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ABSTRACT

Very recently, wind Roche-lobe overflow (WRLOF) has been suggested as a possible mass transfer mechanism for ultra-luminous
X-ray sources (ULXs) and, to date, two neutron-star (NS) ULXs (i.e., NGC 7793 P13 and NGC 300 ULX-1) are remarkable and hard
to understand in the current, usual RLOF picture. In this work, we test if the two sources could fit into the WRLOF paradigm. By using
an evolutionary population synthesis method, we modeled the population of NS ULXs with (super)giant donors, taking the WRLOF
accretion mode into account. We find that the population of wind-fed NS ULXs in the WRLOF mode is distinct in numbers and binary
parameters from that in the traditional Bondi-Hoyle-Lyttleton mode, and it is strongly metallicity dependent. The number of NS ULXs
with (super)giant donors can be enhanced greatly, by one or two orders of magnitude, depending on the metallicity adopted. Sources
with massive (~15-40 M) (super)giant donors dominate wind-fed NS ULXSs in the very low metallicities, while sources in near solar
cases are dominated by a red supergiant with a lower mass M, < 10 M, instead. Moreover, the two NS ULXs can be well reproduced
in the WRLOF paradigm, which significantly enriches our understanding of the nature of ULXs and the population. We also present
the current distributions of binary parameters of wind-fed NS ULXs, which may be further testified by future high-resolution optical

and X-ray observations of these populations.
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1. Introduction

Ultraluminous X-ray sources (ULXs) are non-nuclear, point-like
objects with apparent luminosities of Lx > 10* ergs~!, exceed-
ing the Eddington limit for a 10 M, black hole (BH, Fabbiano
1989, see Kaaret et al. 2017 for a recent review). Although sug-
gested to be intermediate mass (10°—10° M) BHs (Colbert &
Mushotzky 1999) in early studies as the accretor in ULXs, grow-
ing pieces of evidence (Gladstone et al. 2009; Liu et al. 2013;
Sutton et al. 2013; Walton et al. 2018) demonstrate that most if
not all ULXs are instead stellar-mass binary systems, proposed
due to super-Eddington accretion (Begelman 2002) and/or geo-
metric beaming (King et al. 2001; Poutanen et al. 2007; King
2008; King & Lasota 2020). Strikingly, ULXs can also harbor
an accreting neutron star (NS), of which the Eddington limit
Lggq is much lower (i.e., around 2 x 103 ergs™ for a 1.4 M,
NS!). Several NS ULXs have been identified so far and they
are characterized by regular pulses with periods of ~1s, that
is, M 82 X-2 (Bachetti et al. 2014), NGC 7793 P13 (Fiirst et al.
2016, 2018; Israel et al. 2017a; Motch et al. 2014), NGC 5907
ULX1 (Israel et al. 2017b), NGC 300 ULX1 (Carpano et al.
2018; Heida et al. 2019b), NGC 1313 ULX-2 (Sathyaprakash
et al. 2019), and M 51 ULX-7 (Rodriguez Castillo et al. 2020),
or a cyclotron resonance feature, for example, M 51 ULXS
(Brightman et al. 2018).

