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Abstract One ultraluminous X-ray source in M82 has recently beentified as an
accreting neutron star (hamed NuSTAR J095551+6940.8adtehsuper-Eddington
luminosity and is spinning up. An aged magnetar is moreyikelbe a low magnetic
field magnetar. An accreting low magnetic field magnetar nx@jaén both the super-
Eddington luminosity and the rotational behavior of thisre®. Considering the effect
of beaming, the spin-up rate is understandable using tdéitmal form of accretion
torque. The transient nature and spectral properties of Kt&@2are discussed. The
theoretical range of periods for accreting magnetars igigeal. Three observational
appearances of accreting magnetars are summarized.
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1 INTRODUCTION

Pulsars are rotating magnetized neutron stars. Up to nawugkinds of pulsar-like objects have
been discovered (Tong & Wang 2014). Among them are: normaapsiwhose surface dipole field is
aboutl0'2 G (e.g. the Crab pulsar, Wang et al. 2012); high magnetic fielsigns with surface dipole
field as high as0'* G (Ng & Kaspi 2011); central compact objects whose surfacenatg field
is at the lower end, aboud'® G (Gotthelf et al. 2013). Millisecond pulsars are thoughteoycled
neutron stars (Alpar et al. 1982). Their surface dipole ey have decreased significantly during
the recycling process (Zhang & Kojima 2006), which can beasds a few time$0® G. Magnetars
are thought to be neutron stars whose emission is powerdteiystrong magnetic fields (Duncan
& Thompson 1992). Their surface dipole fields can be as higlo&s— 10'° G (Tong et al. 2013).
At the same time, they may have even higher multipole fielda§& Xu 2011, 2014). For an aged
magnetar, its dipole magnetic field may have decreased a-ldt0{? G, Turolla et al. 2011). At
the same time, their surface multipole fields may still behia tange for a magnetar (i.e. a “low
magnetic field” magnetar). Several low magnetic field magrsetre known (Rea et al. 2010, 2012;
Zhou et al. 2014).

Accretion powered X-ray pulsars were discovered at thertmaigg of X-ray astronomy. Since
magnetars are just a special kind of neutron star, an aggretagnetar is also expected. However,
no strong observational evidence for the existence of aretieg magnetar has been found (Wang
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2013; Tong & Wang 2014). Possible observational signatfrascreting magnetars are discussed in
Tong & Wang (2014), including magnetar-like bursts and ¢hwih a hard X-ray tail. The recently
discovered ultraluminous X-ray pulsar in M82 (NuSTAR J09556940.8, Bachetti et al. 2014) may
be another manifestation of an accreting magnetar.

Ultraluminous X-ray sources are commonly assumed to bestingrblack holes (with either
stellar mass or intermediate mass, Liu et al. 2013; Feng 8a211). The discovery of a pulsation
period and spin-up trend of an ultraluminous X-ray sourc®B2 points to an accreting neutron
star (Bachetti et al. 2014). The neutron star's X-ray lursityocan be as high ag)*’ ergs~*, with
rotational periodl.37 s and period derivative® ~ —2 x 1010 (Bachetti et al. 2014). If the central
neutron star is a low magnetic field magnetar, an accretimgragnetic field magnetar may explain
both the radiative and timing observations.

Model calculations are presented in Section 2, includinmesteddington luminosity (Sect. 2.1)
and rotational behaviors (Sect. 2.2). Discussion and csiahs are given in Sections 3 and 4, re-
spectively.

2 ACCRETING LOW MAGNETIC FIELD MAGNETAR
2.1 Super-Eddington Luminosity

According to Bachetti et al. (2014), the ultraluminous X-pulsar NUSTAR J095551+6940.8 has a
pulsed luminosity oft.9 x 103? ergs~! (in the energy rangg-30 keV). However, there is more than
one ultraluminous X-ray source in M82 (Kaaret et al. 200@&)cdrding to the centroid of the pulsed
flux, the ultraluminous X-ray source M82 X-2 may be the coypeiet of NUSTAR J095551+6940.8.
Soft X-ray observation of M82 X-2 shows the luminosityis x 103? ergs~' (in the energy range
0.5-10keV). Therefore, the total X-ray luminosity of NUSTAR J095558#0.8 may be (assuming
isotropic emission, Bachetti et al. 2014)

