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Abstract. I review the properties of three X-ray accreting millisecond pulsars observed with IN-
TEGRAL. Out of seven recently discovered accretion-powered pulsars (one discovered by INTE-
GRAL), three were observed with the INTEGRAL satellite up to300 keV. Detailed timing and
spectral results will be presented, including data obtained during the most recent outburst of the
pulsar HETE J1900.1-2455. Accreting X-ray millisecond pulsars are key systems to understand the
spin and accretion history of neutron stars. They are also a good laboratory in which to study the
source spectra, pulse profile, and phase shift between X-raypulses in different energy ranges which
give additional information of the X-ray production processes and emission environment.
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INTRODUCTION

Many low-mass X-ray binaries (LMXB) consist of a neutron staraccreting from a low
mass companion star (< 1 M⊙). Accreting matter may spin up the neutron star (NS);
therefore, one of the possible endpoints of the evolution ofa low-mass X-ray binary
is expected to be a millisecond pulsar, i.e. a rapidly spinning NS with a rather weak,
∼ 108 Gauss, surface magnetic field. Although evidence for rapidly spinning NS in
LMXBs was inferred from the burst oscillations that were seenduring type I X-ray
bursts in several systems (see [1], for a review), the detection of millisecond pulsations
in persistent emission remained elusive for many years until the discovery of the first
accreting millisecond pulsar by [2]. Since that time, a total of seven accreting MSPs
have been detected.

All of the accreting MSPs are X-ray transients; they spend most of the time in a qui-
escent phase, with X-ray luminosities of order of 1031−1033 erg s−1. They sometimes
show X-ray outbursts reaching X-ray luminosities of 1036−1037 erg s−1, during which
coherent pulsations are observed with frequencies in the range between 180 and 435 Hz,
see reviews by [3, 4]. This frequency is interpreted as the NSrotation frequency given
by a hot spot (or spots) in an atmospheric layer of the rotating NS [5]. MSPs represent a
new class of objects connecting accretion powered X-ray pulsars with rotation powered
millisecond radio pulsars.

MSP energy spectra are successfully fitted by a two-component model consisting of
a multicolor blackbody soft X-ray emission and a Comptonizedspectrum for the hard
X-ray emission. The soft thermal component could be associated with the radiation from
the accretion disk and/or the heated NS surface around the shock (see e.g. [3, 6]). The
hard emission is likely to be produced by thermal Comptonization in the hot accretion



shock on the NS surface [7, 8] with the seed photons coming from the stellar surface.
The observed hard spectra are similar to the spectra observed from atoll sources in their
hard, low-luminosity state [9]. A representative spectrumof the three observed MSP
(XTE J1807-294 [10], IGR J00291+5934 [11], and HETE J1900.1-2455 [12]) with
INTEGRAL is shown in Figs. 1, 2 and 3.

Recent years have shown INTEGRAL gave additional contributions to the study
of MSPs. Our timing analysis of IGR J00291+5934 showed for the first time that
INTEGRAL/ISGRI is capable of detecting the pulse profile of a 1.67 ms pulsar up
to 150 keV. This allowed us to study the pulsed fraction up to this high energy. We
confirmed for the first time the increase of the pulsed fraction with energy in an accretion
powered MSP, explained by the action of the Doppler effect onthe exponentially cutoff
Comptonization spectrum from the hot spot or from a componization model where
we account the pulsed fraction to be produced in a corona cloud. We also measured
soft time lags with a complex energy dependence. Similarly to SAX J1808.4-3658 and
XTE J1751-350, the time lags increase rapidly with energy until 10 keV. However,
in IGR J00291+5934, the time lags first increase and then decrease slightly, saturating
above 15 keV, and possibly reaching zero around 50 keV. This is an intriguing result,
and if confirmed or observed in another object could be a serious challenge to any time-
lag model. Additionally, with RXTE we measured an increase ofthe NS spin period
during accretion for the first time. This provided a strong confirmation of the theory of
’recycled’ pulsars in which the old neutron stars in LMXBs become millisecond radio
pulsars through spin-up by transfer of angular momentum by the accreting material [11].

