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4U 1636-536
Low-mass neutron star X-ray 
binary!
Atoll source!
Persistent, intensity varies up 
to a factor 10; ∼40 day cycle!
Discovered 1974 with 
Copernicus and Uhuru!
Orbital period ∼3.8 hr; 
companion star ∼0.5 M⊙; NS 
∼1.6-1.9 M⊙; distance 6.0±0.5 
kpc  

Giacconi et al. 1974; Willmore et al. 1974

van Paradijs et al. 1990; Giles et al. 2002;!
Casares et al. 2006; Galloway et al. 2006

Shih et al. 2005; Belloni et al. 2007; Altamirano et al. 2008

Hasinger & van der Klis 1989
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Figure 1. Colour-colour diagram of 4U 1636−53 using all RXTE
observations (see text). Each gray point represents the averaged
Crab-normalised colours (see Zhang et al. 2011, for details) of a
single RXTE observation. The red stars mark the position of the
five Suzaku observations (S1-S5) and six XMM-Newton/RXTE
observations (X1-X6). The position of the source in the diagram
is parameterised by the length of the blue solid curve Sa. The
diagonal black solid line indicates the position in the diagram for
which Sa = 2.1 (see also Zhang et al. 2011).

the eleven observations analysed in this paper. In Figure
2 we show part of the light curve of 4U 1636–53 obtained
with the PCA detector on board RXTE. We show the eleven
observations discussed in this paper following the same con-
vention as in Figure 1.

2.1 Suzaku data reduction

The Suzaku observations of 4U 1636−53 were carried out
using two detectors: the X-ray Imaging Spectrometer (XIS)
and the Hard X-ray Detector (HXD). The three XIS detec-
tors cover the 0.2−12 keV energy range, with the two front-
illuminated (FI) CCD detectors (XIS0, XIS3) being sensi-
tive in the 0.4 − 12 keV range, while the back-illuminated
(BI) CCD detector (XIS1) covers the 0.2 − 12 keV range.
The HXD-PIN camera provides spectra in the 10 − 70 keV
range. The 2×2 and 3×3 editing modes were applied to the
XIS detectors with the 1/4 window mode and a burst op-
tion to limit the photon pile-up. For all five observations the
XIS-pointing position was applied. We list other details of
the observations in Table 1.

All data reduction proceeded according to the Suzaku
Data Reduction Guide1. We calibrated the XIS and HXD
data using XIS CALDB 20111109 and HXD CALDB
20070710, respectively. We put together the 2× 2 and 3× 3
mode event files for each XIS detector into the HEASOFT
tool xselect to produce good time intervals excluding X-ray
bursts, and extracted spectra from a rectangular box region
centred at the position of the source. We used the HEA-
SOFT tools xisrmfgen and xissimarfgen to create the XIS
redistribution matrix files (RMFs) and ancillary response

1 http://heasarc.nasa.gov/docs/suzaku/analysis/abc/

files (ARFs). We produced the final FI spectrum file by
combining the spectra and responses of the XIS0 and the
XIS3 data, while the final BI spectrum file was created from
spectra and responses of the XIS1 data. We rebinned all
the spectra to a minimum of 20 counts per bin. To test for
pile-up, we extracted several spectra from the event files
excluding a small rectangular area of different sizes within
the rectangular region that we used previously to extract
the spectrum of the source. We determined the optimal size
of the inner rectangular area by checking that the model
parameters of the spectral continuum did not change signif-
icantly when we increased the size of the inner rectangular
area further. For the FI (BI) spectrum of observation S1 the
width and the height of the inner rectangular area were, re-
spectively, 43 and 54 (41 and 39) pixels. For the other four
observations we used the same width and height of the inner
rectangular area for the FI and BI spectra, respectively, 77
and 103 pixels for S2 and S3, 88 and 88 pixels for S4, and
58 and 82 pixels for S5.

