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ABSTRACT

We consider ultraluminous X-ray systems (ULXs) where the accretor is a neutron star rather
than a black hole. We show that the recently discovered example (M82 X-2) fits naturally
into the simple picture of ULXs as beamed X-ray sources fed at super-Eddington rates,
provided that its magnetic field is weaker (~#10!'G) than a new-born X-ray pulsar, as expected
if there has been mass gain. Continuing accretion is likely to weaken the field to the point that
pulsing stops, and make the system indistinguishable from a ULX containing a black hole.
Accordingly we suggest that a significant fraction of all ULXs may actually contain neutron
star accretors rather than black holes, reflecting the neutron-star fraction among their X-ray
binary progenitors. We emphasize that neutron-star ULXs are likely to have higher apparent
luminosities than black hole ULXs for a given mass transfer rate, as their tighter beaming
outweighs their lower Eddington luminosities. This further increases the likely proportion
of neutron-star accretors among all ULXs. Cygnus X-2 is probably a typical descendant of
neutron-star ULXs, which may therefore ultimately end as millisecond pulsar binaries with
massive white dwarf companions.
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1 INTRODUCTION

Ultraluminous X-ray sources (ULXs) have apparent luminosities L
above the Eddington limit for a standard stellar-mass accretor (often
taken as L > 10* ergs™'), but are not in the nuclei of their host
galaxies. These defining properties initially led to suggestions that
their accretors were black holes with masses higher than stellar, but
below supermassive — called intermediate-mass black holes (IMBH:
Colbert & Mushotzky 1999). It is now widely accepted instead that
most — or perhaps all - ULXs are standard X-ray binaries in unusual
and shortlived phases (King et al. 2001).

Perhaps because the required breach of the Eddington limit is
then minimized, many authors have assumed that the accretor in
ULXSs is always a black hole. But in a striking recent paper Bachetti
et al. (2014) found a ULX (M82 X-2) with L ~ 1.8 x 10®ergs™!
(about 100 times Eddington) and a coherent periodicity P = 1.37 s,
which they interpret as the spin period of an accreting magnetic
neutron star (X-ray pulsar). One line of explanation of this result
(cf. Dall’Osso et al. 2015; Eksi et al. 2015; Tong 2015) uses the fact
that the electron-scattering cross-section is significantly reduced
[by a factor (~(v/vg)?) for frequencies v below cyclotron (vg)]

* E-mail: ark@astro.le.ac.uk

for certain polarizations and field directions, allowing luminosities
which exceed the usual Eddington limit by factors ~(vg/v)?. The
effect is greatest for the strongest fields, as found in magnetars. In
this picture, M82 X-2 would evidently be completely different from
all other ULXs found so far.

In this Letter, we adopt a very different viewpoint, and try to see
if M82 X-2 instead fits naturally into a unified picture applying to
all ULXSs. This is promising, since there is a lot of evidence that the
basic cause of the unusual behaviour of ULXSs is a super-Eddington
mass supply, and this is evidently perfectly possible for a neutron
star accretor (see below). So we assume that for reasons discussed
below, the binary supplies mass to the vicinity of the accretor in
ULXs (including M82 X-2) at a rate significantly above the value
Mg that would produce the Eddington luminosity Lggg if all of it
could be accreted. Much of this mass is instead driven off by ra-
diation pressure, producing geometrical collimation or beaming of
most of the emission (see Section 2 below). As a result we generally
detect only ULXs beamed towards us. Multiplying their fluxes by
47tD?, where D is the source distance, then overestimates the intrin-
sic source luminosity by a factor 1/b > 1, where b = Q /4t K 1
is the beaming factor (2 is the true solid angle of emission).

In this picture, ULX behaviour requires only that the mass supply
rate is 3> Mpqq, whatever the nature of the accretor defining M.
It follows (King et al. 2001) that ULX accretors can be neutron
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stars or white dwarfs provided only that the supply rate exceeds
1078 Mg yr~! or 107 M yr™!, respectively. In line with this pre-
diction Fabbiano et al. (2003) suggested that one of the ULXs in
the Antennas probably has a white dwarf accretor. Similarly, the
magnetic neutron star in M82 X-2 can appear as a ULX provided
that mass is supplied at a rate 3>10~8 M yr=!.

