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ABSTRACT
We detected millihertz quasi-periodic oscillations (QPOs) in an XMM–Newton observation of
the neutron-star low-mass X-ray binary 4U 1636−53. These QPOs have been interpreted as
marginally stable burning on the neutron-star surface. At the beginning of the observation the
QPO was at around 8 mHz, together with a possible second harmonic. About 12 ks into the ob-
servation a type I X-ray burst occurred and the QPO disappeared; the QPO reappeared ∼25 ks
after the burst and it was present until the end of the observation. We divided the observation
into four segments to study the evolution of the spectral properties of the source during in-
tervals with and without mHz QPO. We find that the temperature of the neutron-star surface
increases from the QPO segment to the non-QPO segment, and vice versa. We also find a
strong correlation between the frequency of the mHz QPO and the temperature of a blackbody
component in the energy spectrum representing the temperature of neutron-star surface. Our
results are consistent with previous results that the frequency of the mHz QPO depends on the
variation of the heat flux from the neutron-star crust, and therefore supports the suggestion
that the observed QPO frequency drifts could be caused by the cooling of deeper layers.

Key words: accretion, accretion discs – stars: neutron – X-rays: binaries – X-rays: individual:
4U 1636−53.

1 IN T RO D U C T I O N

A class of quasi-periodic oscillations (QPOs) at frequencies of a few
mHz were first detected by Revnivtsev et al. (2001) in three neutron-
star low-mass X-ray binaries (LMXBs), 4U 1608−52, 4U 1636−53,
and Aql X-1. The low-frequency range (7–9 mHz) spanned by
these QPOs, and the strong flux variations at low photon energies
(<5 keV), made them different from other QPOs found in neutron-
star systems, e.g. the kilohertz (kHz) QPOs (see e.g. van der Klis
2000, 2006; Méndez 2000, 2006; Méndez, van der Klis & Ford
2001; Belloni, Méndez & Homan 2005; Jonker, Méndez & van
der Klis 2005; Linares et al. 2005; Boutloukos et al. 2006; Al-
tamirano et al. 2008c; Sanna et al. 2010) and low-frequency QPOs
(see e.g. Psaltis, Belloni & van der Klis 1999; Wijnands & van
der Klis 1999; Belloni, Psaltis & van der Klis 2002; van Straaten
et al. 2002; van Straaten, van der Klis & Méndez 2003; van der
Klis 2004; Altamirano et al. 2005, 2008b, 2012). The mHz QPOs
appear only when the source covers a particular range of X-ray
luminosities, L2−20 keV � (5-11) × 1036 ergs s−1, and the QPOs be-
come undetectable after a type I X-ray burst (Revnivtsev et al. 2001;

� E-mail: m.lyu@astro.rug.nl

Altamirano et al. 2008a). Those unique observational features sug-
gest that the mechanism responsible for the mHz QPOs is different
from the one that produces the other QPOs.

Revnivtsev et al. (2001) proposed that the mHz QPOs were due
to a special mode of nuclear burning on the neutron-star surface,
which only occurs within a certain range of mass accretion rate.
Yu & van der Klis (2002) found that in 4U 1608−52 the frequency
of the kHz QPO was anticorrelated with the 2–5 keV X-ray count
rate associated with a 7.5 mHz QPO present in the same observa-
tion. This result further supported the nuclear burning interpretation
of the mHz QPOs. The inner disc is slightly pushed outwards in
each mHz QPO cycle by the stresses of radiation coming from the
neutron-star surface as the luminosity increases.

Heger, Cumming & Woosley (2007) proposed that the mHz QPOs
are due to marginally stable nuclear burning of Helium on the sur-
face of accreting neutron stars. The characteristic time-scale of the
oscillations in this model is close to the geometric mean of the ther-
mal and accretion time-scales for the burning layer, (ttherm × taccr)1/2,
about 100 s, remarkably consistent with the 2 min period of the mHz
QPOs. Notwithstanding, the marginally stable burning in the model
of Heger et al. (2007) occurs only within a narrow range of mass
accretion rate, close to the Eddington rate, one order of magnitude
higher than the value implied by the average X-ray luminosity. If
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the model is correct, the local accretion rate at the burning depth
can be higher than the global accretion rate.

Altamirano et al. (2008a) found that the frequency of the mHz
QPO in 4U 1636−53 systematically decreases with time until the
QPO disappears before a type I X-ray burst. This behaviour further
supported the idea that the mHz QPOs are closely related to nuclear
burning on the neutron-star surface. In addition, the work by Al-
tamirano et al. (2008a) offered a way to predict the occurrence of
X-ray bursts by measuring the frequency of the mHz QPOs. Linares
et al. (2010) detected a mHz QPO at a frequency of about 4.5 mHz
in the neutron-star transient source IGR J17480−2446 in the glob-
ular cluster Terzan 5. The persistent luminosity of this source when
mHz QPOs were observed was L2–50 keV ∼ 1038 erg s−1, about an
order of magnitude higher than that observed in previous mHz QPO
sources. Linares et al. (2012) found that in IGR J17480−2446 the
thermonuclear bursts smoothly evolved into a mHz QPO when ac-
cretion rate increased, and vice versa. This evolution is predicted
by the one-zone models and simulations of the marginally stable
burning by Heger et al. (2007), further supporting the idea that the
mHz QPO in IGR J17480−2446 is due to marginally stable burning
on the neutron-star surface.

Keek, Langer & in’t Zand (2009) showed that turbulent chemical
mixing of the accreted fuel combined with a higher heat flux from
the crust is able to explain the observed critical accretion rate at
which mHz QPOs are observed, and that the frequency drift before
X-ray bursts could be due to the cooling of the deep layers where
the quasi-stable burning takes place. Furthermore, Keek, Cyburt
& Heger (2014) investigated how the transition between unstable
and stable nuclear burning is influenced by the composition of the
accreted material and nuclear reaction rates, and concluded that no
allowed variation in accretion composition and reaction rate is able
to generate a transition between burning regimes at the observed
accretion rate.