To produce the HXD-PIN spectra we followed exactly
the steps recommended by the Suzaku team. For each ob-
servation the HXD-PIN data reduction process began with
a clean event file. We extracted the PIN spectrum and ap-
plied the dead-time correction using the pseudo-events files.
After we had extracted the non-X-ray background (NXB)
spectrum, we increased the exposure time of the background
spectrum by a factor 10 since the NXB event file was calcu-
lated with a count rate 10 times higher than the real back-
ground count rate to reduce the statistical errors. Since the
cosmic X-ray background was not included in the NXB event
file, it was simulated and modelled (as a power law with a
high energy cutoff component; see the Suzaku Data Reduc-
tion guide for details), and finally it was added to the NXB
spectrum in order to provide the total background spectrum.
As in the case of the XIS spectra, we excluded the time in-
tervals with X-ray bursts to produce the X-ray spectra.

2.2 XMM-Newton and RXTE data reduction

In this paper we used the same XMM-Newton and RXTE
data as presented in Sanna et al. (2013). Details of the ex-
traction and reduction process are given in Sanna et al.
(2013). Here we only summarise their steps. The six XMM-
Newton observations used in this work were taken with the
EPIC-PN cameras in timing mode, in which one dimension
of the CCDs is compressed to obtain a fast read out. The
PN event files were processed using the tool epproc in SAS
version 12.1. Intervals with X-ray bursts were excluded from
the analysis, and all source spectra were rebinned to ensure
there were at least 25 counts in every bin.

For the RXTE observations taken simultaneously with
the XMM-Newton observations, Sanna et al. (2013) ex-
tracted spectra from the Standard 2 data taken with the
third Proportional Counter Unit (PCU2), since it is the best-
calibrated detector, excluding intervals with X-ray bursts.
A 0.6% systematic error was added to the PCA data and
the background spectrum was estimated using the tool
pcabackest. The HEXTE spectrum was produced after ex-
cluding X-ray bursts, and no systematic errors were applied.
For more details of the XMM-Newton and RXTE data re-
duction, we refer to Sanna et al. (2013).

Zhang et al. 2011; Lyu et al. 2014
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Figure 4. The four soft-state spectra (top left: Obs. 2, bottom left: Obs. 4, top right: Obs. 3 and bottom right: Obs. 5) of 4U 1636−53. Each plot shows the
simultaneously fitted XMM–Newton/RXTE spectra and unfolded model in the main panel, and the residuals in sigma units in the sub-panel. Lines and colours
are the same as in Fig. 3.

show a similar trend as the disc temperature, however it is apparent
that the flux is on average lower in the transitional state (Obs. 1 and
6) than in the soft state; although that is more evident when using
the phenomenological model (red stars), it can still be noticed for
the reflection model. From panels 3 and 4, we found that the flux
and temperature of the NS surface/boundary layer did not show any
clear trend with Sz in the fits with the reflection model. Note, how-
ever, that the BBODY flux in the phenomenological model showed a
clear increase between the two source states. The BBODY behaviour
across the CD does not seem to follow the standard scenario, for
which an increase in mass accretion rate should heat up the surface
of the NS. Panels 5–7 show the corona emission properties across
the CD. Both, photon index and flux of the component did not vary
systematically as the source moved from transitional to soft state.
Note, however, that " from the reflection model in average is larger
in the soft state. On the other hand, the electron temperature (kTe)
of the scattering cloud clearly decreased as mass accretion rate in-
creased (with the exception of Obs. 4 in the reflection model). The
latter result is consistent with the scenario in which, as the source
moves from transitional to soft state, the accretion disc becomes
hotter emitting a larger number of soft photons that will cool down
the electrons in the corona.

3.4.2 Emission line: phenomenological models

The line parameters from the phenomenological models are given
in Table 6. In Fig. 6, we show three representative spectra and

individual components of a transitional-state observation (top: Obs.
1), and two soft-state observations (middle: Obs. 3 and bottom: Obs.
4) fitted with relativistic model KYRLINE with a∗ = 0.27.