Analysis of the recent ToO observation of HETE J1900.1-2455is also discussed.
We observe in this object Type I X-ray bursts showing, at highenergy, evidence of
photospheric radius expansion in the burst profile. Using JEM-X/ISGRI data at high
energy, and assuming the bolometric burst peak luminosity during photospheric radius
expansion to be saturated at the Eddington limit, we measurethe source distance to be
around 5 kpc. A very interesting result is that the pulsations at the spin frequency are not
always observed in this source.

X-RAY SPECTRA

For the INTEGRAL observed MSP sources the high energy spectrum could be described
with a photon index of∼ 1.8–2.0 and a cut-off energy at∼ 80–100 keV. However,
the model does not describe the spectrum below 15 keV well, which requires a more
complex description. MSP energy broad-band spectra are successfully fitted by a two-
component model consisting of a multicolor blackbody soft X-ray emission and a
Comptonized spectrum, for the hard X-ray emission. The soft thermal component could
be associated with the radiation from the accretion disk and/or the heated NS surface
around the shock. The hard emission is likely to be produced by thermal Comptonization
in the hot accretion shock on the NS surface with the seed photons coming from
the stellar surface. The spectra are best fitted with the thermal Comptonization model
COMPPSin the slab geometry [13]. The main model parameters are the Thomson optical
depthτT across the slab, the electron temperaturekTe, the soft seed photon temperature
kTseed, and the inclination angleθ between the slab normal and the line of sight. The



FIGURE 1. Simultaneous INTEGRAL, XMM-Newton and RXTE spectra of XTE J1807–294 fitted
with an absorbed disk black body,DISKBB, plus COMPPSmodel. The EPIC-pn and MOS2 spectra in
the 0.5–10 keV range and PCA/HEXTE in the 3–200 keV and IBIS/ISGRI in the 20–200 keV range are
shown. TheDISKBB model is shown by a dotted curve, the dashed curve gives theCOMPPSmodel, while
the total spectrum is shown by a solid curve. The lower panel presents the residuals.

seed photons are supposed to be injected from the bottom of the slab. The soft thermal
emission is fitted by a simple blackbody,BB, or a multi-temperature disk blackbody,
DBB, model [14]. The best fit parameters for the three observed MSP with INTEGRAL
are reported in Table 1. In Figs. 1, 2, and 3, we show the unfolded spectrum and the
residuals of the data to theBB or DBB plusCOMPPSmodel.

The spectra of XTE J1807-294, IGR J00291+5934, and HETE J1900.1-2455 are well
described by a combination of thermal Comptonization and a disk black body or simple
black body. The hard spectral component contributes most ofthe observed flux (70–80
per cent), even though a soft component (disk black body) is required by the data. If the
accretion disk is truncated at the magnetosphere radius where the material can accrete
along the magnetic field towards the pole of a NS, the matter over the pole is heated by a
shock to a temperature of∼ 30–50 keV. The hot spot at the surface with temperature∼
0.8–1.5 keV gives rise to the seed photons for Comptonizationin the hot plasma. Since
the hard X-ray emission is pulsed (see Sect. 3.1), a fractionof it must originate from the
regions confined by the magnetic field. The most obvious source of hard X-rays is the
place where material collimated by the magnetic fields impacts the surface.

