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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:

dm(r) _ A’ ()
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where £(r) = ¢’ p(r) is the energy density of hadron matter, p(*) is the pressure, P(7) is the density,
m(7) 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 &(r) 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:
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where, ¥(r)=k,(r)/mc . k,(r) is the dimensionless Fermi momentum of a neutron, &, =m'c’ / 7°h’
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constant having the dimension of energy density [3]. We introduce the dimensionless energy density and
pressure in the following form & =&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 r =bx, m=mc’b/G, where
b =7m\h’/Gem ! is a parameter with dimension of length, satisfying the equality ¢, = ¢*/Gb* [3], X

is dimensionless radial coordinate, and 77 is the dimensionless mass. Then, the EoS (2) reduces to

e(r)= %[(232(?)3 + YN+ ()" = IH(V(V) +L+ (1) )]

(3)
p(r) = %[(2)/(;’)3 —3p(P) W1+ y(r)? +3ln(y(r) +4/1+ ()’ )]
and the structure equations (1) become
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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
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achieve equilibrium the electro-neutrality condition n, = n ,, where 7 is the particle number density [4],

along with a balance between reactions # —> p+e+V, and p+e —>n+Vv, 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]:

sr)=7Y ””A‘fz (23,7 + . I 727 ~tnly () + Y15 7007 )
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where, the Compton wavelength of particles are A, =1.319fm, A, =1.321fim, 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

= m(L+ y,(0)) =2 (3 4 (14 7,())
2mnmle +y,(x)

Y, (x) s Yo=Y, (6)

where for convenience we have denoted micz =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 A, . 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 ¢lectrons 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/em’, T <T.=22x10"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" >1., 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 in¢vitable. 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 7’ e 2y but the equation for the chemical potential gives
U= 0, and for U =—H, < 0, therefore, in both cases, the distribution function for 7 = 0K tends to
f= ~Fam T 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].
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2GM /¢*R>R-R’ /(ROO )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
v, =1045(M /M, ) > (10km/ R)"
M >0.47(R/10km) M
surface gravity of a neutron star is determined by the pulsar XTE J1814-338 and the constraint is
MM, <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.

Therefore, the constraint on the rotation looks like this

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

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
clectrons was studied, but instead of the local electroneutrality condition n —n, =0 the global
electroneutrality condition was used in the formj pLdr= Ie[np (r)-n, (r)]: 0. At the same time, the
Lagrangian density . 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<55p, = which corresponds to a star with mass
M =237TM

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,,  thatis close to the Chandrasekhar limit, which in turn lies in the range
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 . 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

Sun *

JO740+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
of Kazakhstan, Program IRN: BR05236494, Grants IRN: AP05134454 and IRN: AP08052311.




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

A. Taemucos!, K. Tnemucosa'?, K. Bomkaes!?>, A. Ypasamuna'? :xone J. Kosegol*s

19n-Oapadu arsiaarsl Kazak yiTTIK yHEBEPCHTETI, AnMarsl, Kazakcran;,
2AINBIK TYPAETI YITTHIK HAHOTEXHOIOTHISUIBIK 3epTXana, AnMaTeL, KazakcTan;
3DeCceHKOB ATHIHAATHL ACTPO(VH3HKAIBIK MHCTUTYT, Amvater, KazakcTan;
4 APOBIK FRLTBIMAAP HHCTHTYTHI, MEKCHKA YITTHIK ABTOHOMIBIK YHHBEPCHTETI, Mexuko, MekcuKa;
S®usuka Ka)eapachl JKIHE PENTATHBHCTIK ACTPOPH3MKA XANBIKAPAIBIK OPTAIBIFBL,
Jla Carmmenua Pum yHuBEpcuTeTi, UTamus

