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ABSTRACT

Context. IGR J17511–3057 is the second X-ray transient accreting millisecond pulsar discovered by INTEGRAL. It was in outburst
for about a month beginning on September 13, 2009.
Aims. We analyze the spectral and timing properties of the object and the characteristics of X-ray bursts with the aim to constrain the
physical processes responsible for the X-ray production in this class of sources.
Methods. We studied the broad-band spectrum of the persistent emission in the 0.8–300 keV energy band using simultaneous
INTEGRAL, RXTE and Swift data obtained in September 2009. We also describe the timing properties in the 2–120 keV energy
range such as the outburst light curve, pulse profile, pulsed fraction, pulsed emission, and time lags, and moreover study the proper-
ties of X-ray bursts discovered by RXTE and INTEGRAL and the recurrence time.
Results. The broad-band average spectrum is well described by thermal Comptonization with an electron temperature of kTe ∼
25 keV, soft seed photons of kTbb ∼ 0.6 keV, and Thomson optical depth τT ∼ 2 in a slab geometry. During the outburst the spectrum
stays remarkably stable with plasma and soft seed photon temperatures and scattering optical depth being constant within errors. We
fitted the outburst profile with the exponential model, and using the disk instability model we inferred the outer disk radius to be
(4.8−5.4) × 1010 cm. The INTEGRAL and RXTE data reveal the X-ray pulsation at a period of 4.08 milliseconds up to ∼120 keV.
The pulsed fraction is shown to decrease from ∼22% at 3 keV to a constant pulsed fraction of ∼17–18% between 7–30 keV, and then
to decrease again to ∼13% at 60 keV. The nearly sinusoidal pulses show soft lags that monotonically increase with energy to about
0.2 ms at 10–20 keV similar to those observed in other accreting pulsars. The short burst profiles indicate hydrogen-poor material
at ignition, which suggests either that the accreted material is hydrogen-deficient, or that the CNO metallicity is up to a factor of 2
times solar. However, the variation of the burst recurrence time as a function of ṁ (inferred from the X-ray flux) is much smaller than
predicted by helium-ignition models.
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1. Introduction

The discovery of radio millisecond pulsars in binary systems
in the 1970s lead to the prediction that neutron stars hosted in
low-mass X-ray binary systems (LMXB) were their progenitors
(Alpar et al. 1982). As a binary system evolves through phases
of accretion onto the neutron star (NS), it gains angular momen-
tum from the accreted material, which is sufficient to spin-up the
NS to a rotation period equilibrium in the millisecond range. The
first confirmation that LMXBs can host rapidly rotating NSs was
the discovery of coherent oscillations from type-I X-ray bursts
(see Strohmayer & Bildsten 2006, for a review). Later identi-
fication of SAX J1808.4–3658 as a 401 Hz pulsar (Wijnands &
van der Klis 1998) led to the discovery of a new class of ac-
creting NSs, accreting millisecond X-ray pulsars (AMXPs). The

first direct measurement of spin-up of the NS during an accretion
phase was published by Falanga et al. (2005a) in the source IGR
J00291+5934, strengthening the hypothesis of the recycling of
old radio-pulsars to millisecond periods (see also the reanaly-
sis by Patruno 2010). On the other hand, between the outbursts,
long-term monitoring shows some AMXPs to exhibit spin-down
in quiescence (Hartman et al. 2009; Patruno 2010; Papitto et al.
2011). The spin frequencies of AMXPs lie in the range of 180–
600 Hz, and the orbital periods are between 40 min and 5 h (see
reviews by Wijnands 2006; Poutanen 2006).

The AMXPs exhibit many characteristics similar to other
LMXBs. Their broadband spectra show soft thermal and hard
Comptonized components (see reviews by Poutanen 2006;
Falanga 2008) similar to atoll sources in the low/hard state
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(Barret et al. 2000). The AMXPs also show quasi-periodic os-
cillations and X-ray bursts (see e.g., Chakrabarty et al. 2003;
Watts et al. 2005). The pulse profiles are typically close to si-
nusoidal with modulations of 3–15%. The pulse profiles are
energy-dependent and demonstrate soft time-lag in the range
up to 100–250 μs (e.g., Cui et al. 1998; Ford 2000; Poutanen
& Gierliński 2003; Gierliński & Poutanen 2005; Falanga &
Titarchuk 2007).

The magnetic field of the NS as inferred from accretion mod-
els is relatively weak, in the range of ∼108−109 G (Psaltis &
Chakrabarty 1999; Di Salvo & Burderi 2003). Measurements of
the inner disk radius from evolution of the pulse profiles and the
spin-down of the pulsars between the outbursts allow a more
accurate determination of the magnetic field of 1.5 × 108 G
in SAX J1808.4–3658 (Ibragimov & Poutanen 2009; Hartman
et al. 2009) and of 2 × 108 G in IGR J00291+5934 (Patruno
2010).

Pulsations are not detected during quiescence in either X-ray
or optical bands, nor has millisecond radio pulsed emission been
found (see e.g., Iacolina et al. 2010, and references therein).
Following outbursts, the optical counterpart has been observed
to diminish in intensity consistent with the X-ray flux decay rate
implying the origin of the emission to be in the accretion disk
(see e.g., Falanga et al. 2005a). Companion stars of AMXPs
are highly evolved white or brown dwarfs (Deloye & Bildsten
2003). In the AMXPs with an orbital period in the hour range
and a hydrogen-rich donor brown dwarf, X-ray bursts have been
detected (see e.g., Galloway & Cumming 2006), during which
burst oscillations are nearly in phase with the coherent oscilla-
tion at the spin period (Chakrabarty et al. 2003; Strohmayer et al.
2003).

1.1. The source IGR J17511–3057

Among roughly one hundred LMXBs hosting a NS,
IGR J17511–3057 is the twelfth known to host an AMXP.
It is the second source discovered by INTEGRAL during the
Galactic Bulge monitoring program (Baldovin et al. 2009)
that was found to be an AMXP with RXTE (Markwardt et al.
2009a). The INTEGRAL-derived source position for the new
transient was ∼20′ away from the known 435 Hz millisecond
pulsar XTE J1751–305, the source position uncertainty of 2′,
as well as the subsequent detection of a distinctly different
pulse frequency of 244.8 Hz confirmed the transient to be
a new AMXP (Markwardt et al. 2009a). The orbital period
of IGR J17511–3057 is ∼3.47 h, with an a sin(i)/c value of
∼275.2 lt-ms (Riggio et al. 2011, and references therein). A
candidate near-infrared counterpart was found by Torres et al.
(2009a) on September 22, 2009 with a Ks-band magnitude of
18.0 ± 0.1, which had faded to Ks > 18.8 (3σ upper limit) by
October 7, 2009 (Torres et al. 2009b). Radio upper limits of
0.16–0.18 mJy between September 16 and 25, 2009 were set
with the VLA by Miller-Jones et al. (2009). The most accurate
position of the source was provided by the near-infrared obser-
vations at αJ2000 = 17h51m08.s64 and δJ2000 = −30◦57′40.′′70
(Torres et al. 2009a), consistent with the 1σ error of 0.′′6 of the
Chandra/HETG position (Nowak et al. 2009).

