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ABSTRACT

We report the detection of X-ray pulsations at 2.1 ms from the known X-ray burster IGR J17379-3747 using XMM-Newton. The
coherent signal shows a clear Doppler modulation from which we estimate an orbital period of ~1.9h and a projected semi-major
axis of ~81t-ms. Taking into account the lack of eclipses (inclination angle of <75°) and assuming a neutron star mass of 1.4 M, we
have estimated a minimum companion star of ~0.06 M. Considerations on the probability distribution of the binary inclination angle
make the hypothesis of a main-sequence companion star less likely. On the other hand, the close correspondence with the orbital
parameters of the accreting millisecond pulsar SAX J1808.4-3658 suggests the presence of a bloated brown dwarf. The energy
spectrum of the source is well described by a soft disk black-body component (k7 ~ 0.45keV) plus a Comptonisation spectrum
with photon index ~1.9. No sign of emission lines or reflection components are significantly detected. Finally, combining the source
ephemerides estimated from the observed outbursts, we obtained a first constraint on the long-term orbital evolution of the order of

Po=(=2.5+23)x 10725571,
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1. Introduction

Accreting millisecond X-ray pulsars (AMXPs) are quickly
rotating neutron stars (NSs) which accrete mass transferred from
a low-mass (M) companion star via Roche lobe overflow. The
observations of X-ray pulsations at the NS spin period shows that
the magnetic field of the NS in these systems is strong enough
to channel the mass flow to the magnetic poles. The discovery
of AMXPs (Wijnands & van der Klis 1998) demonstrated that a
prolonged phase of mass accretion is able to spin up a NS to such
a quick rotation. When mass transfer ceases a rotation-powered
radio millisecond pulsar (MSP) turns on (Alpar et al. 1982). The
discovery of transitional MSPs that are able to switch between
accretion and rotation-powered regimes (Archibald et al. 2009;
Papitto et al. 2013b) has recently demonstrated the tight evolu-
tionary link shared by neutron stars in low-mass X-ray binaries
and radio MSP. Twenty AMXPs have been discovered so far
(e.g. Burderi & Di Salvo 2013; Patruno et al. 2017a; Sanna et al.
2018a), a small fraction of the >200 low-mass X-ray binaries
known to host a NS. They are all relatively faint X-ray transients
which attain a luminosity of 0.01-0.1 Eddington rate at the peak
of their outbursts, which are typically a few weeks long. X-ray
pulsations at a period ranging between 1.6 ms (Galloway et al.
2005) and 9.5 ms (Sanna et al. 2018a) are observed during the
X-ray outburst with a fractional amplitude of the order of
~1-10%. AMXPs have been found in binary systems with an
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orbital period shorter than a day and as low as ~40 min, indicat-
ing companion stars with masses ranging from 0.6 to 0.01 M,
(see e.g. Patruno & Watts 2012; Burderi & Di Salvo 2013).

IGR J17379-3747 is a known X-ray burster observed
in outburst by the Rossi X-ray Timing Explorer (RXTE)
in February 2004 and September 2008 (Markwardt et al.
2008; Shaw et al. 2008; Krimm etal. 2008) and designated
XTE J1737-376. The source position was consistent with a
faint source reported in the third IBIS/ISGRI soft gamma-ray
survey catalogue (Birdetal. 2007), IGR J17379-3747. The
peak flux attained during the outbursts ranged between 1.2 and
2.5x107%ergecm=2s7! (2-10keV), corresponding to a lumi-
nosity of 1 —2 x 10°® erg s~! assuming a distance d = 8.5 kpc. The
spectral energy distribution was described by a power law with
I'~1.8-2.2 (see e.g. Strohmayer et al. 2018; Eijnden et al. 2018;
Van Den Eijnden et al. 2018). Renewed activity from the source
was detected by MAXI/GSC on 2018 March 19 (Negoro et al.
2018), at a 4-10keV flux of (4+1)x10"'%ergem™2s7!. Very
Large Array (VLA) observations performed during the 2018
outburst by Eijnden et al. (2018) detected a flat-spectrum radio
counterpart with a flux density of ~0.4 mJy at 4.5 and 7.5 GHz
at a position consistent with the X-ray source. X-ray coherent
pulsation at ~468 Hz has been reported from observations
performed by NICER (Strohmayer et al. 2018). In this Letter,
we report on the XMM-Newton observation performed on 2018
April 1, almost a week after the beginning of the outburst.
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2. Observations and data reduction
2.1. XMM-Newton

