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ABSTRACT

We present the pulsar timing analysis of the accreting millisecond X-ray pulsar SWIFT J1749.4 — 2807 monitored by NICER and
XMM-Newton during its latest outburst after almost 11 yr of quiescence. From the coherent timing analysis of the pulse profiles,
we updated the orbital ephemerides of the system. Large phase jumps of the fundamental frequency phase of the signal are visible
during the outburst, consistent with what was observed during the previous outburst. Moreover, we report on the marginally
significant evidence for non-zero eccentricity (¢ ~ 4 x 1073) obtained independently from the analysis of both the 2021 and
2010 outbursts and we discuss possible compatible scenarios. Long-term orbital evolution of SWIFT J1749.4 — 2807 suggests
a fast expansion of both the NS projected semimajor axis (x), and the orbital period (P), at a rate of ¥ ~ 2.6 x 1073 1t-ss~!
and Py, >~ 4 x 107105571, respectively. SWIFT J1749.4 — 2807 is the only accreting millisecond X-ray pulsar, so far, from
which the orbital period derivative has been directly measured from appreciable changes on the observed orbital period. Finally,
no significant secular deceleration of the spin frequency of the compact object is detected, which allowed us to set a constraint
on the magnetic field strength at the polar caps of Bpc < 1.3 x 10® G, in line with typical values reported for AMXPs.

Key words: accretion, accretion discs —binaries: general — stars: neutron — X-rays: binaries.

1 INTRODUCTION

More than two decades after the discovery of SAX J1808.4 — 3658
(Wijnands & van der Klis 1998), accreting millisecond X-ray pulsars
(hereafter AMXPs) remain key astrophysical objects that give us
unique access to investigate extreme physics. AMXPs are rapidly
rotating neutron stars (NSs) that form tight binary systems with
sub-Solar companion stars, characterizing them as low-mass X-
ray binaries. Their Gyr age combined with the short spin period
(<30 ms) and low magnetic fields (<10° G) have been successfully
explained by the so-called recycling scenario (see e.g. Alpar et al.
1982; Bhattacharya & van den Heuvel 1991). This model describes
AMXPs as the final stage of a long-term accretion process in which
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old slow-spinning radio pulsars are spun-up to millisecond periods
by accreting matter and angular momentum transferred via Roche
lobe overflow from a companion star. Coherent X-ray pulsations are
expected to arise from the magnetic confinement of the accreting
matter that forces the emission of the gravitational binding energy
into limited regions of the stellar surface near the magnetic poles,
creating bright hotspots. X-ray pulsations are detected during the
outburst phases lasting typically between weeks and months (see e.g.
Di Salvo & Sanna 2020; Patruno & Watts 2021 for reviews). When
the accretion process stops, the fast-rotating NS enters quiescence
for durations of years to decades. During this period, it is expected
to shine in the radio as a rotation-powered pulsar. This scenario has
been confirmed with the discovery of the AMXP IGR J18245 — 2452
(Papitto et al. 2013), the only source observed to alternate between
rotation and accretion-powered pulsations. Low-luminosity systems
such as PSR J1023 + 0038 (see e.g. Stappers et al. 2014; Archibald
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et al. 2015) and XSS J12270 — 4859 (see e.g. Bassa et al. 2014;
Papitto et al. 2015) showed indirect evidence for such alternating
behaviour, suggesting similarities with IGR J18245 — 2452. Together
they were identified as a sub-class dubbed transitional millisecond
pulsars (see Papitto & de Martino 2020 for a review). Indirect
evidences for NSs switching between rotation and accretion-powered
pulsations have been reported also for some AMXPs, on the basis
of their quiescent luminosity (see e.g. Burderi et al. 2003; Campana
et al. 2004; D’ Avanzo et al. 2009).

Whether or not all the AMXPs behave as rotation-powered
pulsars in between outbursts is still difficult to assess based on
the observational evidence. However, all the efforts spent so far on
searching for radio pulsations from AMXPs in quiescence did not
produce encouraging results (see e.g. Burgay et al. 2003; Iacolina
et al. 2010; Patruno et al. 2017; Sanna et al. 2018b). To explain the
lack of radio pulsations, Burderi et al. (2001) proposed the so-called
radio-ejection model, that predicts the activation of the rotation-
powered pulsar concurrently with the drop of the mass-transfer rate.
Moreover, the model suggests that the radiation pressure generated by
the radio pulsar could be large enough to push away from the system
the accreting matter transferred via Roche lobe overflow. If correct,
a large fraction of overflowing matter, in the form of strong winds,
should engulf the surroundings of the binary system increasing the
probability for radio signals generated by the NS to be captured
by free—free absorption processes, resulting in a strong reduction
or even a total suppression of the original signal. The observation
of fast orbital expansion in AMXPs (see e.g. Di Salvo et al. 2008;
Burderi et al. 2009; Sanna et al. 2016, 2017b) as well as in slowly
rotating pulsars or eclipsing LMXBs (see e.g. Burderi et al. 2010;
Mazzola et al. 2019; laria et al. 2018) has been interpreted as indirect
evidence in favour of this model (however, see e.g. Hartman et al.
2008; Patruno et al. 2012, 2017, for alternative explanations). Other
indirect evidences corroborating the hypothesis of non-conservative
mass transfer in AMXPs have been suggested by Marino et al. (2019)
while comparing the observed X-ray luminosities with respect to the
values predicted by conservative mass-transfer driven by angular
momentum loss via gravitational wave emission and/or magnetic
braking. The transient behaviour of AMXPs, combined with the
typical long-lasting duration of their quiescence phases, represents a
crucial limiting factor in the investigation of the long-term evolution
of these systems. For only nine AMXPs pulsations have been detected
in more than one outburst, however, only for a small subset of them
has it been possible to set tight constraints on their orbital evolution.

