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Abstract

We report the discovery with XMM-Newton of 3 s X-ray pulsations from 3XMM J004232.1+411314, a dipping
source that dominates the hard X-ray emission of M31. This finding unambiguously assesses the neutron star (NS)
nature of the compact object. We also measured an orbital period of 4.15hr and a projected semi-axis at
ay sin i = 0.6 1t-s, which implies a low-mass companion of about 0.2-0.3 M, assuming an NS of 1.5 M, and an
orbital inclination i = 60°-80°. The barycentric orbit-corrected pulse period decreased by ~28 ms in about
16 year, corresponding to an average spin-up rate of P ~ —6 x 10~ ss™'; pulse period variations, probably
caused by X-ray luminosity changes, were observed on shorter timescales. We identify two possible extreme
scenarios for the source: a mildly magnetic NS with B, >~ few x 10'° G if the pulsar is far from its equilibrium
period P4 and the disk is truncated at the value of the Alfvén radius corresponding to the observed luminosity, and
a relatively young, highly magnetic NS with B,y >~ 2 x 10" G if spinning close to P.q and the disk is truncated
close to the co-rotation surface.

Key words: galaxies: individual (M31) — stars: neutron — X-rays: binaries — X-rays: individual (3XMM J004232.1
+411314, CXOM31 J004232.0+411314, Swift J0042.64+-4112)
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1. Introduction

At a distance d = 780kpc (Holland 1998), M31 is the
closest major galaxy to the Milky Way. Despite a number
of extensive studies, only one accreting X-ray neutron star
(NS) pulsar binary has been securely identified so far,
3XMM J004301.44+413017 (spin and orbital periods of 1.2s
and 1.3 days, respectively; Esposito et al. 2016, but see also
Zolotukhin et al. 2017). Here we report the discovery of
pulsations from 3XMM J004232.1+411314 (3XJ0042 here-
after), a luminous X-ray source located in the inner bulge of
M31, about 3.7 arcmin from the center, which was detected in
all of the X-ray surveys of M31 conducted with good-
resolution imaging instruments (see Vulic et al. 2016, and
references therein). Its luminosity was found to be consistently
above 10°” erg s~'. Based on its spectral shape, luminosity, and
moderate variability, the source was suggested to be an X-ray
binary. Using NuSTAR Yukita et al. (2017) pinpointed
3XJ0042 as the soft X-ray counterpart of SwiftJ0042.6
+4112, whose hard X-ray emission (20keV) dominates the
bulge of M31 (Baumgartner et al. 2013; Revnivtsev et al.
2014). After examining all available multi-wavelength infor-
mation, Yukita et al. (2017) concluded that 3X J0042 could be
either an X-ray pulsar with an intermediate-mass companion
(stellar counterparts heavier than 3 M, are disfavored by the
Hubble Space Telescope (HST) images) or a symbiotic X-ray
binary. During the analysis of the XMM-Newton X-ray data
archive carried out within the Exploring the X-ray Transient
and variable Sky (EXTraS) projectf’ Marelli et al. (2017)
discovered dips recurring with a period of ~4 hr in the light

6 See De Luca et al. (2016) and http:/ /www.extras-fp7.eu.

curve of 3XJ0042, likely reflecting the orbital period of the
system. This prompted them to propose that the source is
a low-mass X-ray binary (LMXB) seen at high inclination
(60°-80°, following Frank et al. (1987) for LXMB show-
ing dips).

In this Letter, based on the detailed timing analysis of the
whole XMM-Newton archival data of 3XJ0042, we report on
the discovery of 3 s pulsations in nine pointings over 16 years;
furthermore, pulse arrival time delays unambiguously provide
an orbital period of 4.15 hr, in agreement with the findings of
Marelli et al. (2017). We discuss the nature of the source in the
light of these results.’