XMM-Newton (Jansen et al. 2001) performed a dedicated tar-
get of opportunity observation of IGR J17379-3747 (Obs. ID.
0830190301) on 2018 April 1 at 02:12 UTC for an elapsed time
of ~45ks. A few ks after the beginning of the observation a type-
I burst was detected with a peak flux of ~1.6x 1078 ergcm™2s~!
(more details on this event will be published elsewhere).

During the observation the Epic-pn (PN) camera was oper-
ated in timing mode, Epic-MOS 1-2 in timing mode, while the
RGS observed in spectroscopy mode. We filtered the PN and
MOS data using the Science Analysis Software (SAS) v.16.1.0
with up-to-date calibration files, and following the standard
reduction pipeline EPPROC and EMPROC, respectively. We fil-
tered the source data in the energy range 0.3—10keV, selecting
events with PATTERN <4 and (FLAG = 0) to retain only events
optimally calibrated for spectral analysis. We selected source
and background events from the PN regions RAWX [27:47] and
[2:8], respectively. The average source spectral properties were
analysed by removing the type-I burst detected at the beginning
of the observation and integrating the PN and MOS2 spectra dur-
ing the remaining observational time. Following standard analy-
sis procedure, we generated in all cases the response matrix and
the ancillary file using the RMFGEN and ARFGEN tools, respec-
tively. Energy channels have been grouped by a factor of three
to take into account the oversampled energy resolution of the
instrument, and we also binned the energy spectrum to guaran-
tee at least 25 counts per bin. We discarded both MOS1 (due
to the “hot column” issue') and RGS data because of the poor
signal-to-noise ratio (S/N).

For the timing analysis we reported the PN photon arrival
times to the solar system barycentre by using the BARYCEN tool
(DE-405 solar system ephemeris) adopting the best available
source position obtained from the VLA observation of the source
(Eijnden et al. 2018), and reported in Table 1.

2.2. RXTE

IGR J17379-3747 has been observed by RXTE during its en-
hanced X-ray activity phases in 2004 (Obs. ID. 80138-07-01-00,
for a total exposure of ~4ks) and in 2008 (Obs. IDs. 93044-
14-01-00, 93449-01-02-00/01/02/03/04/05, and 93449-01-03-
00, for a total exposure of 14ks). To perform the timing
analysis we selected data collected by the PCA (Jahoda et al.
1996) in Event packing mode with time resolution <500 us,
which we processed and analysed using the HEASARC
FTOOLS v.6.23. To improve the S/N, we selected photon events
in the energy range 3—15 keV. We used the FAXBARY tool to ap-
ply barycentric corrections.

2.3. INTEGRAL

Following the detection of a new outburst from IGR J17379—
3747, a 50ks INTEGRAL observation was performed from
2018 April 1 at 08:30 to 23:15 (UTC). We analysed all
available “science windows” with the OSA 10.2 software
distributed by the ISDC (Courvoisier et al. 2003). We used
IBIS/ISGRI (Lebrun et al. 2003; Ubertini et al. 2003) and JEM-
X (Lund et al. 2003) data. As the observation was carried out
during the rapid decay of the source outburst, IGR J17379-3747

! https://www.cosmos.esa.int/web/xmm-newton/
sas-watchout-mosl-timing
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was not significantly detected in the IBIS/ISGRI and JEM-X
mosaics. We estimated 30 upper limits on the source flux
of 5x 107" ergcm™2s7! in the 20-100keV energy band and
1.0x 107 "%ergcm=2 s7! in the 3-20keV energy band. These are
compatible with the flux obtained from the XMM-Newton ob-
servation started about 7h before the INTEGRAL pointings
(Sect. 3.2). No evidence of type-I bursts has been found in the
JEM-X light curves.

