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ABSTRACT

The source IGR J18245–2452 is the fifteenth discovered accreting millisecond X-ray pulsar and the first neutron star to show direct
evidence of a transition between accretion- and rotation-powered emission states. These swings provided the strongest confirmation to
date of the pulsar recycling scenario. During the two XMM-Newton observations that were carried out while the source was in outburst
in April 2013, IGR J18245–2452 displayed a unique and peculiar X-ray variability. In this work, we report on a detailed analysis of the
XMM-Newton data and focus on the timing and spectral variability of the source. In the 0.4–11 keV energy band, IGR J18245–2452
continuously switched between lower and higher intensity states, with typical variations in flux by factor of ∼100 on time scales as
short as a few seconds. These variations in the source intensity were sometimes accompanied by dramatic spectral hardening, dur-
ing which the X-ray power-law photon index varied from Γ = 1.7 to Γ = 0.9. The pulse profiles extracted at different count-rates,
hardnesses, and energies also showed a complex variability. These phenomena were never observed in accreting millisecond X-ray
pulsars, at least not on such a short time-scale. Fast variability was also found in the 5.5 and 9 GHz ATCA radio observations that
were carried out for about 6 h during the outburst.
We interpret the variability observed from IGR J18245–2452 in terms of a hiccup accretion phase, during which the accretion of
material from the inner boundary of the Keplerian disk is reduced by the onset of centrifugal inhibition of accretion, possibly causing
the launch of outflows. Changes across accretion and propeller regimes have been long predicted and reproduced by magnetohydro-
dynamic simulations of accreting millisecond X-ray pulsars, but have never observed to produce as extreme a variability as that shown
by IGR J18245–2452.
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1. Introduction

The X-ray transient source IGR J18245–2452 was discovered
in outburst by the hard X-ray imager IBIS/ISGRI (Ubertini
et al. 2003; Lebrun et al. 2003) on-board INTEGRAL on 2013
March 28 during monitoring observations of the Galactic Center
(Eckert et al. 2013). The preliminary X-ray position provided
by ISGRI localized it within the globular cluster (GC) M 28.
This association was confirmed by follow-up observations car-
ried out with the Chandra ACIS-I telescope (Garmire et al.
2003) and the Swift/XRT (Burrows et al. 2005). A type I X-ray
burst found in the XRT data (Papitto et al. 2013a; Linares
2013) firmly established the source as an accreting neutron star
X-ray binary (see also Serino et al. 2013). Pulsations at 3.9 ms
were detected in the X-ray flux recored from the source on
April 3 and 13 by XMM-Newton, these made IGR J18245–
2452 the fifteenth discovered accreting millisecond X-ray pul-
sar (AMXP). The delays in pulse-arrival times measured by
XMM-Newton led to the determination of the source orbital pe-
riod at 11.03 h (Papitto et al. 2013b, hereafter, Paper I). The

measured ephemeris of the system permitted us to securely asso-
ciate IGR J18245–2452 with a previously known radio millisec-
ond pulsar in M 28 (PSR J1824–2452I), thus making this source
the first millisecond pulsar to show direct evidence for swings
between regimes with emission powered by either rotation or
accretion. This result provided the most secure confirmation to
date of the so-called pulsar recycling scenario (Alpar et al. 1982;
Radhakrishnan & Srinivasan 1982), according to which old radio
pulsars are secularly spun-up to millisecond periods by mass ac-
cretion in low-mass binary systems (see Falanga et al. 2005, for
the first evidence of a spin-up in AMXP). During the accretion
phases, the material inflowing from the companion star forms an
accretion disk around the neutron star (NS) and quenches the ra-
dio emission previously powered by the rotation of its magnetic
field (see Burderi et al. 2003; Archibald et al. 2009, for previ-
ous indirect evidence of switches between these two phases in
SAX J1808.4–3659 and PSR J1023+0038, respectively).

In addition to these swings between the different emission
regimes, IGR J18245–2452 displayed a peculiar variability in
the X-ray domain during its 2013 outburst, which was not
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Table 1. Log of the XMM-Newton observations.

OBSID 0701981401 0701981501
(obs1) (obs2)

Starta 2013-04-03 23:31 2013-04-13 06:08
Stopa 2013-04-04 07:51 2013-04-14 01:43

Effective exposure time (ks)

EPIC-MOS 28.8 69.3
EPIC-pn 26.8 67.3

RGS 29.0 69.5
OM 28.1 67.1

Notes. (a) Times are in UTC.

observed before in other AMXPs. This variability was particu-
larly evident in the two XMM-Newton target-of-opportunity ob-
servations carried out during the source outburst. In these obser-
vations, the X-ray emission from IGR J18245–2452 repeatedly
varied in intensity by a factor of ∼100 on time-scales as short as
a few seconds. Here, we report on a detailed timing and spectro-
scopic analysis of the XMM-Newton data, aimed at investigating
the nature and origin of the source X-ray variability.

We describe the data analysis technique in Sect. 2 and report
all the results in Sect. 3. We present our discussions in Sect. 4
and propose in Sect. 5 that the complex X-ray variability of
IGR J18245–2452 arises in an unstable (hiccup) accretion phase,
during which the inflowing material is able to penetrate the NS
magnetosphere at different latitudes and is often ejected instead
of accreted onto the NS because of the onset of the propeller
mechanism (Illarionov & Sunyaev 1975; Campana et al. 1998).

2. Data analysis

The log of the XMM-Newton observations we analyzed is pro-
vided in Table 1. In the following, we refer to observation
ID. 0701981401 as obs1 and to observation ID. 0701981501 as
obs2. In both cases, the EPIC-pn was operated in timing mode
to attain a timing resolution of 0.03 ms and limit the effect of
pile-up1. The two EPIC-MOS cameras were operated in small-
window mode and the RGS in standard mode (a thick filter was
used for all the EPIC cameras to screen the bright optical light
from the globular cluster M 28).

Observation data files (ODFs) from obs1 and obs2 were
processed to produce calibrated event lists using the standard
XMM-Newton Science Analysis System (v. 13.5.0). We used the
, , and  tasks to produce cleaned event
files from the EPIC-pn, the two EPIC-MOS, and the RGS instru-
ments, respectively. No high flaring background time intervals
were identified by following the SAS science analysis threads2.
Therefore, we retained the entire available exposure time for
both obs1 and obs2.

In the EPIC-pn pipeline, we used the rate-dependent pulse
height aptitude (PHA) correction to optimize the energy recon-
struction of the events3. The EPIC-pn light curves and spectra
of the source were extracted by using data from Cols. 26 to 47

1 See http://xmm.esac.esa.int/external/xmm_user_

support/documentation/uhb_2.2/node28.html.
2 See http://xmm.esac.esa.int/sas/current/

documentation/threads.
3 See http://xmm2.esac.esa.int/docs/documents/

CAL-SRN-0299-1-1.ps.gz.

(included) of the detector. The corresponding backgrounds were
extracted from Cols. 2 to 5 (included). We verified with the SAS
task  that when the count rate from the source exceeded
∼50 cts/s (0.5–11 keV), the data extracted from the two cen-
tral columns of the EPIC-pn camera (37 and 38) were affected
by pile-up. We corrected for this effect by excluding data from
Cols. 37 and 38 during the spectral analysis. The response files
for the EPIC-pn were generated taking into account the pile-up
problem according to the latest available SAS thread (see above);
the default point-spread function model was assumed. EPIC-pn
spectra were grouped to have at least 40 counts in each energy
bin and to oversample the energy resolution by no more than
a factor three. The energy range is limited to 0.6–11 keV, as at
lower energies the electronic noise distorts the spectrum4. For
the timing analysis, we obtained the photon arrival times at the
solar system barycenter using the  tool. Following the
recommendations of the SAS user manual, we did not attempt to
merge the spectra from the two observations characterized by a
high count rate, but instead fit them jointly5.