The first type-I X-ray burst from the source was detected
by Swift (Bozzo et al. 2009), and the Swift monitoring of this
source in outburst was reported by Bozzo et al. (2010), who
found no evidence for photospheric radius expansion during
the three studied bursts. All follow-up observations with dif-
ferent spacecrafts detected X-ray bursts from the source. Burst
oscillations at ∼245 Hz were first detected in an X-ray burst

on September 14, 2009 by RXTE/PCA (Watts et al. 2009);
XMM-Newton also detected X-ray bursts with the burst oscil-
lations phase locked to the persistent pulsations (Papitto et al.
2009). A Chandra observation on September 22, 2009 also de-
tected an X-ray burst (Nowak et al. 2009). The net persistent
spectrum, 0.5–10 keV band, of IGR J17511–3057 was found
for all the observations to be well-fit by an absorbed power-
law model with photon index ∼2 and column density NH =
(0.6−1.3) × 1022 cm−2, depending on the model used (Bozzo
et al. 2009; Nowak et al. 2009; Papitto et al. 2010a).

A lower limit on the companion mass of 0.13 M� was de-
termined by Markwardt et al. (2009a) using the mass function
of the system and assuming a NS mass of 1.4 M� and an in-
clination angle of 90◦. This lower limit was later improved by
Papitto et al. (2010a), who considered that no occultation or dips
were observed during the outburst of IGR J17511–3057. These
authors also performed a fit to the source spectrum with a reflec-
tion continuum model and determined an inclination angle for
the system in the range 38−68◦. The corresponding limits on the
companion mass in this case are 0.15–0.23 M� (a NS of 1.4 M�
was assumed). We refer the reader to Papitto et al. (2010a) for
more details regarding the nature of the companion star. An up-
per limit on the source distance of ∼10 kpc was estimated first by
Papitto et al. (2010a) and ∼7 kpc by Altamirano et al. (2010), as-
suming that the most energetic type-I X-ray burst observed from
IGR J17511–3057 reached the Eddington luminosity.

In this paper we report on INTEGRAL and RXTE obser-
vations of IGR J17511–3057, as well as a simultaneous Swift,
INTEGRAL, and RXTE observation during the period MJD
55 087–55117 (September 13–October 13, 2009). We study the
light curves, broad-band spectra, outburst spectral evolution, and
timing properties of the source. The properties of the largest set
of X-ray bursts from this source are investigated as well.

2. Observations and data

2.1. INTEGRAL

The present data were obtained during the INTEGRAL (Winkler
et al. 2003) Target of Opportunity (ToO) observation dur-
ing satellite revolution 846, beginning on September 16 (MJD
55 090.92557) and ending on September 19, 2009 (MJD
55 093.58993), with a total net exposure time of 206 ks. The
data reduction was performed using the standard Offline Science
Analysis (OSA1) version 8.0 distributed by the Integral Science
Data Center (Courvoisier et al. 2003). The algorithms used for
the spatial and spectral analysis are described in Goldwurm
et al. (2003). The observation aimed at IGR J17511–3057 con-
sists of 70 stable pointings with a source position offset �7.◦0
from the center of the field of view. We analyzed data from the
IBIS/ISGRI coded mask telescope (Ubertini et al. 2003; Lebrun
et al. 2003) at energies between 18 and 300 keV and from the
JEM-X monitor, module 1 (Lund et al. 2003) between 3 and
20 keV. Because this observation was in a rectangular pattern
model which consists of a square 5× 5 pattern around the nomi-
nal target location, IGR J17511–3057 was only within the source
position offset of <3.◦5 from the center of the field of view for 28
stable pointings. Therefore, for JEM-X with a field of view of
7.◦5 (diameter) at half response the effective exposure time was
only 87.4 ks.

In Fig. 1 we show part of the ISGRI field of view (signifi-
cance map) centered on the position of IGR J17511–3057 (20–
70 keV energy range). The source was clearly detected in the

1 http://www.isdc.unige.ch/integral/analysis
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Fig. 1. INTEGRAL/ISGRI sky image of the field of view around
IGR J17511–3057 (20–70 keV). The size of each pixel in the image cor-
responds to 3′. Evidently the non-imaging instruments on-board RXTE
with a field of view of ∼1◦ (radius) are not be able to separate the emis-
sion from the two AMXPs XTE J1751-305 and IGR J17511–3057 when
they are both active in X-rays (see Fig. 2).

mosaic, and we estimated detection significances of ∼65σ in the
20–40 keV energy range and ∼29σ in the 40–100 keV energy
range. The best determined position is at αJ2000 = 17h51m08.s74
and δJ2000 = −30◦57′36.′′9, with an associated uncertainty of
0.′55 at the 90% c.l. (20–40 keV, Gros et al. 2003). The offset
with respect to the near-infrared position is 0.′07 (Torres et al.
2009a). In the same figure we also indicate with a yellow circle
the position of the millisecond pulsar XTE J1751-305 that un-
derwent a short period of enhanced X-ray activity during the last
part of the outburst decay of IGR J17511–3057 (see Sect. 2.2
and Fig. 2).

To search for X-ray bursts, the ISGRI light curves are calcu-
lated from events selected according to the detector illumination
pattern for IGR J17511–3057. For ISGRI we used an illumina-
tion factor threshold of 0.6 for the energy range 18–40 keV; for
JEM-X we used the event list of the whole detector in the 3–
20 keV energy band.

2.2. RXTE

We used publicly available data from the proportional counter ar-
ray PCA (2–60 keV; Jahoda et al. 1996) and the High Energy X-
ray Timing Experiment HEXTE (15–250 keV, Rothschild et al.
1998) on-board the RXTE satellite. The FWHM of these colli-
mator instruments is ∼1◦, and no spatial information of the pho-
tons exists. IGR J17511–3057 was monitored from September
13 to October 8, 2009 (MJD 55 087.85619–55112.33693) for
a total net exposure time of ∼455 ks (observation ID 94041).
For the light curve analysis we also added the twelve pointings
from observation ID 94042 (∼45.2 ks net exposure time; tar-
get XTE J1751-305). In this dataset the nearby X-ray millisec-
ond pulsar XTE J1751-305 underwent a short outburst contem-
poraneous with the latest outburst phases of IGR J17511–3057
(Chenevez et al. 2009; Markwardt et al. 2009b). Figure 1 shows
that the angular separation between the two sources is smaller
than the field of view of the non-imaging instruments on-board

0 10 20 30

0.
2

0.
4

0.
6

0.
8

Fl
ux

 (
10

−
9  e

rg
 c

m
−

2  s
−

1 )

Time since MJD 55087 (days)

IGR J17511−3057

Fig. 2. RXTE/PCA (2–20 keV) outburst light curve of IGR J17511–
3057. For plotting purpose we chose a bin time of 6840 s. The count rate
was converted into flux using the spectral results reported in Sect. 4.2.
The diamonds correspond to observations in which both XTE J1751–
305 and IGR J17511–3057 were active and the instruments on-board
RXTE were unable to separate the contribution of the two sources.
The arrows indicate the times of the detected X-ray bursts (see Sect. 6
and Table 3). The vertical dashed lines indicate the interval of the
INTEGRAL observations. The dot-dashed lines correspond to the best-
fit exponential profile, F ∝ e−t/22.4d

, and a linear decay.