3. Data analysis
3.1. Timing analysis

We searched for coherent signals by generating a power den-
sity spectrum (PDS) averaging 225 power spectra produced on
200 s data segments from the XMM-Newton observation (Fig. 1;
the type-I burst was removed before performing the timing anal-
ysis). A double-peaked feature associated with orbital Doppler
shift is significantly detected (>507) with a central frequency of
~468.08 Hz and a width of ~6x 1072 Hz (see inset in Fig. 1).
To investigate binary properties, we created PDS every 1000 s
and inspected them for coherent features in the ~6x 1072 Hz
interval around the mean peak frequency previously mentioned.
Assuming a binary Doppler shift, we modelled the time evolu-
tion of the spin frequency obtaining the preliminary orbital solu-
tion: vp=468.0801(19) Hz, x=0.064(6) It-s, Py =6699(50)s,
Tnop =58208.965(3) (MID), where Txop is the time of passage
through the ascending node, P, is the orbital period, and x is
the projected semi-major axis of the NS orbit in light seconds.
We note that this timing solution is consistent with the prelimi-
nary source ephemeris reported by Strohmayer et al. (2018).

Starting from these orbital parameters we corrected the
photon time of arrivals for the binary motion through the
recursive formula valid in the approximation of nearly cir-
cular orbits (eccentricity e < 1) [t + x sin M =t,,], where M =
2n(t — Tnop)/ Porvs t 18 the photon emission time and fy iS
the photon arrival time to the solar system barycentre. We then
iterated the process previously described, searching for coher-
ent signals in PDS created in 500s data segments. We mod-
elled the residual spin frequency variation in the signal by
fitting differential correction to the orbital parameters. We re-
peated the process until no significant differential corrections
were found for the parameters of the model. The most ac-
curate set of orbital parameters obtained with this method
are v =468.08328(2) Hz, x =0.07694(5) It-s, Poy = 6765.9(4) s,
Tnop =58208.96642(2) (MID).

To further investigate the spin frequency and the orbital
parameters, we then epoch-folded segments of ~500s in eight
phase bins at the frequency vy =468.08328(2) Hz obtained ear-
lier. We modelled each pulse profile with a sinusoid of unitary
period, and we determined the corresponding amplitude and the
fractional part of the epoch-folded phase residual. We filtered
pulse profiles such that the ratio between their amplitude and
the corresponding 1o uncertainty were equal to or larger than
three. To model the temporal evolution of the pulse phase de-
lays we define the function A¢(f) =¢g + Avy (t — To) + Rorp(2),
where T represents the reference epoch for the timing solu-
tion, Avy is the spin frequency correction, and Ry is the Rgmer
delay (e.g. Deeter et al. 1981). The described process was iter-
ated until no significant differential corrections were obtained.
Best-fit parameters are shown in Table 1. The best pulse pro-
file obtained by epoch-folding the whole XMM-Newton dataset
is described well by the superposition of three sinusoids, where
the fundamental, second, and third harmonics have fractional


https://www.cosmos.esa.int/web/xmm-newton/sas-watchout-mos1-timing
https://www.cosmos.esa.int/web/xmm-newton/sas-watchout-mos1-timing

A. Sanna et al.: 2.1 ms X-ray pulsations from IGR J17379-3747

468.0
T

Power

0.01 0.1 1 10 100
Frequency (Hz)

1000

Fig. 1. Leahy normalised (Leahy et al. 1983) PDS, produced by averag-
ing 200 s segments of XMM-Newton data. A statically significant coher-
ent signal is visible at a frequency of ~468 Hz. The inset shows a zoom
of the frequency double-peaked profile.

amplitudes (background corrected) of ~13%, ~3%, and ~1.3%,
respectively.