During our analysis, we found that data from the two MOS
cameras were strongly affected by pile-up, and using these data
did not improve any of the results presented in this paper (we
verified a posteriori that all results extracted from the EPIC-
MOS data were compatible to within the large uncertainties with
those obtained from the EPIC-pn). Therefore, we do not discuss
the EPIC-MOS data further.

The RGS spectra were extracted using standard techniques
in the energy range 0.4–1.8 keV, where the calibration of the ef-
fective area achieves a 3% accuracy (Kaastra et al. 2009)6. The
RGS spectra were rebinned to have 20 counts in each energy
bin and obtain a reliable measurement of the absorption column
density in the direction of the source. For the hardness-resolved
spectra, extracted when the source was dimmer (Sect. 3.2), we
combined the two RGS units to increase the signal to noise ra-
tion (S/N). The analysis of the O triplet, which is detected
as a single line in these rebinned RGS spectra, is discussed in
Appendix A. Unless otherwise stated, spectral fitting was carried
out by using Xspec v12.8 and uncertainties are given throughout
our paper at 90% c.l.

3. Results

The lightcurves of the two XMM-Newton observations are shown
in Fig. 1. In both observations, the source displays a very promi-
nent variability (all lightcurves are background subtracted and
corrected for instrumental effects, e.g., vignetting). During sev-
eral relatively extended periods of time (a few thousand sec-
onds) the average source intensity was lower than in the rest of
the observation, retaining a remarkable variability. A single low-
intensity period in obs1 began ∼5 ks after the start of the obser-
vation and lasted for about 13 ks. Multiple low-intensity periods
occurred in obs2. We show in panel (c) of Fig. 1 the hardness ra-
tio (HR) of the lightcurves extracted in the soft (0.5–3.5 keV)
and hard (3.5–11 keV) energy bands (see Bozzo et al. 2011,
2013, for details about the HR computation). The HR displayed
only a moderate variability during most of the observations (be-
tween ∼0.3 and 0.5), but underwent rapid and strong variations

4 See http://xmm2.esac.esa.int/docs/documents/

CAL-TN-0083.pdf.
5 See http://xmm.esac.esa.int/sas/current/

documentation/threads/epic_merging.shtml.
6 See http://xmm.esac.esa.int/sas/current/

documentation/threads/rgs_thread.shtml.
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Fig. 1. Top panel: XMM-Newton lightcurve of IGR J18245–2452 ex-
tracted from obs1 and obs2 in the 0.5–3.5 keV energy band. The verti-
cal dashed line represents the separation between the two observations.
Times of obs1 are measured starting from 00:25:22 on 2013 April 04
(TBD). For the second observation the start time is 2013 April 13 at
07:03:06 (TBD; note that times have been shifted by 26.3 ks for plotting
purposes). Middle panel: same as before, but in the 3.5–11 keV energy
range. This lightcurve was adaptively rebinned to achieve a signal-to-
noise (S/N) ratio of 25 in each time bin, while the minimum bins size
was set to 200 s (the same binning has been used for the lightcurve in
the soft energy band). Bottom panel: hardness ratio (HR) calculated as
the ratio of the hard and soft lightcurves. We plot with magenta sym-
bols the time intervals in which the source count rate was lower than
30 cts/s, all the others are given in blue. The points with HR > 0.7 are
highlighted with an open circle.

during the low intensity periods. We folded the lightcurves along
the 2.3 orbits covered by XMM-Newton, but no obvious orbital
dependency of these phenomena was found.

To characterize the distribution of states at the highest
achievable timing resolution without facing shot-noise limita-
tions, we built the histogram of the source count rate accumu-
lated in time bins of one second. By inspecting these lightcurves,
not shown here for brevity, we verified that the EPIC-pn count-
rate showed switches from ∼3–5 cts/s to &500 cts/s on time
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Fig. 2. Histogram of the count-rate derived from the combined
lightcurves of the two observations (energy range 0.5–11 keV, time bin
1 s). The black solid line represents the total source count-rate. The
black dashed line is the sum of two best-fit log-normal distributions,
plotted in blue and magenta.

Fig. 3. Hardness-intensity diagram built by using all data in obs1 and
obs2, which are displayed in Fig. 1 (time bin of 200 s). The black solid
line separates the different intensity states: the points represented in
magenta and blue have a count rate lower and higher than 30 cts/s,
respectively.

scales as short as a few seconds (0.5–11 keV). The count-
rate histogram is characterized by two broad peaks that can
be described by two log-normal distributions with centroids
5.48 ± 0.06 and 79.5 ± 0.3 cts/s, and widths 2.75 ± 0.04 and
1.74±0.03 cts/s, respectively (χ2

red = 6.6 for 121 d.o.f.). Because
of this bi-modal distribution, we draw the separation between
dimmer and brighter states at 30 cts/s, where the two distribu-
tions cross. We represent in Fig. 2 the dimmer state in magenta
and marked the others in blue; the same color coding is main-
tained for the rest of the paper and is used to identify the two
states. As can be seen in Fig. 1, this division tracks the inter-
vals of lower activity relatively well, which are characterized by
remarkable swings of the HR and the periods of more intense
activity at nearly constant hardness.

Figure 3 shows the hardness-intensity diagram (HID) of the
source realized by using the same color coding as of Figs. 1 and
2. We note that the blue points form a first branch that is charac-
terized by increasing hardness (HR) as a function of the source
intensity and saturates at HR ∼ 0.5–0.6; the source spends about
60% of the time in this branch. The magenta points are placed on
a second branch that is characterized by an average lower inten-
sity and reaches hardness values of 1.4. The source spends about
40% of the time in this state.

A77, page 3 of 14

http://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/201322904&pdf_id=1
http://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/201322904&pdf_id=2
http://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/201322904&pdf_id=3


A&A 567, A77 (2014)
1
0

3
0
.0

1

F
(E

) 
k
eV

  
cm

2
 s

1

1 100.5 2 5

4
2

0
2

4

Energy (keV)

Fig. 4. Average unfolded spectra of IGR J18245–2452 in obs1 and obs2.
Colors refer to the different observations and instruments (red: EPIC-pn
obs1; black: EPIC-pn obs2; green: RGS1 obs2; blue: RGS2 obs2; light
blue: RGS1 obs1; magenta: RGS2 obs1). The best-fit model is reported
in Table 2. We show in the lower panel the residuals from the best fit
(see text for details).

It is important to remark that the picture of the source vari-
ability emerging from Fig. 1 is somehow smoothed by the rela-
tively large time bins. When the source light curve is extracted
with a time bin of 1 s, the swings are much more pronounced
and reach count rates as high as 700 cts/s (Fig. 2). We verified
a posteriori that the time intervals corresponding to the magenta
and blue states identified using the time bins of 200 s track the
different variability pattern of the source reasonably well. This
is also valid for other similar choices of binning.

To understand the nature of the HR variations shown by the
light curve analysis, we first extracted the average EPIC-pn and
RGS spectra (Sect. 3.1). Then, we performed a rate- and HR-
resolved spectral analysis for the blue and magenta states sepa-
rately, using Fig. 3 as guidance (see Sects. 3.2 and 3.3).

3.1. Average spectrum

The combined RGS+EPIC-pn spectrum (0.4–1.8 keV and 0.6–
11 keV) extracted by using the total exposure time available in
obs1 and obs2 is shown in Fig. 4. For both observations, we
adopted a spectral model that comprises a photoelectric absorp-
tion with variable abundances of iron and oxygen (_;
Wilms et al. 2001), a thermal Comptonization (TH in
, the electron temperature was fixed to 50 keV), and three
components due to the accretion disk: a broad Gaussian line, a
disk black-body, and a narrow line corresponding to the non-
resolved O helium-like triplet (see Appendix A). Because
of EPIC-pn calibration problems related to the energy scale in
timing mode (see also Sect. 2), we introduced in the fit three
Gaussian lines with zero width and centroid energies of 1.5, 1.8,
and 2.2 keV. These energies correspond to pronounced edges
in the instrument effective area7. We verified that the relatively
large χ2

red = 1.13 for 4067 d.o.f. is mostly due to residual cali-
bration uncertainties.

