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ABSTRACT

We report on the analysis of the spin evolution of a slow X-ray pulsar GX 301-2 along the orbit
using long-term monitoring by Fermi/Gamma-ray Burst Monitor. Based on the observationally
confirmed accretion scenario and an analytical model for the accretion of angular momentum,
we demonstrate that in this system, the neutron star spins retrogradely, that is, in a direction
opposite to the orbital motion. This first-of-a-kind discovery of such a system proves the
principal possibility of retrograde rotation in accreting systems with suitable accretion torque,
and might have profound consequences for our understanding of the spin evolution of X-ray
pulsars, estimates of their initial spin periods, and the ultimate result of their evolution.
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1 INTRODUCTION

GX 301-2 is one of the brightest persistent X-ray pulsars, where the
neutron star (NS) is accreting from highly structured stellar wind
of the hypergiant companion Wray 977 (White et al. 1976; Kaper,
van der Meer & Najarro 2006). The donor star has the mass of
39-53M ¢ and the radius R, ~ 62 R, and loses mass at a high rate
(~1073 M ¢ yr~!) through a slow wind (~300kms~') powering
the observed X-ray emission from the pulsar (Kaper et al. 2006). The
distance to the system is estimated to be d = 3.534:8:‘5“2) kpc based on
Gaia parallax measurement (Bailer-Jones et al. 2018; Treuz et al.
2018). The high mass-loss rate from the primary and the low wind
velocity enable high observed X-ray luminosities reaching 10%°—
10%7 erg s~! along the highly eccentric (e ~ 0.46) orbit with a period
0f 41.482 + 0.001 d (Koh et al. 1997; Doroshenko et al. 2010). The
orbital light curve exhibits strong peak near the periastron at p &
6.5 x 10'?> cm, which has been attributed to the enhanced wind
density (gas stream) associated with tidal interaction of the wind
and the NS (Stevens 1988; Leahy & Kostka 2008).

The high accretion rate also implies that significant angular
momentum should be constantly accreted to the NS, which can
then be expected to spin up steadily. However, the observed long
spin period of the source implies that this is clearly not the case.
This suggests that either the accretion torque is overestimated, there
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are episodes of spin-down, or an efficient mechanism of angular
momentum loss must exist. Such a mechanism can be more easily
realized in the presence of a strong magnetic field; and therefore it
has been suggested that GX 301-2 might host an accreting magnetar
(Doroshenko et al. 2010). Alternatively, the angular momentum loss
may be attributed to a magnetized wind of a primary (Ikhsanov &
Finger 2012) or the presence of a quasi-statical spherical shell
around the NS magnetosphere (Shakura et al. 2015). We note that the
problem is not limited to GX 301-2 because a significant fraction of
the X-ray pulsars have long spin periods and exhibit long-term spin-
down trends (Liu, van Paradijs & van den Heuvel 2005, 2006). The
accretion torque is also expected to align the spin of the NS with its
orbital motion, an assumption which usually remains unquestioned,
even though it has not been yet verified directly. We emphasize that
the spin evolution of X-ray pulsars is of interest not only when
studying the astrophysics of these systems. For instance, accreting
NSs are one of the key progenitors of gravitational wave sources,
and the lack of a strong prior for the pre-merger NS spin leads
to large uncertainties when interpreting observed waveforms and
kilonova signatures (East et al. 2019).

The problem of spin evolution in X-ray pulsars is far from being
fully understood, especially for wind-accreting systems. It is be-
lieved, however, that even in wind accretors, the angular momentum
influx is on average proportional to the accretion rate, which is
the reason why the existing investigations have so far focused on
modelling of the luminosity dependence of the observed spin-up rate
(Doroshenko et al. 2010). On the other hand, the observed orbital
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evolution of flux in GX 301-2 and other wind accreting systems
is clearly related to inhomogeneous wind structure, which is also
expected to affect spin evolution (Benensohn, Lamb & Taam 1997).
Yet, this possibility has been largely ignored in past investigations
due to the lack of observational data to test the models.

Being one of the brightest X-ray pulsars, GX 301-2 is routinely
monitored by all-sky X-ray monitors which have been measuring
both X-ray flux and spin frequency since 2008. This makes GX 301—
2 an ideal target for an investigation of the spin evolution as a
function of the orbital phase with specific interest in the periastron
passage where a prominent flare occurs regularly when the source
passes through a stream of denser wind.