We searched for coherent X-ray pulsations in the data col-
lected with RXTE during the 2004 and 2008 outbursts of
the source. For each outburst, we searched for the best local
Tnop (keeping fixed Pop and x to the values reported in
Table 1), applying epoch-folding search techniques to the data
for each trial Tnop. We detected pulsations in both the 2004
and 2008 outbursts with a statistical significance of 60 and
S50 (single trial) at a barycentric frequency of 468.08332(25)
Hz and 468.0831(2) Hz, and local Txop = 53056.03926(12) and
Tnop =54721.03253(11) MJD, respectively. The pulse profiles
are described well by a sinusoid with background corrected frac-
tional amplitudes of 3.6(5)% and 4.5(4)%, respectively.

Finally, combining the orbital ephemerides measured for the
three outbursts of the source, we investigated the orbital period
secular evolution by studying the delay accumulated by Txop as
a function the orbital cycles elapsed since its discovery. To make
sure of the feasibility of the coherent (orbital) timing analysis we
verified the condition

2 2
9 Top +0op

1, . 2 po
N?+ - P? PzrbN“) <= (D

orb 4 orb” o 2 ’

where o7, and op,, are the uncertainties on the time of pas-
sage from the ascending node and the orbital period used to cre-
ate the timing solution, respectively; Py, represents the secu-
lar orbital derivative, while N corresponds to the integer num-
ber of orbital cycles elapsed by the source during the time
interval of interest. To verify Eq. (1) we considered the best
available estimate of the orbital period Po, =6765.90(2)s ob-
tained from the timing analysis of the NICER observations of
the latest outburst of the source (Markwardt et al., in prep.).
Moreover, to overcome the lack of knowledge on the orbital
period derivative (see e.g. Sanna et al. 2018b), we considered
the average absolute value of the only two estimates reported
for AMXPs (Pop, =3.6(4) x 107255~ for SAX J1808.4-3658
and Po,=1.1(3)x 107 10ss7! for SAX J1748.9-2021; see e.g.
Di Salvo et al. 2008; Patruno et al. 2017b; Sanna et al. 2017a,
2016), corresponding to Py, <[6| x 107! s 57!, With these val-
ues for the orbital period and orbital period derivative, we found
that Eq. (1) is verified only between the first two outbursts of

Table 1. Spin frequency and orbital ephemeris of IGR J17379-3747
estimated during the three observed outbursts.

Parameters 2018 (XMM-Newton) 2004 (RXTE) 2008 (RXTE)
RA (J2000) 17"3758.836° + 0.002%

Dec (J2000) —37°46"18.35"” +0.02”

Porp (8) 6765.6(1) 6765.67 6765.6°

x (It-s) 0.07699(1) 0.07699¢ 0.07699¢
Tnop MID)  58208.966437(9)  53056.03926(12) 54721.032403(35)
e <1x1073 - -

vo (Hz) 468.0832666(3) 468.08338(13) 468.0831(2)

To (MID) 58209.0 53056.0 54721.0
x2/d.odf. 60.4/61 - -

Notes. Errors are at the 1o~ confidence level. This parameter has been
fixed to the value obtained from the XMM-Newton timing solution.

the source. Phase connecting the orbital solutions of the 2004
and 2008 outbursts of IGR J17379-3747 we obtained an im-
proved estimate of the orbital period Pow 04-08 = 6765.845(4)s.
Adopting the more accurate estimate of the orbital period and
assuming the same prescription for P+, we then obtained that
Eq. (1) is verified for the 2004-2018 baseline, which includes
the three outbursts investigated. To determined the delay ac-
cumulated by Txop we estimated the expected Txop for con-
stant orbital period, Tnop pre(N) = Tnop.04 + N Porb04-08, Where
Tnxopos is the time of passage from the ascending node
observed during the 2004 outburst. For each outburst we esti-
mated the quantity TNxop.obs — 7Nop.prE, and we modelled its
evolution as a function of the elapsed orbital periods with the
quadratic function

ATxop = 6Tnop.0s + N 6Porb.04-08 + 0.5 N* Pory Porb 04-08»

@

where 6TNop o4 represents the correction to the adopted time of
passage from the ascending node and 6 P 04—0g is the correction
to the orbital period. We obtained an improved estimate of the
orbital period Py =6765.84521(3) s as well as a first constraint
on the orbital period derivative Py = (—2.5 +2.3) x 107125571,
where the uncertainties are reported at the 10~ confidence level.

