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ON THE EXISTENCE OF MASSIVE NEUTRON STARS

M. K, Abubekerov and A, M. Cherepashchuk TDC: 5243546

Methods for estimating the masses of newtron stars in the Vela X-1. 4U 1700-37, and JO731+1807 are
analyzed. The possible existence of massive neutron stars. the fraction af such stars among the overall total
of newiron stars, and possible channels for their formarion are discussed.
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1. Introduction

At present the masses of abont 30 nentron stars have been sstimated. Only the mass estimates for radio pulsars
in the binary Hulse-Taylor [1] and the recently observed binary radio pulsar JO73743030 [3] have been done with
precision. These estimates show that the mass of neufron stars lies within a fairly small interval, 1.25-1.44 Mg . Based
on this, the standard mass of a neutron star is taken to be ~1.4 Mg in many astrophysical caleulations and standard
formulas.

Theoretical caleulations, however, show that the expected mass of neurron stars farmed during the collapse of the
muclei of massive stars can lie in the range 1-1.8Mg [3-5]. The existence of neutron stars with masses greater than
~1.8 Mg is nol inconsislent wilh moden astrophysical idess. There are a series of rigid equations of stale for neulronic
matter in which the Oppenheimer-Volkoft mass exceeds 1.8 Mg |6]. Special attention should be paid to a recent series
of papers on se-called skyrniion stars, IN 1999 Ouyed and Butler [7] examined an ecuation of state based on the Skyrme
mexlel [8]. A characlerislic fealure of neuiron siar models based on the Skyrme cqualion is a large Hmiting mass 295 M g
for nonrotating configurations and 345 Mg for rotating systems [9,10]. Another feature of neutron stars based on the
Skyrme model is their large radius (up to 232 k).

Reeent caleulations of the cvelution of the mass of neufron stars in binary systems on the “scenario machine™ [11]
show that channels for the evelution of binary systems are realized during the course of which a neutron star can increase
ils mass by nore lhan -1 Mg owing Lo aceretion [12,13].

An ever increasing number of observational indications of the possible existence of massive nentron stars have
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appeared recently, Three binary systems are already known [n which the central values for the mass of the compact objects
excead 1.8 Mg . According to existing estimates, the mass of the neutron star in the Vela X-1 system is close to ~2 Mg,
while the masses of the compact abjects in the binaries 4U 1700-37 and JO731+1807 exceed 2M g . Since observational
canfirmation of the hypothesis that massive neutron stars exist iy extremely important from the standpoint of the
Tundamental properties of neutronic matter. it is once again necessary to focus attention on the methods for and resulfs

from estimates of the masses of neutron stars in the hinary systems Vela X-1, 410 1700-37, and 10751+1807.

2. Estimates ol the mass of neutron stars in the systems Vela X-1, 411 1700-37, and J0751+1807

The hinary system Vela X-1. The x-ray binary Vela X-1 was discoverad in 1967 [14]. This sysiem consists of
an x-ray pulsar and a supergiant of spectral class BG5S lbeq (HL 77581) with a mass of 24-25 M g The optical component
is close to filling its Roche cavity, The orbital period of this system is 8 96 days. The orbit of the binary system has
a significant cceentricily (e=0.09 compared 1o the orbilal ceeeniricily o other x-ray pulsars).

The x-ray binary Vela X-1 is of close luterest because of the high miass of the x-ray pulsar. Figure 1 s a plot of
the mass of the xray pulsar as estimated by various authors.

Zuiderwijk ct al. [13] were the first to cstimare the mass of the X-ray pulsar af sy, > 1.9M g . Van Paradijs cr al.
[16] obtained an estimate of ar,, =1.6L£0.3Mg with a confidence level of 1s. According to Rappaport and Joss [17]
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the mass of the x-ray pulsar lies within the range m,(26)= 1.8570% My, Later estimates of the mass of the compact

abject in Vela X-1 include m,,[1.645)= 17703 Mg (Nagase, 1989) [18], m1,,(20)=1.9701 Mg (van Kerkwiik et al.,
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Fig. 1. Estimales of the mass of the x-ray pulsar in the Vela X-1 binary syslemn
oblained through 2004, The error bar indicales the 2o level.
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1995) [19], and a1, (25)=1.86=0.32 Mg (Barziv et al., 2001) [20]. Assuming that the optical star fills the Roche cavity
p =1 and that the orbit is inclined at ; — 70, | +2°.¢, Quantrell et al. |21] find a mass of my; (lc')— 2271017Mg for
the x-ray pulsar. For an orbital lnelination ;= gp® and an incomplete filling of the Roche cavity with p—0.89£0.03,
the mass of the neulron star is mm(lﬁ)* L8+ 0.13Mg [21]