The results obtained by separately fitting the spectra of obs1
and obs2 with the model above are similar to within the uncer-
tainties. We therefore report in Table 2 only the results obtained
by simultaneously fitting all spectra with the same model.

7 See http://xmm2.esac.esa.int/docs/documents/

CAL-TN-0018.pdf.

Table 2. Results of the fits to the average spectra extracted by using all
the available exposure time in obs1 and obs2.

Parameter Value Unit

NH 43.1 +0.5
−1.7 ×1020 cm−2

AO 0.96 ± 0.01 Solar

AFe 0.75 ± 0.05 Solar

kTin
a 0.127 ± 0.003 keV

rin

√
cos ia 66.4+11.1

−0.7 km

kTnthComp
b 0.257 ± 0.010 keV

Γ 1.428 ± 0.003

NnthComp 3.035 ± 0.005 ×10−2

EFe 6.6 ± 0.1 keV

σFe 1.08 ±0.11 keV

NFe 5.1 ±0.4 ×10−4 cm−2 s−1

EO 0.5719 +0.0004
−0.0010 keV

σO 0 – keV

NO 37 ±11 ×10−4 cm−2 s−1

Flux1 [0.5–11 keV]c 3.123 ± 0.007 ×10−10 erg cm−2 s−1

Flux2 [0.5–11 keV]c 3.033 ± 0.010 ×10−10 erg cm−2 s−1

χ2
red/d.o.f. 1.1297/4067

E1
d 1.67 +0.04

−0.05 keV

N1
d 2.8 ± 1.0 ×10−5 cm−2 s−1

E2
d 1.85 ±0.03 keV

N2
d 5 ± 2 ×10−5 cm−2 s−1

E3
d 2.250 ± 0.010 keV

N3
d 11.3 ± 1.6 ×10−5 cm−2 s−1

Notes. The model used for the fits comprises a photoelectric absorp-
tion with variable abundances of iron and oxygen (tbnew_feo, Wilms
et al. 2001), a thermal Comptonization (compTH in ), a ther-
mal disk black-body, a narrow Gaussian line representing the blend pf
O emission lines, and a broad Gaussian iron line for the iron emis-
sion. The spectra of the two observations were fit together to achieve the
most stringent constraints on the X-ray emission properties. The spectra
are coupled with cross-calibration constants, whose values are between
0.971 ± 0.004 and 1.09 ± 0.01. (a) Temperature and apparent radius of
the disk black-body component. (b) Seed photon temperature of the nth-
Comp model. (c) The flux is computed from the EPIC-pn spectra and
the uncertainties are only statistical, the absolute flux calibration of an
X-ray camera has typical uncertainty of a few percent (e.g., Romano
et al. 2005). (d) Lines due to calibration problems.

3.2. Spectral variability

We first investigate the spectral variability of the blue states.
To this aim, we extracted four source spectra at different inter-
vals of EPIC-pn count rates higher than 30 cts/s, as reported in
Table 3. Simultaneous RGS1 and RGS2 spectra were also ex-
tracted and fit together with the EPIC-pn spectra using the same
model adopted in Sect. 3.1. With the reduced statistics of these
spectra, only the edge at 2.2 keV produced an observable fea-
ture in the spectrum, modeled as a zero-width Gaussian line.
We introduced in the fits normalization constants to account for
calibration uncertainties between the instruments and slight dif-
ferences in the distribution of source fluxes during the selected
time intervals. We checked that all parameters remained com-
patible to within the uncertainties in the two observations, if left
free to vary in the fits. A broad Gaussian line at ∼6.4 keV was
introduced, similarly as for the average spectrum. The results
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Table 3. Spectral parameters of the best-fit models to the rate-resolved spectra of IGR J18245–2452 during the blue states.

Ratea 30–50 50–75 75–100 >100 cts/s

NH 45± 8 40± 6 46± 7 41± 6 ×1020 cm−2

kTin 0.119+0.017
−0.013 0.127+0.014

−0.012 0.127+0.015
−0.016 0.142+0.016

−0.013 keV

rin

√
cos i 85+98

−31 69+62
−22 96+82

−31 70+51
−22 km

EFe 6.9± 0.3 6.4± 0.2 6.6± 0.3 6.6± 0.2 keV

σFe 1.0– 1.0– 1.3+0.8
−0.5 0.9+0.5

−0.2 keV

NFe 8± 2 10± 2 10+13
−4 11+7

−3 ×10−4 cm−2 s−1

Γ 1.55± 0.02 1.472± 0.013 1.42± 0.02 1.375+0.016
−0.011

kTnthComp 0.24± 0.04 0.27± 0.03 0.26± +0.04
−0.06 0.31+0.1

−0.3 keV

NnthComp 2.7± 0.3 3.9± 0.4 5.4± 0.6 6.6± 0.5 ×10−2

Exp1b 3.2 5.3 3.8 2.8 ks

Exp2b 8.3 11.6 11.0 7.3 ks

Fluxc 2.23± 0.01 3.49± 0.02 5.13± 0.03 7.86± 0.05 ×10−10 erg cm−2 s−1

χ2
red/d.o.f.d 1.051/1090 1.012/1569 0.940/1722 1.048/1782

E3
e 2.21± 0.05 2.26± 0.02 2.24± 0.02 2.258± 0.015 keV

N3
e 5.1± 3.4 1.3± 0.5 2.0± 0.7 4.1± 0.9 ×10−4 cm−2 s−1

Notes. (a) EPIC-pn count rate in the 0.5–11 keV energy range. The time selection is operated on the EPIC-pn lightcurves binned at 200 s. (b) Exp1
and Exp2 are the EPIC-pn exposures during obs1 and obs2. (c) The absorbed flux is computed from the EPIC-pn spectrum of obs2 in the 0.5–
10 keV range (uncertainties are only statistical). (d) The intercalibration constants between the instruments varied within a limited range (±10%).
(e) Feature introduced to account for calibration problems.

reported in Table 3 show a significant spectral variability within
the blue states, which appears to be caused by a harder asymp-
totic power-law photon index of the Comptonized spectrum for
increasing count rates.

Because the magenta states span a relatively small range of
source count rates (<30 cts/s) while the source HR displays re-
markable variability, we investigated spectral changes in these
states by carrying out a HR-resolved (instead of count-rate-
resolved) spectral analysis. From the results in Fig. 1, we ex-
tracted the source RGS and EPIC-pn spectra of the magenta
states in obs1 and obs2 in five HR intervals. In almost all cases,
using a simple absorbed Cmodel resulted in a very poor
fit with evident residuals emerging along the entire 0.4–11 keV
energy band. We therefore tried to improve the fits by adding a
black-body, a disk black-body, or a power-law to the C
component. We also used an alternative model with a power-law
and a partially covering absorber. Most of these models gave sta-
tistically equivalent fits to the HR-resolved spectra (see Table 4).
The C+power-law model was considered less suitable
because in this case the power-law photon index displayed un-
physically large swings in the different HR-resolved spectra. A
model comprising the C component and a black-body
was found to provide a more reliable description of all spectra
with HR < 0.7, because minor adjustments in the temperature
and radius of the black-body were required to obtain χ2

red ≃ 1. An
example is shown in Fig. 5. The radius and temperature (2.5 km
and 0.4 keV) of the black-body component are reminiscent of
those typically observed from hot spots on NS surfaces. We ver-
ified that adding of a colder and larger thermal component, sim-
ilar to that measured during the blue state and associated with
the accretion disk around the NS, did not significantly improve
any of the HR-resolved spectra extracted during the magenta
states. The only exception was the spectrum extracted at HR >
0.7. In this case, the parameters of the thermal component ob-
tained from the fit were compatible with those expected from
the inner boundary of an accretion disk, but the temperature of

seed photons in the C component was far too high (a
factor >2) and difficult to be reconciled with the nearly constant
values obtained from the other HR-resolved spectra. We found
that a partially covering model instead provided a reasonable de-
scription of this very hard and peculiar spectrum (Fig. 6). All
the results obtained from the fits to the HR-resolved spectra are
summarized in Table 5 and are discussed in Sect. 4.