The first thing to notice from the table is the fact that the Fe
line is very well modelled with a simple, symmetric, Gaussian pro-
file. Replacing the Gaussian profile with a relativistic line model
always lead to an increase of χ2 (with the exception of Obs. 4),
with a maximum $χ2 between the Gaussian and the other models
of ∼32 (for 2 d.o.f. difference). The Gaussian component, how-
ever, showed always a very broad profile, with a line width be-
tween 1 and 1.4 keV that seemed to increase as the source went
from the transitional state to the soft state, with the exception of
Obs. 4 in which the width dropped to its lowest value of 1 keV.
In Obs. 1, 2, 5 and 6, all the model consistently showed an en-
ergy line at 6.4 keV that implies neutral or lowly ionized iron. In
Obs. 3, KYRLINE gave energy values of ∼6.7 keV while the other
models place the line at ∼6.4 keV. Finally, in Obs. 4 DISKLINE and
KYRLINE gave an energy value of ∼6.4 keV, while GAUSSIAN and
LAOR gave values larger than 6.7 keV. The inclination was gener-
ally too high given that no dips or eclipses have been observed in
4U 1636−53. All the models showed inclinations larger than 70◦,
with most of the values showing an upper confidence limit that
pegged at 90◦. We further found that the emissivity index of the
disc was roughly the same for all observations for all the relativistic
models.

In Fig. 7, from top to bottom, we show the evolution of the
EW, inner radius and line flux across the CD for the different
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4U 1636: Timing properties

X-ray burst source!
Millisecond X-ray 
pulsar ∼518 Hz!
Quasi-periodic 
oscillations on !
kHz!
hHz!
7-9 mHz

Hoffman et al. 1977

Strohmayer et al.  2002

Wijnands et al. 1997;!
Belloni et al. 2007;!
Sanna et al. 2012;!
Altamirano et al. 2008

Revnivtsev et al. 2001;!
Altamirano et al. 2008;  
Lyu et al. 2014; 2015
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4U 1636: Timing properties
X-ray burst source
millisecond X-ray 
pulsar ∼581 Hz
quasi-periodic 
oscillations on 

kHz
hHz
7-9 mHz

Hoffman et al. 1977

Strohmayer et al. 2002

Wijnands et al. 1997; 
Belloni et la. 2007;
Sanna et al. 2012;
Altamirano et al. 2008

Revnivtsev et al. 2001;
Altamirano et al. 2008

Altamirano et al. 2008

Altamirano et al. 2008
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millisecond X-ray 
pulsar ∼581 Hz
quasi-periodic 
oscillations on 
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Wijnands et al. 1997; 
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Sanna et al. 2012;
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Revnivtsev et al. 2001;
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4U 1636: milli-hertz QPOs
Detected by!
Observed at L2-20keV≃5-11×1036 erg s-1 
close to the transition luminosity 
between stable and unstable burning !
Fractional rms amplitude strongly 
decrease with energy!
Possible connection to type I X-ray 
bursts!
Frequency systematically decrease 
with time, until oscillations disappear 
& a type I burst occurs!
Supports connection to type I X-ray 
bursts

M. Revnivtsev et al.: New class of low frequency QPOs: signature of nuclear burning or disk instabilities? 141

Fig. 4. The power spectra of 4U1608-52 and 4U1636-536 with mHz QPO. Left panel: 4U1608-52, observations Mar. 3–6, 1996;
middle panel: 4U1636-536, observations Mar. 1996–Feb. 1999; right panel: 4U1636-536, archive observations of EXOSAT/ME,
Aug. 8, 1985.

Fig. 5. The dependence of rms amplitude of QPO on the pho-
ton energy. For 4U1608-52 the observations from March 1996
was used. 2σ upper limits are shown for energies greater than
5 keV.

(within a factor of 2–3), while the total range of the source
flux variations during the RXTE observations spans two
orders of magnitude (Figs. 1, 6). Interestingly, at approx-
imately the same flux level, type I X-ray bursts cease to
exist, as shown in Fig. 6. Although the number of bursts
detected is not very large, the coincidence is striking and
may hint at an intimate relation between changes in the
nuclear burning regimes and observed QPOs. This as-
sumption, that mHz QPOs are associated with a specific
range of mass accretion rates, implies that 4U1636-536,
whose flux did not change much during the RXTE obser-
vations, by chance has about the right accretion rate, for
generation of mHz QPOs.