The estimates of the mass in Refs. 15 and 16 were based on observations of the radial velocity curve and a polnt
mass model. In Refs, 17-21 the mass of the x-ray star was estimated using a Mounte Carlo solution of a system of equaticns
(see Ref. 20, for example). In this method the observable parameter is just the halt-amplitude of the radial velocity curve
ol the optical star, K. Tis shape is nol laken inle aceound. This iy a lundamental shorlcoming of this method.

It should be noted that part of the equations upon which this method of caleulating the parameters of the binary
is based have been derived for a point mass model. At the same tiine, the point mass formalism is not at all applicable
to the Vela X-1 binary system. The radius of the optical star n this binary is close to ~30 Rg while the distance between
the centers of mass of the components is ~55 Rg. In this case, a correct interpretation of the radial velocity curve must
take the interaction of the components inte account. In a first approximation a model of a binary system must take into
acconnt: the location of the center of mass of the binary in the body of the optical satellite. the tidally deformed shape
ol the oplical slar, and the cffeel of x-ray heating and gravitational darkening of s surface

Abubckerov, Anlokhina, and Cherepashehuk [22] have cstimaled The mass of the x-ray pulsar using a frsl-
approximation Roche model that takes into account the above mentioned effects owing to the interaction of the
componeants [25]. In addition, they [22] verified the consistency of the caleulated paramieters of the binary system with
the observed data. The dynamic estimate of the mass in Ref. 22 was based on a set of observational data obtained in
1967-2003. We briefly describe the method for estimating the mass of the compact object in Ref. 22

In order to reduce the effect of random errors owing to oscillations of the surtace and additional absorption in
the gaseous structures of the binary, some effort was made [22] to interpret the average observed radial velocity curve.
The interpretation relied on all the average values of the observed radial velocity except those for orbital phases of 04-
0.6 which were the most distorted by the anisotropy of the stellar wind.

When the inlerprelation was based on all the dala on the radial veloeily, the mass of the compact object tumed
ont to be sy, =202Mg (since the maodel is rejected by the Iisher criterion. the error in 2, was not determined). When
the anisotropy ol the stellar wind was laken into account indirectly, the mass of the x-ray pulsar furned out {o be
e — 1.93M g (since the model is rejected by the Fisher criterion, the error in s, was not determined). In both cases
the model was rejected with a significance level & = 5%. Only an artificial increase in the error of the average cbserved
raclial velocity by a Taclor of 2 made U possible o aceepl The model with a conlidence level v = 93% while inlerpreling
the average observed radial velocity curve with indireet accounting for the anisatropy of the sfellar wind.  The mass of
the x-ray pulsar was then m Ns[zc;j— ].C)ng%? Mg . Note that when the entire averaged radial velocity curve is interpreted
with even the error in the average observed velocity inercased by a factor of two, the model is, as before, rejected with
a level of significance o = 3%,

Thus. all The models currently in use for the Vela X-1 binary system (il (o interpred the available eaperimental
data correctly, There is, therefore, still some doubt regarding the high value for the mass of the x-ray pulsar in the Vela

X-1 system.
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THg. 2. Tistimates of the mass of the compact abject in the 417 1700-37 binary
system obtained through 2004, "T'he error bar indicates the 27 level. The
results of Balog et al. |35] are indicated in the figure as “Balog et al. {19831

The hinary system 41 1700-37. The x-ray binary system 41T 1700-38 was discovered by the TThuru satellite in
Treeember 1970 [24]. This binary consisis of a supergiant of speciral class O6.5Tal (HD 153919) [25,26] and a compacl
ohjeel.