In this paper, we begin by describing our analysis of the archival
spin-frequency measurements for GX 301-2 and the result for the
spin-frequency evolution with the orbital phase in Section 2. In
Section 3, we interpret our results in terms of a simple analytical
model for the angular momentum accreted from an inhomogeneous
wind and discuss the implications both for the GX 301-2 and other
accreting NS systems. We conclude in Section 4.

2 DATA ANALYSIS AND RESULTS

To investigate the orbital dependence of spin-frequency changes,
we used data from Fermi Gamma-ray Burst Monitor (GBM) pulsar
project (Meegan et al. 2009)! from MJD 54693 to 58575. The
chosen GBM spin history shows three distinct spin-up episodes
(Finger et al. 2010; Nabizadeh et al. 2019), which were excluded
from our data. GBM measures the spin frequency on ~2 d intervals,
and the frequency values of two consecutive points were compared
to calculate the frequency derivatives. The measurement time of the
frequency derivative was then taken as the middle point between
these two data points. A total of 1377 data points on 93 orbits were
used in the analysis. We verified that the results are not affected
significantly if the spin-frequency derivative is estimated using other
approaches such as numerical differentiation of the interpolated
spin history or linear fit to more than two points. We then folded
the observed spin-frequency derivatives f with the orbital period of
41.482 £ 0.001 d (Doroshenko et al. 2010), and calculated the mean
and standard deviation of the individual measurements obtained
within given orbital phase bin [see Fig. 1 (a)].

A possible explanation for observed spin-frequency-derivative
variations would be the systematic errors associated with the
uncertainty in the orbital parameters of GX 301-2. To assess
their possible effects on the measured frequency derivative, we
first reverted the binary correction applied to GBM data, and
then corrected the resulting ‘raw’ spin history using 10* sets
of randomly sampled orbital parameters generated around initial
values assuming uncertainties reported by Koh et al. (1997). We
then repeated the analysis described above for each realization and
calculated for each phase the standard deviation of the obtained spin-
frequency derivatives. This turned out to be (0.5—3) x 107> Hzs™!
or ~0.3-3 of the statistical uncertainty with the largest values around
the periastron, and the maximal value of 3 x 10713 Hz s~! was added
in quadrature to the statistical uncertainty for all calculations below.
The original errors and the systematics are shown in Fig. 1(a).

To assure that the observed fluctuations of frequency derivative
around the periastron are significant, we used the bootstrap method.

Ihttp://gammaray.nsstc.nasa.gov/gbm/science/pulsars/lightcurves/gx301m
2.html
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Figure 1. Panel (a): derivative of the pulse frequency of GX 301-2 folded
on the binary orbital phase. The blue horizontal lines show the zero level,
while the red dashed and the blue dotted vertical lines in all the panels show
the phases of the preperiastron flare and the apastron passage, respectively.
Thicker error bars indicate the error without the addition of systematics
related to orbital uncertainties. Panel (b): X-ray luminosity folded on the
orbital phase. The errors are the 1-o standard deviations, but some are too
small to be seen in the plot. Panel (c): specific angular momentum carried
by the accreted matter calculated from the frequency derivative and the
estimated mass accretion rate. The red curve shows the model fit to the data
described in Section 3.

In particular, we repeated the folding procedure for 10* random-
ized spin-frequency-derivative histories obtained by shuffling the
observed one, and for each calculated the x> deviation of the
folded frequency derivative from a constant value of zero. We found
that the distribution of these calculated x? values is, as expected,
also consistent with a x2 distribution, described by 14 degrees of
freedom, a shift of 1.0 and a scaling of 1.4. From such a distribution,
we have a chance probability of 6 x 107> of obtaining a deviation
equal to or greater than x> = 62 as measured for the frequency-
derivative fluctuation in GX 301-2. This implies that the observed
fluctuations are highly significant.