For XTE J1807-294, if we consider the inclination of the system to be 60◦ < i < 83◦,
this allows us to determine the inner disk radius which lies in the range 20–40 km (for the
distance of 8 kpc). The apparent area of the seed photons isAseed∼ 26(D/8 kpc)2km2,



FIGURE 2. The unfolded spectrum of IGR J00291+5934 fitted with an absorbedCOMPPSmodel. The
data points correspond to the JEM-X (5–20 keV) and ISGRI (20–200 keV) spectra, respectively. The total
spectrum of the model is shown by a solid curve. The lower panel presents the residuals between the data
and the model.

which is also what expected from a hot spot on a NS surface. Many characteristics
of the source are similar to those observed in other MSPs, SAXJ1808.4–3658 [7, 8]
and XTE J1751–305 [6]. For IGR J00291+5934 no additional thermal-like component
(either blackbody or disk blackbody) was required by the fit,very likely because the
bulk of its emission occurs below 3 keV, outside the covered energy range. However,
the apparent area of the seed photons, which turns out to beAseed∼ 21(D/5 kpc)2 km2,
could correspond to a hot spot radius of∼ 2.5 km during the INTEGRAL ToO outburst
phase.

Only HETE J1900.1-2455’s spectrum differs from other MSP inrequiring thermal
soft X-ray emission with nearly double the temperature. We could not distinguish be-
tween the multi-temperature blackbody and single blackbody models, as both gave com-
parable parameters andχ2. However, for a distance of 5 kpc, the disk blackbody gives
an inner disk radius,Rin

√
cosi = 2.6 km, smaller than the expected NS radius. For the

blackbody emission, the fit implies the apparent area of the emission regionAseed∼ 14
km2, which could be consistent with the heated NS surface aroundthe accretion shock
[6, 8]. From our spectral fits we infer that this emission is not likely produced in a
multi-temperature accretion disk but more likely arises from thermal emission at the NS
surface.

We note that the productτT × kTe is very close in the three sources. The spectral
shape and the productτT × kTe are very stable during the outburst as is observed in



FIGURE 3. The unfolded spectrum of HETE J1900.1–2455 fitted with aCOMPPSmodel plus aBB and
a gaussian line. The data points correspond to the PCA (3–22 keV), JEM-X (3–22 keV), HEXTE (16–90
keV) and the ISGRI (20–300 keV) spectra, respectively. The blackbody model is shown by a dot-dashed
curve, the dotted curve gives theCOMPPSmodel, the dashed curve is the line, the total spectrum is shown
by the solid curve. The lower panel presents the residuals between the data and the model.

other sources too e.g., [6]. The constancy of the spectral slopes during the outbursts and
their extreme similarity in different MSPs can be used as an argument that the emission
region geometry does not depend on the accretion rate. If theenergy dissipation takes
place in a hot shock, while the cooling of the electrons (thatemit X/γ-rays via thermal
Comptonization) is determined by the reprocessing of the hard X-ray radiation at the
neutron star surface (so called two-phase model, the spectral slope is determined by the
energy balance in the hot phase and is a function of the geometry. At constant geometry
(e.g. slab), the temperature depends on the optical depth, but τT × kTe is approximately
constant.

TIMING

The timing analysis of IGR J00291+5934 showed for the first time that INTE-
GRAL/ISGRI is capable of detecting the pulse profile of a 1.67 mspulsar up to 150
keV. This allowed us to study the pulsed fraction up to this high energy. We confirmed
for the first time the increase of the pulsed fraction with energy in an accretion powered
MSP. This can be explained by two models: the action of the Doppler effect on the
exponentially cutoff Comptonization spectrum from the hot spot, or a componization



TABLE 1. Best-fit spectral parameters withCOMPPS+ BB (or DISKBB) model.