Further support for the possible link between nuclear
burning and the mHz QPOs in 4U1608-52 comes from
the analysis of the light curve before and after a type I
X-ray burst that occurred during the period when the
mHz QPOs were detected. The relevant part of the
2–5 keV light curve is shown in Fig. 7. Quasi-periodic
oscillations are clearly visible during the orbit preceding
the one in which the X-ray burst was detected. Moreover
mQPOs are also present immediately before the burst,
but cease after the burst. This behavior would naturally
fit the assumption that nuclear burning is responsible for
mQPOs, if a large fraction of the fuel is consumed dur-
ing the type I burst and a long time is needed to restore
the conditions. Note here that for 4U1608-52 the ratio of
peak X-ray fluxes of a type I X-ray burst and small “mi-
croburst” is of the order of 600–700. A ratio of the total
energies released in the single type I burst and in the vari-
able component during one ∼120 s period of mQPO is of
the order of 150–180. The latter number may indicate that
compared to a typical type I X-ray burst, the amount of
nuclear fuel consumed during a single cycle of the mQPO
is less than per cent.

A change in the X-ray flux variability after a type I
X-ray burst was previously reported by Yu et al. (1999)
for Aquila X-1. The authors reported a drop in the VLFN
level after the burst that was accompanied by changes in
the source flux and a decrease in the kHz QPO frequency.
Possible correlation of the low frequency variability with
nuclear burning at the neutron star surface was also men-
tioned. We reanalyzed the archival data of the observation
of Aql X-1 described in Yu et al. (1999) (Mar. 1, 1997) and
found a QPO peak at a frequency of ∼6–7 mHz. These
variations also have a soft spectrum and are undetectable
at the energies above ∼7 keV. Moreover, a significant frac-
tion of the VLFN at these frequencies can be attributed to
this QPO. Again, as in the case of 4U1608-52, this QPO–
like feature becomes undetectable after the burst. Thus,
although it is difficult to offer a satisfactory explanation of
all changes occurring during the burst, we conclude that
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Fig. 1.—Color-color diagram (Altamirano et al. 2007). Each data point
represents the average of an observation (≈2 to ≈30 ks). The ellipse marks
the region in which mHz QPOs with decreasing frequency were found. The
labels A, B, and C correspond to those in Fig. 3.

Fig. 2.—Dynamical power spectrum, smoothed with a 750 s sliding window
with steps of 200 s, showing the mHz QPOs during the last 12 ks before the
X-ray burst occurs. This sequence corresponds to interval B in Figs. 1 and 3;
i.e., observation 60032-05-02-00). The three black vertical lines correspond
to the times of occurrence of the X-ray bursts. For clarity, we plot only powers
above 10 that correspond to !2 j (single trial per 750 s window but normalized
to the number of possible frequencies in the range 0–0.5 Hz).

This provides us with an opportunity to study the mHz QPOs in
harder and lower luminosity states than was possible up to now.

2. DATA ANALYSIS AND RESULTS

We used data from the RXTE Proportional Counter Array
and the High-Energy X-Ray Timing Experiment (PCA and
HEXTE, respectively; for instrument information, see Jahoda
et al. 2006 and Gruber et al. 1996). Up until June 2006, there
were 338 public pointed observations. An observation covers
one to five consecutive 90 minute satellite orbits. Usually, an
orbit contains between 1 and 5 ks of useful data separated by
1–4 ks data gaps; on rare occasions, the visibility windows
were such that RXTE continuously observed the source for up
to 27 ks. In total, there were 649 gap-free data segments of
length 0.3–27 ks.

We produced energy spectra for each observation using stan-
dard data modes and fitted them in the 2–25 and 20–150 keV
bands for PCA and HEXTE, respectively. The interstellar ab-
sorption NH was fixed at cm!2 (see Schulz 1999;213.75 # 10
Fiocchi et al. 2006). We used 1 s resolution event mode PCA
light curves in the ≈2–5 keV range (where the mHz QPOs are
strongest) and searched for periodicities in each of the 649
segments separately, using Lomb-Scargle periodograms (Lomb
1976; Scargle 1982; Press et al. 1992). Segments in which one
or more type I X-ray bursts were detected were searched for
periodicities before, in between, and after the bursts. We find
that the oscillations in the ≈2–5 keV range are evident from
the light curves (see, e.g., Fig. 1 in Revnivtsev et al. 2001).
The significance, as estimated from our Lomb-Scargle perio-
dograms (Press et al. 1992), confirms that the oscillations are
all above the 3 j level. We estimated the uncertainties in the
measured frequencies by fitting a sinusoid to 1000 s data seg-
ments, to minimize frequency-drift effects. The typical errors
on the frequency are of the order of Hz [or!5(2–6) # 10