4U 1636−53 is a neutron-star LMXB with a 0.1–0.25 M� star
companion, located at a distance of about 6 kpc (Giles et al. 2002;
Galloway et al. 2006). Its orbital period is about 3.8 h (Pedersen et al.
1982), and the system harbours a neutron star with a spin frequency
of 581 Hz (Zhang et al. 1997; Strohmayer & Markwardt 2002). In
addition to the mHz QPOs, the source shows all kinds of X-ray
bursts (e.g. Galloway et al. 2008; Zhang, Méndez & Altamirano
2011) and also the full range of spectral states of the persistent
emission (Di Salvo, Méndez & van der Klis 2003; Belloni et al.
2007; Altamirano et al. 2008b), making it an excellent candidate to
explore the relation between the mHz QPOs and X-ray bursts, and
also the spectral properties of the source in the mHz QPO cycle.

Since they are likely related to nuclear burning on the neutron-star
surface, the spectral and timing analysis of the mHz QPOs provides
an insight into their origin and the process of marginally stable
nuclear burning on the accreting neutron-star surface. In this work,
we investigate the frequency behaviour of the mHz QPO before
an X-ray burst, and the reappearance of the QPO after the burst
using one XMM observation. Thanks to the low energy coverage of
the XMM data, this is the first time that the mHz QPOs have been
investigated below ∼3 keV, and down to ∼0.8 keV. We also study
the properties of the source spectrum in different segments with and
without mHz QPO before and after the X-ray burst.

2 O B S E RVAT I O N A N D DATA R E D U C T I O N

We used an XMM–Newton observation of 4U 1636−53 (ObsID
0606070301) performed on 2009 September 5. The data were col-
lected with the European Photon Imaging Camera, EPIC-PN, using

the Timing mode, with a total duration of 43.2 ks. The EPIC cam-
eras cover the 0.15–12 keV energy band with a time resolution of
0.03 ms in the timing mode (Strüder et al. 2001).

We reduced the data using the Science Analysis System (SAS) ver-
sion 13.5.0, with the latest calibration files applied. We fixed some
time jumps in the raw event file due to a duplicated packet in the first
extension of the EPIC-PN AUX ODF file, following the recommen-
dation of the XMM–Newton EPIC Calibration group. We applied
the Rate-Dependent PHA (RDPHA) correction via the command
epproc to account for the energy scale rate dependence in EPIC-
PN Timing mode exposures when producing the calibrated event
file. Following the recommendation of the EPIC calibration group,
we did not apply the epfast correction, since this one was super-
seded by the RDPHA correction. We used the command barycen

to convert the arrival time of each photon to the barycenter of the
Solar system. We found that there was moderate pile up in the
observation, and therefore we excluded the central two columns
(RAWX=[37,39]) of the PN CCD in the analysis to mitigate these
effects. For all light curves and spectra in this work we only selected
single and double events (PATTERN ≤ 4) for extraction.

2.1 Spectral data

We excluded the events at the edge of the CCD and next to a bad
pixel (FLAG = 0) to produce the spectra. We generated the redistribu-
tion matrix file (RMF) and the ancillary response file (ARF) using
rmfgen and arfgen, respectively, for the latter using the extended
point spread function (PSF) model to calculate the encircled energy
correction. Since the whole region of the CCD was contaminated
by source photons, we extracted the background spectrum from
another timing mode observation of the black hole candidate GX
339−4 (ObsID 0085680601) when the source was in quiescence,
on the basis of similar sky coordinates and column density along
the line of sight (for more details on the methodology used for the
extraction of the background spectrum, please refer to Hiemstra
et al. 2011 and Sanna et al. 2013). Finally, we rebinned the spectra
to have at least 25 counts per background-subtracted channel, with
an oversampling of the energy resolution of the PN detector of a
factor of 3, and fitted all spectrums in 0.8–11 keV range.

2.2 Timing data

We generated a 1-s resolution light curve (we show a 10-s res-
olution light curve in Fig. 1 for clarity) and an average power
spectrum (Fig. 2) of the whole observation in the 0.8–11 keV
range, after excluding instrument dropouts and an X-ray burst that
took place ∼12 ks from the start of the observation. To produce
the average power spectrum of the observation, we calculated the
Fourier transform of intervals of 512-s duration using the command
sitar avg psd in the ISIS version 1.6.2–27 (Houck & Denicola
2000), and rebinned the average power density spectrum logarith-
mically via the command sitar lbin psd. The frequency range
of the power spectrum is from 1.95 × 10−3 to 0.5 Hz. A strong
QPO at about 7–8 mHz and its second harmonic are apparent in the
power spectrum (see Fig. 2).

To account for the possible evolution of the frequency of this
QPO, which we call the mHz QPO, we divided the observation into
71 overlapping time intervals and calculated a dynamic power spec-
trum oversampling the frequency scale by a factor of 100 using the
Lomb–Scargle periodogram method (Lomb 1976; Scargle 1982).
Each time interval in the dynamic power spectrum was 1130 s long,
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Figure 1. Light curve of 4U 1636−53 with XMM–Newton PN in the 0.8–11 keV range. The time resolution is 10 s. Each segment is marked with the name
(S1–S4) in the plot; the red vertical lines indicate the borders between the segments. The two green dashed lines show the boundaries between the three
subsegments (S1a–S1c) in the first segment. A type I X-ray burst happens at about 12 ks from the start of the observation.

Figure 2. Average power spectrum of the total observation of 4U 1636−53
in the 0.8–11 keV range, calculated from the PN light curve at 1-s resolution.
The power spectrum was rebinned logarithmically for clarity. A significant
QPO at about 7–8 mHz and its harmonic signal are apparent in the plot.

with the next interval starting 565 s after the start time of the previ-
ous interval. We set the count rate of bad time intervals due to the
X-ray burst and instrument dropouts in the light curve to the average
count rate (340 counts s−1), the final dynamic power spectrum is
shown in Fig. 3.