XTE J1708-294 IGR J00291+5934 HETE J1900.1-2455

NH(1022cm−2) 0.56 (f) 0.28 (f) 0.16 (f)
kTin or kTBB(keV) – 0.43+0.04

−0.04 0.8+0.02
−0.02

Rin
√

cosi
a

(km) 13.4+2.2
−1.3 – –

R a
bb (km) – – 4.8+0.7

−0.6
kTe (keV) 37.2+28

−10 49+2
−6 27.9+1.8

−1.4
kTseed(keV) 0.75+0.04

−0.04 1.49+0.16
−0.32 1.4+0.16

−0.32
τT 1.7+0.5

−0.8 1.12+0.04
−0.07 2.0+0.06

−0.1
Aa

seed(km2) 26+23
−12 20.7+12.6

−4.5 14.20.3
0.3

cosθ 0.79+0.07
−0.06 0.6+0.06

−0.09 0.59+0.05
−0.07

La
bol (1036 erg s−1) 3.6 3.7 4.9

model where the pulsed fraction is produced in a corona cloud. We also measured soft
time lags with a complex energy dependence. Similarly to SAXJ1808.4-3658 and
XTE J1751-350, the time lags increase rapidly with energy until 10 keV. However,
in IGR J00291+5934, the time lags first increase and then decrease slightly, saturating
above 15 keV, and possibly reaching zero around 50 keV, see Fig. 6.

Pulsed fraction of X-rays

We found for IGR J00291+5934 using the RXTE and INTEGRAL/ISGRI data that
the pulsed fraction gradually increases with energy from∼ 6% at 6 keV to∼ 12−20%
near 100 keV. This is the first time such behaviour has been measured for any of the
accretion-powered MSPs.

Since MSPs are rapidly rotating, a first interpretation is given through a Doppler
boosting model which affects the fast rotating spot emitting pattern as a black body.
When the spot moves towards the observer, the emission increases, while for a spot
moving away, the flux drops. The Doppler factor reaches the maximum a quarter of
a period before the peak of the projected area, shifting the emission peak towards an
earlier phase. The observed flux due to the Doppler effect varies as the Doppler factor
to the power(3+Γ) [8, 15], where the photon indexΓ could be a function of energy. If
the Doppler factor varies around 1 with 2% amplitude, we get 10% variability.

The Comptonized spectrum can be approximated as

FE ∝ E−(Γ0−1) exp
(

−[E/Ec]
β
)

, (1)

whereEc ∼ kTe is the energy of the cutoff and parameterβ ∼ 2 describes its sharpness.
The local photon index is then

Γ(E) ≡ 1−
dlnFE

dlnE
= Γ0 +β (E/Ec)

β . (2)



FIGURE 4. This cartoon illustrates the different emission patterns responsible for the time lags of the
pulsed emission.θ hot

e andθ ref
e are the dimensionless temperature of the accretion column and reflector,

respectively, andCill ∼ 0.1 is the disk illumination fraction. Soft time lag of the pulsed emission is the
result of downscattering of hard X-ray photons in the relative cold plasma of the disk. A fraction of hard
X-ray photons 1−Cill directly seen by the observer are upscattered soft photons coming from NS and the
disk. We account for the pulsed flux (pulsed fraction) as being produced in the corona cloud.

At low energies,Γ ≈ Γ0, and rms (or pulsed fraction) is a very weak function of
energy. Close to the cutoff, the spectral index rapidly increases and the pulsed fraction
should grows with energy, as observed (see Fig. 5a). The Comptonization models predict
softening of the total spectrum with simultaneous hardening of the pulsed spectrum at
higher energies.

On the other hand, the pulsed fraction of IGR J00291+5934 vs energy can be also
explained by the energy dependent electron cross-sectionσe(E) = σT(1−2z) and con-
sequently by Compton cloud optical depth as a function energy

τcl(E) = τT,cl(1−2z), (3)

where z = E/mec2 is a dimensionless photon energy. In Figure 5 we show the en-
ergy dependent pulsed fraction of (a) IGR J00291+5934, (b) XTE J1751-305 and (c)
SAX J1808.4-3658. In fact, we assume that the accretion column is embedded in Comp-
ton cloud as shown in Figure 4 (see also [16] for the geometry details). Becauseτcl(E)
decreases with energy, at higher energies a larger fractionof the pulsed direct hard X-ray
radiation