The x rays from 41U 1700-37 have a hard spectrum [27,28] similar to that of accretion neutron stars, In addition,
the regular pulses associated with the lighthouse effect that occur during accretion of mass to a neutron star are 110t
observed trom the compact object. This makes it impossible to plot a radial velocity curve for the compact object and,
therefore. (o defermine the mass of the optical satellite. The mass of the optical satellite is calenlated from iis spectral
clags or from the mass-luminosity relation. These estimates, however, are not reliable enough. lLiecause of this the
estimates of the mass of the compact object are not sufficiently accurate. Tigure 2 shows estimares for the mass of the
compact ohject in the 411 1700-37 system made by various aurhors.

Tn 1973 Hulchings cl al. [29] solved the observed radial velocily curve by leas! squares Tor a model of Two poinl
masses. Assuining that the mass of the optical compenent is 33M g and the inclination of the orbit is 90°, the mass of
the compact object ended up being syy; (lc): 24+0.5Mg. in 1974 Wolff and Morrison [30] found that the mass of
the compact ohjeel lics within the range mm(lo)* 1.4+03Mg lora mass m, — 23Mg of ihe oplical salellite. For a
MAsE mv(lc): 40M g of the optical star, the mass of the compact object exceeds 2Mg. According to the 1977 paper
by Van Paradijs et al [31] the mass of the relativistic component is s, (1o )= ].?41*2,_]1; Mg for amass m, ((T)= 21 “-fllé Mg
of the optical star. Heat and Corcoran [32] estimate the mass of the compact object to be #iy, (IG)— 1.8:0.4 Mg, while
the optical salellite has u mass of m, =32+2Mg. Rubin el al. [33] lind a muss a1, {1o)= 2673 Mg for the compac

companen! with & mass For the oplical star of 30*1[1 Mg. Clark et al [34] uhtained a mass g, Mer)— 2.44 027 Mg



(5]

for the compact chject with a mass a7, (1o)= 58+11Mg for the optical satellite. A estimate of the mass of the compact
object in terms of a “purely” ellipsoidal optical light curve yielded i, within the range 0.95-2.08 M, with a confidence
level v = 50% [35].

The mass of the compact cbject has been estimated using a point mass model [29]. In Refs. 31-34 the mass of
the compact object has been estimmaled by selving a sysiern of equations (see, Rell 34, for exariple) by the Monte Carla
melthod. Firs of all; as noled above, somme of these equations are derived in a point mass formalisin, Sceend, only The
halt amplitnde of the radial velocity curve, K, has been used as an observed parameter. while its shape has been
negleered.  On the other hand, it has been shown [22] thaf the shape of the radial velociiy curve is significantly different
for systems with g =, /m, <1 i a point mass model and in a Roche model.

The binary system 41 1700-37, like Vela X-1, consists of a comypact object and an OB superglant that nearly fills
its Roche cavity. Thus, as in the case of the Vela X-1 binary system, a point mass madel cannot be used to interpret
the abservational data. In the case of 41T 1700-37, the uncettainty in the mass is implicit both in the insufficiently correct
model ermployed Tor intepreling the observed radial velocity curve and in the uncerlainiy in the estimated mass of the

optical satellite,
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Fig. 3. (a) The mass of the compact object in the close x-ray binary system 40
1700-37 as a [unction of the mass of the oplical star [or an orbilal inclination of
67°. The interprelation was hased on a Roche maodel using the radial velocilics
determined from hydrogen absorplion lines in Rel. 36 neglecting, those values of
the average observed radial velocity within the phase interval 0.4-0.6. (b) 1he
mass of the compact object in the close x-ray binary system 41 1700-37 as a
function of the mass of the optical star for an orbital inclination of 67°. The
interprelation was based on a Roche model using speeiral data from [UE [37]
neglecling those values of the average observed radial velocity wilhin the phase
inlerval 0.4-0.6.
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Thus, Abubekerov [38] has interpreted the radial velocity curve In terinis of a Roche model for a discrete set of
masses of the optical star, 20 Mg, 30M g, H0M g, SOMg, B Mg, and 70Mg. The results of this interpretation revealed
a relationship belween The masses of the comnpact object and the oplical siar (sec Fig. 3). Tn this paper the adequacy of
the models of the observational data was tested based on the Fisher criterion. The mwass of the compact object was
estimated in several ways. The mass of the optical star based on the acceleration of gravity is w, — Sﬁfz Mg Lhis mass
for the optical star corresponds to a mass of . (26)= 2.2575351 Mg, for the compact object. Given the mass of the optical
star obtained fromt the mass-luminosity relation tor close binary systems |38], m,, = 27 Mg . the mass of the compact object
8 aiye(20)-1.35 15 Mg