RXTE (∼1◦), and thus we were unable to separate the contribu-
tions of the two objects from the total X-ray flux.

We carried out a spectral analysis, using Standard-2 data
(with 16 s time resolution) for the PCA and standard Cluster-0
data for HEXTE. For HEXTE, we used the on-source data, using
default screening criteria for Cluster 0. The data were extracted
for the Good Time Intervals defined by standard criteria. The
PCA response matrix was created by FTOOLS version 6.0.2 for
129 energy channels to cover the energy range from 2–60 keV.
For HEXTE we used the standard 64 energy channel response
matrix for the 15–250 keV energy range. For the timing analysis
we used PCU data, collected in the E_125us_64M_0_1s event
mode, recording event arrival times with 122.07 μs time resolu-
tion, and sorting events in 64 PHA channels. Default selection
criteria were applied.

2.3. Swift

IGR J17511–3057 was also observed with Swift (Burrows et al.
2005) during its outburst in 2009. The results were first pub-
lished in Bozzo et al. (2010). We used only Swift/XRT data in
window-timing mode (WT) that were simultaneously collected
with the INTEGRAL observations (i.e. Swift observation ID
00031492005; see Table 1 in Bozzo et al. 2010, for details). We
refer the reader to Bozzo et al. (2010) for the Swift XRT data
reduction procedure.

3. Outburst light curve

Most AMXPs that underwent an outburst for a few weeks to
months showed a common outburst profile, i.e. the light curve
decays exponentially until it reaches a break, after which the flux
drops linearly to the quiescence level (see e.g., Gilfanov et al.
1998; Gierliński & Poutanen 2005; Falanga et al. 2005b). These
outburst profiles were modeled for soft X-ray transients based
on the disk instability picture of King & Ritter (1998), i.e. tak-
ing into account the disk irradiation by the central X-ray source
during the outburst. King & Ritter (1998) showed that X-ray
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heating during the decay from outburst causes the light curves
of transient LMXBs to exhibit either exponential or linear de-
clines depending on whether or not the luminosity is sufficient
to keep the outer disk edge hot. This model has been applied to
a sample of different LMXBs, including three AMXPs (Powell
et al. 2007). Hartman et al. (2011) investigated the outburst light
curve for one of the AMXPs, IGR J00291+5934, using different
models in which the decay tail is not necessarily linear. However,
Powell et al. (2007) showed that the timescale of the decay light
curve and its luminosity at a characteristic time are linked to
the outer radius of the accretion disk. A knee in the light curve
of the decay from outburst of a transient LMXB is believed to
be a consequence of mass transfer onto the outer edge of the
disk, because this supply is effectively cut off from the compact
object when the outer disk enters the cool low-viscosity state.
The X-ray luminosity at which the knee occurs is that at which
the outer disk edge is just kept hot by central illumination, al-
lowing this radius to be calculated. In addition, the exponential
timescale of the decay gives a second measure of the disk radius.

The 2–20 keV band RXTE light curve of IGR J17511–3057
was extracted for all pointings and is shown in Fig. 2, averaged
over 6840 s. The diamonds correspond to the sum of the emis-
sion of the X-ray millisecond pulsar XTE J1751–305 in a weak
outburst and of IGR J17511–3057 returning back to quiescence.
RXTE detected ten and INTEGRAL three type-I X-ray bursts.
These are indicated with arrows and are subtracted from the light
curve and discussed in Sect. 6. We converted the count rates to
flux using the spectral results from Sect. 4.2. The dot-dashed
lines correspond to the best-fit exponential profile F ∝ e−t/22.4d

and a linear decay. In order to fit the light curve of the out-
burst decay of IGR J17511–3057, we excluded the RXTE data
in which the other AMXP XTE J1751–305 was also active. We
verified that a linear fit would be probably favored by the data
(the reduced χ2 is about half of the corresponding value for the
exponential fit). However, given the relatively poor observational
coverage over the last part of the outburst decay, a firm distinc-
tion between a linear and an exponential decay cannot be made.

From Eqs. (9), (23), and (21) in Powell et al. (2007) it is
possible to estimate the outer disk radius in two different and
independent ways. Equation (9) gives LX = (Lt − Le) exp(−(t −
tt)/τe) + Le, where Le, tt (the break time), Lt, and τe (exponen-
tial decay time) are all free parameters. By using for these pa-
rameters the values determined from the fit to the light curve of
the outburst decay of IGR J17511–3057 (see Fig. 2), the outer
disk radius can be estimated from Rdisk(τe) = (τe 3νKR)1/2 ≈
4.8 × 1010 cm. Here we adopted for the viscosity near the
outer disk edge, νKR = 4 × 1014 cm2 s−1, in agreement with
King & Ritter (1998) and Powell et al. (2007). An indepen-
dent estimate of Rdisk can also be obtained by using Eq. (21)
in Powell et al. (2007), i.e. Rdisk(Lt) = (Φ Lt)1/2. By assum-
ing Φ ≈ 1.3 cm2 s erg−1 (see Powell et al. 2007), we obtained
Rdisk(Lt) ≈ (4.8−5.4) × 1010 cm, for a distance to the source of
6.3 and 7 kpc, respectively (see also Sect. 6). Note that the two
independent estimates of the inner disk radius agree remarkably
well if a distance to the source of 6.3 kpc is considered. A simi-
lar agreement was also found for a number of different AMXPs,
see Powell et al. (2007). This radius also fulfills the condition
Rcirc < Rdisk < b1, where Rcirc ≈ (2.8−2.3) × 1010 cm is the cir-
cularization radius and b1 ≈ (6.7−6.4) × 1010 cm is the distance
of the Lagrange point L1 from the center of the neutron star (see
e.g., Frank et al. 2002). To estimate these values we used a com-
panion star mass between 0.15–0.23 M� (Papitto et al. 2010a),
for a NS mass of 1.4 M�.

4. Spectral analysis

The spectral analysis was carried out using XSPEC version
12.6 (Arnaud 1996). For the contemporaneous data we com-
bined the 3–22 keV RXTE/PCA data, and the 5–300 keV
INTEGRAL/JEM-X/ISGRI data taken on September 16–19,
2009. In addition, for the low-energy range 0.5–10 keV we also
used the contemporaneous Swift data (ID 00031492005 WT)
from Bozzo et al. (2010). For each instrument, a multiplication
factor was included in the fit to take into account the uncertainty
in the cross-calibration of the instruments. For all fits the fac-
tor was fixed at 1 for the ISGRI data. To follow the outburst
spectra outside the INTEGRAL observation interval we used the
RXTE/PCA/HEXTE data. To take into account contamination
by the Galactic ridge emission, we used as background for the
PCA spectral fitting the RXTE/PCA data collected when both
pulsars were at the lowest X-ray emission level (6.3 cts/s) (see
also Papitto et al. 2010a; Altamirano et al. 2010). All uncertain-
ties in the spectral parameters are given at a 90% confidence
level for single parameter.