SWIFT J1749.4 — 2807 was observed for the first time on 2006
June 2 by Swift/BAT (Schady et al. 2006) triggered by a type-
I X-ray burst. A follow-up Swift/XRT observation confirmed the
nature of the event allowing the identification of the compact object
in the binary system and localising the source at a distance d =
6.7 = 1.3 kpc (however, no sign of photospheric radius expansion
was detected for this type-I burst, therefore this value should be
considered as an upper limit Wijnands et al. 2009; Campana 2009).
Archival XMM-Newton observations allowed the detection of faint
X-ray activity from the source at least six years earlier than the
detection of the type-I burst. INTEGRAL and Swift detected again
the source in outburst on 2010 April 10 (Pavan et al. 2010; Chenevez
et al. 2010). A few days later RXTE started a monitoring campaign
that revealed the presence of coherent X-ray pulsations at 518 Hz
(Altamirano et al. 2010) and eclipses at an 8.8 hours periodicity in
the X-ray light curve (Markwardt et al. 2010), which makes SWIFT
J1749.4 — 2807 the only known eclipsing AMXP. Accurate temporal
studies of the X-ray pulsation and eclipses enabled the determination
of a precise ephemeris for the NS, setting a tight constraint on the
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inclination of the binary system and the donor mass in the range
74.4°=77.3° and 0.46-0.81 Mg, respectively, assuming a NS mass in
the range 0.8-2.2 My (Markwardt & Strohmayer 2010; Altamirano
et al. 2011). The mean density value obtained under the assumption
that the companion star fills its Roche lobe during the outburst phase
suggests a G3 V-G5SV spectral type if the companion is close to
the lower main sequence. No optical counterpart of the system has
been detected likely due to the large extinction associated with the
measured interstellar hydrogen column density Ny ~ 3 x 10%> cm™2
(Ferrigno et al. 2011). Searches in the near-infrared (H band) with
the VLT/NACO instrument focused on the 1.6 arcsec Swift error
circle led to the detection of more than 40 possible counterparts
(D’Avanzo et al. 2011). Based on more accurate localisation (0.6
arcsec 90 per cent c.l.) obtained by observing the source in quies-
cence with Chandra, further near-infrared observations have been
performed with the Gemini-North telescope (k band), limiting the
potential counterpart to two candidates (Jonker et al. 2013). On 2021
March 1, INTEGRAL/JEM-X-detected X-ray activity, as well as a
type-I burst, in the direction of the source, suggesting the onset of
a new outburst after 11 yr of quiescence (Mereminskiy et al. 2021).
Follow-up NICER observations recovered both X-ray pulsations at
518 Hz and eclipses in the light curve, confirming the beginning of
a new outburst of SWIFT J1749.4 — 2807 (Bult et al. 2021b).

In this work, we carried out the temporal analysis of the latest
outburst of the source, combining data collected with NICER and
XMM-Newton. We then updated the source ephemerides and we dis-
cussed the long-term evolution of the orbital parameters in between
the two observed outbursts detected so far. Dedicated works on the
analysis of the spectral properties of the source (Marino et al. 2022,
submitted), the X-ray eclipses (Mancuso et al. 2022, in preparation),
and the type-I bursts (Albayati et al. 2022, in preparation) will be
following this work.

2 OBSERVATIONS AND DATA REDUCTION

2.1 NICER

NICER (Gendreau, Arzoumanian & Okajima 2012) observed the X-
ray transient SWIFT J1749.4 — 2807 between 2021 March 1 (MJD
59274.6) and 2021 May 1 (MJD 59335.7) for a total exposure time
of almost 160 ks (after applying standard filtering). Here, we report
on the data set collected up to 2021 March 13 (MJD 59286.6) in
correspondence with the detection of the X-ray pulsations. Due to a
visibility gap, the monitoring of the source was interrupted for ~2.5d
in the middle of the outburst. We processed the NICER observations
with the NICERDAS pipeline version 7.0 (version V007a) retaining
events in the 0.2-12 keV energy range, for which the pointing offset
was <54 arcsec, the dark Earth limb angle was >30°, the bright
Earth limb angle was >40°, and the ISS location was outside of
the South Atlantic Anomaly (SAA). Moreover, we selected events
from 52 out of the 56 aligned pairs of X-ray concentrator optics and
silicon drift detectors. Background count rate was extracted for each
observation using the NIBACKGEN3C50 tool (Remillard et al. 2021).
We reported photon arrival times to the Solar system barycentre by
using the BARYCORR tool (DE-405 Solar system ephemeris).

2.2 XMM-Newton

XMM-Newton (Jansen et al. 2001) triggered a target of opportunity
observation of SWIFT J1749.4 — 2807 (Obs. ID. 0872392001)
starting from 2021 March 4 at 08:41 UTC and ending on 2021 March
4 at 16:17 UTC, for a total duration of 56.7 ks. The instrumental
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Figure 1. First panel: NICER 0.5-10 keV light curve of the latest outburst of the accreting millisecond X-ray pulsar SWIFT J1749.4 — 2807 starting from
2021 March 1 (MJD 59274.1). Each points represents the count rate estimated collecting 32 s of exposure time. The lack of data in the range of 4.5-7 d reflects
a visibility gap during the monitoring campaign. The cyan segment identifies the time interval in which the XMM-Newton observation has been performed.
Second panel: Time evolution of the fractional amplitude determined for the fundamental (black points) and the second harmonic (red points) components used
to model the source pulse profiles created from the NICER (filled squares) and XMM-Newton (empty circles) data sets. Third panel: Fundamental pulse phase
residuals in units of phase cycles relative to the best-fitting solution. Letters from a to d represent the time intervals selected to investigate the pulse profile shape
evolution around a phase jump episode. Fourth panel: Second harmonic pulse phase residuals in units of phase cycles relative to the best-fitting solution.