We verified that in none of the count-rate and HR-resolved
spectra extracted from the magenta states adding a broad
Gaussian iron line significantly improved the fits (most likely
because of the relatively limited statistics of these data). The up-
per limits obtained on the normalization of the line were in all
cases largely compatible with the values reported in Table 2. We
also checked a posteriori that the spectra extracted at the same
count-rate or HR intervals in obs1 and obs2 would give results
compatible (despite the larger uncertainties) with those reported
in Tables 3 and 5 if fit independently in X.

From the results of the spectral fits we obtained an approx-
imate conversion of the source count-rate into flux and deter-
mined the average flux of the blue and magenta states to be
3× 10−11 erg s−1 cm−2 and 4.0× 10−10 erg s−1 cm−2. These corre-
spond to a luminosity of 1× 1035 erg s−1 and 1.4× 1036 erg s−1 at
5.5 kpc.

3.3. Pulse profile properties

To study the properties of the pulse profile at different flux and
energies, we first converted all the photon arrival times into the
barycenter of the system, using the ephemeris given in Paper I.
Lightcurves were then folded at the 3.9 ms spin period of the
source, sampling each profile in 16 phase bins. We investigated
the source variability discussed in Sect. 3.2 in more detail by
carrying out a count-rate- and HR-resolved analysis of the pulse
profiles.

Figure 7 shows the source pulse profiles extracted during the
same time intervals as were used for the rate-resolved spectral
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Table 4. Reduced χ2 and degrees of freedom of various models for hardness-resolved spectra.

Model/HRa <0.25 0.25–0.33 0.33–0.43 0.43–0.70 >0.70

nthcomp 1.192/388 1.312/496 1.178/591 1.029/392 2.063/335
nthcomp+BB 1.053/386 1.100/494 1.034/589 1.042/390 1.161/333

nthcomp+diskBB 1.040/386 1.095/494 1.179/589 1.022/390 1.161/333
nthcomp+PL 1.093/386 1.096/494 1.107/589 1.020/390 1.183/333

Partial covering PL 1.111/387 1.381/495 1.149/590 1.040/391 1.167/334

Exp1
b 2.75 1.58 3.94 1.57 1.77 ks

Exp2
b 7.28 7.48 4.92 3.78 2.75 ks

Notes. (a) Hardness ratio (HR) computed as in Fig. 1 for count rates lower than 30 cts/s. (b) Exposures of the EPIC-pn camera in the two observations.
The RGS exposures are similar, but not strictly equal because of different screening criteria and different operational window in obs1 and obs2.
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Fig. 5. IGR J18245–2452 unfolded spectrum of the soft magenta state
(HR< 0.25). The best-fit model (see Table 5) and the residuals from this
fit are shown as well. Colors refer to the different observations and in-
struments (black: EPIC-pn obs1; red: EPIC-pn obs2; green: RGS obs1;
blue: RGS obs2).

analysis (see Table 3). We fit these profiles by using a function
comprising two Fourier components:

p = A0 +

2
∑

n=1

An cos(2π(nφ − φn)) , (1)

where φ ∈ (0, 1) is the normalized phase. We verified that the
addition of higher Fourier components does not significantly
improve the fit. The best fits to the pulse profiles are shown
with red lines in Fig. 7. The parameters determined from the fits

are shown in Fig. 8. The pulsed fraction
√

A1
1 + A2

2/A0 increases
steadily from 4.0 ± 0.2% to 16.8 ± 0.2% as a function of the
source count rate. The ratio of the amplitude of the second and
first harmonic decreases from 0.38 ± 0.06 to 0.10 ± 0.01 as a
function of the count rate. Both the first and the second harmon-
ics underwent a remarkable phase shift at the highest count rates.

We carried out the same analysis as above for the pulse pro-
files extracted in the different HR intervals of the magenta states
(see Table 5). Pulsations are significantly detected in all HR in-
tervals, but the pulsed fraction was found to be as low as ≃5%
(Figs. 9 and 10). The relative contribution of the two harmon-
ics remained constant as a function of the hardness. The phase
of the fundamental decreased towards high HR and the first har-
monic displayed a jump in the phase for HR> 0.7, which shows
a marked morphological evolution.
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Fig. 6. IGR J18245–2452 unfolded spectrum of the hard magenta state
(HR> 0.7). The best-fit model (see Table 5) and the residuals from this
fit are shown as well. Colors refer to the different observations and in-
struments (black: EPIC-pn obs1; red: EPIC-pn obs2; green: RGS obs1;
blue: RGS obs2).

To summarize these findings and highlight the differences
in timing properties between the magenta and blue states, we
report in Fig. 11 the results of a timing analysis conducted for
each time bin of Fig. 1 instead of by selecting specific intervals
in the source count-rate and HR. In the panels (a) and (b) of this
figure, we plot the pulsed fraction as a function of HR and to-
tal source intensity. Pulsations from the source are significantly
detected in each time bin. The pulsed fraction remains virtually
constant at ∼5% in the magenta states and increases steadily in
the blue branch. We also computed the linear correlation coeffi-
cient for the different pulse profiles with respect to the average
shape. This coefficient is plotted as a function of time and total
source intensity in panels (c) and (d). From the comparison to
the expected value of the linear correlation coefficient for identi-
cal pulses (the yellow band of panel (c)), it is clear that the pulse
profiles drastically change their shape especially in the magenta
states. We comment on these results in more detail in Sect. 4.

3.4. Aperiodic time variability

We extracted the Fourier power spectra of IGR J18245–2452 in
obs1 and obs2 by splitting them in eight intervals, lasting 3.3
and 7.9 ks, respectively, and averaging the power spectra evalu-
ated in each of them. We checked that no variability took place
on the time scale set by the orbital motion and discarded from
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Table 5. Parameters of the best-fit models to the HR-resolved spectra of the magenta using the C plus black-body.

Hardnessa <0.25 0.25–0.33 0.33–0.43 0.43–0.70 >0.70b >0.70c

NH 23± 7 20± 7 16± 4 27 +3
−2 8+8

−6 11± 8 ×1020 cm−2

kTBB 0.40± 0.02 0.46 +0.02
−0.04 0.43+0.06

−0.04 0.75+0.07
−0.05 0.010+0.05

−0.04
b – keV

RBB 2.5± 0.3 2.4 +0.3
−0.2 2.8 +1.8

−0.6 0.86 +0.15
−0.17 23 +205

−10
b – km

NH,pc – – – – – 1.6 +0.5
−0.3 ×1022 cm−2

Fpc – – – – – 0.64± 0.08

Γ 1.71± 0.12 1.40± 0.05 1.35± 0.04 1.12 +0.05
−0.03 1.13 +0.07

−0.05 0.90± 0.04

kTnthComp 0.19 +0.11
−0.08 0.22± 0.14 0.4+0.4

−0.1 <0.1 0.90± 0.08 – keV

NnthComp,PL
d 2.7± 0.8 5.8+1.3

−1.4 6.8+1.6
−3.9 7.1+0.8

−0.7 1.40+0.12
−0.09 4.0+0.4

−0.3 ×10−3

C2P
e 0.98± 0.02 0.949± 0.015 0.902± 0.009 0.64± 0.01 1.26± 0.03 1.26± 0.03

C1R
e 0.87± 0.07 0.94± 0.07 0.858± 0.035 0.84± 0.07 0.88± 0.12 0.90± 0.13

C2R
e 0.83± 0.04 0.81± 0.03 0.81± 0.03 0.58± 0.04 1.05± 0.12 1.07± 0.12

Flux f 2.06± 0.04 6.26± 0.07 9.75± 0.10 7.10± 0.10 8.62± 0.14 8.67± 0.14 ×10−11 erg s−1 cm−2

χ2
red/d.o.f. 1.053 /386 1.100 /494 1.034 /589 1.042 /390 1.161 /333 1.167 /334

Notes. We also show the results obtained by adopting a partially covering power-law model for the spectrum extracted at HR > 0.7. (a) HR values
as computed in Fig. 1. (b) The additional model is the disk black-body. Temperature and radius of the black-body are relative to its inner boundary.
The radius is expressed modulo