Liso(0.5 — 30keV) = Ligo40 x 100 ergs™!, (1)

whereL;s, 40 ~ 1. For an accreting neutron star, the dipole magnetic fieltohinnel the accreted
material into columns near the star’s polar cap (Shapiro 8kdésky 1983). Therefore, the emission
of the neutron star is expected to be beamed (Gnedin & Surbhy@i&s). The true X-ray luminosity
should be corrected by a beaming factor

L. (0.5 —30keV) = b Ligo = b Ligo.40 x 10" ergs™, (2)

whereb < 1 is the beaming factor. From previous pulse profile obseymatdf accreting neutron
stars (figure 7 in Bildsten et al. 1997), there should be samauat of beaminy If the duty cycle
of the pulse profile is about)%, then the solid angle of the radiation beam may only occiy
of the whole sky. In the following, a beaming factor @ = 0.2 is chosen (ob~! = 5, consistent
with other observational constraints, Feng & Soria 2011).

2.1.1 Accreting normal neutron star

The maximum luminosity for steady spherical accretion is. (ihe Eddington limit, Frank et al.
2002)

Lgqq = 1.3 x 103 M7 ergs™*, (3)

1 The ultraluminous X-ray pulsar NuSTAR J095551+6940.8 &ias some pulse profile information, see figure 1 in
Bachetti et al. (2014).

2 This is a very crude estimation. The beaming factor adopteke following is essentially an assumption.
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whereM is the mass of the central star in units of solar masses. @emsg the modification due to
the accretion column, the maximum luminosity for an acogetieutron star is several times higher
(Basko & Sunyaev 1976, denoted as the critical luminosityhefollowing)

l lo/d
Lor = —2 Lpaq = 8 x 1038 (M) Mjergs™ (4)

27Td0 40

wherel is the length of the accretion column adglis the thickness. The typical value &f/d,

is about40 (Basko & Sunyaev 1976). Both theory and observation of weustars show that they
may have a mass in excesslof solar masses (e.g.solar masses) (Lai & Xu 2011 and references
therein). The existence of two solar mass neutron stars madifficult to understand compared with
other neutron star mass measurements (Zhang et al. 201d yv&rto form heavy neutron stars may
involve super-Eddington accretion (Lee & Cho 2014). SinesSWAR J095551+6940.8 is probably
accreting at a super-Eddington rate, it may also have arlangss. If the central neutron star is
massivé with M, = 2, the theoretical maximum luminosity &.. = 1.6 x 1039(10/%)ergs‘1.
For a beaming factdr = 0.2, the true X-ray luminosity id., = 2 x 1039Liso_,40 ergs™ . Therefore,

it cannot be ruled out that the central neutron star of NuSIB85551+6940.8 is a massive neutron
star (with no peculiarity in its magnetic properties). Medile, for an accreting massive neutron
star, the maximum apparent isotropic luminosity will be lie rangel0%° ergs~!. It is very hard

to reach a luminosity higher tha®*® ergs—!. In this case, NUSTAR J095551+6940.8 will be an
extreme example of an accreting normal neutron star.

2.1.2 Accreting magnetar

The super-Eddington luminosity is easier to understantiénnhagnetar case. Magnetars can have
giant flares due to a sudden release of magnetic energy. IpuiBating tail, the star’'s luminosity
can be as high as0*?ergs™!, lasting for about hundreds of seconds (Mereghetti 2008 6f

the reasons to propose the magnetar idea is to explain thés-giddington luminosity (Paczynski
1992). The same argument can also be applied to the ultratursiX-ray pulsar in M82. The scat-
tering cross section between electrons and photons idis@mily suppressed in the presence of a
strong magnetic field (only for one polarization). In ordeobtain the corresponding critical lumi-
nosity, some average (e.g. Rosseland mean) of cross séatiopacity) is needed. The final result

is (Paczynski 1992)
Le. B 4/3
Toaa 2% (1012 G) ’ ®)

which is only valid for L., > Lgqq. If the total magnetic field near the polar éag 104 G,
then the critical luminosity if.., ~ 103Lgqq ~ 10*! ergs~!. Considering the geometry of the
accretion column, the critical luminosity may be even higligasko & Sunyaev 1976). In the case
of an accreting magnetar, even the most luminous sourcesaditminosity as high as)*! ergs—!
are possible. Therefore, the ultraluminous X-ray pulsaviB with isotropic luminosity of about
10 ergs~! can be safely understood in the accreting magnetar case.

