ] Pa3THYHBIX YaCTHUII-TIEPEHOCYNKOB B3aUMOICHCTBUS.
JIns mocTIKEHUs 3TUX Leel ObUIH PacCMOTPEHBI pa3IMyHble TIOTeHIUANG: ToTeHnran bera u J[oHca, moTeHran
Skyrme, KOTOpBIE XOPOIIIO COTJIACYIOTCS € SKCIEPUMEHTATBHBIMH JaHHBIMH. Kpome 3TOro, BEIUUCISETCS SHEPTHs
CHUCTEMBI, HCIONB3ys pa3IUYHBIE MHOTOYACTHYHBIE METOABI: MeTonsl XapTpu u Xaprtpu-Doka, BKmoUas
B3aMMOJICHICTBHE HYKJIOHOB. briaromaps 3Tod HMH(QOPMAIMM PACCUMUTHIBAIOTCS TEPMOIMHAMHYECKHE IapaMeTpEl,
TaKM€ KaK OaBJICHUEC, INUIOTHOCTbL OHEPIrUM U CKOPOCTHh 3BYKa Kak (l)yHKLIl/I)I IIJIOTHOCTHU HeﬁTpOHHOﬁ 3BE3/bI.
YpaBHEHUsI COCTOSIHUSI BEIleCTBA HEWTPOHHOM 3Be3/bl OBUTM CpaBHEHBI MEXAY CO0O0H momapHo, a 3ateM ObUIN
MMPOACMOHCTPHUPOBAHBI TOHKHUE OTJIMYMA APYT OT Apyra.

Bnaronapst HabmroneHUSIM 32 MUJUTUCEKYHIHBIMU ITyJIbCapaMHt, KOTOPBIE SIBJISIFOTCSI OJJHAM M3 CaMBIX ITOJIE3HBIX
acTpoM3MYecKuX OOBEKTOB JUIA NPOBEPKU (QYHIAMEHTAIBHBIX 3aKOHOB (M3UKM OBUTM YUYTEHBI IIOCIIETHHE
HaOIOAaTeNbHBIE OTPAaHWUYCHHS Ha ypaBHEHHE cocTosHHUA. [loka3zaHO, 9TO HaOmromaTeNbHBIC NAaHHBIE TPEOYIOT,
9TOOBI YPaBHEHUS COCTOSHUS OBLIH KECTKIMH, HECMOTPS Ha TO, YTO BCE KECTKHUE YPABHEHHUS COCTOSHUS, B OTIINIHE
OT MATKUX, HAPYIIAIOT MPUHIHI MTPUIHHHOCTH MPU OOJBIINX IUIOTHOCTSX. HaOmromaTenpHble OrpaHHdeHUS OBLITH
MOJyYEeHBI ITyTEeM JIMTENbHBIX HaONMONeHUH 3a Imynbcapamu. llpyn HaOmMoneHnH 3a BpAINAIOMIMMUCS ITyJIbCapaMiu
OBUTO OOHAPYXKEHO, YTO MOKHO M3MEPHUTH (PU3NUECKHE MapaMeTphl, KOTOPBIE TIO3BOJISIOT BRIYHCIATh MAcCy CaMHX
nyjibcapoB ¢ momoinsio dpdexra Ilamupo. Ilyrem oObenuHenuss HaOopa naHHbIX CeBepoaMepHKaHCKOU
HaHOreplOBOW oOcepBaropun rpaBuTaoHHBIX BOJIH (NANOGrav) 3a 12,5 ner ¢ HeJaBHUMH HaOJIOJEHHUSMH 32
opburtanbHOi (Dazoii, mcnonp3ys teneckon GreenBank, Obita m3MepeHa Macca ucrounuka PSR J0740+6620

" +0,10
(neiiTpoHHas 3Be3na), KoTopas paBHa 2,147 ), COIHEYHBIX Macc. B KadecTBe THNMYHOTO HaOMIOAATENBHOTO

OTPaHMYEHUS Ha BpALICHUE HEUTPOHHBIX 3BE€3], HUCIONB3YIOTCS MapaMeTpbl uctouHuka PSR J1748-2246,
CYMTAIOIIEr0Cs BTOPBIM 110 CKOPOCTH BpAILLEHUs MyJIbCAPOM, a IEPBBIM B HACTOAIIMN MOMeHT cuntaeTca X TEJ1739-
285, coepmaromuii 1122 0obopoTa B ceKyHIy, XOTS IPYTHE aCTPOHOMBI 3TOTO HE TIOATBEPAMIIH.

B 3akimroueHne oka3aHo, YTO Pe3yNIbTaThl BEIYUCICHHUS 0€3 B3aMMOJCHCTBHS CHIIBHO Pa3HATCS C Pe3ylbTaTaMu
ypaBHeHUst coctosHus bera n JKoHCa, T1e yUUTHIBaICS, KaK MUHIMYM, OJMH NIEPEHOCUYHK B3anMozaencTBus. Takxke
OBUIO OIPENETECHO, YTO 3aBUCHMOCThH IOJHOIO pPaanMyca 3Be3[bl OT LEHTPAIbHON IJIOTHOCTH, TOCTPOCHHON Ha
SMIIUPUYECKUX COOOPAKEHMAX, CHIBHO OTIMYAETCS OT pPE3yJbTAaTOB, IOJyYCHHBIX W3 YPABHEHHS COCTOSHHUSA
BBIPOXKJICHHBIX HEHUTPOHHBIX Ta30B, HAayWMHAs CO 3HAYEHMM IUIOTHOCTH Topsiaka snepHoil. HoBusHa craTthu
3aKJII0YaeTcs B HCCIEOBAHUM HEUTPOHHBIX 3BE3]l IyTEeM CPAaBHEHHUS COBPEMEHHBIX HaOJIIOAATENbHBIX NAHHBIX U
pe3yJIbTaTOB, MOIYYEHHBIX C IOMOIIbIO NPUMEHEHHsS pPAa3JIMYHBIX YPaBHEHHH COCTOSHHS M Ha OCHOBE 3TOTO
MPOBEJICH aHAJIN3 TOTO KaKWe U3 3TUX JaHHBIX OoJiee MopoOHO ONKCHIBAIOT (HU3UUECKYIO PEaibHOCTb.

KiroueBble cJjI0Ba: ypaBHEHHE COCTOSHUS, HEHUTPOHHAas 3Be€3a, OTHOLIEHHWE Macca-pajuyc, sIEpHbIE
B3aUMO/ICHCTBUSI, HAOIIOAaTEeIbHbIE OTPaHUYCHHUS.
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