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ABSTRACT

Aims. We aim to explore the properties of the Be/X-ray binary system MXB 0656–072 from a timing analysis perspective through an
investigation of the RXTE/PCA and Fermi/GBM data during its 2007–2008 type I outbursts.
Methods. We applied two new techniques, for the first time, along with the conventional Deeter method to produce higher-resolution
power density spectra (PDS) of the torque fluctuations. We also investigated the spin frequency evolution of the source by utilising a
pulse timing technique.
Results. The PDSs show a red noise pattern, with a steepness of Γ ∼ −2 and a saturation timescale of ∼150 d, indicating that
MXB 0656–072 is a disc-fed source. With the obtained long term spin frequency evolution, we reveal the torque–luminosity correla-
tion of MXB 0656–072 for the first time. We also demonstrate that the frequency evolution is largely consistent with the Ghosh–Lamb
model. In the RXTE/PCA observations, the pulsed emission disappears below ∼5×1035 erg s−1, while the profiles remain stable above
this value in our analysis time frame. We show that the magnetic field strength deduced from the torque model is compatible with
the field strength of the pulsar derived from the cyclotron resonance scattering feature. Utilising the new distance of MXB 0656–072
measured by Gaia, we show that the spectral transition of MXB 0656–072 occurs at a luminosity that matches the expected theoretical
transition from the subcritical to supercritical accretion regime.
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1. Introduction

MXB 0656–072 is a transient BeXRB system consisting of
a neutron star with a spin period of 160.7 s (Morgan et al.
2003) and a O9.7Ve spectral type donor star (Pakull et al.
2003). Despite it being among the earliest transients discov-
ered (Clark et al. 1975), this source still stands as a relatively
less explored member. Following its discovery, MXB 0656–072
entered a state of quiescence, only to rebrighten in 2003 dur-
ing a two-month outburst episode between October and Decem-
ber. Analysis of RXTE data by McBride et al. (2006b) classi-
fied the outburst as type II (see e.g. Reig 2011), revealing a
cyclotron resonance scattering feature (CRSF) at ∼33 keV, and
implying a magnetic field strength of ∼3.7×1012 G. Furthermore,
they estimated a distance of 3.9± 0.1 kpc using optical obser-
vations. However, the source is reported to be at a distance of
5.7± 0.5 kpc in the Gaia Early Data Release 3 (EDR3) catalogue
(Source ID: 3052677318793446016), which is not entirely con-
sistent with the aforementioned value (Gaia Collaboration 2016,
2021).

The second (and the most recent) reappearance of
MXB 0656–072 lasted for about one year. The source exhib-
ited a series of X-ray bursts between 2007 November and 2008
November, as observed by INTEGRAL (Kreykenbohm et al.
2007), RXTE (Pottschmidt et al. 2007), Swift (Kennea et al.
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2007), and Fermi1. During the series of type I outbursts,
RXTE/PCA–HEXTE spectra show a CRSF at the luminosity
of ∼6.6 × 1036 erg s−1 (for 3.9 kpc) in the 3–22 keV energy
band (Yan et al. 2012). Through the analysis of Swift/BAT and
RXTE/ASM data, Yan et al. (2012) deduced an orbital period of
∼101.2 d; nevertheless, the specific orbital parameters character-
ising the system are yet to be established. Their analysis high-
lighted that the spectra are best described by an absorbed low-
energy cut-off power law, accompanied by a CRSF at ∼30 keV
and an iron line at ∼6.4 keV. Furthermore, Nespoli et al. (2012)
probed the multiwavelength variability of the transient system
MXB 0656–072. In addition to studies on outbursts, MXB 0656–
072 has also been studied in its quiescence phase using data
from Chandra observatory (Tsygankov et al. 2017) and, most
recently, from NuSTAR (Raman & Varun 2023).

This paper focuses on the examination of timing and pulse
variability of MXB 0656–072 throughout its 2007–2008 out-
burst. The structure of the paper is as follows: In Section 2, the
data and the associated reduction tools used in this study are
detailed. Section 3 outlines the methodology and the results of
pulse timing and torque-luminosity analysis, followed by a com-
prehensive investigation of timing noise behaviour of the source
in Section 4. Finally, in Section 5, we discuss the physical inter-

1 https://gammaray.nsstc.nasa.gov/gbm/science/pulsars/
lightcurves/mxb0656.html
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pretations of our results within the context of prior research find-
ings.