2.2 Rotational Behaviors

The ultraluminous X-ray pulsar NUSTAR J095551+6940.8 hastational period ofP = 1.37s
(Bachetti et al. 2014). At the same time, the pulsar is spigiip (i.e. the rotational period is de-
creasing). The period derivative is roughly abduts —2 x 10~'° (Bachetti et al. 2014). For this

3 The following conclusions are unaffected by a differentich@f central neutron star mass, eld; = 1.4.
4 Here only the total magnetic field strength near the polaiseguired. No specific magnetic field geometry is assumed.
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accreting neutron star, its light cylinder radius is (whire rotational velocity equals the speed of
light) Ry = % = 6.5 x 10% cm. The corotation radius is defined as where the local Kepieria
velocity equals the rotational velocity

GMm\'?
Reo = (F) P3 = 1.8 x 108M;" em, (6)
7Iy

whered is the gravitational constant. In the presence of a magfielit; the accretion flow will be
controlled by the magnetic field. The Alfvén radius chagaiges this quantitatively. It is defined as
the radius where the magnetic energy density equals thékareergy density of the accretion flow
(Shapiro & Teukolsky 1983; Lai 2014)

Ra =3.2x 10% ug) M, V"M em, ©)

where 3 is the dipole magnetic moment in units 8#° G cm?® and M, is the mass accretion
rate in units ofl0'” gs—! (the corresponding luminosity is abol@?” ergs—'). When the Alfvén
radius is smaller than the light cylinder radius, the adoreflow may interact with the central
neutron star. In the case of spin equilibrium, the Alfvédiua is equal to the corotation radius
(Lai 2014). NuSTAR J095551+6940.8 may be in spin equiliriP/ P| ~ 200 years). However,
its counterpart M82 X-2 is a transient source (Feng & Kaa@&72 Kong et al. 2007). Therefore,
whether or not it is in spin equilibrium is not certain (i.ehieh luminosity corresponds to the spin
equilibrium case is not known). The measurement of periowalive for this source means that the
star is experiencing some accretion torque. From this pthiatstar’s dipole magnetic field may be
determined. Whether or not the star is in spin equilibrium loa subsequently checked.

For the X-ray luminosity in Equation (2), the correspondatgretion rate onto the neutron star
is R

Mace = oL = 7.5 x 100 Liso a0 Rs My ' g5, (8)

wherel is the mass of the neutron stdt,is the radius of the neutron star aRy is the radius in
units of 106 cm. The corresponding Alfvén radius is

Ry =48 x 107M§é7M11/7(bLiso,40R6)72/7 cm. 9)

The angular momentum carried onto the neutron star by thetectmatter is (Shapiro & Teukolsky
1983, which follows the treatment of Ghosh & Lamb 1979; LalQDMaCC\/GMRA. The angular
momentum of the central neutron starjis= 1), wherel = 2/5M R? is the moment of inertia of
the neutron star and = 27/ P is the angular velocity. The change of stellar angular mdnovaris

J = IQ = —2xIP/P? (the change in moment of inertia is negligible, Shapiro & Kalsky 1983).
According to conservation of angular momentum,

P .
—2ml 55 = Macer/GMRA. (10)
Therefore, the dipole magnetic moment of the neutron stBiUBTAR J095551+6940.8 is
pso =2 x 107 MYREb™ L2 . (11)

The dipole magnetic moment is related to the polar magnetid fisy = 1/2B,R? (Shapiro &
Teukolsky 1983; Tong et al. 2013). The corresponding magfietd at the neutron star’s polar cap
is

B, =4 x 10° M Reb L2 4 G. (12)

For a two solar mass neutron staf{ = 2) with a beaming factob = 0.2, the dipole magnetic field
is aboutB;, = 1.6 x 1012R6Li‘si40 G. Combined with the super-Eddington luminosity requiretmen
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the central neutron star is likely to be a low magnetic fieldymetar. The star’s high multipole field
near the surface (abou'* G) accounts for the super-Eddington luminosity. The muctelosipole
field (about10'? G) is responsible for rotational behaviors. From an evohaigoint of view, an
aged magnetar is also more likely to be a low magnetic fieldmety (Turolla et al. 2011).