√
cos i, where i is the inclination of the system with respect to the line of sight. (c) Partial covering power-law

model. (d) Normalization of the C or power-law component for HR< 0.7 or HR> 0.7. (e) Cross-calibration constants: C1 and C2 refer to
obs1 and obs2. P and R indicate the EPIC-pn and RGS. ( f ) The absorbed flux is computed from the EPIC-pn spectrum in the 0.5–11 keV range of
obs2. Uncertainties are only statistical.

the analysis the frequency bins corresponding to the first and
second harmonic of the pulsations. The two power spectra were
rebinned geometrically by a factor of 1.1. The aperiodic variabil-
ity of IGR J18245–2452 is characterized by a power-law noise
P(ν) ∼ ν−β with β ≃ 1.2 (i.e., flicker noise). The addition of a
flat-top noise component significantly improves the fit of both
power spectra, which we modelled with the function:

P(ν) = WN +Cν−β +
N

1. + (2ν/W)2
· (2)

This aperiodic noise component has an RMS fractional ampli-
tude in the band between 10−4 and 100 Hz that exceeds 90% in
both observations. No other features were detected, even when
averaging over shorter time intervals and/or using different re-
binning factors. We also searched for changes of the power spec-
tral shape at different energies, but found no significant varia-
tions with respect to the spectrum extracted over the entire 0.5–
11 keV energy band. As an example, we show the power spectral
density of obs2 in Fig. 12 together with the best-fit model. The
best-fit parameters to the power spectra densities of obs1 and
obs2 are given in Table 6.

In obs1, where the separation between the magenta and blue
states is clearer, we carried out a power spectral density (PSD)
analysis separately for the two states. We found that the func-
tional shape of the PSD remained unchanged between the two
states, but the characteristic frequency of the variability de-
creased in the magenta states. This can be also inferred also by
visually inspecting the lightcurve. PSD fitting reveals that β in-
creases from 1.11 ± 0.02 to 1.27 ± 0.02 when passing from the
blue to the magenta states, while the flat-top component remains
unvaried within uncertainties.

4. Discussion

We reported on an in-depth analysis of the two XMM-Newton
observations carried out in the direction of IGR J18245–2452
during its first observed X-ray outburst.

Table 6. Best-fit model parameters of the power spectra density ex-
tracted by using the entire exposure time available in obs1 and obs2.

obs1 obs2

WN 1.994(2) 1.992(1)
C 1.92(4) 2.01(2)
β 1.20(1) 1.18(1)
N 107 ± 32 73 ± 20
W 0.08(1) 0.048(6)
χ2

r (d.o.f.) 1.33 (105) 1.07 (114)

We first studied the source average X-ray spectrum and
showed that the overall spectral properties of the X-ray emis-
sion from IGR J18245–2452 are qualitatively similar to those of
other AMXPs in outburst (Fig. 4, Poutanen 2006; Gilfanov et al.
1998; Gierliński & Poutanen 2005). Compared with the results
we reported in Paper I, including the RGS spectra in this work
allowed us to better constrain the apparent position of the inner
accretion disk radius. We found that rin ≃ 66–77

√
cos i km for

an assumed distance to the source of 5.5 kpc. The actual inner
radius can be up to a factor ∼2 larger when color corrections are
considered (Merloni et al. 2000) and a torque-free inner bound-
ary condition is applied (Gierliński et al. 1999).

At odds with all the other AMXPs in outburst observed
so far (see, e.g., Patruno & Watts 2012, for a recent review),
IGR J18245–2452 displayed a very peculiar variability in the
X-ray domain and underwent remarkable switches between low-
and high-intensity states during both the XMM-Newton observa-
tions. The two preferred states were first noticed in the histogram
of the source count-rate, which that satisfactorily described only
by using two log-normal distributions. The first of the two dis-
tributions, marked in magenta, dominates the contribution to the
total source count-rate lower than 30 cts/s in the EPIC-pn 0.5–
11 keV band. The second distribution, marked in blue, provided
the largest contribution at higher count rates. By performing a
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Fig. 7. Pulse profiles of the combined obs1 and obs2 extracted during the different count-rate intervals of the blue states as in Table 3. In all panels
of this figure, count rates were normalised to the maximum. Pulses are repeated twice for clarity and the red solid lines represent the best fits to
the profiles with two sinusoidal functions as described in the text. The insets in each panel show the lightcurves of the two observations in the
0.5–11 keV energy range (as in Fig. 1) with the time intervals used to extract the pulse profiles highlighted in red.

more detailed analysis on the source light curves, we showed
that the HR showed limited changes (∼20–30%) around a value
of ∼0.5 in the blue state, which suggests little spectral variabil-
ity. During the magenta state, the source intensity was found to
be on average a factor of ten lower than in the blue state and
characterized by prominent swings in the HR (see Sect. 3). This
indicates that significant spectral changes take place in the ma-
genta states. To investigate the origin of the rapid variability, we
therefore carried out a count-rate-resolved spectral and timing
analysis of the blue states, and an HR-resolved spectral and tim-
ing analysis of the magenta states. The results of these analyses
are discussed below.

In the blue state, the spectral continuum is well described by
a thermal Comptonization component plus black-body emission
from an accretion disk. Both components remain virtually con-
stant across obs1 and obs2, displaying consistent parameters at
different source intensities (we only measured a slight hardening
in the photon-index of the Comptonization component, decreas-
ing from Γ ≃ 1.6 to Γ ≃ 1.4 at the highest count rates; see
Table 3). In particular, no significant changes are recorded in the
equivalent width of the iron line and the absorption column den-
sity. These results disfavor any interpretation of the prominent
variability of the source intensity observed during the blue state
in terms of absorption dips and suggest, instead, that it is due to
intrinsic variations of the mass accretion rate onto the NS. These
variations regulate the position of the disk inner boundary (see
Eq. (3)), pushing it towards the NS surface at high luminosity
and enhancing the separation between the inner rim and the NS
surface at lower luminosity. By invoking this mechanism, the
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Fig. 8. Parameters of the Fourier decomposition of the pulse profiles as
a function of the source count-rate in the EPIC-pn data. The different
parameters are defined in Eq. (1). Uncertainties are obtained by fitting
Eq. (1) to the pulse profiles and given at 1σ c.l.

observed strong correlation of the source pulsed fraction with its
X-ray intensity can be explained as it follows: the antipodal spot
might become visible, which leads to a reduction of the pulse
fraction and an increase of the harmonic content (Beloborodov
2002; Ibragimov & Poutanen 2009; Kajava et al. 2011; Riggio
et al. 2011), an annular-shaped accretion stream footprint might
shrink (Ibragimov et al. 2011), or variations of the spot latitude
might be present (Lamb et al. 2009). Unfortunately, the con-
straints on rin derived from the different rate-resolved spectra
in the blue states are too weak to provide a firm measurement of
this effect (see Table 3).
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Fig. 9. Same as Fig. 7, but here the pulse profiles are extracted for different ranges of the source HR in the magenta states.

Fits to all the spectra extracted in the magenta state revealed
a slight decrease of the absorption column density, which be-
comes compatible with the Galactic value in the direction of the
source (2.4× 1021 cm−2; Becker et al. 2003). This is possibly re-
lated to the presence of less accreting material in the surround-
ing of the NS. The thermal component due to the accretion disk
observed in the blue state was no longer detectable. Instead, a
significantly hotter (∼0.4–0.7 keV) and more confined (few km)
thermally emitting region was revealed during the spectral fits.
Similar regions are usually associated to hot spots on the NS sur-
face (Gierliński et al. 2002; Gierliński & Poutanen 2005; Papitto
et al. 2010, and references therein). To verify that the accretion
disk component was not gone undetected only because of the
reduced statistics of the spectra extracted during the magenta
states, we added to the relevant fits a disk black-body compo-
nent with a temperature fixed to the value measured in the blue
state. We derived upper limits on rin

√
cos i between 9–42 km (at

90% c.l.), which demonstrates that, if present, such a disk should
have been detected in the magenta spectra. These results agree
with the scenario proposed above for the blue states. At the lower
fluxes that characterize the magenta states, the inner boundary
of the disk recedes farther away from the NS surface and thus
does not produce a significant contribution to the source X-ray
spectrum. The hot surface of the NS becomes visible along the
observer’s line of sight and dominates the soft X-ray emission
from the source.