2. Data

Our study concentrates on the series of type I outbursts of
MXB 0656–072 during 2007–2008. The outburst sequence was
extensively monitored with RXTE/PCA (Jahoda et al. 1996)
across the observation sets P93032 and P93423. The RXTE
monitoring campaign, started on 2007 November 14 and ended
on 2008 November 18, consists of 172 individual observations.
Typical exposures varied between 0.5 and 28 ks throughout these
observations.

Analysis of the RXTE/PCA observations are performed
using the heasoft v6.31 software. The data filtering included
conditions, such as an elevation angle higher than 10 degrees,
source offset below 0.02%, and electron contamination under
0.1. Additionally, to enhance the signal-to-noise ratio, data col-
lected within 30 minutes of the South Atlantic Anomaly peak
were excluded.

Utilising the GoodXenon mode events, we generated a
light curve with a 0.125 s time resolution in the 3–20 keV
energy band. Since there are different numbers of proportional
counter units (PCUs) active during each observation, we used
the CORRECTLC command to adjust the count rates to reflect
the simultaneous operation of all five PCUs. Finally, the photon
arrival times of the light curve were corrected to the barycenter
for the timing analysis.

With the aim of measuring the flux level of each obser-
vation, we further extracted the spectrum for each observation
using only PCU2 top layer data in standard2f mode. We used the
EPOCH 5C model for background generation. Then we used the
bright background model, unless the source count rate dropped
below <40 cts/s/PCU as suggested by the RXTE team2. The
overall continuum of the spectra can accurately be modelled
by an absorbed cut-off power law, with an iron emission line
at 6.4 keV and a CRSF feature around 30 keV (Yan et al. 2012;
Nespoli et al. 2012). In this study, we focus only on the timing
properties of the source. We limit our spectral analysis to the 3–
20 keV energy range, within which the pulse timing analysis is
conducted, with a sole aim of obtaining the flux evolution of the
source to check for any correlation with the frequency deriva-
tive and to investigate it in terms of accretion models. Consid-
ering the limited energy band, each spectrum is modelled with
an absorbed power law to measure the unabsorbed flux levels in
the given range. We also added a Gaussian line or a cut-off to
the model when they are statistically significant. The resulting
3–20 keV flux measurements were then converted to the lumi-
nosity, assuming a distance of 5.7 kpc. For a detailed analysis of
the spectral evolution of MXB 0656–072 with the same RXTE
data set, we refer to Yan et al. (2012) and Nespoli et al. (2012).

3. Pulse timing and torque–luminosity relation

We started by calculating a nominal spin frequency through fold-
ing the barycenter-corrected RXTE/PCA light curve at statisti-
cally independent trial frequencies (Leahy et al. 1983). Next, we
folded the light curve at the nominal spin period to generate 20
phase-bin pulse profiles for each observation. In cases where the
time difference between consecutive observations was less than
1 day, we merged them together and extracted a combined pulse
profile. To determine the time of arrivals (TOAs) of the pulses,

2 https://heasarc.gsfc.nasa.gov/docs/xte/pca_news.html

Fig. 1. Pulse TOAs obtained from the RXTE/PCA observations after the
removal of the overall spin-up trend (see text), shown at the top. Pulse
profile evolution of MXB 0656–072, sorted by 3–20 keV RXTE/PCA
luminosity (bottom). To improve legibility, the pulse profiles have been
normalised to [0, 1] range and displayed for two complete cycles.

each profile was transformed into a Fourier harmonic represen-
tation and cross-correlated (Deeter et al. 1985) with the template
profile, which was chosen as the one with the highest χ2 among
them.

The observed pulsed emission profiles during this interval
possess a single-peaked shape. We represent the 3D plot of the
normalised pulses sorted by RXTE/PCA count rates in Figure 1.
The pulse profiles do not exhibit a significant evolution over
either luminosity or time. The only exception is that we can-
not observe any pulsed emission in the last few RXTE/PCA
observations during which the source luminosity drops below
∼5 × 1035 erg s−1. It should be noted that the source emission
stays of the order of 1036−37 erg s−1 within the data set in our
analysis and the deduced interpretations were made accordingly.