Our aim here, then is to see how pulsed systems like M82 X-2
fit into a general picture of ULXSs as binaries with super-Eddington
mass supply rates and beamed emission. The interesting aspect is
that the high observed spin-up rate of M82 X-2 gives information
about the magnetic accretion process. KluZniak & Lasota (2015,
hereafter KL) make this point: they investigated M82 X-2 as a
system containing a weak-field pulsar, but their model does not
explain the observed super-Eddington apparent luminosity. We will
find that to make the observed spin-up rate consistent with the
beaming needed to produce the apparent luminosity determines
the magnetic moment of the neutron star. The result implies that
the beaming process works at accretion disc radial scales which are
larger than those where magnetic effects become important. M82 X—
2 is then effectively a fairly normal accreting magnetic neutron star
inside a collimating disc structure arising from the super-Eddington
mass supply.

2 ULX ACCRETION

There are (at least) two classes of ULXs, corresponding to super-
Eddington mass supply in two distinct situations (King 2002):

(i) (a) thermal-time-scale mass transfer in high-mass X-ray bina-
ries (HMXBs) like Sark @astro.le.ac.uk S433 (e.g. Begelman, King
& Pringle 2006), which is the natural sequel to the usual HMXB
wind-capture phase once the companion fills its Roche lobe, and

(ii) (b) long-lasting transient accretion disc outbursts in low-mass
X-ray binaries.

MS82 X-2 is clearly in the first group (cf. KL) as it is known
(Bachetti et al. 2014) to have a stellar companion of mass M, 2
5.2Mg and radius R, 2 7Mc. This star must be filling its Roche
lobe, given the binary period of 2.5 d. Since M, is significantly larger
than the likely neutron star mass, the binary and the companion’s
Roche lobe must be shrinking because mass is transferred to the
neutron star orbit, further from the binary’s centre of mass. Mass
transfer on the companion’s thermal-time-scale results (cf. King &
Begelman 1999; King & Ritter 1999; King, Taam & Begelman
2000; Podsiadlowski & Rappaport 2000; Tauris, van den Heuvel &
Savonije 2000), and can give rates as high as M, ~ 107> Mg yr™!
depending on the companion mass and its degree of lobe-filling.
We will find that M82 X-2 probably has a more modest (but still
strongly super-Eddington) transfer rate M, ~ 1.2 x 107 Mg yr~',
suggesting that it is fairly near the beginning of the thermal-time-
scale phase (cf. King & Ritter 1999) characterizing its ULX stage.
We will see that this is probably the reason that this system pulses
at all.

Given a super-Eddington mass supply, the resulting accretion disc
is stable at large disc radii, down to the ‘spherization radius’

27 .
ZmORg ey
(Shakura & Sunyaev 1973), where the local energy release is close to
the local Eddington value and there must be significant outflow (here
R, = GM/c* = 2.1 km is the gravitational radius of the neutron star,
of mass M ~ 1.4 Mg, and 7 is the Eddington factor far from the
accretor, so for thermal-time-scale systems my = er/MEdd). We

Rsph ~
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will find that for M82 X-2, Ry, is larger than the magnetospheric
radius Ry (see equation 15 below), where magnetic effects become
important.

