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Abstract

IGRJ18245−2452 is the fifteenth discovered accreting millisecond X-ray pulsar and the first neutron
star to show direct evidence for 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 (LX ∼ 1037 erg/s) in
April 2013, IGRJ18245−2452 displayed a unique and peculiar X-ray variability. While a lower luminosity
X-ray outburst ((LX ∼ 1035 erg/s) ) was detected in archival Chandra observations in 2002. Other two
sources showed evidence of swings between rotation-powered radio emission and episodes of accretion-disk
formation with X-ray emission at such lower level. These episodes were accompanied by intense gamma-
ray emission in the GeV domain. Here, we summarise the peculiar variability of IGRJ18245−2452 and
discuss it together with these findings, which open an exiting prospective on the study of pulsar evolution
in binary systems.
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1. Introduction

The X-ray transient source IGRJ18245−2452 was
discovered in outburst by the hard X-ray imager
IBIS/ISGRI on-board INTEGRAL on 2013 March 28,
while performing monitoring observations of the Galac-
tic Center (Eckert et al., 2013) and located within the
Globular Cluster (GC) M 28. with the Chandra ACIS-I
telescope and the Swift XRT. 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
3.9ms were detected in the X-ray flux recored from the
source on April, 3 and 13 by XMM-Newton, these made
IGRJ18245−2452 the fifteenth discovered accreting mil-
lisecond X-ray pulsar (AMXP). The delays in pulse ar-
rival times measured by XMM-Newton led to the deter-
mination of the source orbital period at 11.03hr (Pa-
pitto et al., 2013b). The measured ephemeris of the sys-
tem permitted to securely associate IGRJ18245−2452
with a previously know radio millisecond pulsar in M 28
(PSRJ1824-2452I), thus making this source the first mil-
lisecond pulsar to show direct evidence for “swings” be-
tween regimes with pulsed emission powered either by

rotation or accretion. This result provided the most
secure confirmation to date of the so-called pulsar “re-
cycling 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 prove of spin-up in AMXP). During the
accretion phases, the material inflowing from the com-
panion star forms an accretion disk around the NS and
quenches the radio emission previously powered by the
rotation of its magnetic field (see Burderi et al., 2003 and
Archibald et al., 2009 for previous indirect evidences of
switches between these two phases in SAX J1808.4−3659
and PSRJ1023+0038, respectively).

Beside its swings between the different emission
regimes, IGR J18245−2452 displayed during its 2013
outburst a peculiar variability in the X-ray domain,
which was not observed before in other AMXPs. This
variability was particularly evident in the two XMM-

Newton target of opportunity observations (we call them
ob1 and obs2, see Table 1). In these observations, the
X-ray emission from IGRJ18245−2452 repeatedly varied
in intensity by a factor of ∼100 on time-scales as short as
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Table 1. Log of the XMM-Newton observations used in this paper.

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)
MOS 28.8 69.3
PN 26.8 67.3
RGS 29.0 69.5
OM 28.1 67.1

a Times are in UTC.

few seconds. Here, we summarize our timing and spec-
troscopic analysis of the XMM-Newton data, which is
detailed in Ferrigno et al (2013).

2. Results

The lightcurves of the two XMM-Newton observations
are shown in Fig. 1. In both observations, the source
displays a very prominent variability. During several rel-
atively extended periods of time (few thousand seconds)
the average source intensity was lower than in the rest
of the observation, retaining a remarkable variability. In
obs1, there was a single low intensity period that be-
gan ∼5 ks after the start of the observation and lasted
for about 13 ks. In obs2, multiple low intensity periods
occurred. We show in panel (c) of Fig. 1 the hardness
ratio (HR) of the lightcurves extracted in the soft (0.5–
3.5 keV) and hard (3.5–11keV) energy bands (see Bozzo
et al., 2011 for details about the HR computation). The
HR displayed only a moderate variability during most
of the observations (between ∼0.3 and 0.5), but under-
went rapid and large variations during the low intensity
periods. We have 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 max-

imum achievable timing resolution without facing shot
noise limitations, we built the histogram of the source
count rate accumulated in time bins of one second. By
inspecting these lightcurves, not shown here for brevity,
we verified that the PN count-rate showed switches from
∼3–5 cts/s to >500 cts/s on time scales as short as
a few seconds (0.5-11 keV). The count rate histogram
is characterised by two broad peaks which can be de-
scribed by two log-normal distributions with centroids
5.48±0.06 and 79.5±0.3cts/s, and widths 2.75±0.04 and
1.74± 0.03 cts/s, respectively (χ2

red
= 6.6 for 121 d.o.f.).

This bi-modal distribution suggests us to draw the sep-
aration between “dimmer” and a “brighter” states at 30
cts/s, where the two distributions cross each other. We

Fig. 1. Top panel: XMM-Newton lightcurve of IGR J18245−2452
extracted from obs1 and obs2 in the 0.5-3.5 keV energy band.
The vertical 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 in order 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 symbols the time intervals in which the source count
rate was below 30 cts/s, in blue all the others. The points with
HR>0.7 are highlighted with an open circle.
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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 log-normal
distributions, plotted in blue and magenta and used to describe
the overall shape of the histogram.

represented in Fig. 2 the dimmer state with a magenta
color and marked the others in blue; the same color cod-
ing is maintained for the rest of the paper and used to
identify the two states. As it can be seen in Fig. 1, this
division tracks relatively well the intervals of lower activ-
ity characterised by remarkable swings of the hardness
ratio and the periods of more intense activity at nearly
constant hardness.