As the source continues to accrete, the pulse TOAs rapidly
drift, especially due to enhanced accretion episodes at the
type I outbursts within the analysis interval. Therefore, we rep-
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Fig. 2. Spin frequency history of MXB 0656–072 obtained with
RXTE/PCA (black points, this work) and Fermi/GBM (green dia-
monds) shown at the top. Lower panel gives the distribution of spin-
up rate measurements as a function of the 3–20 keV RXTE/PCA lumi-
nosity of MXB 0656–072. The red line marks the best fit of the
model.

resent the pulse TOAs after the removal of the overall spin-
up trend, Φsu, starting at Epoch = MJD 54598.05, with ν =
6.27128(6) mHz and ν̇ = 1.14(2)×10−12 Hz s−1. Noting the com-
plex time evolution of the pulse TOAs even after elimination of
the spin-up trend (Figure 1), we did not characterise them with
high-order polynomials to specify a phase-coherent timing solu-
tion. Instead, we directly convert them into spin frequency mea-
surements by fitting linear functions to every sequential TOA
triplet. The slope of these linear functions are utilised to calculate
the frequency corrections at the middle times of TOA triplets by
δν = δφ/δt over the spin-up trend mentioned above. The result-
ing spin frequency history generated from the RXTE/PCA obser-
vations is illustrated in Figure 2 (upper panel) together with the
Fermi/GBM measurements3 (Malacaria et al. 2020). The uncer-
tainties of the frequency measurements are evaluated from the
1σ error ranges of the slope obtained during the fitting; and the
horizontal uncertainties reflect the time range of TOA triplets
contained therein.

As can be seen from Figure 2, MXB 0656–072 always spins
up during the year, covered by the observations analysed in

3 https://gammaray.nsstc.nasa.gov/gbm/science/pulsars/
lightcurves/mxb0656.html

our study. Even though the spin frequencies seem to modulate
at the suggested orbital period (∼101.2 days; Yan et al. 2012)
over a general spin-up trend, they should be examined with cau-
tion. The spin-up rate enhancements correspond to the bursting
episodes, yet the spin-up trend still persists at rather quiescent
episodes between the type I outbursts. Thus, we examine the
intrinsic spin frequency evolution due to the torque exerted on
the pulsar via accretion. First, we calculated the spin frequency
derivatives using sequential linear fits to ∼20-day-long segments
in the frequency history in a similar procedure as described
above. Next, a linear spline interpolation of the RXTE/PCA flux
evolution was used to estimate the flux range corresponding to
the intervals where the spin frequency derivatives are measured.
The distribution of measured spin-up rates with respect to the
flux exhibits a clear correlation (see Figure 2, lower panel). The
spin-up rate increases with the luminosity, reaching up to ∼4 ×
10−12 Hz s−1 when the source achieves its maximum luminosity
during this type I outburst sequence. It should be noted that the
timing analysis of the type II outburst in 2003 revealed a time-
averaged spin-up rate of ∼4.52(13)×10−12 Hz s−1 (McBride et al.
2006b) for the average luminosity of 1.4(8)× 1037 erg s−1 (recal-
culated for 5.7 kpc), which is consistent with the results of our
analysis.

Adopting the methodology specified in Galloway et al.
(2004), the correlation between the accretion torques and
the X-ray luminosity is modelled in the form of a power-
law profile, ν̇ ∝ LαX, as expected from several torque
models (e.g., Ghosh & Lamb 1979; Lovelace et al. 1995;
Kluźniak & Rappaport 2007). Fitting the relation with a power
law yields an exponent α = 0.88 ± 0.03 (with 1σ confidence
level), which is in good agreement with the Ghosh–Lamb expo-
nent, α = 6/7. It should be noted that MXB 0656–072 is a
slow rotator (Pspin ∼ 160 s; ωs � 1); therefore, the effect of the
curvature introduced by the fastness parameter n(ω) is insignif-
icant in the given luminosity range. Furthermore, the observed
source luminosities are mostly above >1036 erg s−1 and differ-
ent torque models (e.g. Wang 1995; Bozzo et al. 2009) does not
yield notable changes in the correlation modeling and the spin
frequency residuals. Therefore, we proceed our analysis using
the prescription given in Ghosh & Lamb (1979) and freeze the
exponent to 6/7 (i.e. ν̇12 = β L6/7