mHz].!2(2–6) # 10
We detected mHz QPOs in 124 of the 649 segments. Most

occur in segments with less than 4 ks of useful data, and some-

times the QPOs cover only part of a segment. Revnivtsev et
al. (2001) reported the characteristics of the mHz QPOs be-
tween 1996 March and 1999 February. Using the X-ray colors
averaged per observation as reported by Altamirano et al.
(2007), we find that their data sample the region at hard colors
"0.7 and soft colors !1 (see Fig. 1), which represent the so-
called banana state (van der Klis 2006). Some of the later
observations also sample the banana state. We reanalyzed all
the data in this region of the color-color diagram and found
results that are consistent with those reported by Revnivtsev
et al. (2001): the frequency of the QPOs varies randomly be-
tween 6 and 9 mHz.

In the harder state, close to the transition between the island
and the banana state and marked with the ellipse drawn in
Figure 1, we found 22 segments with significant mHz QPOs;
in these observations, the (2–150 keV) luminosity was

ergs s!1, whereas for the other ob-36 2(6–10) # 10 [d/(6 kpc)]
servations, corresponding to the banana state, it was higher,

ergs s!1.36 2(10–35) # 10 [d/(6 kpc)]
Among the 22 segments, we distinguish two groups on the basis

of segment length: the first consisted of four segments, each with
more than 14 ks of uninterrupted data, and the second consisted of
18 segments, each corresponding to one orbit with less than ≈4 ks
of useful data. For all four segments in the first group, we measure
a systematic decrease of frequency from between 10.7 and 12.5
mHz down to less than 9 mHz over a time interval of 8–12 ks,
after which an X-ray burst occurs and the QPOs disappear (the
QPOs become much less than 3 j significant). Figure 2 shows a
representative dynamical power spectrum corresponding to one of
these segments (interval B in Fig. 3). The QPO is present ≈12 ks

Altamirano et al. 2008

Revnivtsev et al. 2001

Revnivtsev et al. 2001

Altamirano et al. 2008; !
Lyu et al. 2014; 2015
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Pulse profile
2009 March & September 
XMM-Newton EPIC/pn 
timing mode observations!
L o n g e st, co nt i n u o u s 
exposure before type-I 
X-ray bursts (13.3 & 10.4 ks)!
Full energy range!
Assumption free approach !
Using local maxima and 
minima to estimate a  
profile template!
Refining template through 
correlations

Obs.1!
Obs.2

Stiele et al. 2016, ApJ, 831, 34

Obs.2
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Energy spectrum
“quiescent” emission (                  ): 
absorbed blackbody + disc blackbody!
Oscillatory burning mode across the 
whole NS surface!
Variable blackbody temperature:!

Fix radius (RNS) at “quiescent” value!
Temperature changes!

Huge change in     ;           
     substantially larger than 1!

Fits not acceptable!
Residuals show additional 
spectral component

(k
eV

)

�= 0.5

Stiele et al. 2016, ApJ, 831, 34

Table 1: Spectral parameters

param. GX339/04 GX339/09 Sw1753/06 Sw1753/12/1 Sw1753/12/2 GS1354
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�0.05 1.73± 0.03 1.57+0.03
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the same despite the drift of the centroid frequency. To check if
this assumption is reasonable, we divide the light curve in half
and determine the waveform in each half. The waveform

obtained from the half closer to the occurrence of the type-I
burst agrees well with the waveform found in the other half.

4. PHASE-RESOLVED SPECTRA

To obtain phase-resolved energy spectra, we use standard
SAS tools and the start and end times of each bin from the light
curves. During the extraction of energy spectra, we pay special
attention to generate ARF files of the pile-up corrected source
region, following the steps laid down in the XMM-Newton
Users Guide.3 To extract background spectra, we use columns
3�RAWX� 5. To get better statistics, we regroup the bins
(width: ¯0.045) of the pulse into five bins, corresponding to early
rise (0.3 < f < 0.4), rise (0.4 � f < 0.5), peak (f = 0.5),
decay (0.5 < f � 0.65), and late decay (0.65 < f < 0.8) of the
pulse and extract theenergy spectrum of each bin for both
observations. We alsoextract a spectrum of the “quiescence”
state of the mHz QPO, using 0.0 � f � 0.3. The spectral fitting
is done using ISIS V. 1.6.2 (Houck & Denicola 2000). We fit
the “quiescence” spectra of both observations individually with
an absorbed blackbody plus disk blackbody model, where the
single blackbody accounts for the emission of the NS surface/
boundary layer and the disk blackbody component for the
emission of the accretion disk (Sanna et al. 2013), to obtain a
model of the X-ray emission of the accreting NS. We used the
tbabs absorption model (Wilms et al. 2000) with abundances
of Anders & Grevesse (1989) and the cross sections given in
Balucinska-Church & McCammon (1992), with the He cross-
section based on Yan et al. (1998). The obtained spectral
parameters are given in Table 1. The fact that the blackbody
temperature does not show a correlation with the mHz QPO
frequency has been reported (Lyu et al. 2015).
In Heger et al. (2007), the mHz QPO is interpreted as an