Arms,es(E) = Arms,es(0)exp[−τcl(E)] (4)

originating in the accretion column can escape to the observer.
A different scenario of the energy dependent amplitude formation would be if one can

assume that there is no electron (Compton) cloud between the accretion column (where
the Comptonization spectrum is formed) and the observer, butthe energy dependence
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FIGURE 5. The observed energy dependent pulsed fraction of (a) IGR J00291+5934 (b) XTE J1751-
305, and (c) SAX J1808.4-3658 along with the best-fit comtonization model.

of the amplitude is formed as a result of upscattering. The soft photons upscattered
off of hot electrons (of the accretion column) increase their energy with a number
of scatterings. On the other hand, the amplitude of the pulsed radiation exponentially
decreases with a number of scatteringsArms(u) = Arms(0)exp(−βu), whereβ is the
inverse of an average number of scatterings see e.g., [17] and consequently with a energy
of the upscattered photon

Arms,up[u(E)] = Arms,up(Es)(E/Es)
−αcl (5)

(whereαcl = β/4θ is approximately the energy index of the Comptonization spectrum).



A characteristic seed (disk and NS) photon energy isEs < 5 keV and consequently, all
photons at higher energies (> 5 keV) are produced by upscattering. The amplitude of
upscattered photons (in which the energy is higher 5 keV) should decrease with energy.

In the general case, some fraction of the pulsed soft photons, Arms,up, upscatter off
hot electrons in the accretion column on the way out as another fraction of the pulsed
photons,Arms,es, forming the hard X-ray tail escape to the observer passing through the
Compton cloud. In this case a following combination of Eqs. (4) and (5)

Arms(E) = Arms,up(E/Es)
−αcl +Arms,ese

−τcl(E) (6)

leads us to the formula of the emergent pulsed amplitude.
In Figure 5 we present the best-fit model (see Eq. 6) along withdata points. We fit

only the data points which correspond to energies higher than the seed photon energy.
We found for (a) IGR J00291+5934 the Compton cloud optical depth to beτT,cl = 3±0.2
andArms,es= 98+2

−6 %, Arms,up = 5.2±0.9 %. For (b)τT,cl = 0.25±0.09 andArms,es=
3.5± 0.8 %, Arms,up = 1.8± 1.1 % and (c)τT,cl = 0.4± 0.2 andArms,es = 5.9± 6 %,
Arms,up = 2.5±1.2 %, respectively. For all of the fitsαcl was∼ 0.8.

Time lag

Additional information for the X-ray production processesand emission environment
can be obtained by studying the pulse profile and phase shift between X-ray pulses
at different energy ranges. For SAX J1808.4-3658 and later for XTE J1751-305 it was
found that the low-energy pulses lag behind the high-energypulses (soft phase/time lags)
monotonically increasing with energy and saturating at about 10–20 keV [6, 18, 19].

First, this phase/time lag effect was interpreted as a result of the photon delay due
to downscattering of hard X-ray photons in the relatively cold plasma of the disk or
NS surface [16, 18]. They argued that the photon time lags were an intrinsic signa-
ture of interaction of the Comptonized radiation with the NS and accretion disk plasma.
Moreover, the absolute values of time lags (about hundredsµs) are consistent with the
electron scattering time scaletC = τT(L/c). The effective Thomson optical depth of the
cold reflectorτT = neσTL is about a few and typical sizes of the NS photosphere and
half-width of the diskL are of the order of 106 cm. On the other hand, Poutanen &
Gierliński [8] suggested that the lags may be produced by a combination of different
angular distribution of the radiation components and relativistic effects. The observed
spectrum of IGR J00291+5934 consists of a black body from theneutron star surface
and a component produced by Comptonization of these seed photons in the hot electron
region, presumably a shock which can be represented as a plane-parallel slab. The an-
gular distributions of the black body and Comptonized photons emitted by the slab are
significantly different. The difference in the emission patterns causes the two compo-
nents to show a different variability pattern as a function of the pulsar phase, with the
hard Comptonized component leading the soft black body component. However, the soft
lags found up to∼ 100 keV in the 1.67 ms accreting MSP IGR J00291+5934, show a
more complex energy dependence [10].
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FIGURE 6. The measured soft time lag of the pulse profile versus energy (crosses) with respect to the
first energy channel. The best-fit curve using the Comptonization model (see Eq. 7) is shown with the solid
line. The dot-dashed lines in panel (a) correspond to the upper and lower limits of the electron number
densities of the Comptonization emission area,nhot