37 ) during the modelling. In
this case, the best fit yields β = 2.42(6). Then, the intrinsic
spin frequency evolution originating from the accretion can be
constructed following the approach outlined by Galloway et al.
(2004) and Serim et al. (2022) as:

νmodel(t) = ν0 +

∫ t f

t0
βL(t′)6/7dt′, (1)

where t0 and t f denote the start and end times of the data set, and
ν0 is the spin frequency at t0. Figure 3 displays the intrinsic spin
frequency evolution obtained from this procedure in concert with
the measured spin frequency set and its residuals. The residuals
after removal of the intrinsic spin frequency trend possess some
structural variations; however, they do not exhibit a clear sign for
modulation with a profile that can be attributed to orbital motion.
It is important to note that even when the exponent α is allowed
to vary, its impact on residuals remains negligible. Therefore, the
spin frequency residual profile is not well-suited for a fit to accu-
rately determine a complete orbital solution. Consequently, we
are not able to constrain the orbital parameters of MXB 0656–
072 with this data set.
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Fig. 3. Frequency measurements of MXB 0656–072 with RXTE/PCA
(black) and Fermi/GBM (green) shown at the top. The solid red line
represents the intrinsic spin frequency model obtained through the ν̇–
L relation. Middle panel: 3–20 keV RXTE/PCA flux evolution. Lower
panel: spin frequency residuals after subtracting νmodel from the fre-
quency measurements.

4. Timing noise phenomenon

Timing noise is defined as the stochastic wandering in the resid-
uals after fitting the data with an appropriate model. There are
different metrics to interpolate the timing noise amplitudes of
pulsars (e.g. see Deeter et al. 1985; Arzoumanian et al. 1994;
Shannon & Cordes 2010; Lower et al. 2020; Jones et al. 2023)
and although there are numerous studies focusing on theo-
retical framework of underlying physical processes (e.g. see
Meyers et al. 2021a,b; Antonelli et al. 2023; Vargas & Melatos
2023, and references therein), the timing noise phenomenon
is still poorly understood. In recent years, studies on tim-
ing noise have become especially important in the detection
of gravitational waves (e.g. see Riles 2023, and references
therein). Time-dependent noise characteristics of a pulsar pro-
vide hints for ongoing physical processes specific to that pul-
sar. For example, in a binary system, timing noise at viscous
timescales are dominated by the torque fluctuations associated
with accretion flow (Serim et al. 2023a). On the other hand, iso-
lated pulsars are found to exhibit higher timing noise levels
at lower characteristic ages and their timing noise behaviours
are mostly associated with rotational instabilities and magneto-
spheric fluctuations (Hobbs et al. 2010; Çerri-Serim et al. 2019;
Serim & Serim 2022).

The spin frequency history of MXB 0656–072 obtained in
this work has a data sampling rate of 1 measurement per ∼3 days.
This is achieved through the comprehensive monitoring cam-
paign conducted with RXTE/PCA, which provides an ideal input
for timing noise analysis at moderate timescales. In order to
understand the timing noise behaviour of the source at differ-
ent timescales, three different techniques are employed. The
first technique utilises the root mean square (rms) values of
the residuals after eliminating a polynomial of order m from

the input data spanning a time coverage of Tmax (Boynton et al.
1972; Deeter 1984; Cordes & Downs 1985). In this case, the rms
〈σr(m,T )〉 values can be linked with a noise strength S r for an
input data of duration, T , using the expression:

S r =
〈σr(m,T )〉
〈σr(m, 1)〉u

1
T 2r−1 , (2)

where the subscript r reflects the order of the red noise. The
coefficient 〈σr(m, 1)〉u contains appropriate normalisation fac-
tors for the unit timing noise strength, S r, on a unit timescale,
T = 1, which can be obtained via direct evaluations (Deeter
1984, Table 1). Then, noise strength calculations were repeated
for different timescales (i.e. Tmax/2n for n = 1, 2, 3 . . .). Also,
they were logarithmically combined across each timescale to
acquire the corresponding power density estimate. This tech-
nique enables the construction of a computationally less expen-
sive low-resolution power density spectra (PDS) for torque fluc-
tuations. Afterwards, we further employed two new PDS gener-
ation techniques based on the temporal changes of the long-term
noise strength estimators in the literature with the aim of improv-
ing the PDS resolution.