When the inner boundary of the accretion disk recedes be-
yond a critical value, the so-called propeller effect is expected
to set in (Illarionov & Sunyaev 1975). In this regime, accretion
onto the NS is (at least) partially inhibited by the rapid rotation
of its magnetic field lines, and major changes in the source’s
pulsed fraction, pulse profiles, and spectral shape are expected.
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Fig. 10. Same as Fig. 8, but for the HR-resolved pulse profiles extracted
in the magenta states (Fig. 9). Uncertainties are obtained by fitting
Eq. (1) to the pulse profiles and given at 1σ c.l.

Interestingly, the pulse fraction of IGR J18245–2452 reaches its
minimum in the magenta states (see Figs. 9 and 10) and the
corresponding pulse profiles changes drammatically. The latter
are nearly sinusoidal in the blue states and become more and
more distorted at the lower source intensities (see Figs. 7, 8, and
11). Phase shifts are also clearly detected and observed to in-
crease as a function of the HR (Fig. 10). Similar phase shifts
can occur in accreting systems when (i) the magnetic field foot-
prints on the compact star surface migrate as a consequence
of changes in the pattern followed by the inflowing material;
(ii) there exists a difference between the phase of the black-body
and Comptonized emission; (iii) the beaming of the radiation
from the accretion column changes as a function of the source
intensity (see Ibragimov & Poutanen 2009, for a discussion and
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Fig. 11. Timing analysis performed for every time bin with length of at least of 200 s and S/N ≥ 25 in obs1 and obs2. The origin of times is the
same as specified in Fig. 1. Panel a): pulsed fraction as a function of the HR. Panel b): pulsed fraction as a function of the source total intensity.
Panel c): linear correlation coefficient between the average pulse profile and the pulse profile computed in each time bin (the shaded yellow area
represents the expected range of correlation values at 1σ c.l. that all profiles should have if no changes occur other than the average one; the
level of timing noise of the observation was also taken into account). Panel d): the correlation coefficient as function of the source count rate.
The uncertainties are reported at 1σ c.l. and are computed for the pulsed fraction and correlation coefficient using a bootstrapping technique with
1000 realizations.

further references). These findings thus suggest that accretion
in the magenta states is significantly reduced and takes place
through complex patterns, as expected if a propeller-like mecha-
nism regulates the X-ray emission and variability of the source.

When inspected as a function of the HR, both the spectra
and the pulse profiles of the magenta states displayed a partic-
ularly intriguing change for HR > 0.70. A striking comparison
is shown in Figs. 5 and 6. Correspondingly, a strong jump in
phase of the overtone is also observed (Fig. 11). The spectrum
extracted during the time intervals when HR > 0.70 could not be
well described by a thermal plus a Comptonization component.
We showed that a partially covering power-law model provided
a significantly better fit to the data. The additional absorbing ma-
terial implied by this model requires that part of the power-law
emission from the source is seen through an absorption column
density that is a factor of ∼10 higher than the average value.
We suggest below that the increased column density of the hard
magenta states can be associated with the production of strong
outflows during the switch from a weak to the strong propeller
regime.

The definition of weak and strong propeller was introduced
by Romanova et al. (2004) following the results of 2D and 3D
magnetohydrodynamic simulations of accreting AMXPs. If we
estimate the position of the inner boundary of the accretion disk
around the NS with the usual equation (see, e.g. Frank et al.
2002)

Rm = 3 × 106L
−2/7
36 µ

4/7
26 cm (3)
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Fig. 12. Power spectral density observed during obs2. The power spec-
trum was rebinned geometrically using a factor of 1.30, and subtracted
of a white noise level of 1.9948(5). The model used to fit the spectrum
(red solid line) is the sum of a flicker noise component (Eq. (2)) and a
Lorentzian (red dashed line).

(here L36 is the X-ray luminosity in units of 1036 erg/s and µ26
is the NS magnetic moment in units of 1026 G cm3), it is well-
known that accretion onto the NS can proceed unimpeded as
long as this radius is smaller than the so-called corotation radius

Rco = 1.5 × 106P
2/3
−3 cm. (4)
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Here P−3 is the NS spin period in units of 1 ms and we as-
sumed for both Rco and Rm an NS mass of 1 M⊙ and a radius of
10 km. The corotation radius represents the distance from the NS
at which the rotational velocity of the NS magnetic field lines,
anchored to the star, is higher than that of the material at the
inner boundary of the disk. When Rm approaches Rco, accre-
tion is partly inhibited by the fast rotation of the star and ma-
terial at the inner boundary of the disk tends to be ejected from
the system instead of being accreted. In the weak propeller, the
magnetospheric radius is relatively close to the corotation radius
(Rm ≃ Rco), and for typical parameters the quantity of material
that is accreted onto the star is comparable with the amount that
is ejected through outflows (see Figs. 14–16 in Ustyugova et al.
2006). The latter can be in the form of winds emerging from the
external layers of the accretion disk or collimated in mildly rel-
ativistic jets. When Rm & Rco, the system switches to the strong
propeller regime. In this regime, the amount of ejected material
in the outflows can be as high as 10 times the one that is effec-
tively accreted onto the NS and up to ∼70% of the total mass in-
flow rate along the disk (see also Lii et al. 2012, 2014; Lovelace
et al. 2013, and references therein). The material ejected from
the system through the outflows attains relativistic speeds and
thus a number of different physical processes (e.g., Fermi accel-
eration caused by shocks between the ejected material and the
surrounding medium, and inverse Compton scattering of low-
energy photons by the bulk motion of the outflow) are expected
to contribute to the source X-ray emission and lead to a harder
spectrum than that produced by the accretion. A similar scenario
was also invoked to explain the hard spectra of the intermit-
tent AMXP Aql X-1 during its transitions from accretion to the
propeller state (Zhang et al. 1998) and in similar transitions ob-
served in a number of accreting pulsars (see e.g., Cui 1997, and
references therein). The presence of outflows in IGR J18245–
2452 due to possible strong propeller phases is also supported
by the detection of a very pronounced variability of the source
in the radio domain (see Appendix B and Pavan et al. 2013).

Assuming an average X-ray luminosity of 1035 erg/s for all
the magenta states, the condition Rm ≃ Rco for the onset of the
weak propeller in IGR J18245–2452 would imply a magnetic
field for the NS in this system of ∼3 × 108 G, which is in the
range usually inferred for other AMXPs (see, e.g., Papitto et al.
2012, and references therein) and consistent with the value given
previously in Paper I. However, it is well-known that large uncer-
tainties affect the estimates of the magnetospheric radius given
in Eq. (3), and therefore the NS magnetic field inferred from this
argument should be taken with caution (see discussion in Bozzo
et al. 2009). Limits on the NS magnetic field can also be inferred
from IGR J18245–2452’s radio pulsar nature. For the NS to be
active as a radio pulsar, the electrical voltage gap (formed by a
dipolar magnetic field that corotates with the NS) should extract
charged particles from the NS surface, accelerate them along the
magnetic field lines, and eventually lead to a pair cascade that is
ultimately responsible for the observed coherent radio emission
(Goldreich & Julian 1969; Ruderman & Sutherland 1975). The
so-called pulsar death line sets a theoretical limit for this process
to take place. In a purely central dipolar case, for the spin period
of IGR J18245–2452, this would lead to a lower limit of the mag-
netic field of B > 6.5 × 107 G (see Eq. (6) in Chen & Ruderman
1993)8. Furthermore, we note that the weakest magnetic field