set-up during the observation included the Epic-pn (PN) camera
operated in timing mode, the Epic-MOS 1-2 in small window and
timing mode, respectively, and the RGS in spectroscopy mode. For
the purpose of this work, we focused on the PN observation only.
We extracted the PN data set using the Science Analysis Software
(SAS) v.19 with up-to-date calibration files. We retained events in the
energy range 0.5-10 keV, by selecting optimally calibrated events
with PATTERN < 4 and (FLAG = 0). We filtered source and
background events from the PN instrument within the RAWX regions
[29:47] and [2:8], respectively. We investigated for possible high
background flaring activity by constructing a 20s resolution light
curve of the source events at energies larger than 10 keV, but we
found none. The 0.5-10 keV light curve of the source shows an
average count-rate of around 40 counts per second. Six type-I X-ray
bursts almost evenly spaced with a recurrence time of 2.2 h, and
two full X-ray eclipses are also clearly visible in the light curve. We
reported photon arrival times to the Solar system barycentre by using
the BARYCEN tool (DE-405 Solar system ephemeris)

2.3 RXTE

Intending to coherently compare the temporal properties of the two
observed outbursts of SWIFT J1749.4 — 2807, we re-analysed the
data collected by the RXTE/Proportional Counter Array (PCA; 2—
60 keV; Jahoda et al. 2006) between 2010 April 14 and 2010 April
20 (Obs. Id. P95085-09). To perform the timing analysis, we used
data collected in the event mode characterised by a time resolution
of 122 ps and energy range combined into 64 independent channels.

Following Markwardt & Strohmayer (2010), to maximise the signal-
to-noise ratio, we retained photons in the energy range of 2-30 keV
(PCA channels 5-80) collected by all the active PCUs during each
of the observations. We reported photon arrival times to the Solar
System barycentre by using the FAXBARY tool (DE-405 Solar system
ephemeris).

3 DATA ANALYSIS AND RESULTS

Both NICER and XMM-Newton observations registered several type-
I X-ray bursts and X-ray eclipses during the outburst of the source.
To investigate the temporal behaviour of the X-ray pulsations we
decided to exclude type-I burst and eclipses from the analysis by
ignoring time intervals of £50 s around the events. The top panel
of Fig. 1 shows the outburst light curve extracted from the NICER
data set. The cyan segment represents the time at which the XMM—
Newton observation has been performed. Moreover, we retained only
events with energies within the range of 0.5 to 10 keV. Barycentric
correction was performed by using the most accurate coordinates of
the source (Jonker et al. 2013).

Starting from the timing solution obtained for the first outburst of
the source (Markwardt & Strohmayer 2010), we applied barycentric
correction to the photon time of arrivals of the NICER and XMM-
Newton data sets to account for the Doppler effect in the binary
system assuming a circular orbit (see e.g. Burderi et al. 2007; Sanna
et al. 2016 for a detailed description of the method). Following the
preliminary detection of the X-ray pulsation during the latest outburst
of the source (Bult et al. 2021b), we updated the time of passage
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Table 1. Timing solutions obtained from the analysis of the RXTE observations of the 2010 outburst and the NICER and
XMM-Newton observations collected during the whole 2021 outburst of SWIFT J1749.4 — 2807. The orbital solutions are
referred to the epochs Ty = 59274.6 MJD and Ty = 55300.0 MJD, respectively. Errors are at 1o confidence level. The reported
X-ray position of the source has been determined by observing the source in quiescence with Chandra (Jonker et al. 2013).

2010
Second Harmonic

Parameters

2021

Fundamental Second Harmonic

R.A. (J2000)
Decl. (J2000)

17M49M31573 + (.04
—28°08'05"08 + 0.6

Orbital period P, (s) 31740.702(13) 31740.84(1) 31740.8417(27)
Projected semi-major axis x (It-s) 1.89948(2) 1.89956(3) 1.899568(11)
Ascending node passage Tasc (MID) 55300.6522518(17) 59274.494176(5) 59274.4941787(14)
Eccentricity (e) 43(1.3) x 107° 3.7(3.3) x 1073 4.1(1.1) x 107
x2/d.o.f. 165.0/42 1001.6/84 97.8/60

Spin frequency vo (Hz)
Spin frequency Ist derivative iy (Hz s~ ')

517.92001375(23)"
6.5(2.5)x 10124

517.92001572(25)"
—4.0(5)x107 124

517.92001385(16)
—0.6(1.1) x 10713 ¢

“Uncertainties have been calculated including the contribution of the positional uncertainties.

from the ascending node (Tasc) to be able to recover the coherent
signal. Before applying phase-coherent timing analysis, we refined
the values of the local T'ssc and the mean spin frequency. We explored
the local Tasc value, by sampling the interval 59274.49427 + P,/2
at 1-s steps. For each Tasc value, we applied barycentric correction
keeping the other orbital parameters fixed. We then performed epoch-
folding searching techniques of the whole data set using 16 phase
bins by exploring the frequency space around the value reported by
Bult et al. (2021b) with steps of 10~ Hz for a total of 10001 steps.
Under the assumption that the best orbital solution is represented by
the folded pulse profile at the largest x? value in the epoch-folding
search with respect to a constant distribution of photons (see e.g.
Kirsch et al. 2004), we obtained Thasc = 59274.49428 MJD and
v = 517.92001388 Hz. It is worth noting that the estimated local
Tasc value significantly differs from the predicted value obtained
by propagating the orbital solution reported by (Markwardt &
Strohmayer 2010), assuming a constant orbital period. As will be
discussed in detail in the next sections, the latter result suggests
the presence of a significant evolution of the orbital period of the
system.