The source flux was estimated based on Neil Gehrels Swift
Burst Alert Telescope (BAT) data (Krimm et al. 2013) and the
X-ray light curve was folded in the way similar to the frequency
derivative to trace the corresponding flux. The flux was trans-
formed to X-ray luminosity using three simultaneous observa-
tions by the Nuclear Spectroscopic Telescope Array (NuSTAR).
In the full energy band, 3-79keV, NuSTAR observed absorbed
luminosities of (0.24 + 0.07) x 10%7, (0.4 + 0.1) x 10%, and
(1.2 + 0.3) x 107 ergs™ on MJD 56959, 57299, and 58545
(Nabizadeh et al. 2019). The luminosities corrected for absorption

Zhttps://swift.gsfc.nasa.gov/results/transients/GX301-2/
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in the interstellar medium and in the system are consistently about
20 percent higher. The corresponding count rates measured by
Swift/BAT on the same dates are 0.017 %= 0.003, 0.020 £ 0.003, and
0.06 £ 0.03 countscm™2s~!, which imply an average conversion
factor of (18 & 1) x 10*” ergs~!(counts cm=2 s~ 1)1

With the computed luminosity [Fig. 1(b)], we now obtain vari-
ations of the specific accreted angular momentum [Fig. 1(c)] with
the orbital phase using the equation

_2nfl
M

l , (€))
where I = 10 gcm? is the moment of inertia of the NS and M is
the mass accretion rate, which is connected to luminosity L through
M = L/(ec?), where € = 0.15 is the assumed efficiency.

It is evident that the spin evolution during the preperiaston flare
is complex, showing both spin-up and spin-down episodes. If the
mass accretion rate was simply correlated with the transported
angular momentum, the NS would be expected to strongly spin-
up throughout the flare. However, the maximum spin-up is already
observed before the observed peak of the flux, when maximal
accretion torque is naively expected. The observed spin-up rate,
however, starts to steadily decrease several days prior to the flux
maximum even though the accretion rate continues to increase. In
fact, zero spin-up rate is observed at the peak of the flare, and the
NS is already spinning down right after the peak. The maximal
spin-down rate is then reached several days after the peak of the
flare, still at a high accretion rate.

3 DISCUSSION

Here, we would like to focus on the discussion of the spin-frequency
changes around the periastron. As discussed in the data analysis
section, even considering uncertainties in the orbital parameters
determined by Koh et al. (1997), the observed evolution of the
frequency derivative over the orbit has a high statistical significance
and therefore requires a physical explanation. First of all, it is
important to emphasize that in GX 301-2, the observed orbital flux
dependence is neither consistent with accretion from a transient
accretion disc, nor from a smooth homogeneous wind. However,
in an eccentric binary system, the wind may be enhanced in the
periastron due to tidal interaction of the NS with the primary
(Stevens 1988). Based on this result, the flaring has been suc-
cessfully explained with a gas stream model (Haberl 1991; Leahy
1991, 2002; Leahy & Kostka 2008). Additionally, modelling of the
X-ray absorption column as a function of orbital phase supports this
scenario (Leahy & Kostka 2008). Finally, the presence of the stream
has been confirmed directly through near-infrared interferometry
(Waisberg et al. 2017), thus this interpretation appears to be well
justified. In this model, the two peaks in the orbital light curve
of the source are attributed to the passage of the NS through
the stream: the NS overtakes the stream slightly before periastron
and is overtaken by the stream at the apastron (Leahy & Kostka
2008).

Now, let us discuss the results using a model for the angular
momentum transfer if indeed the NS passes through the stream (see
Fig. 2 for an illustration). For simplicity, we consider an NS moving
with constant velocity vns = Qr perpendicularly to the radial wind
of velocity vy,. The wind velocity may depend both on the distance
r from the primary star and on the azimuthal angle ¢. The wind
density falls with the radius because of mass conservation p vy r> =
const and it may have a strong azimuthal dependence because of
the presence of the gas stream. We represent the accreted specific
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Figure 2. An illustration of the binary system of GX 301-2 and the gas
stream accretion scenario (not to scale). The NS orbits counterclockwise
around the more massive optical companion Wray 977. Right before the
periastron, the NS crosses the gas stream, causing the preperiastron flare:
insert 1 shows the NS entering the stream and insert 2 shows it exiting the
stream. The bow shock is shown and the streamlines illustrate the movement
of matter (qualitatively, based on simulation results of Ruffert 1999 and
MacLeod & Ramirez-Ruiz 2015) and the density of the lines indicates the
density of matter in the stream. The dotted curve shows the direction of
the NS rotation, which is here retrograde with respect to the orbital motion.
When the stream is right ahead of the NS, it provides an accelerating torque,
and right after the NS has overtaken it, the stream provides a decelerating
torque.