8 Note, however, that when different configurations of the magnetic
field (i.e. twisted field lines) are considered, this field limit can decrease
by about an order of magnitude (∼5 × 106 G; see Eq. (9) in Chen &
Ruderman 1993).

ever measured for a radio pulsar is 6.7×107 G for the binary mil-
lisecond pulsar PSR J2229+2643 (spin period 2.9 ms; Camilo &
Nice 1995; Wolszczan et al. 2000). An upper limit can be deter-
mined from the pulsar’s spin-down rate during the rotationally-
powered phase. However, we note that a strong limitation to this
measurement is provided by the motion in the cluster’s grav-
itational field, which yields a spurious frequency derivative of
≈2×10−13 Hz/s, which is two orders of magnitude larger than the
frequency derivative usually observed from millisecond pulsars
of the Galactic field. To determine the value of the acceler-
ation in the cluster potential, we followed the procedure de-
scribed by Papitto et al. (2012) using the pulsar’s radio localisa-
tion (Pavan et al. 2013), the measured cluster center coordinates
(Becker et al. 2003), the values of the M 28 core and tidal radii
(Trager et al. 1995), and its total estimated mass of 5.5× 105 M⊙
(Boyles et al. 2011). Considering the source spin period, and the
upper limit on the period derivative from the cluster potential,
we can derive an upper limit on the NS surface dipolar magnetic
field at the equator of B ∼ 3.2×1019

√
PṖ < 3.5×109 G. We con-

clude that the magnetic field of IGR J18245–2452 is constrained
to be in the ∼0.7–35×108 G range, in line with what is predicted
by its propeller state.

Our analysis of the XMM-Newton data also revealed that
the aperiodic variability of IGR J18245–2452 is dominated by
a flicker noise component extending to less than fmin = 10−4 Hz,
similarly to black-hole binaries in the soft states (e.g., Churazov
et al. 2001). This is at odds with the low-frequency noise prop-
erties of other AMP (van Straaten et al. 2005), which are usu-
ally described by a flat topped noise with a characteristic fre-
quency of ∼0.1–1 Hz. The hour-long time-scale of the noise
observed from IGR J18245–2452 rules out that this variability is
produced in the inner rings of the accretion disk (where most of
the X-rays come from) because the dynamical and viscous time-
scales are much shorter there. Lyubarskii (1997) interpreted the
flicker noise observed from accreting compact objects in terms
of variations of the accretion rate at different radii, each char-
acterized by a different viscous time-scale. These fluctuations
propagate to the inner parts of the disk, generating the observed
X-ray variability. According to this model, the longest time-
scales are introduced in the outer parts of the disk, the radius
of which is related to the low-frequency break observed in the
power spectrum by

Rout ∼
(

α
√

GM∗

fmin

)2/3

= 6 × 1010
(

α

0.1

)2/3
(

M

1.4 M∗

)1/3

cm , (5)

where α is the disk viscosity parameter of a Shakura-Sunyaev
disk. This size is smaller by a factor ∼2 than the size of the NS
Roche lobe:

RL1 = a
0.49q−2/3

0.6q−2/3 + log(1 + q−1/3)
≃ 1011 cm, (6)

where a = 2 × 1011(Mt/1.6 M⊙)1/3 cm is the orbital separa-
tion between the two stars, Mt is the total mass of the system,
q = M2/M1 is the binary mass ratio, and values of M2 = 0.2 M⊙
and M1 = 1.4 M⊙ were considered for the donor and the NS
mass, respectively (see Paper I). In black-hole binaries, the rms
variability is more pronounced at high energy (>∼6 keV), suggest-
ing that an extended optically thin corona around the accretion
disk causes the X-ray variability. In our case, there is no sig-
nificant energy dependency of the shape of the PDS, while co-
herent timing reveals a relatively high and constant pulsed frac-
tion above 4 keV. This supports the idea that the X-rays recorded
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from IGR J18245–2452 are produced by the accretion stream
close to the NS, as discussed earlier in this section.

According to our interpretation, the peculiar behavior of
IGR J18245–2452 in the X-ray domain is mainly due to switches
between accretion to weak and strong propeller states. This re-
quires the magnetospheric radius to be close to the coronation ra-
dius across the entire outburst. A similar situation has previously
been investigated in several theoretical studies (Spruit & Taam
1993; Rappaport et al. 2004; D’Angelo & Spruit 2010, 2012)
and applied to interpret observations of a number of AMXP in
outbursts. For SAX J1808.4–3658 and NGC 6440 X-2 the switch
between accretion and propeller was used to interpret periods
of intense quasi-periodic flaring activity (Patruno et al. 2009;
Patruno & D’Angelo 2013). Evidence that the magnetospheric
and co-rotation radii remain locked in outburst was also reported
for XTE J1814–338 (Haskell & Patruno 2011). Patruno et al.
(2012) proposed later that such locking might indeed occur dur-
ing most of the AMXP outbursts.

However, IGR J18245–2452 displayed a different kind of
X-ray variability than that reported here. This was revealed dur-
ing the analysis of a faint outburst from the source discovered
serendipitously in Chandra archival data from 2002. During this
event, IGR J18245–2452 reached a luminosity of ∼1033 erg/s
and its X-ray variability was ascribed to the locking of the mag-
netospheric radius in the proximity of the source light-cylinder
(Linares et al. 2014). The same scenario was used later to in-
terpret a period of pronounced low-luminosity X-ray variability
observed from PSR J1023+0038. On this occasion the radio pul-
sations from the source disappeared and its GeV emission in-
creased by a factor of ∼5 (possibly because of outflows and the
formation of shocks in the intra-binary environment; Takata et al.
2014; Patruno et al. 2014). A similar behavior was also observed
from the source XSS J12270–289 (Papitto et al. 2014; Bassa
et al. 2014; Roy & Bhattacharya 2014). Millisecond pulsars in
binary systems thus seem to display frequent episodes of mass
accretion during which the magnetospheric boundary can either
be locked at the light cylinder or at the co-rotation radius. In the
former case, accretion is strongly inhibited and the system is ob-
served as a relatively faint X-ray emitter (LX ∼ 1032−33 erg/s); in
the latter, case canonical outbursts might occur and peak X-ray
luminosities of LX ∼ 1035−36 erg/s can be achieved.

5. Conclusions

We analyzed the peculiar variability showed in the X-ray domain
by the swinging pulsar IGR J18245–2452. We discussed that the
results obtained from the spectroscopic and the timing analysis
of the XMM-Newton data could be reasonably well described
by assuming an unstable accretion phase in which the material
from the disk does not always reach the NS surface quietly, but
proceeds in a hiccup fashion: accretion is strongly inhibited for a
substantial fraction of time by the stellar rotation that causes the
onset of a propeller regime. This might produce strong outflows
that generate a strongly variable GHz emission and lead to the
sporadic appearance of a completely different X-ray spectrum
than that of the remaining accretion phases.

Observations of possible future outbursts from IGR J18245–
2452 with the next generation of X-ray timing experiments (e.g.,
LOFT; Feroci et al. 2012) will enable us to perform timing and
spectral analyses with higher statistics down to very short time-
scales, providing crucial insights into the mechanisms respon-
sible for the peculiar X-ray variability of this source and other
AMXPs.

Table A.1. Best-fit model parameters of O lines during obs2.

NnthComp
a 0.032

λI 21.82+0.02
−0.03 Å

σI <0.05b Å

AI 10+8
−7 10−5 ph s−1 cm−2

λR 21.675+0.034
−0.042 Å

σR <0.09 Å

AR 13±7 10−5 ph s−1 cm−2

λF 22.10– Å

σF 0– Å

AF <1.8 10−5 ph s−1 cm−2

χ2
red/d.o.f. 1.01/64

.