We expect outflow from disc radii inside Ry, also. To keep each
disc radius close to its local Eddington limit, the outflow must ensure
that the accretion rate at disc radius R decreases as

M(R) ~ :

R M, 2)
R Edds
where R;, ~ Ry is the innermost disc radius. Integrating the local
disc emission shows (cf. Shakura & Sunyaev 1973) that the total

accretion luminosity is
L~ LEdd [] + In m()] . (3)

The main constraint on 71y for M82 X2 comes from the beaming
factor b, which has to account for most of the difference between its
apparent luminosity ~ 10*’ ergs~! and the Eddington luminosity
Liga 2 x 10¥ ergs™' of a 1.4 My neutron star. King (2009) gives
an approximate formula
b~ 7—3; )

my
valid for /g > +/73 =~ 8.5. This form ensures that soft X-ray com-
ponents in ULX spectra (cf. Kajava & Poutanen 2009) obey an in-
verse luminosity-temperature correlation Lgo ~ T4, as observed.
The b o< iy % scaling (but not its normalization) also follows quite
independently by noting (cf. the discussion before equation 3 above)
that the vertical size of the disc structure near Ry, must scale with
1i1g,! while all the central accretors essentially gain mass at their Ed-
dington rate (m = 1) and so are self-similar. This form of beaming
is found to reproduce the local luminosity function of ULXs very
well (Mainieri et al. 2010).

Combining (3 and 4) to give the apparent (spherical) luminosity
L, = L/b we find

mp 4500

R 5
Lao — (1 + Insing) )

(King 2009), where m; is the accretor mass in M and Ly is the
apparent luminosity in units of 10%° ergs~!. For M82 X-2 we take
my = 1.4, Ly = 1.8, which gives

My >~ 36 (6)
fixing the mass transfer rate in the binary as
My~12x10°Mgyr . N

We will see in the next section that mass accretes near the magne-
tosphere at a rate significantly smaller than this, self-consistently
implying from (2) that the magnetospheric radius Ry (equation 10)
is smaller than the spherization radius

Rypn =5 x 107 cm, (3)
defining the ULX beaming.

3 SPIN AND SPIN-UP OF M82 X-2

Magnetic accretors are characterized observationally by their spin
period P and spin-up rate v = d(27t/ P)/dt. For M82 X-2 we have

"In black-hole accretion the innermost part of a super-Eddington flow is
advection dominated and the height of the accretion flow is independent of
the accretion rate (Lasota et al. 2016; Sadowski et al. 2016); it is not clear
what happens in accretion on to a neutron star.
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P = 1.37 s, and an unusually high value v = 2 x 107!°s72, This
gives a very short spin-up (period halving) time-scale
27

Lopin 22 o >~ 360 yr. ©)]
Physically, the magnetic accretion process is characterized by the
magnetospheric ‘Alfvén’ radius Ry, where the matter stresses in
the accretion disc are comparable with those of the magnetic field
of dipole moment 1 = 10°3, Gem ™3, i.e.

Ry =2.9 x 10°M"m)" u3 em, (10)

where M, is the accretion rate at the magnetosphere in units of
107 gs7! (cf. e.g. Frank, King & Raine 2002). Disc accretion is
assumed to give way to flow along fieldlines within Ry, so the disc
angular momentum arriving at Ry, predicts a theoretical spin-up
rate

v =27x10"2M 'm; RS i3y 1 Hzs ™!, (11)
where Ry is the neutron star radius in units of 10 cm, and I,s its
moment of inertia in units of 10+ gcm? (see e.g. Frank et al. 2002).

Using the observed value of v in this equation and taking
m; = 1.4, Rg = ;s = 1 gives the current value of the local ac-
cretion rate at R = Ry as

M(Ry) ~2.8 x 1077150 Mg yr . (12)

For self-consistency we must now impose the scaling (2), in the
form

which gives

w30 == 0.1. (14)
The magnetospheric radius is then

Ry ~ 2.0 x 107 cm, (15)

and the accretion rate at the magnetospheric radius M (Ry) ~ 2 x
1077 Mo yrl.