! In the case of a strong magnetic field, the effective Eddington lumi-
nosity of NS can be increased by a factor of (ug/u)* for frequency
u below cyclotron (1) due to the reduction of the electron-scattering
cross-section (Dall’Osso et al. 2016; Eksi et al. 2015; Tong 2015).
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In order to account for the ultra-high luminosity of
NS ULXs, mass transfer through Roche-lobe overflow
(RLOF) via an accretion disk has always been assumed in
previous theoretical studies (Shao & Li 2015; Fragos et al.
2015; Wiktorowicz et al. 2015, 2017, 2019), as a highly super-
Eddington mass transfer rate is unlikely to reach through stellar
wind. For example, after the discovery of the first NS ULX (i.e.,
M 82 X-2, Bachetti et al. 2014), Shao & Li (2015) first studied
the population of NS ULXs by the use of both evolutionary pop-
ulation synthesis (EPS) and a detailed binary evolution method.
They suggest that NS ULXs may contribute significantly to the
whole ULX population. And the distribution of the NS ULX
population was demonstrated in the donor mass-orbital period
plane (see their Figs. 3 and 4), as well. Utilizing the StarTrack
EPS code, Wiktorowicz et al. (2017) show that the typical donor
of NS ULXs is a red giant star with a mass of ~1.0 M. They
found that massive supergiant donors are rare (<1%) in their cal-
culations. Interestingly, several massive stars have already been
detected in the optical and infrared as potential donors for ULXs
(Kaaret et al. 2004; Liu et al. 2004, 2013; Heida et al. 2014,
2015, 2016; Villar et al. 2016; Lau et al. 2019). Among them,
two NS ULXs are remarkable and hard to understand in the cur-
rent, usual RLOF picture (Shao & Li 2015; Wiktorowicz et al.
2017). One is NGC 7793 P13 (hereafter P13; Motch et al. 2014,
Fiirst et al. 2018), which is a pulsing ULX with a blue super-
giant (B9Ia) of 18—23 M, in a long orbital period of about 64 d.
Another is the pulsing ULX source NGC 300 ULX-1 (Carpano
et al. 2018; Heida et al. 2019b), with a red supergiant (RSG)
donor (Teg = 3650-3900K and log(Lyo1/Ls) = 4.25 + 0.10,
Heida et al. 2019a).
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Very recently, wind Roche-lobe overflow (WRLOF, first
introduced by Podsiadlowski & Mohamed 2007; Mohamed &
Podsiadlowski 2007 has been suggested as a possible mass
transfer mechanism for ULXs (El Mellah et al. 2019a; Heida
et al. 2019a,b). In this scenario, WRLOF can remain stable
for large mass ratios while still leading, for relatively sufficient
slow winds, to the formation of a wind-captured disk around
the accretor, even when the donor does not fill its Roche lobe
(RL, El Mellah et al. 2019b). El Mellah et al. (2019a) find that
the mass-transfer rate can be boosted much higher than normal
Bondi-Hoyle-Lyttleton (BHL) wind accretion (see their Fig. 3),
necessary to reach the ULX luminosity level. We note several
observations also support the idea of the WRLOF regime (Orosz
et al. 2011; Liu et al. 2013). However, population synthesis on
NS ULXSs considering WRLOF is still lacking.

In the present work, we applied an up-to-date EPS code
to investigate the population of NS ULXs in the case of the
WRLOF scenario. In the EPS code, we implemented the mass
transfer efficiencies u computed by El Mellah et al. (2019a). We
examined several parameters, such as metallicity and the expo-
nent S of the velocity law, which may affect the stellar wind and
hence the formation and evolution of WRLOF NS ULXs signif-
icantly. The objective of this Letter is to see if the two NS ULXs
(i.e., P13 and NGC 300 ULX-1) can be explained in the WRLOF
scenario within the range of a reasonable value of key parame-
ters. We also explored the detailed components of wind-fed NS
ULX populations, which may help understand the nature of the
sources and may be testified by future observations.

This Letter is organized as follows. In Sect. 2, we describe
the EPS method and the input physics for wind-fed NS ULXs
in our model. The calculated results are presented in Sect. 3. We
discuss and summarize our results in Sect. 4.

2. Models

We used the EPS code initially developed by Hurley et al. (2000,
2002) and updated by Zuo et al. (2014) to simulate the popula-
tion of wind-fed NS ULXs. Several major updates have been
made to this code, including the common envelope (CE) evo-
Iution (Xu & Li 2010; Loveridge et al. 2011), compact object
(CO) mass prescription (i.e., the rapid supernova mechanism,
Fryer et al. 2012; Belczynski et al. 2016), and natal kicks of
CO formation (i.e., fallback prescription, Fryer et al. 2012).
For NS formation, we adopted a Maxwellian kick distribution
with a dispersion velocity of ok = 265 km s~! (Hobbs et al.
2005) for NSs that formed from core-collapse supernova explo-
sion (SNe). We also considered the formation of low mass NSs
through electron-capture supernova (i.e., ECS, Podsiadlowski
et al. 2004), which typically has small kicks (Dessart et al. 2006,
we assumed ok = S0kms™!). The maximum NS mass was
assumed to be 3 M, above which BH was assumed to form. For
CE evolution, we adopted the energy budget approach (Webbink
1984, 2008) and chose acg = 0.9 throughout (Zuo & Li 2014).
We assumed that all stars were formed in binaries (i.e., the
binary fraction f, =1) and evolved 8 x 10% primordial bina-
ries in each model. The initial mass function (IMF) of Kroupa
et al. (1993) was taken for the primary star, with mass M; €
[7,60] in solar mass. For the mass of the secondary, a flat dis-
tribution of the mass ratio ¢ = M,/M; between 0 and 1 was
adopted. We assumed that In(a) was evenly distributed between
a = 3 and 10*R,. The tidal effect was taken into account to
remove any eccentricity induced in a post-SN binary prior to
the onset of mass transfer. The star formation rate (SFR) was
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fixed to be constantly 3 My yr~! over the 13 Gyr period (Milky
Way-like).