As a first new alternative technique, we employ the noise
strength estimation method introduced by Arzoumanian et al.
(1994), which utilises the timing parameters obtained by fitting
the input TOA or frequency set for a certain timescale. In this
case, the noise strength amplitudes are approximated using the
spin frequency and its second order derivative as:

∆(T ) = log
(
|ν̈|T 3

6ν

)
, (3)

where ν̈ represents the second derivative of the pulse fre-
quency ν. In the literature, this method is used to calculate
the noise strengths of many pulsars at the same timescale for
comparison (e.g. Arzoumanian et al. 1994; Hobbs et al. 2010;
Andersen et al. 2023; Zhou et al. 2023). The reference timescale
for such comparisons is usually set to 108 s to examine long-
term noise correlations (Arzoumanian et al. 1994); hence, the
parameter is generally referred to as ∆8. To trace the temporal
noise behaviour of the source with this method, we use 10∆ as
the noise amplitude metric on the timescale, T . The results are
rescaled with a factor of 1.1×10−19 s−4 by cross-fitting the noise
amplitudes obtained from the Deeter method, with the sole aim
of comparing the PDS profiles.

To establish a second new alternative technique, we used a
noise strength estimation metric known as the σz method devel-
oped by Matsakis et al. (1997). With this method, the Allan vari-
ance of the residuals after the removal of the regular frequency
evolution trend up to the ν̈ term (with the polynomial descrip-
tion) is assumed to govern the timing noise. Then, σz can be
calculated as:

σz =
2
√

5

〈σν̈〉

ν
. (4)

In this notation, 〈σν̈〉 has a correspondence to 〈σ1(2,T )〉 in
the above description for the Deeter method, with a timescale-
dependent renormalisation ratio of 2T 〈σr(m, 1)〉u/

√
5ν for σz.

Similarly to ∆(T ), σz is also often used for investigating long-
term correlations among large pulsar populations.

To generate high-resolution PDSs for the latter two tech-
niques, we calculated the noise strength amplitudes for temporal
combinations in all of the possible timescales allowed by the
input frequency data set. To eliminate the possible outliers in the
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Fig. 4. PDS of the torque fluctuations of MXB 0656–072 obtained via
Deeter method (black dots), Delta-parameter variation (orange dots)
and σz-variation (blue dots). Dark red and dark blue lines represent the
best fit model for Delta-parameter and σz variations using the model
described through Equation (6). The vertical dotted line indicates the
orbital timescale suggested by Yan et al. (2012).

noise strength estimators, the estimators are filtered for valid fit-
ting parameters. The estimators undergo additional screening for
measuremental noise strength levels that are associated with the
uncertainties σi of the input data set. The measuremental noise
strength level (MNS) in this case is calculated as:

MNS(T ) =

∑N
i σ

2
i

NT 〈σr(m, 1)〉u
, (5)

where N is the total number of measurements and 〈σr(m, 1)〉u
is the normalisation factor described above. Then, the noise
strength estimators are rebinned into power density estimators to
construct the PDSs. As suggested by Matsakis et al. (1997), the
uncertainty ranges (δ±) of the power density estimators can be
obtained from χ2 distributions for n degrees of freedom, which
are specified by the number of noise estimations therein. How-
ever, this error estimate is only applicable for independent non-
overlapping segments at low n (Matsakis et al. 1997, see their
Appendix A for details). The uncertainty ranges of the overlap-
ping segments with a large number of measurements are domi-
nated by the standard error (SE) of the noise estimations. There-

fore, we used the combined error
√
δ2
± + SE2 to approximate

the propagating uncertainties of the power density estimators.
Figure 4 illustrates the PDSs resulting from the aforementioned
three distinct techniques.

All the generated PDSs exhibit consistency across various
timescales, with the exception of a slight difference at shorter
timescales (.20 days). In all cases, the presence of a red noise
structure is clearly discernible, with a tendency to saturate at
longer timescales (&150 days). This behaviour is reminiscent of
observations in 2S 1417–624 (Serim et al. 2022), Her X-1, and
Cen X-3 (Bildsten et al. 1997; Serim et al. 2023a). The PDS con-
tinuum of MXB 0656–072 aligns with the generalised coluored
exponential shot noise model proposed by Burderi et al. (1997).
As such, we model the PDSs of torque fluctuations (P∆ν̇), follow-
ing the equation presented by (Burderi et al. 1997; Serim et al.
2023a):

P∆ν̇ =
S r

1 + (ω/ωb)Γ
. (6)

Table 1. Parameters obtained from PDS modelling through Equation 6.