Since M82 X-2 (the possible counterpart of NUSTAR J09553%668) is highly variable, its
peak luminosity can reach?2 x 10%° ergs—! (Feng & Kaaret 2007). In its low state, the source is
below the detection limit, with luminosity lower thd037—103% erg s~ (Feng & Kaaret 2007; Kong
et al. 2007, different authors have given different estiomes). Whether NUSTAR J095551+6940.8
is in spin equilibrium is determined by the long term averaggss accretion rate, which is unfor-
tunately not known precisely at present. Considering tmatran of X-ray luminosity, the average
accretion rate can be in the rang@!’—102° gs—*. The equilibrium period can be determined by
setting the corotation radius and the Alfvén radius equai 2014)

Paq = 3150 My */ MY s, (13)
where Mavc,n is average accretion rate in units ®9'7 gs~!. Substituting the magnetic mo-
ment in Equation (11), the equilibrium period of NUSTAR JB5%+6940.8 isP., = 2 X
10307/ RS Tom 18T L T B/ s. For typical parametersil; = 2 andb = 0.2, the corre-

ave,17
sponding equilibrium period i.q = 1.6R; /"L, %/ M_ 2/ 5. If the long term average accretion

rate of NUSTAR J095551+6940.8 is approximately” ¢s—!, then it may be in spin equilibrium
(with a current period o0f.375s). If the long term average accretion ratel® (10%) times higher,
the equilibrium period will be abouit2 s (0.1 s). Then the neutron star is not in spin equilibrium and
should experience some kind of net spin up. This is also stergiwith observations (with period
derivative—2 x 10719). According to current knowledge, both cases are possible.

3 DISCUSSION
3.1 Transient Nature

If M82 X-2 is indeed the counterpart of NUSTAR J095551+684then more information is avail-
able. M82 X-2 is a transient source. Its luminosity rangesnfi 0% ergs—! to lower than1037—
1038 ergs—! (Feng & Kaaret 2007; Kong et al. 2007). One possibility it tha neutron star switches
between the accretion phase and the propeller phase (Cu).188e neutron star is near spin equi-
librium (the Alfvén radius is approximately equal to the@@tion radius), a higher accretion rate
will result in a higher X-ray luminosity (accretion phasedaspin-up). When the accretion rate is
lower, the Alfvén radius will be larger (see Eq. (7)). Thée tentrifugal force will be larger than
the gravitational force. The amount of accreted matter ¢hat fall onto the neutron star will be
greatly reduced (the propeller phase and spin-down). A naweér X-ray luminosity is expected in
the propeller phase, as has been observed in other acconetitigon star systems (Cui 1997; Zhang
et al. 1998). The transient nature of M82 X-2 may due to sweisdhetween the accretion phase and
the propeller phase.

3.2 Spectral Properties

There may be a disk component in the soft X-ray spectra of M&2(Xt the4.1o significance level,
Feng et al. 2010). The inner disk radius is abibﬁtff:g x 109 em (90% confidence level). The inner
disk temperature is aboQt17 4+ 0.03 keV (Feng et al. 2010). According to the above calculations,
the typical Alfvén radius is about5 x 107R3L;§740 cm (by substituting Eq. (11) into Eg. (9)). For

a standard thin disk, the disk temperature at the Alfvéiusaig about).15 keV (using eq. (5.43) in
Frank et al. 2002). For an accreting neutron star the Alfaglius may be the inner disk radius (Lai
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2014). However, the observed inner disk radius is very uatcerThe theoretical temperature at the
Alfvén radius is consistent with the observed inner diskperature. A future determination of the
disk radius that is more accurate may constrain this model ¢ther models, see below).