The stellar wind of massive stars is vital in our simulations.
For the wind mass-loss, Vink et al. (2001) winds were applied
for hot, massive stars, that is, metal-dependent fitting formu-
lae given by Belczynski et al. (2010, that is to say Eqs. (6)
and (7)). For Wolf-Rayet wind, we chose a combination of the
Hamann & Koesterke (1998) wind and Vink & de Koter (2005)
metal-dependent wind (i.e., Eq. (9), Belczynski et al. 2010). We
adopted Eq. (8) in Belczynski et al. (2010) for luminous blue
variable stars (L > 6 x 10° and 10°RL!? > 1.0, Humphreys
& Davidson 1994), which is independent of metallicity. The
other wind parameters are the same as in Hurley et al. (2000) if
not mentioned otherwise. Due to the dependance of metallicity
which may influence stellar winds significantly, we considered
three choices of metallicity, that is, Z = Zy(=0.02), Z = 0.2 Z,
and Z = 0.02 Z; in our models, to see its effects. It is difficult
to determine the wind velocity accurately. We set it proportional
to the escape velocity from the surface of the mass-losing star,
as a ratio Byina (Hurley et al. 2002; Belczynski et al. 2008).
The value of Bying depends on the spectral type of the mass-
losing star (Lamers et al. 1995). We adopted Bying = 7 for the
most massive MS stars (>120 M), Bwina = 0.5 for low-mass
MS stars (<1.4 M), and interpolated in between. We adopted
Bwind = 0.125 (i.e., slow winds) for extended (R4on > 900 Ry)
H-rich giants. For He-rich stars, we adopted Byina = 7 for
Mgon > 120 M and Bying = 1.3 for Myo, < 10 M, and interpo-
lated in between. We note the terminal wind velocity of low mass
He-rich stars is still very uncertain. The value we adopted here is
different from that suggested by Belczynski et al. (2008), which
is too low (J. S. Vink, priv. comm.).