∆-method σz-method Unit

S r 4.62(25) × 10−18 7.02(13) × 10−18 Hz2 s−2 Hz−1

ωb 1.05(7) × 10−7 7.21(15) × 10−8 s−1

Γ −2.42(35) −2.15(6) –

In this equation, ω represents the analysis frequency, ωb stands
for the break frequency that is induced by the decay timescale
of exponential torque shots, while Γ reflects the power law index
that mediates the arbitrary slope triggered by the red noise pro-
cess. The results of the model fitting for all the PDSs are depicted
in Figure 4 and the corresponding parameters are provided in
Table 1. Upon comparison, the latter two methods seem to pro-
vide an edge over the Deeter method, namely: these methods
yield PDSs with better resolution, particularly at higher frequen-
cies. The PDS modelling reveals a power law index of ∼−2,
implying that the red noise continuum possibly originates from a
monochromatic shot noise sequence rather than a coloured event
sequence (i.e. torque events with varying timescales).

5. Discussion and conclusion

MXB 0656–072 is a relatively understudied member of the
Be/X-ray binary class. We have revisited the type I outburst
sequence that transpired during the period of 2007–2008, utilis-
ing observations from the RXTE/PCA instrument. The method-
ology employed in our analysis involves pulse timing, which
enables us to determine the temporal evolution of the pulse fre-
quency for the specified time interval. We discover a strong
correlation between the spin frequency derivatives and source
luminosity in the 3–20 keV band. Given the assumption that in
the 3–20 keV band, this luminosity covers most of the bolomet-
ric luminosity in X-rays, the magnetic field strength can be esti-
mated via torque models. For example, this estimation can be
done via the torque model introduced by Ghosh & Lamb (1979)
as follows:

ν̇12 = 1.4µ2/7
30 n(ωs)R

6/7
6 M−3/7

1.4 I−1
45 L6/7

37 , (7)

where ν̇ is the spin-up rate, µ is the dipole moment, n(ωs) is
the fastness parameter, and L is the bolometric X-ray luminosity,
while R, M, and I denote the radius, mass, and moment of inertia
of the pulsar, respectively. Our best-fit torque-luminosity relation
is represented by the equation ν̇12 = 2.42(6) × L6/7

37 (assuming a
distance of 5.7 kpc, as specified in Section 1). By employing typ-
ical neutron star parameters and the slow rotator approximation
(n(ωs) ≈ 1.4), an estimation of the magnetic field strength of the
source yields an approximate value of 4.2 × 1012 G. The calcu-
lated magnetic field strength is very close to (and even slightly
higher than) the values inferred from CRSF for MXB 0656–
072, within the energy interval of 30–36 keV. This suggests the
presence of a dipolar magnetic field with an estimated strength
of approximately Bcyc ≈ 3.4−3.7 × 1012 G (Heindl et al. 2003;
McBride et al. 2006a,b; Yan et al. 2012).

Theoretical investigations into the properties of accretion
scheme at the surface of highly magnetised (1011−1013 G)
NSs predict two distinct accretion regimes, known as subcrit-
ical and supercritical, in a given source where the transition
between them is driven by the variations in accretion rate (e.g.
Becker et al. 2012; Mushtukov et al. 2015). In the supercritical
regime, the matter that flows in the accretion column towards the
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Fig. 5. Magnetic field strength of MXB 0656–072 as a function of
distance, deduced through various models. Shaded regions reflect the
uncertainty range of measured and calculated parameters.

polar cap undergoes a radiation-dominated shock situated at a
certain height above the neutron star’s surface. In this regime, the
radiation is expected to diffuse and escape through the column
walls, which should lead to formation of a fan beam structure
(Becker et al. 2012). In the subcritical accretion regime, matter
flow is decelerated through Coulomb interactions before reach-
ing to NS surface (Mushtukov et al. 2021). In this case, radia-
tion propagates primarily vertical along polar caps which creates
pencil beam structure. These states are also expected to render
different spectral patterns as the typical emission height correl-
atively increases or decreases with luminosity in these differ-
ent accretion regimes (e.g. Doroshenko et al. 2020; Serim et al.
2022; Rai et al. 2023; Mandal & Pal 2023). The onset of transi-
tion from subcritical to supercritical accretion regime is charac-
terised by a critical luminosity via (Becker et al. 2012):