From Fig. 3, it is apparent that the mHz QPO is present only at
the beginning and at the end of the observation. Guided by this plot,
we divided the whole observation into four segments, three of them
(S1–S3) of similar length (∼12 ks), and the last one (S4) covering
the remaining ∼3.5 ks of the observation. The QPO is present in the
first and the last segments (S1 and S4), while it is not detected in the
second and third ones (S2 and S3, see Section 3.1). We extracted a
light curve and an average power spectrum from each segment; the
details of the four segments are listed in Table 1.

We further divided the first segment, before the X-ray burst, into
three subsegments, S1a, S1b and S1c, according to the behaviour of
the QPO frequency, and generated one light curve for each subseg-

Figure 3. Dynamic power spectrum of the XMM–Newton observation of
4U 1636−53. The grey vertical line indicates the time of an X-ray burst
in the observation. Each column represents the power spectrum extracted
from a time interval of 1130 s with the starting time of each segment set to
565 s after the starting time of the previous segment. The frequency scale
was oversampled by a factor of 100 using the Lomb–Scargle periodogram
to display the evolution of the mHz QPO frequency. The count rate in bad
time intervals due to the X-ray burst and instrument dropouts was fixed to
the average count rate of 340 counts s−1. In total, there are 71 power spectra
shown in the plot. The colour bar on the right indicates the power at each
frequency as defined in the Lomb–Scargle periodogram.

ment. The time intervals of each subsegment were S1a: 0–3954 s,
S1b: 3954–7344 s and S1c: 7344–11579 s, respectively, from the
start of the observation (MJD=55079.05539).

We fitted the total average power spectra using the model
CONSTANT+LORENTZ+LORENTZ. The CONSTANT describes the Pois-
son noise level, and the first LORENTZ component represents the
QPO around 7–8 mHz, while the second one represents its second
harmonic component. We linked the frequency and width of the

MNRAS 445, 3659–3668 (2014)
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Table 1. Information for the four segments in which we divided the XMM–Newton observation of 4U
1636−53.

Segment number Length (ks) Exposure time (ks)a Average count rate (counts s−1)b mHz QPO

S1 12 11.69 331±20 Yes
S2 12.36 11.38 338±20 No
S3 12.95 11.92 342±19 No
S4 3.49 3.427 342±20 Yes

Note: aThe final exposure time excludes X-ray bursts, background flares and instrument dropouts.
bHere, we give the standard deviation of the count rate in each segment.

second LORENTZ component to be the double and the same as in the
first LORENTZ component, respectively. For segments 2 and 3, where
no QPO is detected, we fitted the average power spectra using the
model CONSTANT+LORENTZ to calculate the upper limit of the rms
amplitude of the QPO. We fixed the frequency and the width of the
LORENTZ component to be the values in the total observation since
they are poorly constrained due to the short time ranges (<12 ks).
For the three subsegments and the last segment, due to their limited
observational time span (≤4.5 ks), we explored the timing proper-
ties of the QPO from the light curves. We fitted the light curve of
each independent 1130 s time interval in S1 and S4 using a model
consisting of a constant plus a sine function. And then we calcu-
lated the average frequency and its standard deviation in S1a, S1b,
S1c and S4 from the frequencies in the corresponding intervals.
Furthermore, we used average frequency to generate a folded light
curve for each subsegments and the last segment, and derived the
rms amplitude from the fits of the folded light curves.

3 R ESULTS

3.1 Timing results

In Fig. 1, we plot the light curve of the observation. The length of
the light curve is about 40.8 ks, with an average count rate of about
340 counts s−1. In Fig. 2, we show the average power spectrum of
the total observation. We found a strong QPO at around 7–8 mHz
and a possible second harmonic component at ∼15 mHz. In the
dynamic power spectrum, we detect the mHz QPO and the second
harmonic from the start of the observation until an X-ray burst
occurs (around 12 ks in the plot). After the burst, the mHz QPO
disappears for about 25.3 ks, and then reappears in the last 3.5 ks of
the observation. We estimated the significance of the signal against
the hypothesis of white noise via the Lomb–Scargle method. The
false alarm probability of the QPO detection (without considering
the harmonic) in the total observation is 2.21 × 10−8, while the
probability is 5.24 × 10−19 for segments 1 and 4.

For the total observation, the central frequency of the LORENTZ

component is 7.2+0.4
−0.2 mHz, with a full width at half-maximum of

2.3+1
−0.7 mHz. The rms amplitude is 1.11 ± 0.31 per cent, which

is consistent with the previous measurements (Revnivtsev et al.
2001; Altamirano et al. 2008a), although note that Revnivtsev et al.
(2001) and Altamirano et al. (2008a) used RXTE data which sam-
ples >3 keV range, while we use 0.8–11 keV here. In segments 2
and 3, where no QPO is significantly detected, the 95 per cent upper
limit of the rms amplitude is 0.49 and 0.40 per cent, respectively.
The average frequency of the mHz QPO decreases from 8.3 mHz
in S1a to 6.7 mHz in S1b, and increases slightly to 6.9 mHz in the
S1c, before the X-ray burst. After the burst, the QPO reappears
at an average frequency of 9.4 mHz in segment 4. The rms am-
plitude of the QPO increases from 0.80 ± 0.10 per cent in S1a to

Table 2. Parameters of the QPO in the first three subsegments
(S1a, S1b and S1c) and the last segment of the observation
of 4U 1636−53. Here, we give the standard deviation of the
average frequency due to its large variation in the subsegments.
All errors and upper limits in the tables are, respectively, at the
90 and 95 per cent confidence level unless otherwise indicated.

Average frequency (mHz) rms amplitude ( per cent)

S1a 8.3 ± 0.6 0.80 ± 0.10
S1b 6.7 ± 0.2 1.48 ± 0.12
S1c 6.9 ± 0.2 2.27 ± 0.10
S4 9.4 ± 0.3 1.34 ± 0.10

2.27 ± 0.10 per cent in S1c, and then it is 1.34 ± 0.10 per cent in
segment 4, when it reappears ∼25 ks after the X-ray burst. The
parameters of the mHz QPO are given in Table 2.