angular momentum as

Q
l= ERﬁn, ()

where Ry = G Mys/v2, is the characteristic accretion radius which

is a function of the relative velocity, v, = ‘/v\ﬁ,—f—v%s. The
dimensionless coefficient 1 is equal to unity if the wind is fast,

homogeneous, spherically symmetric and has a constant velocity
(Shapiro & Lightman 1976). If there are both radial and azimuthal
gradients and the wind velocity is not much larger than the NS
velocity, following Wang (1981) we get

14+ 6cos’a [ dlnv,
2 Olnr

Vy 10Inp , Olnuvy
+ —(—= + 3cos“a , 3)
UNS ad)

n=1+3sina+

where « is the angle between the relative velocity vector and the
radial direction, sinao = vns/v. This reduces to equation (28b)
from Wang (1981) if « <« 1, when the azimuthal gradients dominate.
For spherically symmetric accelerating wind of the form vy (r) =
Voo(l — R/P)P

0lnvy B

dlnr  r/R.—1_

0 “
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and 7 is always positive. The radial density gradient produces
positive angular momentum, because there is higher density at a
trailing part of the accretion cylinder. Also the velocity gradient
works in the same direction: the wind velocity is smaller behind the
NS, leading to a larger capture cross-section and a larger arm, also
resulting in a positive accreted angular momentum.

The situation is very different if the wind is not homogeneous but
has azimuthal gradients of density and velocity. Let us consider a
Gaussian density profile

p(r, @) = po(r) [1 + Rexp (—¢%/202)] ®)

as suggested by Leahy & Kostka (2008). Here ¢ = 0 is associated
with the centre of the stream and the density contrast is defined by
the parameter R. In this case, we get

Olnp ¢ 1
d¢ o021+ (1/R)exp(¢?/202)

This function is positive at ¢ < 0 and negative at ¢ > 0 and has
extrema at ~42 ¢ depending on R. Thus, the contribution of the
azimuthal gradient of density to the accreted angular momentum is
negative before the NS passes the peak density of the stream (i.e. ¢ <
0), while after the peak, itis positive. If the stream velocity is smaller
than the background wind velocity then the azimuthal derivative
0lnv,/0¢ has an opposite sign compared to the corresponding
density derivative, but contributes to the angular momentum with
the same sign [see equation (3)]. Assuming that pv 7> is constant
throughout the wind, 0 In vy, /0¢p = —0 In p/0¢, and we would get

1+6cos’a (dlnvy, vy Olnp o
2 Olnr wns 09 /)

Q)

n=143sina+

Due to a large number of poorly constrained parameters and
uncertainty in the velocity structure of the stream, we switch
to a more phenomenological approach. We retain the form of
equation (7)

R R 8
n(d))_ 1= ZW(UNO-Z? )7 ( )

assuming the Gaussian azimuthal density profile with the derivative
given by equation (6), but considering different stream widths on the
two sides 0| and o,. After all, both the flare and the accreted angular
momentum show asymmetry with respect to the flare peak in Fig.
1. The constants C; and C; are expected to be of the order of unity,
being dependent on the details of wind properties and the NS orbit.
For GX 301-2, the normalization of specific angular momentum in
equation (2) outside the stream is QR%/2 ~ 5 x 10'®cm?s~! for
a typical relative velocity of 400kms~'. To explain the observed
values of I ~ £10'7 cm?s~!, 5 should reach values of about £2.

A fit of the model given by equation (8) to the specific angular
momentum data is shown in Fig. 1(c). Close to the periastron,
we can approximate the relation between orbital phase ® (mean
anomaly) and the azimuthal angle ¢ (true anomaly) measured from
the stream peak by a linear function ¢ =~ 2ws(® — Py ), Where
Dy, 1s the phase of the flare and s is a coefficient of the order of
unity and s &~ 3 for eccentricity of ¢ = 0.46. The fluctuation we
are interested in occurs near the periastron and therefore we keep
the coefficient constant. On the other hand, because the stream can
itself rotate around the donor, s should be somewhat smaller. Here
we do not account for the second crossing of the stream at apastron.
Fixing the ratio of densities to R = 20 (Leahy & Kostka 2008) and
assuming s = 2, the best-fitting parameters are C; = —0.1 + 0.1,
C,=-10+04,0,=08=+02,ando, =12+ 04.