For wind accretion, we adopted the commonly used Bondi-
Hoyle-Lyttleton (BHL) mass-accretion-rate formula (Bondi &
Hoyle 1944, see Eq. (6) in Hurley et al. 2002) for fast wind
cases. When the orbital and wind velocities are comparable, the
WRLOF mode was taken into account. In practice, if the mass
transfer rate in the WRLOF mode is higher than the BHL rate,
we adopted the WRLOF rate, otherwise the BHL rate was kept
the same as in Hurley et al. (2002). For the WRLOF mode, we
used the fitting formula based on data obtained from numeri-
cal simulations by El Mellah et al. (2019a, Fig. 2 and the data
tables they provided) to conduct the calculation. In their simula-
tion, the fraction of stellar wind captured, u, only depends on the
mass ratio ¢ = Mgon/Mco, the stellar filling factor f = Rgon/RRrL
(Eggleton 1983), the exponent 3 of the velocity law, and the ratio
of the terminal wind speed to the orbital speed n = Voo /Vorb,
with voi, = 27a/Po, and Py, being the orbital period. Since
only two mass ratios for g (¢ =15 for the NS and g =2 for the
BH) are provided for u in their simulations, a linear interpola-
tion (in logarithmic space) between the two extremal points was
conducted for other cases than ¢ =2 and 15, which is expected
to give a reasonable value of u (suggested by Ileyk El Mellah).
Due to the large uncertainties of the parameter 3, which repre-
sents how fast the wind reaches its terminal speed (i.e., the effi-
ciency of the acceleration), we adopted 8 = 1 (models labeled
“B1”), 8 = 2 (models labeled “B2”), and 8 = 3 (models labeled
“B3”) to test its effects. We also designed models with only the
BHL mode applied (models labeled “BHL”) for comparison with
the above WRLOF models (i.e., models B1, B2, and B3). Then
combined with the three choices of metallicity, twelve models
were constructed in total. Then the final absolute X-ray luminos-
ity released by accretion onto a CO fed by a stellar companion
could be calculated with the traditional formula Ly = 0.1Mc?,
without considering the Eddington limit.
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Fig. 1. Current orbital period P,—M, distributions for models B1, B2, B3, and BHL at Z = Z; (upper panel), 0.2 Z,, (middle panel), and 0.02 Z
(lower panel), respectively. The color represents the number of wind-fed NS ULXs (i.e., Lx > 10*° ergs™') in each matrix element. The cross with
errorbars is the location of P13. The labels B1, B2, B3, and BHL in the panels represent WRLOF models with 8 = 1 (B1), 8 =2 (B2), 8 = 3 (B3),
and BHL models, respectively. For example, the model B1/Z = Z; represents WRLOF model with 8 = 1 (B1) and Z = Z.

Table 1. Expected number of wind-fed NS ULXs (e, Lx >
10¥ ergs™") for a Milky-Way-like galaxy with SFR=3 M, yr~! for
models B1l, B2, B3, and BHL at Z Zy, 027, and 0.02Z,,

respectively.
Bl B2 B3 BHL
Zs 31x107" 37x107"  6.8x107" 9.0x107?
027, 32x 107" 6.7x 107! 1.5 7.0x1073
0.027Z, 1.1 2.9 6.3 23 %1073
3. Results

Our models show conclusively that with the WRLOF scenario
taken into account, the population of wind-fed NS ULXs is dis-
tinct in number and binary parameters from that in the traditional
BHL mode. Additionally, it is strongly metallicity dependent.
In Fig. 1, we show the distribution of current orbital period
Po:» and donor mass M» in models B1, B2, B3, and BHL, respec-
tively. The upper, middle, and lower panels are for metallicities
with Z = Z; (i.e., Solar), Z = 0.2 Z, and Z = 0.02 Z, respec-
tively. The color represents the number of wind-fed NS ULXs
(i.e., Lx > 10%ergs™") in each matrix element. Overplotted is

the PULX P13 (Fiirst et al. 2016; Israel et al. 2017a), which has a
20 M B9Ia donor star in a ~64 day orbit (Motch et al. 2014). It is
clear that the source P13 cannot be reproduced at all in any of the
BHL cases, and the number of wind-fed NS ULXs in this case is
low, especially in lower metallicities. However, when WRLOF
is applied, many more NS ULXs are produced when comparing
models B1, B2, and B3 with BHL models (see Table 1). The
number of NS ULXs is enhanced greatly, about an order of mag-
nitude in the solar case, and even more than two in lower metal-
licities. It is reasonable, as in the traditional BHL wind mode,
wind accretion is much less efficient than RLOF, which has been
neglected in previous studies (Linden et al. 2010; Shao & Li
2015; Wiktorowicz et al. 2017). However in the WRLOF mode,
the mass-accretion rates are significantly enhanced, sometimes
by more than an order of magnitude (El Mellah et al. 2019a,
see their Fig. 3), which helps to reach a typical ULX luminosity
level. When compared with current observational statistics (i.e.,
~2 ULXs per Mg yr~! of SFR, Grimm et al. 2003; Swartz et al.
2011), our results are sound, that is, ~0.1 ULXs (at Z = Z) to
~1 ULXs (Z = 0.02 Z5) per Mg yr~! of SFR. We suggest that the
WRLOF scenario should be taken into account for the study of
ULX and its populations in the future.