HENTPOHAGIK K YJIIBI3AAPILIH KYH TEHAEYJIEPTH TAJIIAY

Annortamust. XKympIcTa HEHTPOHIBIK >KYJIIBI3AAPABIH, HEHTPOHIBIK TAMIIBUIAPABIH Maiaa OOMybIHAH Oacrar,
ACKBIH SAPOJBIK THIFBI3ABIKKA JCHIHTI OPTYPIl KYH TCHACYIepl: alHBIFAH HEHTPOHIBIK Ta3, bera skone HKOHC KyH
TCHJEYI, IMIUPUKAIBIK KYH TCHAEYI skoHE Skyrme MOTCHIMANABI KYH TEHACYl KApaCTHIPBUIFAH. AJFAIIKbI KagaM
periane Tomvar-OnnenreliMep-BOIKOBTHIH PEATHBTIK THAPOCTATHKAIBIK TENE-TCHIIK TCHACYI Macca-OpTalIbIK
TBIFBI3ABIK, MAacCa-paguyC >KOHE PaIyC-OPTANbIK THIFBI3ABIK KATBIHACHIH TYPFHI3Y YIOIH KomgaHbLIAsl (Cebedi
HEHTPOHIBIK KYJIABI3 Ta3za perITHBTIK 00BbeKT. Kyl TeHmeyiH TaHmay OapbIChIHIA HEUTPOHZAP JKOHE Keitdip
JKaFgaiimap YIIiH npOTOHIAP apachIHIAFEI HY KJIOH-HY KJIOHIBIK OCEPJICCYTe aca MOH Oepiimi. OUTKCHI, KHHCTHKAIBIK
SHEPTHIMEH KaTap HYKJIOHAAP apachIHIAFHI 9CEPICCY A€ MAHBI3IBI PO aTKAPAIBL.

CoHbIMEH KaTtap, HEHTpPOHHAH OACKa 3JIEKTPOH JKOHE IPOTOH CHSAKTBHI SPTYPJL OOIIIEKTEp >KHBIHTBHIFBIHAH
TYPaTHIH aCa THIFBI3 MATCPHAHBIH KACHCTTEPI1 KOHE OCCPIICCY Al TACHIMATAAY MBI OOJMICKTEPIiH Yiaeci seprremai. OCh
MAaKCaTKa CTy OaphICBHIHAA TOXKIPHOCMCH >Kakchl VimeceTiH bera meH JDKOHC TMOTCHOMANBI JkoHE Skyrme
MOTCHIMAIBI KApacThIPhUIAbL. HyKIOHIAPABIH dCepIecyiMEeH KOca, SPTYPl KOIOSNIIEKTIK dMICTepl, XapTpH >KOHE
Xaprpu-®Pok omicTepl KOTIAHBLIBIL, >KYWCHIH SHEPTHACH aHBIKTANAbl. OCHI aKMapaTKa CYHEHE OTHIPHIN KBICHIM,
SHEPTHSl THIFBIIABIFBI JKOHE HEHTPOHIBI IKYJIABI3AAFBI ABIOBIC IKBUITAMIBIFBI CHAKTBI TEPMOJMHAMHKAIBIK
mapaMeTpicp THIFBIABIK (DYHKIMACH peTiHae ecentenni. bip-OipiHeH aHBIPMAIIBIIBIKTAPHIH KOPCETY YIIiH
KacCHETTEpl YKCac KEeNETIH 3aTThIH KYH TCHACYJIEP] CaTbICTHIPHLIIBL.