Retrograde rotation in GX 301-2 2181

At the peak of the flare, associated with the centre of the stream,
the accreted specific angular momentum is small (and negative) and
the derivative term in equation (8) vanishes. This then determines
the smallness of coefficient C; and its sign in this simplified model.
There are large values (in absolute sense) of accreted angular
momenta in the wings of the flare, well described by the model,
which predict values of the derivative term given by equation (6)
of the order of 1/0,. Interestingly, the observed specific angular
momentum is significantly larger after the flare than before. For
|C>| > |Cy], this behaviour is difficult to explain in terms of this
simple model. The most important observation is that the signs
of the coefficients C; and C, are opposite to those expected from
theory. Indeed, in the wings, the observed values of the accreted
angular momentum are of the opposite sign compared to the ones
predicted by equation (7). This is only possible for an NS that spins
retrogradely with respect to the orbital motion.

The best-fitting parameters should be taken with caution, as
we have ignored the fact that the stream itself rotates around the
primary star, resulting in a deviation of the wind velocity from
radial direction (Wang 1981). The ellipticity will also affect the
evolution of the relative velocity along the orbit, because the NS
radial velocity changes the sign at the periastron. This results in
a significant decrease of the relative velocity after the periastron
leading to an increase in the accretion radius and the accreted
angular momentum. This effect might explain the fact that the flare
is asymmetric and the absolute value of / is nearly three times larger
after the flare than before that. An additional source of error may
lie in the uncertainties of the orbital parameters (Koh et al. 1997).

Thus, we see that our model describes the angular momentum
data well in qualitative terms, although it is difficult to explain the
data quantitatively due to the simplifications made and possible
uncertainties of the orbit. In any case, the model demonstrates
that the observed spin evolution of the NS can only be explained
if it rotates retrogradely with respect to its orbital motion. A
progradely spinning N'S would behave oppositely, i.e. it would spin-
down before passing the stream and spin-up after that. Although
retrograde spins of NSs have been suggested to be common based on
the theory of supernova kicks (Hills 1983; Brandt & Podsiadlowski
1995), this is the first time it has been observationally demonstrated
that such a scenario can indeed be realized.

We note that the retrograde rotation also naturally explains the
long spin period of the source without a need for a strong spin-
down torque required to balance the accretion torque. While the
luminous GX 301-2 is the most problematic source in this regard,
the problem of long spin periods in X-ray pulsars has in general
been a long-standing issue, which retrograde rotation, if found to be
more common, can help to address. Retrograde rotation can have
profound consequences for the observational appearance of X-ray
pulsar population (especially at low mass accretion rates, where
the expected quiescent luminosity depends on the spin period of
the source; Tsygankov et al. 2017), and for the spin distribution
of NSs when they merge and produce gravitational waves. So far,
there were no observational clues to this problem, and our study
represents the first step in this direction.

Finally, it is worth to note that from a theoretical point of view,
the high eccentricity and the low NS-to-donor mass ratio add to
the plausibility of a strong supernova kick, which resulted in a
retrograde NS in GX 301-2. The low mass ratio also implies that
the primary was likely unable to overfill its Roche lobe and to power
a steady disc accretion for extended periods of time, a condition
required to align the flipped spin of the NS with its orbital motion.
While providing support to our interpretation, these arguments may
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imply that GX 301-2 is rather a special case, and we have to be
careful when extending results to other systems.

4 CONCLUSIONS

We studied variations of the spin frequency of the persistent
X-ray pulsar GX 301-2 with the orbital phase. We found that the
spin-frequency derivative changes sign around flares when the NS
passes through a gas stream close to the periastron. These changes
are highly significant unless there are major errors in the orbital
parameters of the source. Using analytical model for the accretion
of angular momentum, we showed that the measured changes can
only be explained if the NS has a retrograde sense of rotation with
respect to its binary orbit. The sense of rotation of a pulsar is
usually difficult to determine and this first observational evidence
that NSs in X-ray binaries might spin retrogradely not only explains
the long spin period of the source, but is expected to deepen our
understanding of the spin evolution of long-periodic X-ray pulsars in
general. Finally, we noted that the possibility of retrograde NSs may
have considerable implications for population studies of accreting
pulsars as well as studies of supernova kicks and progenitors of
gravitational wave sources.
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