3.2 Spectral results

In all our fits, we first tried either a single thermal component (black-
body or disc), or a single Comptonized component to describe the
continuum; the results, however, showed that the spectra could not
be well fitted with only one of those component. We found that
both a thermal and a Comptonized component were necessary to
fit the continuum, whereas two thermal components plus a Comp-
tonized component (e.g. Sanna et al. 2013; Lyu et al. 2014) was
too complex a model given the quality of the data. For the thermal
component either a blackbody or an accretion-disc model could fit
the data well. We used either the BBODY component in XSPEC 12.8.1
(Arnaud 1996) to describe the combined thermal emission from the
neutron-star surface and its boundary layer, or the DISKBB component
(Mitsuda et al. 1984; Makishima et al. 1986) to model the multi-
temperature thermal emission from an accretion disc. The Comp-
tonized component was modelled by NTHCOMP (Zdziarski, Johnson
& Magdziarz 1996; Życki, Done & Smith 1999), which describes
the emission originating from the inverse Compton scattering pro-
cess in the corona, with the seed thermal photons coming either
from the accretion disc or the neutron-star surface (plus boundary
layer). In this work, we chose the disc as the source of seed photons
for the scattering in the corona (Sanna et al. 2013; Lyu et al. 2014).
We also included the component PHABS in all our models to account
for absorption from the interstellar material along the line of sight.
For this component, we used the solar abundance table of Wilms,
Allen & McCray (2000) and the photoionization cross-section table
of Verner et al. (1996). We added a 0.5 per cent systematic error to
the model.

After fitting the spectra with these continuum models in all cases,
we found significant residuals around 6–7 keV, where possible emis-
sion from an iron line is expected (Pandel, Kaaret & Corbel 2008;
Cackett et al. 2010; Sanna et al. 2013; Lyu et al. 2014), we therefore
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added a line component to the model with the central energy of the
line constrained to the range 6.4–6.97 keV. We first used a Gaussian
line to estimate some general properties of the iron line. The fitted
width of the line (σ ) was between 1.1 and 1.6 keV, indicating that
a broadening mechanism was required to explain the line profile.
We therefore also used the emission line model, KYRLINE (Dovčiak,
Karas & Yaqoob 2004), instead of the Gaussian to fit the iron line.
The KYRLINE component describes a relativistic line from an accre-
tion disc around a black hole with arbitrary spin. In this work, we
fixed the spin parameter at 0.27, which was derived from the spin
frequency of the neutron star (see Sanna et al. 2013 and Lyu et al.
2014 for details), while the outer radius of the disc was fixed at
1000GM/c2, where G is the gravitational constant, M is the mass
of neutron star and c is the speed of light.

We noticed that the column density, NH, in PHABS and the power-
law index, �, the temperature of the disc seed photons, kTdbb, and
the electron temperature, kTe, in NTHCOMP changed systematically
between the fits with the two iron line models, (GAUSS or KYRLINE),
which in turn changed the normalization of the spectral components
from one model to the other. These differences, however, did not
alter the general trends of the parameters as a function of segment
number, but just shifted the relations consistently up or down. These
variations are likely due to the lack of data above 12 keV, which leads
to some degeneracy between parameters (especially the power-law
index and electron temperature of the corona). To mitigate this
problem, we proceeded as follows.

We defined four models, A–D, in XSPEC; the continuum compo-
nents were PHABS, BBODY and NTHCOMP for models A and B, and
PHABS, DISKBB and NTHCOMP for models C and D, respectively. For
model A and C, we fitted the line with GAUSS, and for B and D with
KYRLINE. For models A and B, we fitted the spectra of all segments
simultaneously linking NH, �, kTdbb and kTe across segments in
each model separately. For models C and D we did the same, except
that we did not link kTdbb. For models B and D, for which we used
KYRLINE, we further linked the inclination angle of the accretion
disc, θ , to be the same in all segments. The other parameters (see
Tables 4 and A1) were left free between models and segments. After
we found the best-fitting parameters for the joint fits with models
A and B, we deleted model B (model A) and verified that the pa-
rameters obtained from the joint fits gave acceptable fits for model
A (model B) only. We did the same for models C and D.

To summarize: we used two models, NTHCOMP + BBODY or NTH-
COMP + DISKBB, to fit the continuum, and either a GAUSS or KYRLINE

component to describe the iron emission line for the spectra of the
four segments. Besides, we fitted all spectra with the two line mod-
els simultaneously, linking some parameters between the models
and the segments.

Here, we only describe the main results of the fit with the BBODY

component. The results of the fit with the DISKBB component are
shown in the appendix.

In Fig. 4, we plot the evolution of the temperature of the BBODY

component for the four segments. The blackbody temperature, kTbb,
first increases from 0.56 ± 0.01 to 0.67 ± 0.01 keV from segment
1 to 3, and then decreases to 0.64 ± 0.01 keV in the last segment
(all errors represent the 90 per cent confidence range). It appears
that kTbb increases from the QPO segment to the non-QPO segment
(from S1 to S2), and vice versa (from S4 to S3).

In Fig. 5, we show the total unabsorbed flux (0.5–130 keV), the
unabsorbed flux of the NTHCOMP component and that of the BBODY

component as a function of the segment number. The total flux
increases from segment 1 to 2, and remains more or less constant
in the last three segments, while the flux of NTHCOMP increases from

Figure 4. Temperature of the blackbody component in 4U 1636−53 as a
function of segment number for the XMM–Newton observation. The model
BBODY+NTHCOMP was used to fit the continuum. Different colours/symbols
show the results of fits with different models to the iron line, as indicated in
the legend, with KYRLINE-0.27 representing the results when we fitted the line
with a KYRLINE model with the spin parameter fixed to 0.27. In this and other
plots an offset in the x-axis between the results of the two iron line models
has been added for clarity. Error bars in this and the other plots correspond
to the 1σ confidence range.