To perform coherent timing analysis, we applied the updated
local timing solution to 8-phase-bin pulse profiles created by epoch-
folding 2000 s-long data segments at the mean spin frequency v. If
required, we adjusted the length of the data segments to improve the
significance of the pulse profiles. We modelled the pulse profiles by
fitting a constant plus a superposition of two harmonically related
sinusoidal components. We retained only harmonics for which the
ratio between the sinusoidal amplitude and the corresponding lo
uncertainty is equal or greater than three. For each significant
component, we inferred two quantities: (a) the fractional amplitude
defined as the ratio between the sinusoidal amplitude and the source
photons collected to create the pulse profile (i.e. the total number
of photons in the profile minus the corresponding background), (b)
the fractional part of the phase residual. Higher harmonics were
not required to describe the pulse profile on such a relatively short
time-scale.

The second panel of Fig. 1 shows the evolution of the background-
corrected fractional amplitude of the fundamental (black) and second
harmonic (red) components of the NICER (filled squares) and XMM—
Newton (empty circles) data sets during the outburst.

We modelled the fundamental and second harmonic components
describing the pulse profiles of the source by applying standard
timing techniques (see e.g. Burderi et al. 2007; Sanna et al. 2018d for
more details). More specifically, we modelled the pulse phase delay
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temporal evolution as

1
A1) = Ado — Avo(t — To) — S0t — T5)* + Ron (1), ¢))

with A¢g, Avy, and ¥ representing the pulse phase delay at 7), the
correction factor on the frequency used to epoch-fold the data, and the
spin frequency derivative referred to the epoch Ty. Ry(#) describes
the residual orbital modulation caused by the differential corrections
between the guessed NS ephemeris and the real one (see e.g. Deeter,
Boynton & Pravdo 1981).

We iteratively repeated this process for each refined ephemeris
until no significant improvements were found for any of the model
parameters. In Table 1, we list the orbital best-fitting parameters as
well as the spin frequency parameters obtained independently from
the analysis of the fundamental and second harmonic components.
In the third and fourth panels of Fig. 1, we show the phase delay
residuals with respect to the best-fitting models for the fundamental
and the second harmonic, respectively.

To take into account large values of the reduced x2 (3% > 1), we
rescaled the uncertainties on the parameters reported in Table 1 by a
factor \/P (see e.g. Finger et al. 1999).

We investigated the contribution of the positional uncertainties
on the spin frequency and its derivative by considering the residuals
induced by the Earth’s motion assuming small variations of the source
position §, and §,, (ecliptic coordinates) expressed by the relation:

R,05(t) = —voy[sin(My + €) cos ySA — cos(My + €)sinydy], (2)

where y = rg/c represents the Earth semi-major axis in light-
seconds, My = 2n(Ty — T,)/Pg — A, T, and Pg are the vernal
point and the Earth orbital period, respectively, and € = 27 (¢t —
To)/Pg (see e.g. Lyne & Graham-Smith 1990). Given the short
duration of the outburst with respect to Earth’s orbital period,
we can solve equation (2) by expanding it in a series of € < 1
(see e.g. Burderi et al. 2007, and references therein). This allows
estimating upper limits on the spin frequency correction and the
spin derivative as o, < voyo,(l + sin? )!/227r / Pg and Oipes <
vy yo, (1 + sin® y)'/2(27/ Pg)?, respectively, where o, represents
the positional error circle. Using the source position reported in
Table 1 (Jonker et al. 2013), we estimated o, < 1.4 x 10~7 Hz and
Oipos <3 X 10~ Hz s~ !, respectively. We added in quadrature these
systematic uncertainties to the statistical errors of vy and ¥ estimated
from the timing analysis.

To consistently investigate possible variations on the temporal
properties of the NS obtained from the analysis of the two observed
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outbursts of SWIFT J1749.4 — 2807, we re-analyse the RXTE
observations performed during its 2010 outburst. As mentioned
above, a more accurate set of coordinates has been obtained during
the quiescence phase that followed the first outburst of the source
(Jonker et al. 2013) as well as the first accurate orbital ephemerides
estimation (Markwardt & Strohmayer 2010). Although we do not
expect significant discrepancies on the inferred orbital parameters,
variations on the spin frequency and its derivative are predicted due to
the residual effect from the barycentric correction discussed earlier.
Following the procedure discussed for the analysis of the NICER
and XMM-Newton data sets, we estimated the pulse phase delays
from 8-phase-bin pulse profiles obtained by epoch-folding 500 s-long
data segments using the timing solution reported by Markwardt &
Strohmayer (2010) as a starting point. We then fitted separately the
fundamental and second harmonic phase delays with the model
described in equation (1). In Table 1, we report the orbital best-
fitting parameters, as well as the spin frequency parameters obtained
from the analysis of the second harmonic since the presence of a large
phase jump (~0.4 cycles) in the fundamental component significantly
reduced the accuracy of the associated timing solution (a similar
conclusion has been reached by Markwardt & Strohmayer 2010;
Altamirano et al. 2011). As expected, the orbital solution obtained
from our analysis is consistent within errors with that reported by
Markwardt & Strohmayer (2010); however, we note discrepancies in
the accuracy achieved in the two analyses, which are likely associated
with the different methods applied.

Finally, by combining orbital ephemerides reported in Table 1 for
the two outbursts, we investigated the long-term orbital evolution
by studying independently the variation of the orbital period and the
delay accumulated by Tasc as a function of the orbital cycles elapsed
since its discovery.

The variation of the orbital period between the two outbursts
of SWIFT J1749.4 — 2807 is APy, = 0.140(13) s. Interestingly,
and not commonly reported for other AMXPs, the secular orbital
evolution for this source can be directly estimated by comparing
the orbital period values thanks to the relatively large variation
and the small uncertainties associated with the single measurements
(something similar has been observed for the AMXP IGR J17511-
3057; Riggio et al. 2022, in preparation). Taking into account that
the number of orbital cycles elapsed in between the two outbursts
is N = 10817, we can estimate an orbital period derivative Py, =
4.13) x 10795571 compatible with a fast expansion of the binary
system.