e and of the reflector,nref
e in IGR J00291+5934. The

panels (b) and (c) are related to XTE J1751-305 and (c) for SAXJ1808.4-3658. The dot-dashed lines
correspond to the upper and lower limits ofnref

e .

Recently, Falanga & Titarchuck [20] derived a Comptonizationmodel for the ob-
served properties of the energy dependent soft/hard time lags. This accounts for the soft
lag by downscattering of hard X-ray photons in the relatively cold plasma of the disk
or neutron star surface. A fraction of soft X-ray photons coming from the disk or neu-
tron star surface are upscattered off hot electrons of accretion column and this effect
leads to the hard lags as a result of thermal Comptonization ofthe soft photons. The
model allows the observed soft and hard lags to be reproducedby the downscattered
and upscattered radiation as a function of the electron number densities of the reflector,



nref
e , and the accretion column,nhot

e . In the case of the accretion-powered millisecond
pulsars IGR J00291+5934, XTE J1751-305, and SAX J1808.4-3658 the observed time
lags agree very strongly with the model (see Fig. 6). The resulting time lags are seen
as a linear combination of the positive (hard) time lags formed in the Comptonization
emission area and the negative (soft) ones formed in accretion disk and NS photosphere
as a result of reflection of the hard radiation (see Fig. 4):

∆t = −
Cill

σTnref
e c

×

[

1
4θref

ln
1−4θref/z
1−4θref/z∗

−
nref

e

nhot
e

1−Cill

Cill

ln(z/z∗)
ln[1+(3+α)θhot]

]

(7)

wherenref
e is the electron number density of the reflector,nhot

e is the electron number
density of the Comptonization emission area (accretion column) andθref = kT ref

e /(mec2)
is a dimensionless temperature of the reflector. We assume a typical value ofθref < 0.7
keV/511 keV.kT hot

e andα are the best-fit parameters for the hot plasma temperature and
spectral index of the Comptonization spectrum, andθhot = kT hot

e /(mec2).
We also assume that the seed photon energy is near the lowest energy of the downscat-

tered photons, i.e.zs ≈ z∗. An observational value ofE∗ is about 3 keV, and we assume
that the value of the illumination factorCill is about 0.1, see Falanga & Titarchuck [20]
for details. To examine the predicted time lag using the Comptonization model Eq. (7),
we use the observed pulse phase lag data and best-fit spectralparameterskT hot

e andα of
the accreting MSPs IGR J00291+5934, XTE J1751-305, and SAX J1808.4-3658. The
SAX J1808.4-3658 data were taken from Cui et al. [18] and Ford [19], and represented
in Fig. 6 by open circles and filled squares, respectively. The data for XTE J1751-305
and IGR J00291+5934 were taken by Gierliński & Poutanen [6] and Falanga et al. [10].
For the reflector temperature we usedkT ref

e = 0.4 keV for all fits. The model to fit the
time lags in XTE J1751-305 and SAX J1808.4-3658 has only one free parameter (see
[20]), the number density of the “cold” reflectornref

e . Presumably, in XTE J1751-305 and
SAX J1808.4-3658 the density of the Comptonization region ismuch higher than that of
the “cold” reflector, i.e.nhot