Figure 5. The total unabsorbed flux (top panel), the flux of the NTHCOMP

component (middle panel) and the BBODY component (bottom panel) in the
0.5–130 keV range for 4U 1636−53 as a function of segment number. The
model BBODY+NTHCOMP was used to fit the continuum. Symbols are the same
as in Fig. 4.

the first segment to the second one, and then remains constant or
decreases marginally. The flux of the BBODY component decreases
from segment 1 to 2, and then increases in the last three segments.

The best-fitting parameters to the spectra of the four segments
using BBODY to fit the soft component are shown in Table 3 (linked
parameters: NH, �, kTe, θ and kTdbb) and Table 4 (unlinked pa-
rameters), respectively. All errors and upper limits in the tables
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Table 3. Fitting results of 4U 1636−53, linked parameters. Values and errors in the tables are round
off to the first or the second decimals.

Model comp Parameter Four segments Three subsegements
BBODY + NTHCOMPa DISKBB + NTHCOMPa BBODY + NTHCOMP

PHABS NH(1022) 0.38+0.01
−0.02 0.27±0.01 0.392+0.004

−0.03

KYRLINE θ (deg) 86.2 ± 0.9 85.9±1.1 86.5+1.0
−0.2

NTHCOMP � 1.88 ± 0.01 2.16+0.02
−0.07 1.92 ± 0.01

kTe(keV) 3.08 ± 0.08 5.5+0.6
−1.1 3.29+0.2

−0.01

kTdbb(keV) 0.24+0.07
−0.02 -b 0.22+0.03

−0.01

χ2
ν (χ2/dof) 1.09 (1463/1347) 1.16 (1568/1348) 1.01 (1017/1002)

Note: aWe used two model combinations, NTHCOMP + BBODY and NTHCOMP + DISKBB, to fit the
continuum of the four segments.
bThe temperature of the DISKBB component, not linked in the fit, is therefore shown in Table A1.

Table 4. Fitting results of the four segments of 4U 1636−53 using the continuum model
BBODY+NTHCOMP, unlinked parameters. We fit the four segments with two iron line models simul-
taneously (see the text for more details); the χ2

ν (χ2/dof) of the fit is 1.09 (1463/1347).

Model comp Parameter S1 S2 S3 S4

BBODY kT (keV) 0.56 ± 0.01 0.65 ± 0.01 0.67 ± 0.01 0.64 ± 0.01
Normalization (10−3) 7.2 ± 0.4 6.6 ± 0.3 7.1 ± 0.2 7.8 ± 0.3

Flux (10−10) 6.2 ± 0.3 5.7 ± 0.2 6.1 ± 0.2 6.7 ± 0.3
NTHCOMP Normalization 0.87 ± 0.03 0.91 ± 0.03 0.91 ± 0.02 0.90 ± 0.05

Flux (10−10) 57.8 ± 2.8 60.5 ± 2.8 60.9 ± 2.4 59.8 ± 3.6
KYRLINE Rin (RG) 11.5 ± 2.3 5.12+0.27

−0 5.12+0.12
−0 5.12+0.41

−0

Eline (keV) 6.97+0
−0.15 6.59 ± 0.14 6.60 ± 0.09 6.85 ± 0.12

α 3.2 ± 0.5 2.8 ± 0.2 2.8 ± 0.2 2.6 ± 0.2
Normalization (10−3) 4.7 ± 0.6 9.3 ± 0.7 11.5 ± 0.8 9.9 ± 1.2

Flux (10−10) 0.53 ± 0.07 1.02 ± 0.09 1.26 ± 0.09 1.1 ± 0.1
Total flux (10−10) 64.6 ± 2.8 67.2 ± 2.8 68.3 ± 2.4 67.7 ± 3.6

BBODY kT (keV) 0.56±0.01 0.64±0.01 0.67±0.01 0.64 ± 0.01
Normalization (10−3) 7.3±0.4 6.9±0.3 7.4±0.3 8.0 ± 0.4

Flux (10−10) 6.3 ± 0.3 5.9 ± 0.3 6.4 ± 0.3 6.9 ± 0.3
NTHCOMP Normalization 0.87±0.03 0.90±0.03 0.91±0.03 0.89 ± 0.05

Flux (10−10) 57.7 ± 2.6 60.0 ± 2.7 60.3 ± 2.7 59.4 ± 3.8
GAUSS Eline (keV) 6.97+0

−0.08 6.78±0.17 6.84±0.13 6.97+0
−0.12

σ (keV) 1.1±0.1 1.6±0.2 1.5±0.1 1.5 ± 0.2
Normalization (10−3) 5.1±0.8 11.3±1.9 13.7±1.8 11.8 ± 1.9

Flux (10−10) 0.57 ± 0.08 1.2 ± 0.2 1.5 ± 0.2 1.3 ± 0.2
Total flux (10−10) 64.6 ± 2.6 67.2 ± 2.7 68.2 ± 2.7 67.6 ± 3.9

are, respectively, at the 90 and 95 per cent confidence level, unless
otherwise indicated.

As mentioned in Section 2.2, we divided the first segment into
three subsegments, and we analysed the spectra of S1a, S1b and
S1c in the same way as we did for the four segments, except that
here we only used the NTHCOMP + BBODY model to describe the
continuum, since the mHz QPOs are regarded to be connected to
marginal stable burning on the neutron-star surface (see Section 1).
The best-fitting parameters to the spectra of the three subsegments
are given in Table 3 (linked parameters: NH, �, kTe, θ and kTdbb)
and Table 5 (unlinked parameters), respectively.