oscillatory burning mode across the whole NS surface.
According to this interpretation, the oscillations come from
variations in the blackbody temperature. To test this picture, we
fit the phase-resolved energy spectra with the model of the
“quiescence” spectra, leaving the blackbody temperature free.
We find a change of the blackbody temperature (on the 10 eV
scale) with the pulse profile, but the obtained reduced χ2 values
are unacceptablylarge (Tabel 2) and the spectral residuals
clearly show that an additional component at lower energies is
present.
Next, we try to fit the phase-resolved energy spectra with the

obtained “quiescence” spectra and an additional single

Figure 2. Upper panel: waveform of the mHz QPO. To facilitate a direct
comparison of the waveform between both observations, the unpulsed level,
obtained from f�0.3 and f�0.8, have been subtracted. Middle two panels:
spectral parameters of the phase-resolved spectra combining both observations
and fitted with the “quiescence” model and an additional bbodyrad model.
Lower two panels: spectral parameters of the fit of the phase-resolved spectra
with the “quiescence” model and allowing for a variable diskbb component.
Given are thedifferences between phase-resolved and “quiescence” inner disk
radius and temperature.

Table 1
Spectral Parameters of the Background Model: TBabs (bbodyrad+diskbb)

Parameter March Sept.

NH [1021 cm2] 2.353±0.006 2.452±0.006
Tbbody [keV] �

�1.81 0.02
0.03

�
�1.75 0.03

0.02

Abbody [km2]a �
�10.9 0.6

0.7 8.9±0.5
Tdisk [keV] 0.808±0.012 0.772±0.011
R Rq cosdisk [km]a 13.4±0.4 �

�12.5 0.3
0.4

χ2/ν 110.3/82 91.7/82

Note.
a Derived from normalization assuming a distance of 6.0 kpc (Galloway
et al. 2006) and a mass of 1.4 Me.

3 http://xmm-tools.cosmos.esa.int/external/xmm_user_support/
documentation/sas_usg/USG/
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the same despite the drift of the centroid frequency. To check if
this assumption is reasonable, we divide the light curve in half
and determine the waveform in each half. The waveform

obtained from the half closer to the occurrence of the type-I
burst agrees well with the waveform found in the other half.

4. PHASE-RESOLVED SPECTRA

To obtain phase-resolved energy spectra, we use standard
SAS tools and the start and end times of each bin from the light
curves. During the extraction of energy spectra, we pay special
attention to generate ARF files of the pile-up corrected source
region, following the steps laid down in the XMM-Newton
Users Guide.3 To extract background spectra, we use columns
3�RAWX� 5. To get better statistics, we regroup the bins
(width: ¯0.045) of the pulse into five bins, corresponding to early
rise (0.3 < f < 0.4), rise (0.4 � f < 0.5), peak (f = 0.5),
decay (0.5 < f � 0.65), and late decay (0.65 < f < 0.8) of the
pulse and extract theenergy spectrum of each bin for both
observations. We alsoextract a spectrum of the “quiescence”
state of the mHz QPO, using 0.0 � f � 0.3. The spectral fitting
is done using ISIS V. 1.6.2 (Houck & Denicola 2000). We fit
the “quiescence” spectra of both observations individually with
an absorbed blackbody plus disk blackbody model, where the
single blackbody accounts for the emission of the NS surface/
boundary layer and the disk blackbody component for the
emission of the accretion disk (Sanna et al. 2013), to obtain a
model of the X-ray emission of the accreting NS. We used the
tbabs absorption model (Wilms et al. 2000) with abundances
of Anders & Grevesse (1989) and the cross sections given in
Balucinska-Church & McCammon (1992), with the He cross-
section based on Yan et al. (1998). The obtained spectral
parameters are given in Table 1. The fact that the blackbody
temperature does not show a correlation with the mHz QPO
frequency has been reported (Lyu et al. 2015).
In Heger et al. (2007), the mHz QPO is interpreted as an