The presence of a significant first derivative of the orbital period of
the system should affect the evolution of other orbital parameters such
as the time of passage of the ascending node. In fact, by extending
the analogy of coherent timing analysis to the orbital parameters, we
can approximate Tasc with the expression:

1 .
Tasc = To,asc + N Py oy + §N2P0,oerorba (3)

where T, asc, Po, orb, and P4, represent the time of passage of the
ascending node, the orbital period and its derivative with respect to
a specific reference epoch, respectively. To verify the compatibility
of the Thgc values measured in the two outbursts with that inferred
from equation (3), we take the 2010 orbital solution as a reference
and we estimated the Txsc value for the latest outburst assuming
Pypy =4.1(3) x 1071 s s, To be able to use equation (3), we
quantify the number of orbital cycles elapsed in between the two
outbursts as N = INT[(Tz()z], asc — Thoo, ASC)/PZOIO, orb], where INT
represents the closest integer. Combining all, we estimate a guess
for the time of passage from the ascending node of Ty, asc =
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59274.4950(14) MJD, which is compatible within uncertainties with
the measured value reported in Table 1.

4 DISCUSSION

We have reported an updated timing solution for the peculiar
accreting millisecond X-ray pulsar SWIFT J1749.4 — 2807 obtained
by performing phase-coherent timing analysis of the X-ray pulsations
detected by NICER and XMM-Newton during its latest outburst.
Interestingly, the new set of orbital parameters shows significant signs
of temporal evolution with respect to the timing solution obtained
from the first outburst (see also Markwardt & Strohmayer 2010;
Altamirano et al. 2011; Ferrigno et al. 2011), finding for the first
time significant variations on both the orbital period (AP,y), and
the NS projected semi-major axis (Ax). Moreover, at odds with
other AMXPs, we find marginally significant evidence for non-
zero eccentricity. In the following, we will discuss each of these
parameters in detail, however, in broad terms we emphasise that the
large orbit as well as the high inclination of SWIFT J1749.4 — 2807
with respect the AMXPs, might be the reason why we reached higher
sensitivity on its orbital parameters.

4.1 Phase and pulse profile evolution

The first thing that can be noticed by visually inspecting the evolution
of the pulse profile phases reported in the third panel of Fig. 1 is the
clear presence of phase jumps in the fundamental harmonic of the
signal. This phenomenon is evident around days 1, 7, and 11 with
respect to the beginning of the monitoring campaign. These jumps are
nearly half pulse phase cycle on time-scale of a few days, implying
unrealistic local spin frequency derivatives of the order of v &~ 10~'°
Hz s~! or huge longitudinal movements of the hotspot of the order of
the NS radius, as we will discuss later. Interestingly, no evidence of
this phenomenon is shown by the temporal evolution of the second
harmonic (Fig. 1, fourth panel). Similar behaviour is observed also
during the 2010 outburst, where the fundamental phase shows a
drop of ~0.4 (see e.g. Altamirano et al. 2011). Phase shifts of the
fundamental component up to 0.3 cycles have been already reported
in three more AMXPs, i.e. SAX J1808.4 — 3658 (Burderi et al. 20006),
XTEJ1814 — 338 (Papitto et al. 2007), and XTE J1807 — 294 (Riggio
et al. 2008; Patruno et al. 2010). Moreover, by comparing the third
and the first panels of Fig. 1, no clear correlation between phase jumps
and X-ray count rate (assumed as a good proxy of the source flux)
seems to be present unlike some of the systems previously mentioned
(see e.g. Papitto et al. 2007; Patruno et al. 2010). It is worth noting that
sources showing phase jumps present pulse profiles with the richest
harmonic content, while on the other hand, standard AMXPs show
profiles well described by a sinusoidal function. From the evolution
of the fractional amplitude of the two components used to describe
the pulse profile (Fig. 1, second panel), we can notice that both the
fundamental and the second harmonic vary significantly during the
outburst. More specifically, during the first four days of the outburst,
the fractional amplitude of the fundamental is approximately constant
around the value 3.2 per cent, while after the observational gap the
mean value increases up to 8.4 per cent and a large scatter around this
value is visible. Quite similarly, the fractional amplitude of the second
harmonic is almost constant around the value of 2.5 per cent for the
first part of the outburst, reaching up to 6.8 per cent in the second part
with a significant increasing trend. Finally, it is noteworthy that jumps
in the phase of the fundamental component seem to be happening
when the second harmonic fractional amplitude is larger than (or at
least comparable to) the fundamental.
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Figure 2. Evolution of the X-ray pulse profile during the first ~2.5 d of the
NICER monitoring campaign of SWIFT J1749.4 — 2807. The four panels
show the pulse profiles (black points) obtained by collecting events into
four time intervals (highlighted with black lines and labelled from a to d in
Fig. 1) around the phase jump of the fundamental component. The best-fitting
models (red lines) are the superposition of two (first and fourth panels) and
three (second and third panels) harmonically related sinusoidal functions. For
clarity, two cycles of the pulse profile are shown.