However the component of WRLOF NS ULXs between
models (i.e., B1, B2, and B3, we do not discuss BHL models
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Fig. 2. Expected distributions of donor stars in H-R diagram for models B1, B2, B3, and BHL at Z = Z; (upper panel), 0.2 Z, (middle panel), and
0.02 Z, (lower panel), respectively. The color represents the number of wind-fed NS ULXs (i.e., Lx > 10% ergs™') in each matrix element. The
cross is the location of the red supergiant donor star in PULX NGC 300 ULX-1. The labels B1, B2, B3, and BHL in the panels represent WRLOF
models with 8 = 1 (B1), 8 = 2 (B2), 8 = 3 (B3), and BHL models, respectively. For example, the model B1/Z = Z, represents the WRLOF model

with =1 (Bl) and Z = Z,.

hereafter due to their rarity) is distinct. The different species
reveal that they may come from different evolutionary path-
ways. We note the most common subpopulation is sources with
massive (~15—-40 M) (super)giant donors in WRLOF models
(i.e., B1, B2, and B3). But the distribution of current orbital
period Py is different and much shorter in lower metallicities
(<103 days in model B3; <10*days in model B2) when com-
pared with that in the solar cases (<10’ days in model B1).
The phenomena we obtained here are very similar to that found
by Linden et al. (2010) for supergiant high-mass X-ray bina-
ries (SG-HMXBs, see the lower panel in their Fig. 5). The rea-
son is that the donor with a poor metallicity is more compact
than the rich ones (Linden et al. 2010; Klencki et al. 2020),
particularly the maximum radius during the (sub)giant phase
drops precipitously with decreasing metallicity (see their Fig. 7,
Linden et al. 2010). So during the expansion of the donor before
filling its RL, the orbit can be more compact at lower metal-
licities, while much wider at near solar metallicities. We note
the donor of this population is mostly rejuvenated, that is, get-
ting mass during the first RLOF from the more massive primary,
which produces the NS after the SNe (age within ~10 Myr).
After that, the WRLOF phase may take place soon thereafter,
lasting ~0.1—-1 Myr before the donor fills its RL, after which a
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common envelope (CE) occurs due to a large donor-to-compact
object mass ratio, resulting in a binary merger. Another subpop-
ulation is sources with lower donor masses (i.e., M, < 10 My).
Especially at solar metallicity (upper panel, models B1/Z = Z,
B2/Z = Z,, and B3/Z = Z), it clearly contains two species: one
being sources with longer orbital periods (i.e., Por, > 100 days),
which mainly come from binaries with a less massive progenitor
(<10 My), and large initial separations (~103—10* Ry). We note
that when the star formation history is shortened to within tens
of million years, corresponding to intense star burst cases, this
population would drop. The other species is sources with short
orbital periods (i.e., Py ~ 0.1-100 days). We note that they are
mainly stripped He-rich stars, which are produced from a CE.
In addition, we find that there is a trend that the larger the
value of 3, the more WRLOF NS ULXs are produced in each
metallicity case. The reason is mainly related to the dependence
of u (i.e., the fraction of stellar wind captured by the accretor)
on the exponent 3 of the velocity law, as illustrated in Fig. 2 by
El Mellah et al. (2019a). It is clear in the figure that the higher
B is, the larger u is in the same condition, as the higher 3, the
later v, is matched, hence the larger i as seen in their Fig. 2 and
stated by El Mellah et al. (2019a). Furthermore, it is notable that
P13 can be produced in all metallicity cases as well, especially in
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cases with larger values of 8 and lower metallicities. Addition-
ally, there is a weak trend that more WRLOF NS ULXs seem
to be produced in lower metallicities, when compared with the
solar cases, which is similar to the finding recently obtained by
Marchant et al. (2017). It is because of the increase in u with
decreasing 77, which is the most significant effect shown in their
Fig. 2. We note sources in lower metallicities are more compact,
that is, a smaller Py, then a larger vo, = 2ma/Po, hence a
smaller = v /vorn, Which gives a larger u, resulting in more NS
ULXs instead, although the wind mass loss is relatively lower in
the low-metallicity regime.