e ≫ nref
e . It is not surprising that the seed photons are Comp-

tonized (upscattered) in the very dense plasma of the accretion column, see e.g. [21, 22].
The best-fit values arenref

e = 6.3×1019 cm−3 and 3.2×1019 cm−3 for XTE J1751-305
and SAX J1808.4-3658, respectively. The fits of the time lag data for IGR J00291+5934
provide us the best-fit values of the “cold” and hot plasma densities. Both the positive
(upscattering) and negative (downscattering) time lags contribute to the apparent time
lags becausenref

e = 6.9×1018 cm−3 andnhot
e = 2.1×1018 cm−3 are of the same order

of magnitude.
The time lag data of IGR J00291+5934, XTE J1751-305, and SAX J1808.4-3658

are collected in different time intervals lasting from hours to days [6, 10, 18, 19].
However, a hydrodynamical (density perturbation) time,thydro, in the innermost part
of X-ray NS source is on the order of the ratio of the NS radius to the sound speed,
namelythydro ∼ RNS/csound

>
∼0.1 s. Thus, during the data collection periods the densities

of the surrounding plasma can vary. As a result, the time lagsalso change because they
are very sensitive to density variations (see Eq. 7). In fact, these density variations can



be inferred from the time lag data. One can make a band betweentwo curves of time
lags vs energy which contain all of the time lag data points (see Fig. 6). This allows
constraints to be put onnref

e andnhot
e . The lower and upper curves in Fig. 6 correspond

(a) tonref
e = (6.1−8.0)×1018 cm−3 andnhot

e = (1.6−2.6)×1018 cm−3, respectively.
For the sources (b) XTE J1751-305 and (c) SAX J1808.4-3658 the density variations
arenref

e = (6.0−6.6)×1019 cm−3 andnref
e = (2.9−3.6)×1019 cm−3. Thus, the plasma

density of the “cold” reflector can change as much as 10 % during the entire data
collection.

Soft lags are observed only ifnre f
e ≪ nhot

e and thus the relative fraction of the dowscat-
tering time lags in the total time lag sum is∼100%. However, Comptonization in a non-
uniform accretion medium might account for the observed time lag as a non-monotonic
function of energy. Using this model, upper and lower limitsof the atmosphere density
(density variation) in the region of phase/time lag measurements were determined. Us-
ing the observed energy dependent pulsed amplitude one can find the variation of the
Thomson optical depth of Compton cloud in which the accretioncolumn is embedded.

BURSTS

MSP are also known to exhibit Type-I X-ray bursts. These bursts were observed for
SAX J1808.4-3658 and XTE J1814-338 [23, 24]. Several X-ray bursts have also been
observed for HETE J1900.1-2455 by various observatories [25]. One of these bursts
was also observed during the INTEGRAL ToO observation [12]. In Figure 7 we show
the JEM-X and ISGRI burst light curve (28 October 2005, 10:25:12 UTC) in differ-
ent energy bands. The burst rise time was 0.23± 0.05 s. The double peak profile is
clearly evident at high energy (lower panel) within the first12 s, while during this time
the intensity at lower energy (upper panel) remains constant. This can be interpreted as
a consequence of a photospheric radius expansion (PRE) episode during the first part
of the outburst see e.g., [26]. When a burst undergoes a PRE episode, the luminosity
remains nearly constant at the Eddington value, the atmosphere expands, and its temper-
ature decreases resulting in a double-peak profile observedat high energies. The tail of
the burst at high energy can be seen for about 5 s after the PRE episode.

A time-resolved analysis of the net burst spectrum based on the JEM-X/ISGRI 3-50
keV energy band data was well fit by a photoelectrically absorbed blackbody. During the
first 12 s, the unabsorbed bolometric flux was almost constantat Fpeak= 9.5(2)×10−8

erg cm−2 s−1, while the blackbody temperature dropped in the middle, simultaneously
with an increase by a factor of∼ 1.5 in blackbody radius. The observed temperature
reached a peak at∼ 2.5 keV, and then gradually decreased. The softening of the emission
towards the end of the decay phase is also indicated by the e-folding decay times of
12.5±0.5 s in the 3–6 keV to 4.3±0.7 s in the 12–20 keV energy band. This behavior
is typically observed during PRE X-ray bursts.