To further investigate this phenomenon, we isolated the first phase
jump as a representative example, and we explored the pulse profile
evolution in the restricted time interval including ~2.5 days since the
beginning of the NICER campaign. More specifically, we divided the
interval into four segments that we identify with letters from (a) to (d),
as reported in the third panel of Fig. 1. From top to bottom of Fig. 2,
we show the NICER pulse profiles obtained by correcting the photons
for the updated timing solution reported in Table 1. Significant
changes in the pulse shape are observed in correspondence with
the time evolution of the drift of the fundamental pulse phase.
Two interesting aspects can be noticed, firstly at the onset of the
phase jump (Fig. 2, panel b) the second harmonic overcomes the
fundamental becoming the dominant component; secondly, the pulse
profile corresponding to the largest phase jump amplitude increases
its harmonic contents with the appearance of a relatively intense third
harmonic component (Fig. 2, panel c¢). Similar behaviour is observed
from the analysis of the 2010 outburst of the source, where the pulse
profiles near the unique phase jump detected significantly require ad-
ditional third and fourth harmonics to be modelled (Altamirano et al.
2011). Interestingly, as the phase recovers part of its shift, the profile
loses the higher harmonic content and the fundamental component
is again predominant (Fig. 2, panel d) as in the pre-jump interval
(Fig. 2, panel a), although with significantly different pulse form due
to the variation of the relative phase shift of the two components.
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The origin of phase fluctuations, as well as phase jumps in
these systems, are still an open question; however, several possible
mechanisms have been proposed over the years. Given the direct
correlation between the pulse phase and the NS rotation period, it
is easy to associate phase variations with mere changes in the NS
spin rate. However, AMXPs showed jumps of the order of several
tenths of the pulse phase on time-scales of days, implying large spin
derivatives difficult to explain with standard known mechanisms.
Moreover, since jumps have been observed in both directions, we
need to invoke very powerful spin-up and spin-down alternatives
to standard accretion torques (see e.g. Lamb, Pines & Shaham
1978; Ghosh & Lamb 1979), magnetic torques (see e.g. Wang 1995;
Rappaport, Fregeau & Spruit 2004; Kluzniak & Rappaport 2007),
or spin-down torques due to emission of gravitational radiation (see
e.g. Bildsten 1998). Another aspect that could be taken into account
is the interplay between the magnetic field and accreting matter
on the surface of the NS that generates the hotspot responsible for
the observed X-ray modulation. Slow movements of the location of
either the magnetic poles or the matter deposition point near the
magnetic poles would cause pulse phase changes. In the former
case, processes such as localized magnetic burial (or screening)
and amplification should be invoked on timescales as short as days.
However, current understanding indicates that a significant reduction
of the NS magnetic dipole moment can be achieved by accreting at
least 10~ Mg, (Payne & Melatos 2004), which makes this process
inefficient on short timescales taking into account that AMXPs
typically accrete at most a few per cent of the Eddington limit (see
e.g. Di Salvo & Sanna 2020; Patruno & Watts 2021). In the latter
case, simulations of funnelled accretion in which hotspots are close
to the spin axis (scenario expected for small misalignment angles
between the NS magnetic poles and the spin axis) and move in the
azimuthal direction, clearly suggest that small displacements can
produce phase shifts up to several tenths of a cycle (see e.g. Lamb
et al. 2009, and references therein). Poutanen, Ibragimov & Annala
(2009) suggested that timing noise observed in AMXPs derives from
the evolution of the pulse form during the outburst. By modelling
the pulse profile accounting for the visibility of the two antipodal
hot-spot as a function of the geometrical size of the accretion disk,
these authors argue that sudden phase shifts can be explained with
an increase of visibility of the antipodal spot caused by the receding
accretion disk (see e.g. the 2002 outburst of SAX J1808.4 — 3658;
Poutanen et al. 2009). The same phenomenon has been interpreted
as a purely geometrical effect based on the simple principle that the
phase of a signal may change if the relative strength of the two polar
caps varies. According to this scenario, the observed erratic pulse
phase shifts do not reflect a real movement of the X-ray emitting
region, but simply a different redistribution of the accretion flow
between the two hotspots (Riggio et al. 2011, Riggio et al. 2022,
in preparation). Moreover, this model predicts that, when present, a
third harmonic should follow the same erratic pulse phase shifts of
the fundamental one. Suitable observations of the source with large
statistics on short time-scales are likely needed to test this hypothesis.

Complexity in the magnetic field structure could as well play a
crucial role in causing the phase wandering observed in AMXPs.
The canonical sinusoidal pulse profiles detected in these systems
are consistent with the standard picture of a dipolar magnetic field
slightly tilted with respect to the spin axis; however, similar pulse
shapes can arise from objects with more complex fields (see e.g.
Long, Romanova & Lovelace 2008). Interestingly, in the case of
accreting NS characterized by multipolar fields, phase shifts, as well
as pulse profile changes, are expected from the interaction between
the magnetic field and the accretion disc at different accretion rates. In
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fact, for increasing accretion rates, the disc moves inwards interacting
firstly with the dipolar component (dominant at large distances) and
then with higher-order multipoles of the field when it gets closer to
the NS surface. A variation in both the pulse form and the phase
is expected due to the different magnetic axes associated with the
multipoles, which will cause the variation of the hotspot region at
different accretion rates. It is noteworthy that phase jumps due to this
process should only be temporary, i.e. the phase slowly comes back
to the pre-jump value as the accretion rate returns to its previous
value (Long, Romanova & Lamb 2012).

4.2 Eccentricity

Results from the coherent timing analysis performed on the two out-
bursts of SWIFT J1749.4 — 2807 (see Table 1) suggest a marginally
significant detection (slightly above 30) of the binary eccentricity.
The two independent measurements are consistent within errors and
in line with results reported by Markwardt & Strohmayer (2010)
for the 2010 outburst of the source. It is noteworthy that SWIFT
J1749.4 — 2807 is currently the only AMXP for which we can
constrain this parameter, while for the others only upper limits have
been reported. To investigate the robustness of the result with respect
to bias due to data sampling effects, we performed simulations by
applying Jackknife resampling methods (see e.g. Shao & Dongsheng
1995). As afirst attempt, we generated 1000 samples starting from the
original data set of NICER/XMM-Newton pulse phase delays from
which we excluded each time 20 percent of the points extracted
randomly with respect to the original sample. We then performed
coherent timing analysis on each of the simulated data sets and
we compared the obtained orbital parameters. The same analysis
has been replicated by excluding 30 per cent and 50 per cent of the
original points. Interestingly, we find that the mean value of the
eccentricity inferred from the fit of the simulated samples is always
consistent with the estimate obtained from the original data set,
strengthening the reliability of the detection. As predicted, the width
of the distribution of the orbital parameters increases as the number
of points in the pulse phase data sets decreases.