3.2. Spectral analysis

We performed a spectral analysis with Xspec 12.10.0 (Arnaud
1996) and fit the average PN and MOS2 spectra in the
0.5-10keV range (Fig. 2). We assumed Wilms et al. (2000)
elemental abundances and Verner et al. (1996) photo-electric
cross-sections to model the interstellar medium. We allowed for
a normalisation coefficient between instruments to account for
cross-instrument calibration offsets.

The spectra are described well (/\(rzed/d.o.f.z 1.13/282) by
the typical model used for AMXPs in outburst, comprising
an absorbed disk black-body plus a thermally Comptonised
continuum with seed photons from the black-body radiation
(constxtbabsx[diskbb + nthcomp] in Xspec). We measured an
absorption column density of (0.90 +0.03) x 10%2 cm™2, consis-
tent with that expected in the direction of the source’>. We ob-
tained from the fit an inner disk temperature of 0.45 +0.03 keV
(linked to be the same of the seed photon temperature in the
Comptonisation component), and a photon index of 1.88 +0.08.
The inter-calibration constant of the MOS2 with respect to the
PN was found to be 1.08 + 0.01. The electron temperature of the

2 https://heasarc.gsfc.nasa.gov/cgi-bin/Tools/w3nh/
w3nh.pl?
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N Ww TR R mT m Wi WWM it

Fig. 2. Unfolded Epic-pn (red) and MOS2 (black) average spectra of
IGR J17379-3747. The residuals from the best fit described in the text
are reported in the bottom panel.

nthcomp component could not be constrained in the fit and we
fixed it to 30keV, following the results obtained from similar
sources (Sanna et al. 2018a). We verified that using reasonably
different values of this parameter did not affect the overall fit re-
sults. No evidence of spectral lines (e.g. iron K-a) was found by
inspecting the residuals from the best fit to the PN and MOS2
data. Considering the iron line properties observed in AMXPs
(see e.g. Papitto et al. 2009, 2013a, 2016; Pintore et al. 2016,
2018; Sanna et al. 2017b), for example line energy in the range
6.4-6.97 keV and line width between 0.1 and 0.7 keV, we esti-
mated an upper limit on the equivalent width of any iron line
not detected during the source outburst ranging between 50 and
400eV, still compatible with the lines observed in other AMXPs.
The average 0.5-10keV flux measured from the spectral fit was
of (1.16 £0.02) x 10~ ergem™2 57!

4. Discussion

We report on the detection of X-ray coherent pulsations at
~468 Hz from the known type-I burster IGR J17379-3747
observed by XMM-Newton during its 2018 outburst. Coherent
timing analysis of the ms pulsation allowed to determine prop-
erties of the binary system such as its ~1.9 h orbital period
and the ~0.081t-s NS projected semi-major axis. The orbital
ephemerides reported here are consistent with those inde-
pendently determined with the data collected by the NICER
X-ray Timing Instrument between 2018 March 29 and April 1
(Strohmayer et al. 2018).

Combining the binary system mass function f(my,m,17) ~
8 x 107 M, with the absence of eclipses (inclination angle of
i <75°) in the X-ray light curve, we constrained the mass of the
donor star to be m, 2 0.056 M assuming a NS mass of 1.4 M
(my 2 0.07 Mg for a 2 My NS). Assuming a Roche-lobe filling
donor star and fixing the NS mass, we can compare the compan-
ion mass—radius relation with that of theoretical H main-sequence
stars (e.g. Tout et al. 1996). We find that for a 1.4 My NS, main-
sequence stars with m, > 0.16 M would have a radius equal to or
larger than the donor Roche lobe, implying an inclination angle
i <21°. For an isotropic a priori distribution of the binary incli-
nation angles, the probability of observing a system with i <21°
(thus my > 0.16 M) is <7%. In analogy with other AMXPs with
very similar orbital parameters, such as SAX J1808.4-3658 and
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IGR J00291+5934, the companion star could be a hot brown
dwarf, likely heated by low-level X-ray radiation during the qui-
escent phases (e.g. Bildsten & Chakrabarty 2001; Galloway et al.
2005).