Thus, observational data at a confidence level v = 95% are adequate for the close binary model, both with a high

mass for the compact object, m, :“_25fg:%3 Mg, and with the standard value for the mass of the nentron star,

jnv(zq) = 1,35‘3}83 Mg. Thus, at present the high estimate iy~ 2.2M g for the mass of the compact object in the system

41 1700-37 s not sufficiently reliable.

The binary system J0751_1807. The binary system J0751 1807 was discovered in 1993 [39]. This system
consisls of a trilliscecond radio pulsar and a while dwarl. Tn such sysleris the mass of the commponents is Tneasured using
the timing of The pulses frum the radio pulsar. Four relativistic paramelers of The binary syslent have been delermnimed
from the observations: the rate of change @ of the periastron of the orbit, the parameter v which describes the delay in
the radio pulsar pulses owing Lo efTeets of general relativily, the Shapiro delay lime, and the rate P, al which the orbilal
period is decreasing owing 1o emission of gravitalional waves. Tn order 1o delermine the mass of the components of the
binary syslem, il is necessary {0 know 1w of the four paramelers (The others are used o cheek the resull).

The orbit in JO731+1807 is almost circular, with ¢=0.000003 [41]. This value of the eccentricity is too small
for determining the rate @ of change in the periastron of the orbit cr the parameter v. Thus. the mass of the radio pulsar
is estimaled using only [wo parameters: the Shapire time delay and £, .

The value of P

Ve Oblained from an analysis of the observational dala for 1993-1994 and 1999-2003 is

(-6.2+1.1) 10" s/g and the corresponding radio pulsar mass lies in the range m;ﬂ(l’c) ~16-28Mg [40] Later the same
authers obtained an improved value of P, (-6.220.8)10% g/s. The new value for the mass of the radio pulsar is
i pgp(20)= 2. 7% Mg . No other estimates of this niass have been made up to now. The accuracy of the estimated mass

of the radio pulsar in the binary TO751+1807 is still not accurate enough to serve as proof of the presence of a massive

neutron statr

3. Results of a papulation synthesis

The tnass of the neulrun star in a close binary systern may change owing to aceretion of matter frotn the sacellile,
In order to estimate the amount of acereted mass A M, a population synthesis has been carried out [12,13] on the Scenario
Machine [111

A population synthesis of 19.3 million binary systems is made in Ref. 12, The initial masses of the components
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were varied over 3 Mg to 120 Mg . The distribution of the initial mass ratios of the components of the binary was agsumed

uniform. The initial value for the major semiaxis of the binary could take any valus in the range 10— 10t Ry . The initial
mass cf the neutron star drawn from the range 1.25-1.44 Mg . The synthesis was carrled out for different dissipation times
1. of the radio pulsar’s magnetic field: 107, 3107, and 107 years. [t was assumed that the velocity of the anisotropic impulse
ol the neutron slar obeys a maxwellian distribution with a characteristic velocily g — 180km/s and The Oppenheimer-
Volkoff limit is taken o be 2.5 .