4.1. Broad-band spectrum

We studied in detail the broad-band X-ray spectrum of
IGR J17511–3057 in the energy range 0.8–300 keV, us-
ing the joint INTEGRAL/JEM-X/ISGRI, RXTE/PCA, and
Swift/XRT data. For the RXTE data we removed the time in-
tervals corresponding to the bursts. We first fitted the joint
XRT/JEM-X/PCA/ISGRI (0.8–300 keV) spectrum with a simple
photoelectrically-absorbed power-law model, pl, model which
was found to be inadequate with a χ2/d.o.f. = 417/141. A bet-
ter fit was obtained by replacing the pl with the exponentially
cutoff power-law model, cutoffpl, (χ2/d.o.f. = 115/140). We
estimated a power-law photon index of Γ = 1.61 ± 0.04 and a
cutoff energy of Ec = 58 ± 7 keV. The absorption was found to
be NH = 0.96+0.10

−0.09 × 1022 cm−2, which is close to the Galactic
value reported in the radio maps of Dickey & Lockman (1990).
Adding a multi-temperature disk blackbody model, diskbb, to
the fit in order to include the contribution of the soft thermal
disk emission in the total X-ray flux (Mitsuda et al. 1984) only
marginally improved to the fit (χ2/d.o.f. = 105/146). For this
spectral component we obtained an inner disk temperature of
kTin = 0.13±0.02 and an inner radius of Rin ∼ 601

√
cos i km, in

agreement with the results reported by Bozzo et al. (2010). The
best-fit value of Rin suggests a relatively high value of the inner
disk radius that is hardly compatible with the idea that in AMXP
sources the accretion disk extends to a region very close to the
NS surface (i.e., 10 km). A better description of the emission
from IGR J17511–3057 at the lower energies (<2 keV) was ob-
tained by using the higher spectral resolution of the instruments
onboard XMM-Newton, as discussed in Papitto et al. (2010a).

In order to compare the IGR J17511–3057 spectrum with
previously observed broad-band spectra of the same source
class (e.g., Gierliński et al. 2002; Gierliński & Poutanen 2005;
Falanga et al. 2005a,b, 2007; Ibragimov & Poutanen 2009),
we replaced the cutoff power-law model with the thermal
Comptonization model, compps, in the slab geometry (Poutanen
& Svensson 1996). The main model parameters are the Thomson
optical depth τT across the slab, the electron temperature kTe, the
temperature kTbb of the soft-seed blackbody photons assumed
to be injected from the bottom of the slab, the emission area
Abb, and the inclination angle θ between the slab normal and the
line of sight. The best-fit parameters of all models used to fit the
data are reported in Table 1. The marginal discrepancy in flux is
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Fig. 3. Unfolded broad-band spectrum of IGR J17511-3057 fit with the
thermal Comptonization model compps. The data points are from XRT
(0.8–7 keV), PCA (3–22 keV), and ISGRI (20–300 keV) spectra, re-
spectively. The total model spectrum is shown by a solid line. The lower
panel shows the residual between the data and the model.

Table 1. Best-fit spectral parameters of the cutoff power-law and compps
models to the XRT/PCA/ISGRI data.

cutoffpl compps

NH(1022 cm−2) 0.96+0.10
−0.09 0.6+0.14

−0.16

kTe (keV) – 24.8+2.4
−2.3

kTbb (keV) – 0.59+0.08
−0.10

τT – 2.2+0.14
−0.17

Abb
a (km2) – 260+80

−90

cos θ – 0.53+0.09
−0.10

Γ 1.60+0.04
−0.04 –

Ec (keV) 58.3+8.1
−6.5 –

χ2/d.o.f. 112/140 106/138
Fbol

b (10−9 erg cm−2 s−1) 1.41± 0.10 1.28± 0.11

Notes. (a) Assuming a source distance of 7 kpc. (b) Unabsorbed flux in
the 0.8–300 keV energy range.

caused by the difference in the absorption column density mea-
sured from the fits with the two spectral models. Below we use
NH = 0.6 × 1022 cm−2, as obtained from the fit with the compps
model. In Fig. 3 we show the unfolded spectrum and the best-fit
compps model. The residuals from the fit are also shown. In this
fit, the normalization of the ISGRI data was fixed to 1 as a ref-
erence, while the normalizations of the XRT and PCA data were
1.02 ± 0.08 and 1.05 ± 0.05, respectively. A reasonable value
for the normalization of the RXTE PCA could be obtained only
after the Galactic ridge emission was taken into account in the
background correction of thess data.

4.2. Spectral evolution during outburst

We analyzed all 58 RXTE/PCA/HEXTE (3–200 keV) spec-
tra observed during the outburst. We excluded the last twelve
RXTE pointings that were contaminated with the emission from
a short weak outburst of XTE J1751–305 (see Figs. 1, 2, and
Sect. 3). In Fig. 4 we show the best-fit results using the ther-
mal Comptonization compps model. The burst intervals were re-
moved. For the comppsmodel the absorption column density and
the inclination angle, θ, were fixed at the best-fit value found for
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Fig. 4. Outburst evolution of the best-fit spectral parameters of the
compps model using the RXTE/PCA/HEXTE data in the 2.5–200 keV
range. Each spectrum corresponds to one RXTE observation of
IGR J17511–3057. The bolometric luminosity is given in the energy
range 0.5–200 keV assuming a source distance of 7 kpc.

the broad-band fit (see Table 1). The luminosity Lbol was calcu-
lated for a distance of 7 kpc (see Sect. 6) from the flux measured
for the best-fit model in the energy range 0.5–200 keV. These
results show that the decay of the outburst is marked by a nearly
constant plasma temperature, kTe, soft seed photons emission,
kTbb, and optical depth, τ. No statistically significant variations
are measured.

A similar behavior, althrough less evident owing to less
observational coverage during the outburst, was also observed
for the AMXP IGR J00291+5934 (Falanga et al. 2005a). Note
that IGR J17511–3057 and IGR J00291+5934 show similar
color variations during the outburst decay (Altamirano et al.
2010; Linares et al. 2007). The hardness-intensity diagram of
IGR J17511–3057 is given in Fig. 2 of Altamirano et al. (2010),
and shows a stable (hard) color up to ∼18 days after the on-
set of the outburst, then the color softens within the hard state.
Our Fig. 4 also shows that the product τ × kTe, as measured
during the outburst of IGR J17511–3057 is stable during the
outburst, in agreement with observations of other AMXPs (e.g.,
Gilfanov et al. 1998; Gierliński & Poutanen 2005; Falanga et al.
2005a; Poutanen 2006; Ibragimov & Poutanen 2009). This be-
havior is expected if the energy dissipation takes place in an ac-
cretion shock. The shock geometry can be approximated by a
slab, and the cooling of the hot electron gas is determined by the
reprocessing of the hard X-ray radiation at the neutron star sur-
face (see Haardt & Maraschi 1993; Stern et al. 1995; Poutanen
& Svensson 1996; Malzac et al. 2001). The temperature de-
pends on the optical depth, but τT × kTe is approximately con-
stant. In IGR J17511–3057 we observe kTe × τT ≈ 50 keV (see
Fig. 4), which is consistent with the values determined for other
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AMXPs (Poutanen & Gierliński 2003; Gierliński & Poutanen
2005; Falanga et al. 2005a,b; Poutanen 2006) and also with the
theoretical models.