3.3 Range of Periods for an Accreting Magnetar

From Equation (13), the equilibrium period ranges from alfious to several seconds for an accret-
ing low magnetic field mangetar (with dipole field abaot? G). The exact value is determined by
the long term average mass accretion rate. If the surfacgedffgld for some accreting magnetars
is still very high (the extreme value i$)'® G ), then the corresponding the equilibrium period can
be as high ag0?s. Therefore, the range of period for accreting magnetars exégnd from0.1 s

to 103 s. If the orbital period is about several days as in the caseuSTR J095551+6940.8, the
timescale of X-ray observations (tens of kiloseconds) balla significant fraction of the orbital
period. An accelerated searching technique must be engblioyerder to identify these periodic
pulsations (Bachetti et al. 2014).

3.4 Observational Appearances of Accreting Magnetars

The discovery of low magnetic field magnetars (with a dipaddfia few timesl0'2 G, Rea et al.
2010, 2012; Zhou et al. 2014; Tong & Xu 2012, 2013) clearly destrates that a multipole field
is a crucial attribute of magnetars. In order to power botfsiggent emission and bursts, a dipole
field is not enough. A stronger multipole field (about or higihan10' G) is needed. Several failed
predictions of the magnetar model (the supernova energciaésd with magnetars has a normal
value, the non-detection of magnetars by Heemi telescope, etc) have challenged the existence of
a strong dipole field in magnetars (Tong & Xu 2011 and refegsrtberein). It has been shown that
magnetars may exhibit wind braking and a strong dipole migjfield is not necessary (Tong et al.
2013). The key aspect of magnetars is their strong multifielig. A signature of a strong multipole
field is needed in order to say that an accreting magnetarssrebd (Tong & Wang 2014). From
Equation (13), for an accreting high magnetic field neutram gvith a dipole field higher than
10'* G), the equilibrium period will be larger than one hundredosets. Previously, some super-
slow X-ray pulsars were thought to be accreting magnetatls éapulsation period longer tha®?® s,
Wang 2013). However, this is at most observational eviderice strong dipole field. A neutron
star with a strong dipole field is not necessarily a magnétar & Kaspi 2011). Tong & Wang
(2014) discussed possible observational appearanceidtiag magnetars. Combined with the
result in this paper, three observational appearancescoét@itg magnetars are available at present:
(1) magnetar-like bursts, (2) a hard X-ray tail (higher thaé keV), and (3) an ultraluminous X-ray
pulsar.

3.5 Comparison with Other Papers

In the observational paper, Bachetti et al. (2014) made sestimations and showed that it may
be difficult to explain both the super-Eddington luminosityd the spin-up rate. Assuming spin
equilibrium, the Alfvén radius will be approximately edt@athe corotation radius. Not considering
the effect of beaming, the luminositp*® erg s~! requires a mass accretion rate of abtff gs—'.
According to Equation (10), the theoretical spin-up ragisut—6 x 10—, but the observed spin-up
rate is only about-2 x 1071%. In order to solve this controversy, Eksi et al. (2015) aydtlkov
(2014) tried different forms of accretion torque. Howeargording to the above calculations, the
observed spin-up rate is understandable even in the tadltiormula of accretion torque provided
that the effect of beaming is considered. With only one Wtranous X-ray pulsar at hand, there are
many uncertainties. More observations of more sourceseméat in order to clarify this problem.
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4 CONCLUSIONS

The ultraluminous X-ray pulsar NuSTAR J095551+6940.8 ir2NE8modeled as an accreting low
magnetic field magnetar. A magnetar-strength multipold fietesponsible for the super-Eddington
luminosity. The much lower large scale dipole field detemsithe interaction between the neutron
star and the accretion flow. Its rotational behaviors canXpdaged using the traditional form of
accretion torque considering the effect of beaming. Thentaypart of NUSTAR J095551+6940.8
(M82 X-2) is a transient because it may switch between thestion phase and the propeller phase.
The theoretical range of period for accreting magnetars beayery wide. Three observational
verifications of accreting magnetars are available at ptese
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