The donor of ULXs is the key to understanding the nature
of ULXs and the population. In Fig. 2, we present the expected
distributions of the luminosity log(Ly,/Le) and effective
temperature log(7Tq/K) of donor stars (i.e., H-R diagram) for
models B1, B2, B3, and BHL, at Z = Z; (i.e., Solar, upper
panel), Z = 0.2Z;, (middle panel), and Z = 0.02Z; (lower
panel), respectively. The color represents the number of wind-
fed NS ULXs (ie., Lx > 10*ergs™) in each matrix ele-
ment. The cross is the location of PULX NGC300 ULX-1
(Carpano et al. 2018; Heida et al. 2019b) with a donor counter-
part recently discovered as a RSG star (Teg = 3650—-3900 K and
log(Lyoi/Lo) = 4.25 £ 0.10, Heida et al. 2019a). It is clear that
in each metallicity case, the source can be reproduced roughly
in all WRLOF models. However, the percentage of RSG in all
(super)giant donors changes largely as metallicity changes. It
dominates in near solar metallicities (upper panel), but declines
significantly as metallicity decreases. Also there is less of it
in very low metallicity (i.e., Z = 0.02Zg, lower panel). We
note that RSG NS ULXs usually have lower donor masses (i.e.,
M, < 10 M) with longer orbital periods (i.e., Py > 100 days),
while other (super)giant NS ULXs mainly have massive donors
(~15-40 M), which are hotter and brighter, as expected.

4. Discussion and concluding remarks

This study shows that with the WRLOF accretion mode
taken into account, it is possible to model the population of
(super)giant NS ULXs, although the results are still subject to
some uncertainties and simplified treatments. For example, the
stellar wind of massive stars is vital in our simulations; how-
ever, it is still highly uncertain (Puls et al. 2008; Sander & Vink
2020), in particular due to the effects of clumping, other unsteady
modes of mass loss, and the effects caused by a binary among
massive stars (Smith 2014), about which our knowledge is still
poor. In this study, we adopted a simplified parameter, Byind,
to depict the velocity of stellar wind. Normally, a smaller Bying
means a smaller wind velocity v, hence a smaller 7 = Ve /Vorb,
resulting in a higher mass transfer efficiency u. We also var-
ied the value of Bying for very hot stars from 7 to 3, but we
find no significant changes in our results. Additionally, for the
super-Eddington accretion, geometrical beaming may take place
(King et al. 2001; Poutanen et al. 2007; King 2008; King &
Lasota 2020), but it is still very uncertain (Abarca et al. 2018;
Mushtukov et al. 2021). We also tested this scenario and find
that our conclusion is largely unchanged. Finally, we note that
the absolute formation rate of (wind-fed) NS ULXs is highly
uncertain. Several parameters, such as the star formation rate and
history of the galaxy, the binary fraction, the IMF of the primary
and secondary stars, and the natal kick of newborn NS (Zuo et al.
2014) may affect it significantly by up to one or two orders of
magnitude. Unique galaxies such as ring galaxies (Wolter et al.
2018) are helpful to further address this issue (i.e., the relative
and absolute formation rate of different kinds of ULXs through

the X-ray luminosity function modeling, see Zuo et al. 2014,
for example), which is in preparation, however, and beyond the
scope of this Letter.

Nevertheless, this study still shows that the population of
wind-fed NS ULXs in WRLOF mode is distinct in number and
the binary parameters from that in the traditional BHL mode, and
it is strongly metallicity dependent. The number of NS ULXs
with (super)giant donors is enhanced greatly by about an order
of magnitude in solar cases, and even more than two in lower
metallicities (see Table 1) when considering the WRLOF accre-
tion mode. Furthermore, they are heavily metallicity-dependent.
The most common population in all WRLOF models is sources
with massive (~15—-40 M,,) (super)giant donors, which dominate
in lower metallicities. However, that is not the case in the solar
case, which is dominated by RSG with lower mass M, < 10 Mg
instead. Moreover, the two NS ULXs (i.e., P13 and NGC 300
ULX-1) can be well reproduced in the WRLOF paradigm, which
significantly enriches our understanding of the nature of ULXs
and the population. We also present the current distributions of
binary parameters (see Figs. 1 and 2), which may be further
testified by high-resolution optical and X-ray observations of
(NS)ULXs populations in the future.
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