Kammer anranma, GyHAAMCHTAIIB 3aHIAPIABI TCKCEPY OAPBICBIHAA MAHBI3IBI aCTPO(PH3HKAIBIK 00BCKT OOJIBIIT
CaHAJNATHIH MILIMCCKYHATHIK TyIbcapiap OaKbUTAaHATBL. BaKpIIayIbIH COHFBI HOTIDKCIICPI KYH TCHACYJICPIHIH,
JKYMCaK KYH TCHACYJICPIHC KaparaHa, >KOFApFBl THIFBI3IABIKTA CCOCH-Caiaap MPHHIHUITH OY3aThIHBIHA KAPAMACTAaH,
KaTtae 00JyIbI Tamam eTTi. byn HoTmkenep, alHANaThIH Iy Ibcapabl 6akpuiay O0apsickiHaa [ampo >3 dekTi apKpubI
IyJIbCAP MACCACHIH AHBIKTAyFa MYMKIHAIK OcpeTiH (PH3HKANBIK MapaMeTpiacpal aHBIKTayFa OOJATHIHBIH KOPCETKCH.
Comryctik Amepuka 00CepBaTOPHACHHAA TpaBHTANMIBIK TOJKBHIAP (NANOGrav) ymiH HaHOTEpL OOWBIHIIA
MoiMeTTepai OipikTipy OapsickiHma 12,5 xbin Oofiel opouranasl ¢asansl O0aksriayna Green Bank temeckoOBH
KoJ7aHa oTeIpeI, PSR JO740 + 6620 — HEHTPOHBIK JKYJIABI3ABIH MACCACHI 2,14t8:(1)8 KYH MACCachiHA TeH OONAThIHBI
anbIkTangel. bizmin ecenreyiMizae PSR J1748-2246 HeHTPOHABI >KYIABI3ABIH aHATYBI CTAHJAPTTHI OAKBUIAYAAH
Ocnrimi mekrey OONbIN CaHamamel. ATANFaH IyJbcap cekyHapHA 1122 aiHambiM okacaiTeiH XTE J1739-285
My JTbCAPAAH KCHIH JKBITAAMIBIFE OOWBIHINA CKiHI 0oeim caHanmaxbl JereameH Oacka actporommap XTE J1739-
285 1y IbCapABIH AaHAIY TIEPHOIBIH 111 TOJIBIK PACTAMAFAH.

KopsIThIHABIIAN Kelle, KYMBICTA 9CEpIeCyl ECKEPMETEH €CEeNTey HATIPKENnepi, Oip TachIMaIaayIbIHBIH dcepi
eckepinrenaeri acepiaecy (bera sxone [HKOHC KYH TCHACYJICP] KAFAAHBIHAA) HOTIKEICPIHCH ¢I0Vip aHbIpMANIBLIBIK
KepceTeTiHi OastHaamraH. COHBIMEH KaTap, SMITMPHUKAJIBIK YKOJIMCH TYPFBI3bIIFAH, SKYJIIBI3IBIH TONBIK PAIHYCHIHBIH
OPTAJbIK THIFBI3ABIKKA TOYEIITI aWHBIFAH HEHTPOHIBIK Ta3JaH EPEKIICICHETIHI kepcerinai. JKYMBICTBIH KaHa-
TBIFBL, OAKBLIAYJAH ANBIHFAH MOIIMETTEPMEH KOCA, HEHTPOHIBIK SKYJIABI3AAPABI CHIIATTAY YIIH OPTYPI KYH TCHICY-
JICPIH KOJIIAHY /1A YKOHC OJIAP/IBIH, KAHCHICH JKCTKLUTIKTI TYPAC (DH3HKABIK IIBHAHBLIBIKTHI CHITAT TAHTBIHBIH KOPCCTY IC.

Tyiiin ce3gep: KkyH TeHACYi, HEHTPOHABI >KYJIABI3, MAcCa-PagMyC AapaKaTBIHACHL SAPOIBIK JCEpIeECy,
OaKpLUIay AaH AJBIHFAH IEKTCYJIEP.
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Annoramus. B maHHOM pab0oTe pacCCMOTPCHBI PA3IHYHBIC YPABHCHHA COCTOSHHS HCHTPOHHBIX 3BE3M, TAKUC KAK
YPaBHEHUE COCTOSIHHS BBIPOKICHHOTO HEHTPOHHOIO rasza, ypaBHEHHE COCTOsSHHUS bera u JHKOHCA, SMIUPHUECKOE
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