The spectra of AMXPs are very similar to those of the atoll
sources at low luminosities (Barret et al. 2000), where the X-rays
are probably produced in the boundary/spreading layer near the
NS equator (Kluźniak & Wilson 1991; Inogamov & Sunyaev
1999; Suleimanov & Poutanen 2006). Spectral similarities can
be explained if in both types of sources the energy dissipation
happens in the optically thin medium (i.e. accretion shock and
boundary/spreading layer) and the spectral properties are deter-
mined solely by energy balance and feedback from the NS sur-
face which, provides cooling in the form of soft photons.

5. Timing characteristics

We also studied the pulsed emission of IGR J17511–3057
in the 3–300 keV energy range using RXTE/PCA, HEXTE,
and INTEGRAL/ISGRI data. Because the flux decays over the
course of the INTEGRAL observation we selected only those
RXTE observations that overlap with the INTEGRAL obser-
vation lasting from MJD 55 090.926 to 55 093.520 (UTC) (see
Fig. 2). In addition to the application of standard selection cri-
teria in the screening process, the RXTE/PCA data were fur-
ther screened for bursts and detector break-downs. The screening
process yielded the following exposure times for PCU detectors
0–4, respectively: 16.096 ks, 12.960 ks, 47.344 ks, 10.848 ks,
and 13.216 ks. For a discussion of timing behavior over the
whole outburst we refer the reader to Papitto et al. (2010a);
Riggio et al. (2011); Ibragimov et al. (2010).

For HEXTE we only selected the onsource data streams from
both detector clusters. The dead time-corrected exposure times
in this case are 30.2 and 16.0 ks for HEXTE2 Cluster 0 and 1,
respectively, for the period overlapping with the INTEGRAL ob-
servation. For the entire 94041 observation the effective expo-
sure times were 232.4 and 123.2 ks for Cluster 0 and 1, respec-
tively.

We screened the ISGRI data for effects caused by Earth radi-
ation belt passages or solar flare activity, but none of the point-
ings showed such an activity. Time periods in which burst events
occurred from any source in the ISGRI field of view were ex-
cluded from the subsequent analysis. Furthermore, we selected
only time stamps of events with rise times between channels 7
and 90 (Lebrun et al. 2003), detected in non-noisy detector pix-
els, which have an illumination factor of more than 25%.

The selected time stamps of all instruments were then con-
verted to arrival times at the Solar System barycenter, taking into
account the orbital motion of the spacecraft and correcting for
acceleration effects along the binary orbit. In this process we
used the position of the optical counterpart to IGR J17511–3057
as reported by Torres et al. (2009a,b).

5.1. Pulse profiles and time lags

Pulse phase folding of the barycented arrival times using the
ephemeris given in Papitto et al. (2009) yielded the pulse-
phase distributions shown in Fig. 5. We added for the PCA
data (collected in mode E_125us_64M_0_1s) a time shift of
+0.5×122.07 μs to the barycented time stamps because the times
referred to the start of the time bin instead of the mid of the bin.
Panels a–d of Fig. 5 show the PCA pulse profiles for the energy

2 HEXTE Cluster 0 operates in staring mode since July 13, 2006.

Fig. 5. Pulse-profile collage of IGR J17511–3057 using data from
RXTE/PCA, HEXTE, and INTEGRAL/ISGRI. Panels a–d) (PCA) cor-
respond to the energy intervals 1.7–4.2, 4.2–7.9, 7.9–16.2 and 16.2–
34.9 keV. Panels e–g) show the HEXTE pulse profiles in the bands
15.6–31.0, 31.0–60.1 and 60.1–123.9 keV (accumulated during the en-
tire 94041 observation period) in panel h) the ISGRI profile 15–90 keV.
The error bars represent 1σ statistical errors. All profiles reach their
maximum near phase ∼0.1. The y-axis is given in units of counts per
bin.

intervals, 1.7–4.2, 4.2–7.9, 7.9–16.2 and 16.2–34.9 keV, respec-
tively. In panels e–g the HEXTE profiles (accumulated during
the entier 94041 observation) are shown for the bands 15.6–31.0,
31.0–60.1 and 60.1–123.9 keV, and panel h shows the ISGRI
profile for energies between 15 and 90 keV. Pulsed emission was
detected up to ∼120 keV using HEXTE data collected during the
full duration of observation 94041. The mutual alignment of the
RXTE/PCA, HEXTE, and INTEGRAL/ISGRI profiles within
the equivalent energy bands is better than 50 μs. The profiles are
fairly sinusoidal with the amplitudes of harmonics not exceeding
15% of the fundamental (see Papitto et al. 2010a). A small asym-
metry could be caused by a strong deviation of emission pattern
from the blackbody (Poutanen & Gierliński 2003; Viironen &
Poutanen 2004) and/or the appearance at some phases of the sec-
ondary spot (Papitto et al. 2010a) as seen in SAX J1808.4–3658
(Ibragimov & Poutanen 2009; Poutanen et al. 2009).

We studied the global arrival times of the pulses as a
function of energy and used the PCA profile for channel 1
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Fig. 6. Time lag as a function of energy in the ∼2–100 keV energy range
combining RXTE/PCA (1.7–35 keV; open circles), RXTE/HEXTE
(15–90 keV; filled diamonds), and INTEGRAL/ISGRI (15–90 keV;
filled squares) measurements.

(∼1.69−2.51 keV) as a reference template. Cross-correlation
of the pulse profiles obtained for other energy bands with this
template yielded the time lags shown in Fig. 6. Beyond ∼4 keV
a declining trend sets in, meaning that the hard X-ray photons
arrive earlier than the soft ones.

The behavior of the IGR J17511–3057 time lags is similar to
that observed in XTE J1751–305. In these cases the low-energy
pulses lag behind the high-energy pulses (soft phase/time lags),
which monotonically increase with energy and saturate at about
10–20 keV (Gierliński & Poutanen 2005). The saturation energy
is, however, much lower in IGR J00291+5934 (see e.g. Falanga
et al. 2005b; Falanga & Titarchuk 2007) and SAX J1808.4–3658
(Cui et al. 1998; Poutanen & Gierliński 2003; Poutanen 2006;
Ibragimov & Poutanen 2009), where the time lag as a function
of energy breaks at about 7 keV. For IGR J00291+5934 the soft
lag even decreases beyond this value.

The lags are most probably caused by different emission
patterns of the blackbody and Comptonization components
(Poutanen & Gierliński 2003; Gierliński & Poutanen 2005;
Ibragimov & Poutanen 2009) combined with the action of the
Doppler effect. This is supported by the energy dependence of
the lags, which grows until the contribution of the blackbody
becomes negligible. At higher energies, the evolution of the
soft lag is still further possible, because higher-energy photons
suffer more scatterings resulting in variations of the emission
pattern with energy (Poutanen & Gierliński 2003; Viironen &
Poutanen 2004). The break in the lag spectrum at a higher en-
ergy might be a result of a higher seed blackbody temperature
for Comptonization, which in turn implies a smaller spot area,
and/or a smaller contribution of the blackbody to the total spec-
trum. Note that in XTE J1751–305 (Gierliński & Poutanen
2005) and IGR J17511–3057 the blackbody is hardly visible,
while it is very apparent in the spectra of IGR J00291+5934
(Falanga et al. 2005b), and SAX J1808.4–3658 (Gierliński et al.
2002; Poutanen & Gierliński 2003; Poutanen 2008). A smaller
blackbody area indicates either a larger magnetic field in the

first two sources compared to IGR J00291+5934, or a different
geometry (e.g. inclination), or a different optical depth of the
Comptonizing plasma in the accretion shock.