Even though millisecond pulsars in binary systems, especially
those observed in the Galactic plane, are usually associated with
nearly circular orbits, a significant fraction of these systems are
observed in orbits with values of eccentricity ranging between ~1072
and ~107% (roughly 60 percent of the binary millisecond pulsars
reported in the ATNF catalogue meet this condition; Manchester
etal. 2005). Current upper limits reported for AMXPs are in line with
this distribution. In accordance with the recycling scenario (see e.g.
Bhattacharya & van den Heuvel 1991), millisecond pulsars belong
to old binary systems, which makes the previous result difficult to
reconcile with the tidal circularization process that on relatively short
time-scales is expected to damp orbital eccentricities as high as that
acquired by a binary system surviving a supernova explosion. Several
mechanisms that can induce eccentricity to circularized orbits have
been proposed to try explaining observations, e.g. close encounters
between binary systems and near-by passing stars (however, unless
the binary system is part of a globular cluster, the probability to
have a star passing by close enough to excite its eccentricity values
is very low); fast mass-loss episodes at the end of the red giant’s
evolutionary phase; non-axisymmetric configuration of accretion
discs around accreting NS could induce torques able to increase
the orbital eccentricity (it should be noted; however, that given the
relatively low mass content of typical accretion discs in LMXBs, this
effect is expected to be irrelevant) and hierarchical multiple systems.
Another very promising process that has been proposed by Phinney
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(1992) explains and predicts the low values of eccentricity in these
systems as the result of the fluctuation-dissipation theorem applied to
the convective eddies in the outer layers of the donor during the last
stages of its red giant phase, right before being replaced by a white-
dwarf core as a companion of the NS. Interestingly, this prescription
seems to match (at least of the order of magnitude) the eccentricities
of pulsars bound with low-mass white dwarf companions. However,
it is noteworthy that donor stars in AMXPs are likely less massive
objects; therefore, it remains to be verify the efficiency of such a
mechanism in these systems.

4.3 Secular evolution properties

4.3.1 Orbital period evolution

SWIFT J1749.4 — 2807 has been detected in outburst only twice
during the last 11 yr. We measured the orbital period to high accuracy
in each outburst, finding a significant orbital period variation over
these 11 yr. More specifically, in between the two outbursts, the
orbital period varied by the quantity A Py, = 0.140(13) s, which cor-
responds to an orbital period derivative Py =4.1(3) x 107 1055~!
with respect to the reference epoch 7o, = 55300.6 MID. It is
noteworthy that this is the first direct measurement of the orbital
period derivative for an AMXP, indeed previously reported estimates
of this parameter are based on the temporal drift of the time of passage
of the ascending node for systems observed in outburst at least three
times.

Interestingly, as reported in Section 3 we can cross-check the
orbital period expansion estimate by verifying its compatibility with
the temporal evolution of the time of passage of the ascending node.
Since the two methods are independent, the consistency of the two
results validates the reliability of the indirect method.

Currently, orbital period derivatives have been estimated for 7
AMXPs out of the 21 known including the source subject of
this work. Similarly to SAX J1808.4 — 3658 (P = 1.7(5) x
107?557, see e.g. Di Salvo et al. 2008; Patruno 2017a; Sanna
et al. 2017b; Bult et al. 2020), SWIFT J1749.4 — 2807 shows a
significant long-term fast orbital expansion of the system (although
almost two orders of magnitude faster). Fast orbital period ex-
pansion (P, = 8.4(20) x 10~'2ss7!) was observed also for IGR
J17062 — 6143 (Bult et al. 2021a). For the other systems, uncertain-
ties are such that it is not yet possible to determine whether the orbits
are secularly expanding or shrinking. Upper limits on the orbital
period derivatives from SAX J1748.9 — 2021 (P, in the range
(—0.7-8.4) x 10~'!'ss~!; Sanna et al. 2022, in preparation), SWIFT
J1756.9 — 2508 (P4, ranging between (—4.1-7.1) x 10725571,
see e.g. Bult et al. 2018; Sanna et al. 2018a), IGR J17379 — 3747
(P, between (—9.4—-4.4) x 10~ "2ss~!; Sanna et al. 2018c) and
XTE J1751 — 305 (Pyy, between (—2.7-0.7) x 10~''ss~!; Riggio
et al. 2022, in preparation) are still compatible with the fast ex-
pansion reported for SAX J1808.4 — 3658, but not with SWIFT
J1749.4 — 2807. On the other hand, a more stringent constraint
suggests a much slower evolution for IGR J00291 + 5934 (Pos
between (—6.6-6.5) x 1073ss~!, see e.g. Patruno 2017b; Sanna
et al. 2017a).

What causes the fast expansion of the orbital period detected
in these AMXPs is still unknown, however, over the years several
mechanisms have been investigated, although not yet conclusively
(see e.g. Di Salvo et al. 2008; Hartman et al. 2008; Burderi et al.
2009; Patruno et al. 2012; Sanna et al. 2017b, 2018c). None the
less, a quick estimate of the mass-loss rate from the secondary as
a function of the observed orbital period derivative clearly excludes
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that a standard conservative mass transfer could power such a fast
expansion observed for SWIFT J1749.4 — 2807 (similar conclusions
have been drawn for SAX J1808.4 — 3658, see e.g. Sanna et al.
2017b). Starting from Kepler’s third law, we set the mass transfer
condition via Roche lobe overflow as R;»/R;» = R,/R», where the
R;»> and R, represent the Roche lobe and secondary radii, respec-
tively. We then express the average long-term secondary mass-loss
rate as

1.94 m (Porb.fl()
Gn—1)