oscillatory burning mode across the whole NS surface.
According to this interpretation, the oscillations come from
variations in the blackbody temperature. To test this picture, we
fit the phase-resolved energy spectra with the model of the
“quiescence” spectra, leaving the blackbody temperature free.
We find a change of the blackbody temperature (on the 10 eV
scale) with the pulse profile, but the obtained reduced χ2 values
are unacceptablylarge (Tabel 2) and the spectral residuals
clearly show that an additional component at lower energies is
present.
Next, we try to fit the phase-resolved energy spectra with the

obtained “quiescence” spectra and an additional single

Figure 2. Upper panel: waveform of the mHz QPO. To facilitate a direct
comparison of the waveform between both observations, the unpulsed level,
obtained from f�0.3 and f�0.8, have been subtracted. Middle two panels:
spectral parameters of the phase-resolved spectra combining both observations
and fitted with the “quiescence” model and an additional bbodyrad model.
Lower two panels: spectral parameters of the fit of the phase-resolved spectra
with the “quiescence” model and allowing for a variable diskbb component.
Given are thedifferences between phase-resolved and “quiescence” inner disk
radius and temperature.

Table 1
Spectral Parameters of the Background Model: TBabs (bbodyrad+diskbb)

Parameter March Sept.

NH [1021 cm2] 2.353±0.006 2.452±0.006
Tbbody [keV] �

�1.81 0.02
0.03
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�1.75 0.03

0.02
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�12.5 0.3
0.4

χ2/ν 110.3/82 91.7/82

Note.
a Derived from normalization assuming a distance of 6.0 kpc (Galloway
et al. 2006) and a mass of 1.4 Me.

3 http://xmm-tools.cosmos.esa.int/external/xmm_user_support/
documentation/sas_usg/USG/
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the same despite the drift of the centroid frequency. To check if
this assumption is reasonable, we divide the light curve in half
and determine the waveform in each half. The waveform

obtained from the half closer to the occurrence of the type-I
burst agrees well with the waveform found in the other half.
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To obtain phase-resolved energy spectra, we use standard
SAS tools and the start and end times of each bin from the light
curves. During the extraction of energy spectra, we pay special
attention to generate ARF files of the pile-up corrected source
region, following the steps laid down in the XMM-Newton
Users Guide.3 To extract background spectra, we use columns
3�RAWX� 5. To get better statistics, we regroup the bins
(width: ¯0.045) of the pulse into five bins, corresponding to early
rise (0.3 < f < 0.4), rise (0.4 � f < 0.5), peak (f = 0.5),
decay (0.5 < f � 0.65), and late decay (0.65 < f < 0.8) of the
pulse and extract theenergy spectrum of each bin for both
observations. We alsoextract a spectrum of the “quiescence”
state of the mHz QPO, using 0.0 � f � 0.3. The spectral fitting
is done using ISIS V. 1.6.2 (Houck & Denicola 2000). We fit
the “quiescence” spectra of both observations individually with
an absorbed blackbody plus disk blackbody model, where the
single blackbody accounts for the emission of the NS surface/
boundary layer and the disk blackbody component for the
emission of the accretion disk (Sanna et al. 2013), to obtain a
model of the X-ray emission of the accreting NS. We used the
tbabs absorption model (Wilms et al. 2000) with abundances
of Anders & Grevesse (1989) and the cross sections given in
Balucinska-Church & McCammon (1992), with the He cross-
section based on Yan et al. (1998). The obtained spectral
parameters are given in Table 1. The fact that the blackbody
temperature does not show a correlation with the mHz QPO
frequency has been reported (Lyu et al. 2015).
In Heger et al. (2007), the mHz QPO is interpreted as an