2. Data Analysis and Results

The region of 3XJ0042 was observed 48 times by XMM-
Newton with the European Photon Imaging Camera (EPIC) pn
and Metal Oxide Semi-conductor (MOS) cameras operating in
different observational modes (the most relevant differences
being the time resolution and size of the field of view; see
Striider et al. 2001; Turner et al. 2001). The raw observation
data files were processed with the Science Analysis Software
(SAS) v.16. Time intervals with high particle background were
filtered out. Photon event lists were extracted from a 31 arcsec
radius around the source, while the background was estimated

7 During the peer review process of this Letter, we became aware of a

proceeding abstract by Yukita et al. (2018) mentioning a 3 s spin period
candidate and a 6.1 days orbital period, based on Nuclear Spectroscopic
Telescope Array (NuSTAR) data and on a recent long XMM-Newton
observation of 3X J0042 (Obs.ID 0790830101, see Table 1). The abstract
does not provide uncertainties in the period value (note, however, the much
longer orbital period), thus we are unable to assess whether their candidate
signal is compatible with our discovery.
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Table 1

The XMM-Newton Observations in which the 3 s Spin Period was Detected
Data Set Date® Period PF° Lx°

# Obs.ID (TID) (s) (%) (erg s7h
1. 0109270101 12089.6 3.00864(2) 11(2) 0.69(1)
2. 0112570101 12281.1 3.00816(1) 14(2) 0.69(1)
3. 0405320501 13918.7 3.00295(5) 14(2) 1.04(3)
4. 0650560301 15565.9 2.99627(2) 11(2) 1.02(2)
5. 0650560601 15596.1 2.99617(3) 14(2) 1.02(2)
6. 0674210301 15933.2 2.99457(8) 11(2) 1.14(3)
7. 0674210601 15957.2 2.99422(4) 11(2) 1.22(2)
8. 0764030301 17403.9 2.98443(3) 16(1) 1.90(6)
9. 0790830101 17774.6 2.981041(6) 14(1) 2.12(4)

Notes. Figures in parentheses represent the lo uncertainties in the least
significant digit.

4 Mid-point of the observation.

® pulsed fraction, defined as the semi-amplitude of the sinusoid divided by the
average source count rate.

¢ In units of 10*® and in the 0.2-12 keV band.

from a nearby circular region with the same radius, which
excluded other sources and charge-coupled device (CCD) gaps.
Our timing analysis was based on the pn data, as they offer the
highest time resolution. Photon arrival times were converted to
the barycentre of the Solar system with the SAS task
BARYCEN.

The technique that we used to search the pn data for periodic
signals is a generalization of the Fourier-based procedure outlined
in Israel & Stella (1996), where we also included “de-acceleration”
corrections for both the first period derivative and the Doppler
delays. Each photon arrival time is corrected according to the
expression: ' =1t — (ax sin i/c) sin [27(t — Tyode)/Poro], Where
t is the photon arrival time, ax sin i is the semi-axis projection
on the orbital plane, ¢ is the speed of light, P,y is the orbital
period, and T, is the time of the ascendant node. This correction
is applied for each combination of Py, ax sin i, and 7,4 in a
three-dimension grid with given parameter steps. Then, the
procedure is reiterated within a vector of P values. Because this
approach is highly CPU-time-consuming, we adopted the orbital
period of ~4.01 hr inferred from the dips recurrence by Marelli
et al. (2017) as our initial guess and also took into account the
(reasonable) constraints on the maximum mass of the companion
derived by Yukita et al. (2017).

The first run of the search over the observation with the
longest exposure and the highest count rate (Obs.ID
0790830101, see Table 1) revealed a strong signal (120
confidence level, c.1.) at approximately 2.98 s for the grid point
[Por, = 14280s, ax sin i = 0.54 It-s, Thoqe = 17774.3 trun-
cated Julian day (TJD)]. We performed a phase-fitting analysis
of the ~4 orbital cycles covered by this observation (see
Dall’Osso et al. 2003 for details), in order to measure more
precisely the orbital parameters. The phase of the pulses was
determined over 34 consecutive time intervals, as shown in
Figure 2 (left panel). The best-fitting orbital parameters are
reported in Table 2. These honed values were then fed as inputs
to the search algorithm for the remaining 47 observations. We
detected the ~3 s signal at a c.l. higher than 3.5¢ in eight more
observations (see Table 1 and Figure 1; note that in obs.ID
0109270101 the signal was unambiguous, but just below the
detection threshold). For each detection, the period estimate
was refined with the phase-fitting analysis. Intrinsic (spin up or
down of the pulsar) P components were not detected within

Table 2
Orbital Parameters of 3X J0042

Parameter Value
Orbital period, Py, (hr) 4.15(4)
Epoch of ascending node, T,o4e (TID) 17774.525(3)
Projected semi-axis, ax sin i (It-s) 0.59(4)
Mass function, f(M) (M) 7(2) x 1073
Companion mass” (M) 0.22-0.32

Notes. Numbers in parentheses represent 1o uncertainties on the last significant
digit.