The populaiion synthesis of 19.5 million binary systerns led 1o Tormalion of ~7- 10" radio pulsar sysierms with a
neutron star (PSR4NS) and ~16- 10" radio pulsar systems with a white dwarf (PSR+WLIF. The synthesls was done both
including leyperaceretion and without it. When hyperaccretion was included the maximum mass attalbable by the pulsar
was ~1.73 Mg . The radio pulsar Tformalion channel was guile narrow. Radio pulsars were formed during the evolution
of binary systems with initial masses M,=15-22M 5, and M,=15-22 Mg with an initial mejor semiaxis ¢ =10-10% Rg-
"The radio pulsars gained mass in two stages: superaceretion (AM=0.1-0.2M g ) and hyperaceretion (AM=02-03My).
[lere the accumulation of matter accurs fairly rapidly with 1<¢, When the hyperaccretion stage is left out the maximum
mass of the radio pulsars in PSRANY systems was ~16 Mg

The mass of the radlo pulsars in PSR+WD systems obtained in the population synthesls was as high as 2.5Mg.
The channels for formation of massive radio pulsars depended on the magnetic field dissipation time. (For more detail,
see Ref. 120) However, aside fromn a dependence on the time ¢, radio pulsars with masses ~2.3Mg appeared in cach of
the scenarios. These radia pulsars were a product of the evolntion of a hinary system with component masses M, = 10Mg

and M,=13-3.0Mg and a major semiaxis «= (6—7')-102 Rg. Radio pulsars in this evolution channel acquire mass
only in The aceretion slate.  Inthemn the tnatier fows from the low-mass donoer star through an interior Lagrange point.
Since the low-mass satellile (s iis Roche cavily on a nuclear lime scale (~107-10% years), the ficld of the radio pulsar
s damped out and does not keep matter from falling out,

The population synthesis of Ref. 12 was done taking account of the masy accumulation AM during the
hyperaceretion stage and neglecting mass accunmlation by the radio pulsar during the hyperaceration phase. When the
accumulation of mass during the hyperaccretion phase was included, the number of radic pulsars with a1, »1.8Mg
was ~12% of The lotal nurmber of radio pulsars in PSR+WT sysicrns for a magnelic ficld dissipalion lime £ = 107 years,
~30% for £,= 5-10/ years, and ~30% for r,= 10° years. When the accumulation of mass by the radio pulsar during the
hyperaceretion phase was not taken into account. the number of radic pulsars with w .., =~ 1.8 Mg was ~4% of the overall
nuinber of radic pulsars in PRR+WD systenns for a magnetic field dissipation time £,= 107 years, ~3% (o £, = 5.107 years,
and ~3% for £,= 10¢ years, It should be noted that when the Oppenheimer-Volkoff limit s artificially increased, a radio
pulsar can increase its mass to ~5 Mg owing to accretion [12].

Popov and Prokhorov have cstitnaled [13] The rate of creation of massive neulron stars fo be 6.7-107 year®, which
cortesponds 1o ~10% massive pulsars in the galaxy. According to their distribution in terms of the type of their evolutionary
state, most of the massive neutron stars are in an accretor stage (53% of the total), 39% of the massive neutron stars are
in the ejector stage, and 8% are in a propeller and gecrotator state. About 25% of the accretion neutron stars are in pairs
with normal stars that fill their Roche cavities and 73%, with white dwarfs that fill their Roche cavities [13].

The population synthesis shows that the most likely observational manifestations for massive neutron stars are the

same as for ordinary ones: radio pulsars and x-ray sources. Massive neuiron stars should show up as millisecond radic
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and x-ray pulsars, The probability of encountering a massive radio pulsar in PSR+WD systems is higher than with binary
PSR4NS systems, Pulsars with masses iy, = 1.8 Mg should be encountered only in PSR+WD) binary systems. According

to the population synthesis of Ref. 12, such massive radio pulsars should be absent in PSR+NS binary systerns.

4. Conclusion

The main conclusion from the population synthesis is that evolutionary channels may exist in which a neutron
star can substantially increase its mass, In the case of a rigid equation of state for the matter in the neutron star, its mass
can be as high as ~3.5Mg . That is, the Theoretical caleulalions supporl the existence of massive neulron slars.

Nevertheless, definitively convincing proofs of their existence have not been found. The models for the binaries
Vela X-1 and 41T 1700-37 are not accurate enough to permit correct nterpretation of the observational data. In the
J¥51+1807 binary system the mass of the radio pulsar is known with a rather large error, which will have to be reduced
using a longer time series of observations.

The authors thank S. . Popav for useful comments and advice. This work was supported a grant from RITTT (No,
02-02-17524) and a Teading Scientific Schools of Russia grant (NSh-38%.2003.2).
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