oscillatory burning mode across the whole NS surface.
According to this interpretation, the oscillations come from
variations in the blackbody temperature. To test this picture, we
fit the phase-resolved energy spectra with the model of the
“quiescence” spectra, leaving the blackbody temperature free.
We find a change of the blackbody temperature (on the 10 eV
scale) with the pulse profile, but the obtained reduced χ2 values
are unacceptablylarge (Tabel 2) and the spectral residuals
clearly show that an additional component at lower energies is
present.
Next, we try to fit the phase-resolved energy spectra with the

obtained “quiescence” spectra and an additional single

Figure 2. Upper panel: waveform of the mHz QPO. To facilitate a direct
comparison of the waveform between both observations, the unpulsed level,
obtained from f�0.3 and f�0.8, have been subtracted. Middle two panels:
spectral parameters of the phase-resolved spectra combining both observations
and fitted with the “quiescence” model and an additional bbodyrad model.
Lower two panels: spectral parameters of the fit of the phase-resolved spectra
with the “quiescence” model and allowing for a variable diskbb component.
Given are thedifferences between phase-resolved and “quiescence” inner disk
radius and temperature.

Table 1
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Parameter March Sept.
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Note.
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area, the hardening factor, and the compactness of the NS.
Including the uncertainty on the distance estimation, the lower
limit on the NS radius remains above 10 km. Observations of one
life cycle of the mHz QPO in 4U 1636–53 (19 ks; Lyu et al. 2015)
with NICER will allow usto reduce the statistical uncertainties in
the radius to about 0.3 km. With the Low energy Focusing Array
onboard the enhanced X-ray Timing and Polarisation mission
(eXTP) it will be possible to reduce the uncertainties even further
to 0.15 km, and to constrain the NS radius on ±1 km using
current estimates of the source distance and hardening factor.
Given improved constrains on the hardening factor (which will
also be obtained with NICER and eXTP) and on the distance,
observations of mHz QPOs in NS LMXBs with eXTP and
NICER will provide solid lower limits on the NS radius and
improve discrimination between different EoS and between NS
and quark star models. Future missions will also allow us to
measure the emission area for single mHz QPO pulses. The
maximum peak blackbody area of a single mHz QPO pulse will
push the lower limit to larger radii than the current results based
on an averagedmHz QPO waveform.

This work is based on observations obtained with XMM-
Newton, an ESA science mission with instruments and
contributions directly funded by ESA Member States and
NASA. Data used in this work are available from the XMM-
Newton Science Archive (http://www.cosmos.esa.int/web/
xmm-newton/xsa). This work was supported by the National
Natural Science Foundation of China under grant Nos.
11073043, 11333005, and 11350110498, by Strategic Priority
Research Program “The Emergence of Cosmological Struc-
tures” under grant No. XDB09000000 and the XTP project
under grant No. XDA04060604, by the Shanghai Astronomical
Observatory Key Project and by the Chinese Academy of
Sciences Fellowship for Young International Scientists Grant.
This project was supported by the Ministry of Science and
Technology of the Republic of China (Taiwan) through grants
103-2628-M-007-003-MY3 and 104-281-M-007-060.
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eXTP: Improving constraints
Assume we observe one life cycle of 
the mHz QPO (19 ks; Lyu et al. 2015) 
with Low energy Focusing Array!
eXTP can re duce stat i st ica l 
uncertainties in the radius to  
ΔRstat. ≲ 0.15 km!
Constrain NS radius on ±1km using 
current estimates on distance and 
hardening factor!
Further improvement achievable as 
eXTP will improve distance and 
hardening factors!
Measure emission area for single 
mHz QPO pulse ➜ push lower limit 
to larger radii

faked LFA spectrum
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Summary
Phase resolved spectral studies of mHz QPOs in 4U 1636–
536!
mHz QPOs are not caused by variations in the blackbody 
temperature of the NS!
Correlation between the change of the count rate during 

the mHz QPO pulse and the spatial extent of a region 
emitting blackbody emission ➜ QPO origins on NS surface !
Maximum size of emission region at mHz QPO peak ➜ 
lower limit on NS radius ➜ constraints on EoS!
eXTP: constrain NS radius on ±1 km + improve distance 
and hardening factors (constrain RNS on ±0.1 km)!
eXTP: measure emission area for single mHz QPO pulse 
➜ push lower limit to larger radii
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Thanks for your attention
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