4 EVOLUTION

Since u = BR;E we see from (14) that the magnetic field of the
neutron star in M82 X-2 must be significantly lower than is usual
for a new-born neutron star, i.e. B ~ 10'! G, rather than ~10'2 G.
This is reasonable, since it has long been suspected that accretion
of even a relatively small mass severely reduces the surface fields
of neutron stars — this is central to the concept of pulsar recycling,
which is implicated in the production of millisecond pulsars (Alpar
et al. 1982; Radhakrishnan & Srinivasan 1982; Taam & van den
Heuvel 1986; Bhattacharya & van den Heuvel 1991). It is unclear
whether M82 X-2 or systems like it will end by producing millisec-
ond pulsars or not when accretion stops: given its spin period and
deduced magnetic field, the neutron star in M82 X-2 is currently
below the pulsar ‘death line’

BP2~17x10"Gs™? (16)

(Ruderman & Sutherland 1975), so resurrection as a pulsar will re-
quire spin-up to beat field decay. We can expect M82 X-2 to transfer
several M towards its neutron-star companion. But since the sur-
face accretion rate is limited to MEdd or even less (perhaps MEdd
multiplied by the fractional surface area of the accreting polecaps)
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the neutron-star mass grows much less. A clear example of this is
Cyg X-2, where a prolonged super-Eddington phase has none the
less left behind a fairly normal (but not strongly magnetic) neutron
star, which may yet live again as a radio pulsar once accretion stops
(King & Ritter 1999).

5 CONCLUSION

We have seen that M82 X-2 fits into the simple picture of ULXs
as beamed X-ray sources fed at super-Eddington rates. Its mag-
netic field has apparently been weakened by accretion, and we can
expect that its field will shortly be unable to channel the flow (for-
mally Ry < R,) so that pulsing will stop. The system will then be
indistinguishable from a ULX containing a black hole. The mass
transfer rate from the companion will increase substantially (see
King & Ritter 1999) so the current ULX might become a HLX
(hyperluminous X-ray source).

On this basis, we suggest that a significant fraction of all ULXs
might actually contain neutron star accretors rather than black holes.
This is already plausible because a large fraction of the HMXB pro-
genitors of ULXs have such accretors, and in principle dynamical
mass measurements might offer a way of checking this idea. Per-
haps surprisingly, neutron-star ULXs actually have higher apparent
luminosities than black-hole ULXs for a given mass supply rate
Msupp (cf. King 2009). Using riy = MSUPP/MEdd o« 1/m; we can
rewrite (5) as
L C‘—lni’}’ll7 (17)

m

with C a constant. In other words for a lower accretor mass, the
tighter beaming resulting from a higher Eddington accretion ratio
outweighs the decrease in the Eddington luminosity. In most cases
— certainly the thermal-time-scale mass transfer discussed here —
Msupp is independent of m;. Then we expect neutron-star ULXs to
have higher apparent luminosities than black-hole ones and so to be
relatively easier to find, further increasing the number of neutron-
star accretors among detected ULXs. A constraint on the relative
number of neutron-star versus black-hole ULXs produced by this
‘early massive Case B evolution’ comes from the delayed dynam-
ical instability (Webbink 1977; Hjellming 1989), which probably
requires initial mass ratios M,;/M,; < 4 to avoid the binary merg-
ing in a common-envelope system. Evidently a population synthesis
calculation starting from the observed ratio of neutron-star to black-
hole systems is needed to give a good idea of this ratio for their ULX
descendants (see also Fragos et al. 2015; Wiktorowicz et al. 2015;
Yong & Li 2015).

The ULX phase (initially pulsed, but later unpulsed) ends once
the mass transfer rate drops below Eddington, and for neutron-star
systems like M82 X-2 will probably give a system resembling Cyg
X-2. Here, an apparently non-magnetic neutron star accretes at
modest rates from an extended but low-mass companion star, which
is significantly hotter than expected for a low-mass giant. It is worth
noting that the neutron star has evidently gained very little of the
mass lost by the initially massive companion: it accretes only at its
own Eddington limit rate (M; ~ 1078 Mg yr '), and mass transfer
lasts for of order the initial thermal time-scale (~10°~10° yr) of the
companion. As discussed by King & Ritter (1999), the end products
of this evolution include binary millisecond pulsars in wide binaries
with relatively massive white dwarf companions, and systems with
much shorter periods (<1 day).
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