# For i between 60° and 80°, as estimated by Marelli et al. (2017), and an NS
with mass of 1.5 M..,. The range widens to 0.19-0.46 M, for NS masses in the
(1-2.8) Mg, interval.

single observations, with a 3¢ upper limit of about
3 x 107?ss ' in the most stringent case.

Figure 2 (right panel) shows the period evolution, whereas
Figure 3 displays a collection of all light curves folded at the
best-fit period of each data set (see also Table 1). No significant
change of the pulsed fraction as a function of energy was
detected, likely owing to the softness of the source and poor
statistics at energies above ~4keV. From TIJD 12089 (2001
June 29) to 17774 (2017 January 21), the average spin-up rate
of 3X J0042 was P ~ —5 x 10~''ss~'. However, the period
evolution displays clear departures from a constant P. Both the
luminosity and spin evolution of the source (see the right panel
of Figures 2 and 1 of Marelli et al. 2017) appear to have
changed around TJD 16000, after which a substantial
steepening of the spin-up rate took place and the luminosity
approximately doubled. We estimate that the average P was
~—42 % 107" and —8.5 x 10~ "' s s~ before and after TID
~16,000, respectively (note that the period measurements are
too sparse to better constrain the epoch and the pace of the P
change).

For all remaining data sets, we derived 3¢ upper limits on
the pulsed fraction over an interval of trial periods determined
by using the P measurements. The average 3¢ upper limit on
the pulse fraction in the 39 observations is ~26%, the most
stringent limit being 18%. It is therefore possible that the flux
modulation at 3s is always present (the highest value
measured, that of Obs.ID 0764030301, is 16%, cf. Table 1),
but remained undetected in those data sets owing to poor
statistics.

3. Discussion

The accretion disk around a magnetized NS is truncated at a
radius that is usually estimated as a fraction ¢ of the Alfvén
radius

Rin = 68.7 95 My, Ry 107 (7 'Lag) ">/ 734" km. (D)

Here, My 14 and Ry ;o are the NS mass and radius in units of
1.4 M, and 10 km, respectively, Lsg is the X-ray luminosity in
units of 10 erg s, 1 = LxRy/(GMM) = 1 is the accretion
efficiency, g is the magnetic dipole moment in units of
10*® G em?, and € is a factor that depends on the details of the
disk-magnetosphere interaction and ranges between 0.5 and 1
(see, e.g., Bozzo et al. 2009 for a discussion of the various
models; Campana et al. 2018 recently determined £ = 0.5 by
using data from different classes of accreting magnetic stars
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Figure 1. Left panel: power spectral density (PSD) of the pn 0.2-12 keV original light curves of two out of the nine data sets in which pulsations were detected
(the labels identify the observations as in Table 1; the upper PSDs were shifted upward by 100 for displaying purposes). The blue dashed lines indicate the 3.5¢0
detection threshold, which takes into account the number of Fourier frequencies in the PSD. Right panel: same as before, but after correcting the photon arrival times
of the two data sets for the orbital parameters derived from the phase fitting of Obs. #9 (P, and ax sin #) and from the orbital correction pipeline (local T)oq4e; S€€

Section 2 for details).

undergoing transitions to the propeller regime). The disk must be
truncated at a radius larger than the NS radius, R,, and smaller
than the co-rotation radius (R., = 3485 M>,l</ 13.4 km, for a 3s
pulsar) for accretion-powered X-ray pulsations to be produced.
The former limit originates from the requirement that the NS
magnetosphere is not buried under the NS surface, and the latter
implies that the NS rotation does not inhibit accretion through
the propeller effect. Inserting the observed X-ray luminosity
range (L;g = 0.5-2) in Equation (1), the condition R, < R;, <
R, is satisfied for ppg = 0.05-700. The observation of X-ray
pulsations then binds the magnetic field strength at the poles of
the NS to a broad range of B, = 2uR, > = 10°-1.4 x 10" G,
where the largest values correspond to a disk truncated at the
co-rotation radius.