In Fig. 6, we plot the blackbody temperature, kTbb, versus sub-
segment number. The blackbody temperature is 0.60 ± 0.01 keV for
the GAUSS (0.60 ± 0.02 keV for the KYRLINE) in the S1a, it decreases
to 0.58 ± 0.01 keV (0.57 ± 0.02 keV for the KYRLINE) in S1b, and
finally it changes to 0.59 ± 0.01 keV (0.59 ± 0.02 keV for the
KYRLINE) in the S1c.

In Fig. 7, we show the relation between the average frequency of
the mHz QPO and the temperature of the blackbody component in

the three subsegments and the last segment, where the QPO reap-
pears after the burst. Considering the variation of the frequency in
the first subsegment, we plot the standard deviation of the average
frequency as error bars in the plot. This figure shows a clear correla-
tion between the average frequency of the QPO and the temperature
of the blackbody component, the correlation coefficient between
the frequency and the temperature is 0.95.

4 D I SCUSSI ON

We report the first detection of a mHz QPO, in the neutron-star
LMXB 4U 1636−53, with XMM–Newton. At the beginning of the
observation, the frequency of the mHz QPO was ∼8.3 mHz, and
then the frequency slowly decreased to below ∼7 mHz. At the time
of ∼12 ks a PRE X-ray burst occurs (Zhang et al. 2011), the mHz
QPO disappears, and it subsequently reappears about 25.3 ks later
at a frequency of ∼9.4 mHz. This is the longest time interval so
far measured between the disappearance and reappearance of mHz
QPO in any LMXB. The 0.8–11 keV rms amplitude of the QPO
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Table 5. Fitting results of the first three subsegments of 4U 1636−53 using the
continuum model BBODY+NTHCOMP, unlinked parameters. We fit the three subsegments
with two iron line models simultaneously (see the text for more details); the χ2

ν

(χ2/dof) of the fit is 1.01 (1017/1002).

Model comp Parameter S1a S1b S1c

BBODY kT (keV) 0.60 ± 0.02 0.57 ± 0.02 0.59 ± 0.02
Normalization (10−3) 7.7 ± 0.4 7.2 ± 0.2 7.18+0.5

−0.06

Flux (10−10) 6.7 ± 0.3 6.2 ± 0.2 6.2 ± 0.2
NTHCOMP Normalization 0.91 ± 0.04 0.90 ± 0.03 0.91+0.01

−0.06

Flux (10−10) 58.3 ± 2.4 58.1 ± 2.5 58.4 ± 2.4
KYRLINE Rin (RG) 5.12+1.28

−0 5.12+0.52
−0 10.0+0.3

−1.6

Eline (keV) 6.46 ± 0.08 6.5 ± 0.1 6.97+0
−0.24

α 2.9 ± 0.2 2.5 ± 0.2 3.9 ± 0.3
Normalization (10−3) 10.23+0.8

−0.02 7.3+1.2
−0.3 7.5 ± 1.0

Flux (10−10) 1.09 ± 0.05 0.78 ± 0.08 0.8 ± 0.1
Total flux (10−10) 66.1 ± 2.4 65.0 ± 2.5 65.4 ± 2.4

BBODY kT (keV) 0.60 ± 0.01 0.58 ± 0.01 0.59 ± 0.01
Normalization (10−3) 7.8 ± 0.5 7.2 ± 0.3 7.4 ± 0.2

Flux (10−10) 6.7 ± 0.4 6.2 ± 0.2 6.4 ± 0.2
NTHCOMP Normalization 0.90+0.01

−0.06 0.90+0.01
−0.06 0.90 ± 0.03

Flux (10−10) 58.2 ± 2.5 58.1 ± 2.5 58.0 ± 2.3
GAUSS Eline (keV) 6.77+0.07

−0.04 6.79+0.07
−0.1 6.88+0.09

−0.2

σ (keV) 1.37+0.1
−0.03 1.19+0.07

−0.2 1.34+0.09
−0.01

Normalization (10−3) 10.5+1.4
−0.6 7.1+1.5

−0.1 8.94+1.5
−0.3

Flux (10−10) 1.2 ± 0.1 0.78 ± 0.09 1.0 ± 0.1
Total flux (10−10) 66.1 ± 2.6 65.1 ± 2.5 65.4 ± 2.3

Figure 6. Temperature of the blackbody component in 4U 1636−53 for the
first three subsegments (S1a, S1b and S1c) of the XMM–Newton observation.
The model BBODY+NTHCOMP was used to fit the continuum. Symbols are the
same as in Fig. 4.

increases from 0.80 ± 0.06 per cent in S1a to 2.27 ± 0.06 per cent in
S1c just before the X-ray burst, and changes to 1.34 ± 0.06 per cent
when the QPO reappears after the burst. Finally, we discovered a
strong correlation between the frequency of the mHz QPO and the
temperature of the neutron-star surface, represented by a blackbody
component in the energy spectrum of the source.

Using RXTE observations, Altamirano et al. (2008a) found that
the mHz QPOs in 4U 1636−53 occur only when the source is
in certain spectral states. When the source is in an intermediate

Figure 7. Average frequency of the mHz QPO versus the temperature
of the blackbody component for the first three subsegments and the last
segment of the observation of 4U 1636−53. The model BBODY+NTHCOMP

was used to fit the continuum. Here, we plot the standard deviation of the
average frequency. We added an offset of 0.008 keV to the temperature of
the blackbody component in the case of GAUSS model for clarity. Symbols
are the same as in Fig. 4. We use an ‘X’ symbol in black and a filled circle
in cyan to show the results of the KYRLINE and the GAUSS iron line model for
the segment 4, respectively.

spectral state, close to the transition between the soft and the hard
state (see fig. 1 in Altamirano et al. 2008a), 4U 1636−53 exhibits
mHz QPOs with frequencies that systematically decrease with time
from ∼15 mHz to around 7–9 mHz, and at that frequency the QPOs
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disappear simultaneously with the occurrence of a type I X-ray
burst. When 4U 1636−53 is in a softer state, the oscillations show no
frequency drift, and the frequency is always constrained between ∼7
and ∼9 mHz.