5.2. Spectrum of the pulsed emission and pulsed fraction

The pulsed spectrum and pulsed fraction (defined as pulsed
flux/total flux) as a function of energy provide important diag-
nostic parameters for constraining the parameter space in theo-
retical modeling (see e.g. Viironen & Poutanen 2004). We de-
rived the pulsed fluxes (∼3–120 keV) from observations with
the non-imaging RXTE/ PCA and HEXTE instruments overlap-
ping in time with the INTEGRAL observation, and the (imaging)
ISGRI instrument. The total fluxes (∼0.8–300 keV) have been
determined from instruments with imaging capabilities, namely
Swift/XRT, and JEM-X and ISGRI aboard INTEGRAL (see also
Sect. 4.1).

Firstly, we derived the pulsed excess counts (=counts above
DC level) in a given energy band by fitting a truncated Fourier
series, using only the fundamental and two harmonics, to the
measured pulse phase distribution. For the PCA data (∼3–
35 keV band) the pulsed excess counts were converted to pho-
ton flux values (ph cm−2 s−1 keV−1) in a forward spectral fold-
ing procedure assuming an underlying power-law model taking
into account the different exposure times (see Sect. 5) and en-
ergy responses of the five active PCU’s. We kept the absorb-
ing hydrogen column density fixed to 6.0 × 1021 cm−2 (see
Table 1), although its precise value has very little impact on the
fit results because we consider only measurements with energies
above 3 keV. We obtained an unabsorbed 2–10 keV (pulsed)
flux of 8.09(6) × 10−11 erg cm−2 s−1 and a power-law index of
1.824 ± 0.004 (reduced χ2 of the fit was 14.34/(21–2)), indicat-
ing that the pulsed spectrum is softer than the total spectrum (see
Table 1).

For the HEXTE data (∼15–120 keV) we employed an equiv-
alent method: the pulsed excess counts in a certain energy band
(for those RXTE observations overlapping with the INTEGRAL
observation) were divided by its effective sensitive area assum-
ing a power-law model with index 1.824, taking into account
the different energy responses and dead-time corrected exposure
times of the two detector clusters. Finally, the pulsed ISGRI ex-
cess counts (∼15–90 keV) of IGR J17511–3057 have been con-
verted to flux values adopting the method outlined in Sect. 3.4
of Kuiper et al. (2006).

The (unabsorbed) PCA, HEXTE and ISGRI pulsed flux mea-
surements are shown in Fig. 7 along with the (unabsorbed) total
flux measurements. If we compare the energy spectrum of the
pulsed emission of IGR J17511–3057 and IGR J00291+5934
(see Falanga et al. 2005a), then we see a significant differ-
ence: in the EFE spectral representation the pulsed flux of
IGR J17511–3057 shows a cut-off near 20 keV, while that of
IGR J00291+5934 increases up to the end of the sensitivity
window. From the pulsed and total flux measurements shown
in Fig. 7 we can directly derive the pulsed fraction as a func-
tion of energy which is shown in Fig. 8. The pulsed fraction
decreases from ∼22% at 3 keV to a constant pulsed fraction
of ∼17–18% between 7–30 keV, and then decreases again un-
til ∼13% at 60 keV. The decreasing part is very similar to what
is observed in XTE J1751–305 (Gierliński & Poutanen 2005),
while in IGR J00291+5934 the pulsed fraction has a minimum
of about ∼6% at 7 keV and grows again to ∼12–20% at 100 keV
(Falanga et al. 2005a).
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Table 2. Burst characteristics observed with RXTE/PCA and INTEGRAL/JEM-X.

# Burst Tstart Fpers,bol
a Fpeak

b fb
c τb

d kTbb,peak
e Rbb,peak

f

(UT) 10−9 erg cm−2 s−1 10−9 erg cm−2 s−1 10−7 erg cm−2 s keV km
2 2009-09-14 07:54:43 1.63 ± 0.2 34.9 ± 1.2 3.20 ± 0.03 9.2 ± 0.3 2.69 ± 0.06 5.5 ± 0.3
3 2009-09-15 17:17:23 1.17 ± 0.2 33.0 ± 1.2 3.48 ± 0.04 10.5 ± 0.4 2.59 ± 0.05 5.8 ± 0.3
4 2009-09-17 06:33:27 1.48 ± 0.2 38.5 ± 1.2 3.74 ± 0.04 9.0 ± 0.3 2.93 ± 0.06 4.8 ± 0.2
5 2009-09-17 14:48:42 1.49 ± 0.2 41.6 ± 1.2 3.52 ± 0.04 8.5 ± 0.3 2.99 ± 0.06 4.9 ± 0.2
6g 2009-09-18 08:09:29 1.28 ± 0.2 45.0 ± 9.0 3.30 ± 0.6 6.6 ± 1.9 3.60 ± 0.9 4.74 ± 1.8
7g 2009-09-19 02:28:20 1.31 ± 0.2 38.0 ± 9.0 3.40 ± 0.7 7.4 ± 2.5 3.40 ± 0.9 4.74 ± 1.8
8g 2009-09-19 11:13:03 1.38 ± 0.2 36.6 ± 10 3.90 ± 0.7 7.9 ± 2.9 3.20 ± 0.6 4.8 ± 1.8
9 2009-09-20 14:50:31 1.36 ± 0.2 42.4 ± 1.2 3.67 ± 0.03 8.6 ± 0.3 2.92 ± 0.07 5.1 ± 0.3
13 2009-09-23 14:27:06 1.01 ± 0.2 48.5 ± 1.2 3.89 ± 0.04 8.0 ± 0.2 3.26 ± 0.1 4.4 ± 0.3
14 2009-09-24 18.39:13 0.95 ± 0.2 48.4 ± 1.2 3.84 ± 0.04 7.9 ± 0.2 3.15 ± 0.09 5.4 ± 0.3
15 2009-09-25 07:31:36 1.02 ± 0.2 53.2 ± 1.2 3.94 ± 0.02 7.4 ± 0.2 3.09 ± 0.06 5.2 ± 0.2
16 2009-09-26 15:11:22 0.94 ± 0.2 53.7 ± 1.2 4.18 ± 0.05 7.8 ± 0.2 2.98 ± 0.07 5.6 ± 0.3
17 2009-09-27 06:57:21 0.88 ± 0.2 56.9 ± 1.2 4.21 ± 0.04 7.4 ± 0.2 3.15 ± 0.09 5.1 ± 0.3

Notes. (a) Pre-burst unabsorbed flux in 0.8–200 keV energy range. (b) Burst peak flux in 0.1–40 keV energy band. (c) Burst fluence in 0.1–40 keV
energy band. (d) Effective duration τb = fb/Fpeak. (e) Burst peak temperature. ( f ) Burst peak blackbody radius for a distance of 7 kpc. (g) Bursts
detected with INTEGRAL/JEM-X.