The average energy spectrum of IGR J17379-3747 anal-
ysed here is described well by a superposition of a soft disk
component (k7 ~0.45keV) and a hard power law (I"~1.9),
consistent with typical AMXP observed in outburst (e.g.
Gierlinski & Poutanen 2005; Papitto et al. 2009; Falanga et al.
2013). We found no evidence of emission lines or reflec-
tion components in the energy spectrum, in analogy with the
AMXPs XTE J1807-294 (Falanga et al. 2005), XTE J1751-305
(Miller et al. 2003), SWIFT J1756.9-2508 (Sanna et al. 2018b),
and the recently discovered IGR J16597-3704 (Sanna et al.
2018a). For a source distance of 8.5 kpc, the observed average
flux of ~1.2x 107" ergs™! cm? (0.5-10keV) corresponds to a
luminosity of L=4.3 x 10* ergs™'. Assuming accretion-torque
equilibrium, we use this luminosity value to make a rough
estimate of the dipolar magnetic field B of the NS

7/6 13
B=02¢77 Pipin M y
' 2ms 1.4Mg 10" Mg yr!

1/2
) 108 G,

3

where ¢ is a model-dependent dimensionless factor typically
between 0.1 and 1 that describes the relation between the magne-
tospheric radius and the Alfvén radius (see e.g. Ghosh & Lamb
1979; Wang 1996; Bozzo et al. 2009), Py, is the NS period
in units of ms, M is the NS mass, and M is the mass ac-
cretion rate onto the NS surface. Standard NS parameters
such as radius R=10km and mass M =1.4 M, we estimate
0.4 x 103 <B<2.3x10°G, consistent with the average mag-
netic field of known AMXPs (see e.g. Mukherjee et al. 2015;
Degenaar et al. 2017).

X-ray pulsations was also detected in the RXTE ob-
servations of the IGR J17379-3747 corresponding to its
2004 and 2008 outbursts. We note that orbital Doppler shift
corrections were required to reveal the coherent pulsation,
implying a relatively poor S/N. Combining the barycentric spin
frequency values observed for each outburst (see Table 1), we
estimated an upper limit (30~ confidence level) of the secular
spin derivative —8.3 x 10""* Hzs™! <v< 1.1 x 1072 Hzs™!. Fol-
lowing Spitkovsky (2006, and references therein) we converted
the frequency spin-down upper limit into an upper limit on
the magnetic field strength of B <2.8x 10° G (assuming a NS
R=10km and an angle o~ 10° between the magnetic hotspot
and the rotational pole), consistent with the estimate reported
above.

Finally, we investigated the orbital period secular evolu-
tion of IGR J17379-3747 by combining the ephemeris of
the three observed outbursts of the source, obtaining a more
accurate value of the orbital period Py, =6765.84521(2) s and
an orbital period derivative Py, = (=2.5+2.3) x 1072 ss7!. The
large uncertainty on the latter finding does not allow us to
unambiguously determine the secular evolution of the sys-
tem; however, we note that within the uncertainties the value
reported for IGR J17379-3747 is still compatible with the
fast expansion reported for SAX J1808.4-3658 (Di Salvo et al.
2008; Patruno et al. 2017b; Sanna et al. 2017a). Similar re-
sults have been reported for the AMXP Swift J11756.9-2508
(Sanna et al. 2018b). A secular evolution compatible with that
observed for the AMXP IGR J00291+5934, which shows evo-
lutionary timescales compatible with conservative mass trans-
fer driven by angular momentum loss via gravitational radia-
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tion (GR; Patruno 2017; Sanna et al. 2017¢), is however still
compatible with our findings. Future outbursts of the source
will be of fundamental importance to further constrain the
orbital period derivative, hence the secular evolution of the
system.
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