The QPO we found in the XMM–Newton observation of 4U
1636−53 shows a frequency drift, from ∼8.3 to ∼7 mHz, and dis-
appears after the type-I X-ray burst onset. As previously reported by
Sanna et al. (2013) and Lyu et al. (2014), the XMM–Newton obser-
vation analysed in this paper (Obs.5 in Sanna et al. 2013) sampled
the transition between the soft and the hard state of 4U 1636−53
(see fig. 2 in Sanna et al. 2013). Our results are therefore consistent
with the picture that frequency drifts of the mHz QPOs are only
observed in the state transition.

Altamirano et al. (2008a) also showed that the time interval re-
quired to detect the mHz QPOs after an X-ray burst is not always
the same, and it is independent of the spectral state of the source.
However, due to gaps in the RXTE observations, they could not
exclude waiting times as short as ∼1000 s. Molkov et al. (2005)
observed a ∼10 mHz oscillations in the LMXB SLX 1735−269 that
reappeared during the decaying phase of an X-ray burst, just ∼400 s
after the peak of the burst. At the other extreme, Altamirano et al.
(2008a) found that no mHz QPOs were detected during the ≈15 ks
of uninterrupted data after an X-ray burst in 4U 1636−53, setting
a lower limit on the longest waiting time for this source. In this pa-
per, and thanks to the ability of XMM–Newton to carrying out long
observations without data-gaps, we find a waiting time of ∼25 ks
between an X-ray burst and the reappearance of the mHz QPO, the
longest waiting time so far.

Standard theory predicts that the transition from stable to unstable
helium burning via the triple-alpha process takes place when the
accretion rate is close to the Eddington limit (Fujimoto, Hanawa
& Miyaji 1981; Ayasli & Joss 1982). If the accreted matter is
hydrogen-deficient, the transition is expected to take place at an
even higher accretion rate (Bildsten & Cumming 1998; Keek et al.
2009). 4U 1636−53 accretes at few per cent of Eddington; however,
if local mass accretion rate per unit area is ṁ � ṁEdd, as suggested
by Heger et al. (2007), only ≈1000 s are required to accrete a fuel
layer of column depth yf capable of undergoing marginally stable
burning (assuming that none of the accreting fuel is burnt, yf ≈ 108 g
cm−2, and ṁ ≈ 8 × 104 g cm−2 s−1; see e.g. Heger et al. 2007).
Waiting times longer than 1000 s, and particularly as long as ∼25 ks,
imply that at the observed luminosities either a large fraction of the
accreted fuel must be burnt as it accretes on to the neutron-star
surface (e.g. van Paradijs, Penninx & Lewin 1988; Cornelisse et al.
2003; Altamirano et al. 2008a; Galloway et al. 2008; Keek, Langer
& in’t Zand 2009, and references therein), or that only a small
fraction of the accreted matter reaches the neutron-star surface.

If hydrogen and/or helium can mix efficiently as mass is accreted
on to the neutron star, the conditions under which the fuel is burnt are
different (e.g. Fujimoto 1993; Yoon, Langer & Scheithauer 2004;
Piro & Bildsten 2007; Keek, Langer & in’t Zand 2009). Keek et al.
(2009) studied the effect of rotationally induced transport processes
on the stability of helium burning. They found that as helium is dif-
fused to greater depths, the stability of the burning is increased, such
that the critical accretion rate for stable helium burning decreases
and, combined with a higher heat flux from the crust, turbulent mix-
ing could explain the fact that mHz QPOs occur at (apparent) lower
accretion rates. Furthermore, Keek et al. (2009) found that by low-
ering the heat flux from the crust (effectively cooling the burning
layer), the frequency of the marginally stable burning decreases.
4U 1636−53 shows mHz QPOs with systematically decreasing fre-
quencies right before a type I X-ray burst (Altamirano et al. 2008a).

That behaviour of the frequency is considered to be related to the
heating of the deeper layers of the neutron star. Here, we find a
strong correlation between the average frequency of the mHz QPO
and the temperature of the blackbody component in the energy spec-
trum. It is worth mentioning that the blackbody temperature from
the fits corresponds to the effective temperature of the neutron-star
photosphere rather than the temperature of the burning layer on
the neutron-star surface. Besides, the blackbody temperature could
in fact be partly the temperature of the disc, since we do not fit
a disc component and a blackbody component separately, but just
a blackbody component that accounts for both components. If the
temperature of the burning layer and that of the photosphere are
correlated, and the temperature of the disc remains more or less
constant during our observation, the frequency of the mHz QPO
should be correlated with the temperature of the burning layer. This
is different from the prediction of the model of Heger et al. (2007),
in which the frequency is inversely proportional to the square root of
the temperature of the burning layer. Assuming that mass accretion
rate is proportional to the total flux in each segment (see Fig 5), and
the thickness of the fuel layer is more or less constant, we found no
significant correlation between the observed frequency and the fre-
quency predicted by equation 11 in Heger et al. (2007). In our data,
the predicted frequency changes by ∼0.5 per cent, but the errors
are about 5 per cent, which precludes us from drawing any con-
clusion. On the other hand, a correlation between QPO frequency
and neutron-star temperature is consistent with the results of Keek
et al. (2009). When the burning layer is effectively cooled down, the
frequency of the oscillations decreases by tens of per cents until a
flash occurs. Interestingly, we find that the frequency–temperature
correlation holds also when the mHz QPO reappears after the burst.
Additionally, the model of Keek et al. (2009) could also explain
why the mHz QPOs are not sensitive to short-term variations in the
accretion rate. The cooling could, for instance, be dominated by
the slow release of energy from a deeper layer that was heated up
during an X-ray burst (Keek et al. 2009).