Fig. 7. Unabsorbed total (∼0.8–300 keV) and pulsed (∼3–120 keV)
unfolded spectra of IGR J17511–3057 combining measurements from
RXTE/PCA, HEXTE, and INTEGRAL/ISGRI for the pulsed part and
Swift/XRT, INTEGRAL/JEM-X and ISGRI for the total part.

6. Properties of the X-ray bursts

In Table 2 we report the key measurable parameters for the bursts
observed from IGR J17511–3057. Thermonuclear (type-I) X-ray
bursts are produced by unstable burning of accreted matter on
the NS surface. The spectrum from a few keV to higher ener-
gies can usually be well described as a blackbody with tempera-
ture kTbb ≈ 1–3 keV. The energy-dependent decay time of these
bursts is attributed to the cooling of the NS photosphere and re-
sults in a gradual softening of the burst spectrum (see Lewin
et al. 1993; Strohmayer & Bildsten 2006, for a review).

We defined the burst start time as the time at which the X-ray
intensity of the source first exceeded 10% of the burst peak flux
(above the persistent intensity level). The time-resolved spectral

Fig. 8. The pulsed fraction (=pulsed flux/total flux) of IGR J17511–
3057 based on the pulsed/total flux measurements from Swift/XRT,
RXTE/PCA/HEXTE, and INTEGRAL/JEM-X/ISGRI.

analysis of the 13 bursts (10 RXTE and 3 INTEGRAL) was car-
ried out by using RXTE/PCA and INTEGRAL/JEM-X data in
the 2.5–20 keV and 3–20 keV bands, respectively. From these
analyses we determined the bursts’ peak fluxes, temperatures,
and radii (see Table 2). We fitted each burst spectra by a sim-
ple photoelectrically-absorbed blackbody model, bb. The neutral
absorption column density NH was left free to vary in the range
(2.6–0.001)1022 cm−2 in all fits. However, we checked that fixing
NH = 0.6× 1022 cm−2 did not significantly affect the results. We
extrapolated the unabsorbed fluxes to the 0.2–50 keV band by
generating dummy responses (xspec version 12.6). This is jus-
tifiable for the data because the blackbody temperature is well
inside the spectral bandpass. The inferred bb peak temperature,
kTbb,peak, apparent bb radius at 7 kpc (see below), Rbb,peak, and
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Fig. 9. Representative time-resolved spectroscopic results from the
brightest burst seen by RXTE from IGR J17511-3057. We show the
inferred bolometric luminosity from integrating the best-fit blackbody
model (top panel); the blackbody temperature (middle panel); and the
effective blackbody radius (bottom panel), assuming a distance of 7 kpc.

unabsorbed bolometric peak flux are also reported in Table 2. In
Fig. 9 we show representative time-resolved spectroscopic pa-
rameters.

We calculated the burst fluence, fb, by integrating the flux
over the burst duration. The effective burst duration is τb =
fb/Fpeak. All bursts are short, with τb in the range 7–10 s. The
fluence and peak flux for the bursts steadily increased with time,
from ∼3.0 × 10−7 to 4.2 × 10−7 erg cm−2 s−1 for the fluence,
and from ∼3.3 × 10−9 to 5.7 × 10−9 erg cm−2 s−1 for the peak
flux. As a consequence, τb steadily decreased, and the rise time
also decreased, from ∼2 to ∼1 s. The brightest burst reached
(5.7 ± 0.12) × 10−8 erg cm−2 s−1, and the minimum observed
separation of the bursts was 7.08 h (see Table 3). These results
agree with these reported in Altamirano et al. (2010). Those au-
thors also reported the properties of burst oscillations detected at
the pulse frequency in all bursts.

When a burst undergoes a photospheric-radius expansion
(PRE), the source distance can be determined based on the as-
sumption that the bolometric peak luminosity is saturated at
the Eddington limit, LEdd (e.g., Lewin et al. 1993; Kuulkers
et al. 2003). None of the observed bursts exhibited PRE; thus,
in these cases the peak luminosity is expected to have been
sub-Eddington, which leads to an upper limit on the distance.
Assuming a bolometric peak luminosity equal to the Eddington
value for a He X-ray burst (LEdd ≈ 3.8 × 1038 ergs−1, as em-
pirically derived by Kuulkers et al. 2003), we obtain using the
brightest burst (see Table 2) the source distance upper-limit of
d � 7.5 kpc. For comparison, the theoretical value of this up-
per limit distance (e.g., Lewin et al. 1993) found by assum-
ing a He atmosphere and canonical NS parameters (1.4 so-
lar mass and radius of 10 km), is ∼6.3 kpc. Alternatively, as-
suming the peak luminosity to be the Eddington luminosity
for solar composition (X = 0.7) implies a limit of ≈4.8 kpc.
Below, we consider d ≈7 kpc to be a fiducial distance. At this

distance, all bursts occurred at persistent luminosities between
(5.2−9.6) × 1036 erg s−1 (see Table 2), or ≈(1.4−2.5)%LEdd us-
ing LEdd ≈ 3.8 × 1038 erg s−1. The local accretion rate per
unit area for the pre-burst emission, Lpers, is then given by ṁ =
Lpers(1+z)(4πR2(GM/R))−1, i.e. ṁ ∼ (2.13−5.3)×103 g cm−2 s−1.
We use here the gravitational redshift 1+ z = 1.31 for the canon-
ical NS mass, M = 1.4 M�, and radius, R = 10 km.

The observed energies of the bursts allow us to estimate
the ignition depths. The measured fluences of the bursts are
fb = (3.2−4.2)× 10−7 erg cm−2, corresponding to a net burst en-
ergy release Eburst = 4πd2 fb = (1.9−2.5) × 1039 (d/7 kpc)2 erg.
The ignition depth is given by yign = Eburst(1 + z)(4πR2Qnuc)−1,
where the nuclear energy generated (assuming a mean hydrogen
mass fraction at ignition 〈X〉) is Qnuc ≈ 1.6+ 4〈X〉MeV/nucleon
(Galloway et al. 2004, and references therein), including losses
owing to neutrino emission following Fujimoto et al. (1987).

Most burst sources accrete a mix of hydrogen and helium, al-
though the H-fraction at ignition may also be reduced by steady
burning between the bursts, i.e. X ≤ X0. Steady H-burning pro-
ceeds via the hot-CNO cycle, which will exhaust the available
hydrogen in approximately 11 h (Z/0.02)−1(X0/0.7), where Z
is the mass fraction of CNO nuclei, and X0 the mass fraction
of hydrogen in the accreted fuel (e.g., Galloway et al. 2004).
As for all bursts observed from IGR J17511–3057, the bursts
early in the outburst, when the recurrence time was as short as
7 h, exhibit short profiles, characteristic of low H-fraction, and
with correspondingly high α-values. In order to exhaust the ac-
creted H in just 7 h via steady burning, the accreted H-fraction
must be substantially below solar; we infer X0 ≤ 0.44(Z/0.02).
Naturally, it is also possible that the H-fraction is closer to the
solar value, or that the CNO metallicity is elevated. For the
inferred pure helium composition at ignition (i.e. 〈X〉 = 0)
the column depth varies little from burst to burst, in the range
yign = (1.2−1.6) × 108 g cm−2.