The torque applied by the disk onto the NS is expressed by
N = —27IP/P? = M /GMyR;, F (w), where I is the NS
moment of inertia, w = (Rj,/Reo)>/? is the fastness parameter,
and the function F(w) describes the reversal of the torque when
the inner disk radius approaches the co-rotation radius (Ghosh
& Lamb 1979). Assuming that 3XJ0042 is a slow rotator
spinning far from equilibrium and thus that the disk is truncated
well inside the co-rotation radius (i.e., w < 1 and F(w) = 1),
and using Equation (1) to express the inner disk radius, we get

Po= =275 15 (0 L) 7608 Mi ) RN iy ()
for a P = 3 s pulsar. Here, P is the spin-up rate in units of
10" and ILs is the NS moment of inertia in units of
10* gem 2. Considering an average luminosity of Lz =~ 2,
the average spin-up rate observed from 3X J0042, P.;; ~ —6,
is explained if the pulsar has a dipole magnetic moment of
fog ~ 1.9 I{/? M2 Rido n> €,2/%. Considering the range
of values that can be taken by £ = 0.5-1, this corresponds to a
magnetic field at the NS poles of B, ~ (1-4) x 10'® G. The
spin-down rate of 3XJ0042 was observed to increase from
P~ —42 to —8.5 while the X-ray luminosity increased
from L3z = 0.9 to 2.0, suggesting a relation P x Ly with

a ~ 1. This value is close to that predicted by simple models
of the disk-magnetosphere interaction (o« = 6/7) when the pulsar
is a slow rotator, lending support to the above interpretation.
However, the spin-up timescale P/P ~ 1600 year is very short
compared to the typical duration of the spin-up accretion phase
of pulsars in LMXBs, 108-10° year (e.g., Tauris et al. 2012),
casting doubts on this interpretation. On the other hand, there are
known cases of X-ray pulsars accreting close to or above the
Eddington luminosity with much shorter spin-up timescales than
expected (e.g., some ultraluminous X-ray pulsars; Israel et al.
2017). In this scenario a related object to 3X J0042 might be
IGR J17480-2446, a 90 ms transient X-ray pulsar in a LMXB
with a companion with mass >0.4 M., which belongs to the
globular cluster Terzan 5 (Papitto et al. 2011) and an inferred
magnetic field in the (0.5-1.5) x 10'"°G range (Papitto et al.
2012, see also Cavecchi et al. 2011).

Alternatively, the pulsar might be spinning close to the equi-
librium value (i.e., R, =~ R.,). The magnetic field required in this
case would be Bq = 1.9 x 103 R 30> MY, €747 'Ly)'/? G,
i.e., much larger than that of the previous scenario. The expected
spin-up torque depends crucially on the shape of
the function F(w). Taking F(w) =1 — «* (Ertan et al. 2009),
the observed average spin-up rate is reproduced with w = 0.92
(ie., Ry, =0. 95R.). If 3XJ0042 is spinning close to
equilibrium, it is expected that small variations of the mass
accretion rate might induce large variations of the spin-up rate or
even torque reversals (see Camero-Arranz et al. 2010 for the case
of 4U 1626-67). In this scenario, the spin-up timescale would not
necessarily be related to the time elapsed because the onset of
accretion and the hard X-ray spectral component of 3X J0042
extending up to tens of keV might be more easily interpreted.

Our results demonstrate that 3X J0042 is a 3 s X-ray pulsar
accreting close to the Eddington rate from a low-mass
companion. The evolution of the spin period, together with
the other source properties, indicates that the pulsar might be
either in the slow rotator regime and possess a magnetic field of
~10'"3 G, or be a a quasi-equilibrium rotator with a field of
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Figure 2. Left panel: pulse phases as a function of time for the longest XMM-Newton observation of 3X J0042 (Obs. #9). The Doppler orbital modulation is evident
and the main orbital parameters measured (P, ax sin i, and Ty.q.) are indicated graphically. Right panel: the period (red crosses) and 0.2—12 keV luminosity
evolution (blue dots). The spin-up rate increase occurring approximately after TJD 16000 appears to correlate with the luminosity rise.
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Figure 3. XMM-Newton/pn orbit-corrected 0.2-12 keV light curves folded at
the period measured in each data set where the ~3 s signal was detected. Two
cycles are shown for clarity, and the curves have been aligned in phase and
shifted vertically in an arbitrary fashion for display purposes.

~10"% G. In the latter interpretation, a transition to the
propeller regime and thus a drastic reduction of the source
luminosity would ensue in response to a decrease of the disk
mass inflow rate. Therefore, the detection of a transient
behavior from 3XJ0042 would provide decisive support in
favor of the quasi-equilibrium rotator interpretation.
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