Notes. The subscripts I, R, and F refer to the intercombination, res-
onance, and forbidden lines, respectively. The fit has been performed
fixing the line width to zero, while the upper limit was determined in
a second iteration with the line width set as a free parameter. (a) The
normalization of the continuum is first recomputed in the fit and then
fixed; all the other continuum parameters are fixed to those of the aver-
age spectrum measured in Sect. 3.1.
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Appendix A: Analysis of the full-resolution

RGS spectra

During the analysis of the full-resolution RGS spectra of
IGR J18245–2452 in obs2 (which have a much longer exposure
time than obs1, see Table 1), we noticed a convincing hint of
emission lines from O around 22 Å. Because these lines do
not affect our discussion and conclusion about the source spec-
tral and timing variability reported in Sects. 4 and 5, we summa-
rize this result here.

Figure A.1 shows the RGS2 spectrum in obs2 after rebin-
ning to achieve a minimum S/N of 3.0 in each wavelength bin)9.
Table A.1 gives the best determined parameters obtained by fit-
ting the two RGS spectra in obs2 with a model comprising the
continuum determined in the broad-band analysis (Sect. 3.1)
plus two narrow Gaussian lines (we used the χ2 statistics with
weights according to Gehrels 1986). The wavelengths of the two
emission lines were well constrained, while only an upper limit
was obtained on their width. No forbidden line (22.10 Å) or lines
typical of other isotopes (C, N, Ne, Mg, and Si)
were significantly detected.

The two emission lines correspond to the oxygen triplet. The
intercombination line is at the expected wavelength (the upper
limit on its Doppler broadening is about 700 km s−1), while the
resonance line appears to be slightly redshifted and the upper
limit on its width is larger. The absence of a forbidden line can
either be due to the high density of the gas (Ne >∼ 1011 cm−3) or

9 We used the ISIS software package (version 1.6.2–16) for the spec-
tral analysis presented in this section.
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Fig. A.1. Zoom of the RGS2 spectrum of obs2 rebinned to achieve an
S/N of 3 in each bin around the O triplet. The width of lines is fixed
to zero.

to the presence of an intense UV field in the line forming region
(Porquet & Dubau 2000; Porquet et al. 2001), as expected in
the proximity of the X-ray irradiated companion star (Pallanca
et al. 2013). If we assume that the lines can be broadened by the
plasma orbital motion, the upper limit on the width of the inter-
combination line is compatible with the Keplerian velocity at the
orbital separation of the system, while the slightly broader reso-
nance line would favor emission from an inner region of the disk.
This constraint is not stringent, however, as it was suggested that
emission lines that originate in the outer layers of an accretion
disk might be narrower than naively expected (Jimenez-Garate
et al. 2002, 2005). We remark that the relatively low statistics of
the RGS spectrum do not allow us to perform an orbital phase-
resolved analysis of the oxygen lines.

Appendix B: Analysis of the ATCA observation

of IGR J18245–2452

In this appendix, we report on the analysis of the radio ob-
servation performed in the direction of IGR J18245–2452 by
the Australia Telescope Compact Array (ATCA; Target of
Opportunity project CX258) for ∼6 h on 2013 April 5. The pre-
liminary results of this observation were reported by Pavan et al.
(2013) and are summarized in Paper I, but the data analysis was
not presented in full detail yet.

The data considered here were collected with the new
Compact Array Broadband Backend (CABB, Wilson et al. 2011)
in the hybrid array configuration H214 at wavelengths of 6 and
3 cm (ν = 5.5 and 9 GHz). The observation was carried out in
dual-frequency mode, with ∼3.7 hours of integration time, split
into two periods separated by approximately 2.5 h. The primary
calibrator was PKS B1934–638, while PKS 1817–254 was used
for phase calibration. The data were analysed with the 
(Sault et al. 1995) and  (Gooch 1996) software packages
distributed by ATNF.

Radio images of the observation were created using the
 multifrequency synthesis and robust weighting (Sault
et al. 1995). They were deconvolved using the  and
 algorithms with primary-beam correction applied using
the  task. A similar procedure was used for the U and Q
Stokes parameter maps.

A single compact source was detected in our images within
the M28 globular cluster (the image resolution was 4.8′′ × 1.0′′
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Fig. B.1. ATCA lightcurve of IGR J18245–2452 in the two frequencies
(5.5 GHz, panel a), and 9 GHz, panel b)) and the calculated spectral
index α, panel c). We also reported in the upper panel the 0.5–10 keV
lightcurve from the Swift/XRT observation ID. 00032785003 (in blue).
These were the only X-ray data collected quasi-simultaneously with the
ATCA observation.

at PA = 9 deg with an estimated rms noise of 11 µJy/beam at
5.5GHz and 3.0′′ × 0.64′′ at PA = 10 deg; with an estimated rms
noise of 12 µJy/beam at 9 GHz). Its position coincides well with
the X-ray counterpart of PSR J18245-2452 (Paper I). The mea-
sured flux density of the source was (0.62±0.03) mJy at 5.5 GHz
and (0.75 ± 0.04) mJy at 9 GHz (Pavan et al. 2013). The radio
emission recorded from IGR J18245–2452 therefore has an in-
tensity similar to that of other AMXPs in outburst (Migliari &
Fender 2006; Patruno & Watts 2012).

We extracted radio light curves of the source at the two ob-
serving frequencies by using the / task, and aver-
aging the data at temporal intervals of 2 min. The source showed
variations of intensity during the first part of the observation,
reaching up to 2 mJy, while during the second part, the mean
flux density was not significantly variable (Fig. B.1). To bet-
ter study the observed radio variability, we estimated the vari-
ation of source spectral index α with time. The lightcurves and
spectral index are shown in Fig. B.1. The spectral index varies
significantly in the range −0.2–0.8 and has a mean value of
α ∼ +0.39 ± 0.21 (where α =

[

log(Fν1/Fν2)
]

/
[

log(ν1/ν2)
]

,
ν1 = 9 GHz, and ν2 = 5.5 GHz). Splitting the two observational
bands into bins of bandwidth 128 MHz allowed us to obtain a
refined mean value of the spectral index α = +0.39 ± 0.06. This
inverted radio spectrum indicates the IGR J18245–2452 has an
optically thick synchrotron-emitting region or a mixture of ther-
mal and synchrotron emission, typical of a persistent jet or a less
collimated outflow (e.g., Seaquist 1993).

We report in Fig. B.1 the only available quasi-simultaneous
X-ray observation of the source. These data (observation
ID. 00032785003) were collected with the Swift/XRT on 2013
April 5 from 16:58:06 to 19:04:26 (UTC) and analyzed with the
Leicester XRT on-line tool10 (Evans et al. 2009). The observa-
tion is divided into two snapshots that occur before the start of
the radio data and at the end of the second radio flare. The spec-
tra of the two snapshots were extracted separately and then fit
together with an absorbed power-law model. The first snapshot
was affected by pile-up and thus the corresponding spectrum was
extracted by using an annular region with inner radius of 4 pixels

10 See http://www.swift.ac.uk/user_objects.

A77, page 13 of 14

http://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/201322904&pdf_id=13
http://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/201322904&pdf_id=14
http://www.swift.ac.uk/user_objects


A&A 567, A77 (2014)

and external radius of 20 pixels, in agreement with standard pro-
cedures (Burrows et al. 2005; Romano et al. 2006). The photon
indices of the power laws were left free to vary in the fits, while
the absorption column density was constrained to be the same for
the two spectra. The best-fit model (χ2

red = 0.9, 32 d.o.f.) gave an
absorption column density of NH = (4.1 ± 1.6) × 1021 cm−2 and
photon indices of (1.45± 0.25) and (1.8± 0.3), for the two snap-
shots. The corresponding fluxes (0.5–10 keV) were (6.4 ± 0.8)
and (4.3±0.6)×10−11 erg/s/cm2. We note that the spectral prop-
erties and fluxes of the two XRT snapshots performed simultane-
ously with the ATCA observation are similar to those measured
during the soft magenta states identified by XMM (see Table 5).
The slightly steeper power-law index of the second snapshot
might be generated by black-body emission, which went unde-
tected owing to the limited number of collected photons. These
results support the idea that outflows might be produced during
the magenta states of IGR J18245–2452.
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Gierliński, M., Zdziarski, A. A., Poutanen, J., et al. 1999, MNRAS, 309, 496
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