Lcrit = 1.5 × 1037B16/15
12 erg s−1. (8)

where B12 is the magnetic field strength of the pulsar in the units
of 1012 G. Using Eq. (8) and with the magnetic field strength
derived from CRSF (Heindl et al. 2003; McBride et al. 2006a,b;
Yan et al. 2012), the critical luminosity falls within the range
of 5.1−5.5 × 1037 erg s−1. It should be noted that Nespoli et al.
(2012) reported an anti-correlation between the photon index
and the luminosity, emphasising that the anti-correlation ceases
above a luminosity threshold of ∼2.3 × 1037 erg s−1, based on an
assumed distance of 3.9 kpc. When adjusted for the Gaia EDR3
distance of 5.7 kpc, this luminosity corresponds to approxi-
mately ∼4.9 × 1037 erg s−1. This luminosity threshold roughly
agrees with the Lcrit calculated from Bcyc. However, it should be
emphasised that the changes in the physical properties around
the critical luminosity are also accompanied by the observa-
tional signatures in timing features, particularly on pulse pro-
files as the emission geometry switches between pencil and fan
beam patterns (e.g. Epili et al. 2017; Wilson-Hodge et al. 2018;
Tuo et al. 2020; Serim et al. 2022; Wang et al. 2022). The pulse
profiles obtained in this work cover the X-ray luminosity below
.3 × 1037 erg s−1, where the source accretes only in the subcrit-
ical regime with stable pencil beam emission. Further analyses
of potential variations in pulse profiles around the critical lumi-
nosity are necessary to assess its validity.

On many occasions, torque models may point towards mag-
netic field strengths that significantly differ from the ones that are
inferred from CRSFs (see e.g. Revnivtsev & Mereghetti 2015;
Staubert et al. 2019 for reviews). Instead, for MXB 0656–072,

they both point towards a magnetic field strength of the order
of ∼3−4 × 1012 G. To highlight the consistency of the results of
different methods, we also present the distance (and, hence, the
luminosity) dependence of the magnetic field strengths obtained
from the Ghosh & Lamb (1979) and Becker et al. (2012) models
utilising the spectral transition (Nespoli et al. 2012) in Figure 5.
This figure shows that the intersection of the magnetic field and
distance obtained using the Ghosh & Lamb model together with
the Becker et al. (2012) model reside within the error box of new
Gaia distance estimate and Bcyc.

Furthermore, we constructed and examined the long-term
spin frequency evolution of the source over an almost one-year
period. Overall, MXB 0656–072 undergoes spin-up during the
type I outburst sequences that took place in 2007–2008. The
trend in spin frequency can be accurately depicted by the intrin-
sic frequency evolution driven by accretion torques. Despite the
structural variations in the residuals (see Figure 3, bottom panel),
no distinct orbital modulation is evident. Hence, we are unable
to uncover the orbital timing parameters from this data set. On
the other hand, Yan et al. (2012) estimated the semimajor axis
of the system as 253 R� by assuming an O9.7Ve companion of
20 M� and 15 R�, considering its resemblance to A 0535+26.
Given these assumptions, the semi-major axis of the system can
be converted to 587 lt-s. Then, the maximum amplitude of fre-
quency modulations δν arising from orbital motion can be esti-
mated as (Serim et al. 2017):

δν =
2π

Porb

1
Pspin

a
c

sin i, (9)

where Porb is the orbital period, Pspin is the spin period, a/c rep-
resents the semi-major axis, and sin i denotes inclination. By
applying Equation (9), the maximum amplitude of frequency
modulations can be derived as ∼2.6 µHz. Nonetheless, the tim-
ing residuals in our analysis are constrained to an amplitude of
∼0.7 µHz, suggesting that we are observing the system from a
relatively ‘top view’, with an inclination, sin i, less than 0.27.
This conclusion is consistent with deductions obtained from the
detection of single-peaked Balmer emission lines in MXB 0656–
072 (Yan et al. 2012) and similar to the case of the Be/X-ray
binary KS 1947+300 (Liu et al. 2023).