Furthermore, Keek et al. (2009) found that the flux from the
neutron-star crust, Lcritical, at the transition between stable and un-
stable burning increases with increasing accretion rate. This may
offer a clue about the mechanism that triggers the reappearance of
the mHz QPO after the burst. As shown in Fig. 5, the total flux in
segments 2–4, after the X-ray burst, is higher than the total flux in
the first segment, before the burst, indicating that the accretion rate
may have increased after the burst. If Lcritical in segment 1 is Llo

critical,
the increase of accretion rate after the X-ray burst would lead to
a higher value, Lhi

critical, which in turn sets a higher threshold that
needs to be overcome for the mHz QPO to reappear. The flux of
the blackbody component (lower panel in Fig. 5) in segment 1 is
around 6.2 × 10−10 ergs cm−2 s−1; after the burst, the flux drops in
segment 2, and after that it increases until the end of the observation.
Only segment 4 shows a blackbody flux that is significantly larger
than the one in segment 1, indicating that the heat flux from the
crust in segment 4 may be as high as the value of Lhi

critical required
for the mHz QPO to reappear. This scenario is also consistent with
the prediction of the standard theory. After an X-ray burst fuel on
the neutron-star surface becomes hydrogen-deficient, leading to a
transition at a higher accretion rate.
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A P P E N D I X A : R E S U LT S O F T H E FI T TO T H E
F O U R S E G M E N T S W I T H A D I S C C O M P O N E N T

As shown in Table A1, the temperature of the disc is above 0.65 keV
in the first and the last segments, where the mHz QPO is detected,
while it is below 0.64 keV for the other two segments. The inner
radius of the disc pegs at the lower boundary, 5.12Rg, for all seg-
ments, while the emissivity index of the line marginally decreases
from about 2.7 in the first three segments to about 2.5 in the fourth
one. The width of the GAUSS component appears to decrease slightly
in the first three segments, and then increases to 1.5 ± 0.2 in the last
segment. The two line models show different results of the energy
of the line. The line is at about 6.9 keV in the first segment and then
pegs at 6.97 keV in the other segments for the GAUSS model, while
in the KYRLINE case the line is between 6.6 and 6.7 keV in the first
three segments, and then increases to ∼6.9 keV in the last segment.

The total unabsorbed flux and the flux of the NTHCOMP evolve in a
similar way as in the case where we used BBODY+NTHCOMP to fit the
continuum. Both fluxes first increase and then remain more or less
constant or just decrease slightly in the last segment. The DISKBB

component is formally not required in the fits of segments 2 and 3,
where there are no mHz QPO present in the data. For the flux of the
iron line, in the case of GAUSS, it is slightly lower in segments 2 and
3 where there is no mHz QPO, while in the KYRLINE case the flux of
the line is more or less constant in all segments.

The best-fitting parameters to the spectra of the four segments
using DISKBB to fit the soft component are given in Table 3 (linked
parameters: NH, �, kTe and θ ) and Table A1 (unlinked parameters),
respectively.
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Table A1. Fitting results of four segments of 4U 1636−53 using the continuum model
DISKBB+NTHCOMP; unlinked parameters. We fit the four segments with two iron line models simul-
taneously (see the text for more details); the χ2

ν (χ2/dof) of the fit is 1.16 (1568/1348).

Model comp Parameter S1 S2 S3 S4

DISKBB kT (keV) 0.66 ± 0.02 0.60 ± 0.03 0.61 ± 0.03 0.67 ± 0.02
Normalization 151.8+29.1

−5.6 <48.8 <47.2 90.4+38.2
−17.7

Flux (10−10) 5.1 ± 1.8 <1.07 <1.14 3.2 ± 2.2
NTHCOMP Normalization 0.67 ± 0.05 0.83 ± 0.01 0.83+0.01

−0.06 0.73 ± 0.06
Flux (10−10) 57.6 ± 4.8 66.5 ± 6.2 67.6 ± 4.9 63.5 ± 6.1

KYRLINE Rin (RG) 5.12+0.18
−0 5.12+0.21

−0 5.12+0.20
−0 5.12+0.43

−0

Eline (keV) 6.65 ± 0.07 6.69 ± 0.11 6.62 ± 0.09 6.88+0.09
−0.1

α 2.7 ± 0.1 2.7 ± 0.2 2.7 ± 0.2 2.5 ± 0.2
Normalization (10−3) 11.4 ± 0.8 10.5 ± 0.8 11.3 ± 0.8 10.6 ± 1.3

Flux (10−10) 1.26 ± 0.08 1.17 ± 0.09 1.24 ± 0.09 1.2 ± 0.1
Total flux (10−10) 63.9 ± 5.1 67.7 ± 6.6 68.9 ± 5.6 68.0 ± 6.4

DISKBB kT (keV) 0.68 ± 0.02 0.61 ± 0.03 0.61 ± 0.03 0.69 ± 0.03
Normalization 164.2+24.7

−11.0 <66.3 <40.8 106.6+33.0
−17.0

Flux (10−10) 6.2 ± 1.9 <1.53 <1.00 4.2 ± 2.8
NTHCOMP Normalization 0.64 ± 0.03 0.82+0.02

−0.1 0.83+0.01
−0.1 0.70 ± 0.06

Flux (10−10) 55.9 ± 4.1 66.1 ± 6.5 67.7 ± 7.1 62.0 ± 6.2
GAUSS Eline (keV) 6.88+0.09

−0.12 6.97+0
−0.10 6.97+0

−0.05 6.97+0
−0.06

σ (keV) 1.5 ± 0.1 1.4 ± 0.1 1.33 ± 0.08 1.5 ± 0.2
Normalization (10−3) 14.3 ± 2.1 11.0 ± 1.2 11.1 ± 1.0 13.0 ± 2.5

Flux (10−10) 1.6 ± 0.2 1.2 ± 0.1 1.3 ± 0.1 1.5 ± 0.3
Total flux (10−10) 63.7 ± 4.6 67.6 ± 7.1 69.0 ± 7.6 67.7 ± 6.8

This paper has been typeset from a TEX/LATEX file prepared by the author.

MNRAS 445, 3659–3668 (2014)

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article-abstract/445/4/3659/1078357 by U
niversity of G

roningen user on 15 N
ovem

ber 2018