The burst fluence wasfb = 1.67(6)× 10−8erg cm−2, calculated by integrating the
measuredFbol,bb over the burst duration of∼ 50 s. The effective burst duration was
τ = fb/Fpeak= 18.2(8) s, and the ratio of the observed persistent flux to the net peakflux
wasγ = Fpers/Fpeak= 0.021(1). The burst has the same spectral parameters as previous
bursts for this source observed with HETE-2 or RXTE [23]. Assuming a helium burst at



FIGURE 7. A bright X-ray burst detected from HETE J1900.1–2455. The JEM-X (3–20 keV; upper
panel) and IBIS/ISGRI (18–40 keV; lower panel) net light curves are shown (background subtracted).
The time bin is 0.5 s for both IBIS/ISGRI and JEM-X light curve. At high energy the burst shows strong
evidence of photospheric radius expansion.

the Eddington limit and canonical NS parameters (1.4 solar mass and radius of 10 km),
the source distance is estimated to be∼ 5 kpc.

From the observedINTEGRAL burst properties and the mass accretion rates inferred
from the persistent luminosity, the present theory predicts that this burst is pure helium
burning. For helium flashes, the fuel burns rapidly, since there are no slow weak inter-
actions, and the local Eddington limit is often exceeded. These conditions lead to PRE
bursts with a duration, set mostly by the time it takes the heat to escape, of the order of
5–10 s, as observed. In the framework of the thermonuclear-flash models (e.g., [26]) the
burst duration,τ < 20 s, and the ratio of the observed persistent flux to the net peak flux
γ ≈ 0.02 indicate a hydrogen-poor burst which is in agreement withthe companion star
being a helium-rich brown dwarf [27].

Because there were no other bursts observed during theINTEGRAL observation, the
burst recurrence time,∆trec, must be at least one day. We can compute the ratio of the
total energy emitted in the persistent flux to that emitted inthe burst

α =
Fpers

fb
∆trec =

γ
τ

∆trec =
0.021
18.2

∆trec > 100,

which is consistent with pure helium bursts [see e.g. 26]. Taking the burst total energy



releaseEb = 5× 1039 erg (derived from the fluencefb) and He burning efficiency of
εHe ≈ 1.7 MeV/nucleon≈ 1.6×1018 erg g−1, we estimated the amount of fuel burned
during the burstEb/εHe ∼ 3.1×1021 g. For the mean mass accretion rate of 2 per cent
of the Eddington, a burst recurrence time of 2.2 days is expected.

CONCLUSIONS

The science of accreting millisecond pulsars has been carried forward by the high-energy
capabilities of INTEGRAL in concert with the timing resolution capabilities of RXTE
and the spectral resolution of XMM at low energies. INTEGRAL observations have
contributed to our ability to characterize the high energy spectrum of these sources, and
to study their interesting time-lag and pulse fraction behavior over a wide energy range,
up to∼150 keV.

The reason for the lack of coherent pulsations in the persistent emission from LMXBs
has been a longstanding open question in X-ray astronomy. For the first time, we are able
to observe a system (HETE J1900.1-2455) known to contain a millisecond period pulsar,
which has continued in outburst after its pulsations have disappeared. The transition
of HETE J1900.1-2455 from an X-ray millisecond pulsar to a persistent LMXB could
indicate that there is a population of suppressed X-ray millisecond pulsars among the
non-pulsating LMXBs. Detailed observations of this source at the epoch of pulsation
supression can help to solving the long-standing issue of missing pulsations in persistent
LMXB emission.
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