In addition, we performed an analysis of the PDS focusing
on the variations in the spin frequency derivative of MXB 0656–
072. Our investigation is centred on a robust spin frequency
data set with measurements obtained every ∼3 days, gathered
from new measurements acquired through our timing analy-
sis of RXTE/PCA observations. Employing different method-
ologies, we generated three distinct PDS profiles to assess
the temporal noise strength in the residuals. While the initial
method involves the conventional Deeter method (Deeter 1984);
the other two methods (σz: Matsakis et al. 1997, ∆-parameter:
Arzoumanian et al. 1994), to the best of our knowledge, are first
to be applied for detailed PDS extraction. The PDS profiles for
MXB 0656–072 remain consistent across all these methods.

In a broader context, wind-fed sources exhibit a white
noise pattern that is attributed to uncorrelated torque events
produced by wind inhomogeneities. Typically, such wind-fed
systems exhibit torque noise strengths within the range of
10−20–10−18 Hz2 s−2 Hz−1 (Bildsten et al. 1997). On the other
hand, disc-fed sources rather exhibit a red noise pattern in
their PDS in general, due to their torque evolution is being
driven by a sequence of correlated events. Such red noise
patterns generally evolve with ω−2 and reach saturation at
long timescales, potentially exceeding the viscous fluctua-
tion timescales in the disc (Içdem & Baykal 2011). Analysis
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of PDS in such persistent systems with disc accretion indi-
cates that their torque noise strengths typically reside between
10−21–10−18 Hz2 s−2 Hz−1 (Bildsten et al. 1997). The transient
sources appear to share a similar nature in the PDS of torque
fluctuations (Baykal et al. 2007; Serim et al. 2022), barring
Swift J0243.6+6124, which stands out with a relatively steep
PDS (∼ω−3.36) and a presence of a white noise component
at shorter timescales (Serim et al. 2023b). Yet, the pronounced
steepness in the PDS of Swift J0243.6+6124 is argued to stem
from quadrupolar interactions occurring at elevated luminosi-
ties (Serim et al. 2023b). MXB 0656–072 exhibits a PDS pro-
file akin to prior cases, such as Her X-1, Cen X-3 (Bildsten et al.
1997; Serim et al. 2023a), and 2S 1417–624 (Serim et al. 2022).
It is characterised by a red noise component with a steepness
of Γ ∼ −2 reaching saturation over a timescale of ∼150 days
(see Table 1 for details). The measured torque noise strength
values of MXB 0656–072 fall within the range of 1 × 10−20–
7 × 10−18 Hz2 s−2 Hz−1 across the analysis frequency span of
3.5×10−7–1×10−6 s−1. This observed PDS profile is in line with
the generalised coloured exponential shot model (Burderi et al.
1997; Serim et al. 2023a), which characterises an empirical
model for the correlative sequence of events generated by accre-
tion torques. Since the steepness of the PDS is roughly consistent
with Γ ∼ −2, the profile suggests a likelihood of a monochro-
matic sequence of torque events generated by stable disc accre-
tion throughout the observed time frame.

The newly implemented methods also handle estimations
of temporal noise strength across all possible combinations of
timescales within the input data, thereby providing improved
PDS resolution, particularly at higher analysis frequencies.
Despite our sampling rate remains restricted to 1 measure-
ment per ∼3 days for MXB 0656–072, in principle, these meth-
ods have the potential to distinguish properties within PDS
at higher analysis frequencies. Many studies in the literature
focus on the theoretical aspects of the timing noise genera-
tion within a neutron star’s inner response under the influ-
ence of external torques (e.g. Alpar et al. 1986; Baykal et al.
1991; Baykal 1997; Gügercinoǧlu & Alpar 2017; Meyers et al.
2021a; Antonelli et al. 2023). The expected timing noise con-
tribution from the interior of a neutron star under such con-
ditions is anticipated to be revealed at crust-core coupling
timescales, approximately spanning from 10 to 100 rotational
periods (Sidery & Alpar 2009). Therefore, the techniques intro-
duced in this paper could potentially enable the investigation of
the PDS structure at higher analysis frequencies, thus providing
an avenue to study neutron star interior through timing noise,
given that the data sampling rate is adequate.
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