Once steady H-burning exhausts the accreted hydrogen at the
base of the fuel layer, this process no longer dominates heating
in the layer, and ignition will occur in a pure He-layer (case 2
of Fujimoto et al. 1981). As the accretion rate decreases through
the decay of the outburst, we expect the burst recurrence times
to become longer, as is observed. We found that the recurrence
time increases roughly as 〈Fpers,bol〉−1.1 (Fig. 10), where 〈Fpers,bol〉
is the averaged persistent flux between the bursts. However, the
expected increase in the burst recurrence time in the pure He-
ignition regime as a function of decreasing ṁ is much steeper.
For example, the curve for X0 = 0.3 in Fig. 1 of Galloway &
Cumming (2006) falls off roughly as ṁ−3.5, substantially steeper
than measured in IGR J17511–3057. What is also puzzling is
that the measured α-value (the ratio of persistent to burst lumi-
nosity) decreases with decreasing 〈Fpers,bol〉. As the burst recur-
rence time increases, the fuel layer should become increasingly
He-rich, so that a slight increase in α would be expected.

This analysis relies on unambiguous measurement of the
burst recurrence time, for which we used all bursts reported
in the literature, with Swift (Bozzo et al. 2009), XMM-Newton
(Papitto et al. 2010a), and Chandra (Nowak et al. 2009) in ad-
dition the INTEGRAL and RXTE. In some cases, the effective
exposure time onsource from burst to burst was shorter then
the expected recurrence time between bursts, so that we most
likely missed one or more bursts between the observed one (see
Table 3). Therefore, we divided some measured times between
bursts by an integer number,Δtrec/(N+1) (see Table 3), where N
is the number of missed bursts. We verified that at the expected
burst times we always had an observational data gap. With the
inclusion of observations for which there were no intervening
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Table 3. Burst recurrence times and effective exposure times.

# Observatory Tstart Δtrec (h) Texp (h) N
1 Swift 2009-09-14 00:50:27 – – –
2 RXTE 2009-09-14 07:54:43 7.084 1.515 –
3 RXTE/Swift 2009-09-15 17:17:23 33.395 10.454 3
4 RXTE 2009-09-17 06:33:27 37.253 10.88 3
5 RXTE 2009-09-17 14:48:42 8.254 6.549 –
6 INTEGRAL 2009-09-18 08:09:29 17.331 7.859 1
7 INTEGRAL 2009-09-19 02:28:20 18.314 7.303 1
8 INTEGRAL 2009-09-19 11:13:03 8.745 8.226 –
9 RXTE 2009-09-20 14:50:31 27.639 5.056 2
10 XMM-Newton 2009-09-21 01:12:21 10.349 2.40 –
11 XMM-Newton 2009-09-21 12:34:01 11.361 11.361 –
12 Chandra 2009-09-22 12:54:59 24.349 12.555 1
13 RXTE 2009-09-23 14:27:06 25.553 8.207 1
14 RXTE 2009-09-24 18.39:13 28.214 10.976 1
15 RXTE 2009-09-25 07:31:36 12.862 6.133 –
16 RXTE 2009-09-26 15:11:22 31.659 13.126 1
17 RXTE 2009-09-27 06:57:21 15.770 4.985 –
18 Swift 2009-09-30 18:31:57 83.576 24.240 3

Notes. Measured recurrence time between observed bursts is Δtrec. The
effective exposure time, Texp, takes into account all the instruments ob-
servations. In Fig. 10 the triangles corresponds to Δtrec/(N + 1), with N
being the number of the expected missed bursts.
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Fig. 10. Triangles in the figure represent the observed burst recurrence
times (see Table 3) shown as a function of local mass accretion rate
(the corresponding flux is reported in the upper x-axis). We also show
the best-fit power-law model. The recurrence time increased with time
roughly as 〈Fpers,bol〉−1.1.

data gaps (e.g. with XMM-Newton), we are confident that we
have precisely inferred the recurrence time between each pair of
bursts listed in Table 3.

The discrepancy between the expected and observed varia-
tion in recurrence time is substantial, and in contrast to the (oth-
erwise fairly similar) bursts observed at comparable accretion
rates in SAX J1808.4−3658 (Galloway & Cumming 2006). As
is often argued, it is possible that the variation in ṁ is not as
large as is suggested by the decrease in Fpers,bol. If, as the X-ray

intensity drops, we are seeing a decreasing fraction of the accre-
tion energy in the X-ray band, the actual ṁ could remain higher,
which would be consistent with both the moderate recurrence
times and the decreasing α values. However, this would require
a substantial change in the efficiency of the ṁ to Fpers,bol con-
version. One way this could occur is that if the spectral energy
distribution changes in a way that the accretion flux is increas-
ingly emitted outside the band we are sensitive to. However, the
combination of instruments with both low- and high-energy sen-
sitivity (Swift & INTEGRAL) makes this unlikely. Thompson
et al. (2008) found from a detailed study of GS 1826−24 that
the characteristic uncertainty that might arise from this mecha-
nism is 40%. This is not sufficient to explain the discrepancy in
IGR J17511–3057.

7. Summary

We analyzed the simultaneous INTEGRAL, RXTE, and Swift
observations to study the broad-band spectrum and timing be-
havior of IGR J17511–3057. Using all RXTE data we also stud-
ied the outburst profile. The broad-band average spectrum is
well described by thermal Comptonization with an electron tem-
perature of ∼25 keV and Thomson optical depth τT ∼ 2 in a
slab geometry. The object shows remarkable spectral stability
during the outburst, marked by constant plasma and seed pho-
ton temperature at a constant scattering optical depth. We fitted
the outburst profile with the exponential model and using the
disk instability model we inferred the outer disk radius to be
(4.8−5.4) × 1010 cm.

We showed that the coherent pulsation can be tracked with
the HEXTE and ISGRI instruments up to ∼100 keV. The pulsed
fraction is shown to decrease from ∼22% at 3 keV to a con-
stant of ∼17–18% between 7–30 keV, and then to possibly
decrease even to ∼13% at 60 keV. This is similar to what
is observed in XTE J1751–305, but markedly different from
IGR J00291+5934. The nearly sinusoidal pulses show soft lags
that monotonically increase with energy to about 0.2 ms at 10–
20 keV, with some indications of a further decrease.

Using all observations by INTEGRAL, RXTE, Swift,
Chandra, and XMM-Newton we collected the most compresive
set of X-ray bursts observed from IGR J17511–3057, which al-
lowed us to determine the recurrence time (accounting for the
missed bursts) as a function of the accretion rate and the ignition
depth. The short burst profiles indicate hydrogen-poor material
at ignition, which suggests either that the accreted material is
hydrogen-deficient, or that the CNO metallicity is up to a factor
of 2 times solar. However, the variation of the burst recurrence
time as a function of ṁ (inferred from the X-ray flux) is much
smaller than predicted by helium-ignition models.
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