Fig. 3 shows the hardness-intensity diagram (HID) of
the source realized by using the same colour coding
of Fig. 1. We note that the blue points form a first
branch that is characterized 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 in this timescale.
The source spends about 40% of the time in this state.

The combined RGS +PN spectrum (0.4–1.8 keV and
0.6–11keV, respectively) extracted by using the total
exposure time available in obs1 and obs2 can be fit
by a spectral model that comprises a photoelectric ab-
sorption with variable abundances of Fe and Oxygen
(tbnew feo; Wilms et al., 2001), a thermal Comp-
tonization (compTH in xspec, the electron tempera-
ture was fixed to 50 keV), a broad Gaussian line, a disk
black-body, and a narrow line corresponding to the non-
resolved OVII helium-like triplet. We verified that the
relatively large χ2

red
= 1.13 for 4067 d.o.f. is mostly due

to residual calibration uncertainties.

We have then performed a rate-resolved spectral anal-
ysis above 30 cts/s and found that the slight increase

Fig. 3. Hardness-intensity diagram built by using all data in obs1 and
obs2 and 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 count rate below and above 30 cts/s,
respectively.

in hardness can be explained solely by hardening of the
power-law. The spectral analysis below 30 cts/s revealed
that the disk component is no longer present and that
a warmer black-body with radius of a few kilometres
becomes detectable for hardness less than 0.7. Corre-
spondingly, the absorption column lowers to the Galactic
value in direction of the source. For the extreme hard-
ness spectrum (HR>0.7), we noticed that the spectrum
can be described satisfactorily using a partial covering
absorber and a power-law with index 0.90±0.04.

3. Discussion

We studied the source average X-ray spectrum and
showed that the overall spectral properties of the X-ray
emission from IGRJ18245−2452 are qualitatively simi-
lar to that of other AMXPs in outburst with a Comp-
tonization plus disk black body continuum (Poutanen
2006; Gilfanov et al. 1998; Gierliński & Poutanen, 2005).
The apparent position of the inner accretion disk radius
is rin ≃66-77

√
cos i km for an assumed distance to the

source of 5.5 kpc.
At odds with all the other AMXPs in outburst ob-

served so far (see, e.g., Patruno & Watts 2012 for a
recent review), IGRJ18245−2452 displayed a very pe-
culiar variability in the X-ray domain and underwent re-
markable switches between low and high intensity states
during both the XMM-Newton observations. The pres-
ence of the two preferred states was first noticed in the
histogram of the source count-rate, that could be satis-
factorily described only by using two log-normal distri-
butions. The first of the two distributions, marked in
magenta, dominates the contribution to the total source
count-rate below 30 cts/s in the PN 0.5–11keV band.
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The second distribution, marked in blue, provided the
largest contribution at higher count-rates. In the blue
state, the HR showed limited changes (∼20-30%) around
a value of ∼0.5. During the magenta state the source in-
tensity 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. 2.) and thus prominent spec-
tral variability. The pulse profiles if the blue states are
nearly sinusoidal and characterise by a high pulsed frac-
tion (∼15%). In the magenta state, the pulsed fraction
is about 5% and never goes to zero. Their morphology
is more complex with a higher harmonic content and
shows significant phase shifts at different hardness. This
suggests that the accretion stream is subject to complex
and non trivial evolution, as supported by the magneto-
hydordinamic simulations.

We argue that the peculiar behavior of this source in
the X-ray domain is mainly due to switches between ac-
cretion to weak and strong propeller states. This requires
the magnetospheric radius to be close to the coronation
radius across the entire outburst. A similar situation has
been already investigated in several theoretical studies
(Spruit & Taam, 1993; Rappaport et al. 2004; D’Angelo
& Spruit, 2010, 2012) and applied to interpret observa-
tions of a number of AMXP in outbursts. In the cases
of SAX J1808.4-3658 and NGC 6440 X-2 the switch be-
tween accretion and propeller was used to interpret peri-
ods of intense quasi-periodic flaring activity (Patruno et
al., 2009; Patruno & D’Angelo., 2013). Evidences that
the magnetospheric and co-rotation radii remain locked
in outburst were also reported in the case of XTE J1814-
338 Haskell & Patruno, 2011). Patruno et al. (2012) pro-
posed later that such locking might indeed occur during
most of the AMXP outbursts.

It is worth noticing that IGR J18245−2452 also dis-
played a different kind of X-ray variability with re-
spect to that reported here. This was revealed during
the analysis of a faint outburst from the source discov-
ered serendipitously in Chandra archival data from 2002.
During this event, IGRJ18245−2452 reached a luminos-
ity of ∼1033 erg/s and its X-ray variability was ascribed
to the locking of the magnetospheric radius in the prox-
imity of the source light-cylinder (Linares et al., 2014).
The same scenario was used later to interpret a period
of pronounced low luminosity X-ray variability observed
from PSRJ1023+0038. In this occasion the radio pul-
sations from the source disappeared and its GeV emis-
sion increased by a factor of ∼5 (possibly due to the
presence 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 magneto-
spheric boundary can either be locked at the light cylin-
der or at the co-rotation radius. In the former case, ac-
cretion is strongly inhibited and the system is observed
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.
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