— M, =

) x 107 Mg yr !, ()
P, orb,9h

where -M, indicates that the donor star loses matter, n is the stellar
index associated with the mass-radius relation of the secondary
R, o< M7, m, is the mass of the companion star in solar mass units,
P10 represents the orbital-period derivative in units of 10710gg~1,
and Py, o is the orbital period in units of 9 h (see e.g. Burderi
et al. 2010 for more details on the derivation of the expression).
Equation (4) shows that mass transfer from the secondary causes
an orbital expansion only for secondary stellar indexes n < 1/3.
According to Markwardt & Strohmayer (2010), the donor star has a
mass ranging between 0.46 M, and 0.81 M, for an NS in the range of
0.8-2.2 M, which likely represents an object laying in the low-mass
part of the main sequence branch. These objects are characterized
by n ~ 0.7 (see e.g. Chabrier et al. 2009), which implies a decrease
of their radius as a response of mass-loss on thermal time-scales.
Adopting this prescription into equation (4), we reach the conclusion
that secondary mass transfer causes the shrinking of the orbit,
contrary to what we observe for SWIFT J1749.4 — 2807. However,
inverted mass—radius relations are predicted for main-sequence stars
withmasses <1.1 Mg undergoing intense mass transfer on timescales
shorter than the thermal 7, (also known as adiabatic evolution). This
is guaranteed by the fact that Sun-like main-sequence stars have
a surface convective zone sufficiently deep to trigger dynamical
instabilities (see e.g. Ge et al. 2015). As the main-sequence mass
decreases, the surface convection zone increases, and the adiabatic
stellar index approaches the value n = —1/3 that characterizes fully
convective stars (well described with a polytrope index 3/2, see e.g.
Rappaport, Joss & Webbink 1982). We can estimate the required
secondary mass-transfer rate M, by imposing the mass-loss time-
scale M, /| M| shorter than the thermal time-scale t;, = GMZ2 /Ry L,
where M», R,, and L, represent the mass, radius, and luminosity of
the donor star. Assuming that the donor fills its Roche lobe, we
can approximate R, ~ R;,, where the radius of the Roche lobe
equivalent sphere can be expressed as Ry, =~ mé/ ? P92h/ 3 R (obtained
by combining Paczynski’s Roche lobe analytic approximation with
Kepler’s third law; Paczyniski 1971). The donor luminosity can then
be inferred by assuming the main sequence mass-luminosity relation
Lo/Lg = (My/Mg)*> valid for masses in the range of 0.5-2 Mg
(Chabrier et al. 2009). For a donor star in the range of 0.46-0.81 M,
we find that adiabatic evolution (that allows us to adopt n ~ —1/3)
requires M, > (0.2-1.3) x 1078 Mg yr'.

Under the hypothesis of adiabatic mass-loss from the donor
star (n = —1.3), equation (4) allows us to infer a mass transfer
rate in the range M, ~ (—2.1 — —3.3) x 1077 Mgyr~'. Since the
conservative scenario implies that no mass is transferred from the
donor during the quiescence phase, equation (4) represents a lower
limit on the mass transfer rate during the outburst phases. The secular
mass transfer inferred from the observed fast orbital expansion of
the system would therefore imply a super-Eddington (considering
Miga ~ 2.1 x IO_SMQ ylr_1 for a 1.4 Mg NS with radius Ryg =
10 km) mass transfer rate not compatible with the flux measurements
obtained from the observed outbursts of the source. Therefore,
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this discrepancy strongly suggests that the observed orbital period
derivative cannot be explained with a conservative mass-transfer
scenario. The same conclusion is confirmed independently from the
comparison of the observed and the predicted luminosity values
obtained by applying conservative mass-transfer driven by angular
momentum loss via gravitational wave emission and/or magnetic
braking interactions (Marino et al. 2022, submitted).

4.3.2 Highly non-conservative mass-transfer scenario

An alternative scenario that can be explored requires the possibility
that matter from the companion star is ejected from the binary
system, carrying away its angular momentum (see e.g. Di Salvo
et al. 2008; Burderi et al. 2009 for more details). We can parametrize
the rate of mass accreting on to the NS, M, as a function of
the donor mass-transfer rate M, with the expression M, =— B M,.
As a first hypothesis, we can assume that matter is continuously
transferred from the companion star independently from the X-ray
activity around the primary object (i.e. both during the outburst
and the quiescent phases). We can then express the parameter
B as the ratio between the observed mass accretion rate derived
from the bolometric luminosity extrapolated from the X-ray activity
during the outburst phase and the donor mass-transfer rate from
equation (4). Considering the peak bolometric luminosity reported
during the latest outburst of SWIFT J1749.4 — 2807 (Marino et al.
2022, in preparation) L ~ 7.6 x 10* ergs™! assuming a 6.7 kpc
distance (Wijnands et al. 2009), we can infer a lower limit on
the mass-accretion rate on the NS of M, ~ 6.5 x 10~ °Moyr~!.
Substituting these values into the expression of B, we estimate
0.2 percent < B < 0.3 per cent. Given the high inclination angle of
the source, the bolometric luminosity and the corresponding beta
parameter should be considered as lower limits. Moreover, it is
noteworthy that such a small value for the B parameter implies that
almost all matter transferred from the companion star is ejected
from the binary system leaving no direct traces of it, except for the
fast orbital expansion of the binary system that should represent the
only indirect proof of the process. We stress that at this stage, the
proposed scenario implies that mass transfer is always active, even in
the quiescence phase. We will try to address this point after exploring
a suitable configuration of the system for which the long-term orbital
evolution is compatible with a highly non-conservative mass transfer
scenario. We start by investigating the instantaneous total angular
momentum of the binary system and its possible sources of variation
in time. Under the hypothesis of a circular orbit, we can express
it as

Topy = Ga_ ym (5)
orb — (M1—|—M2) 14425

where a represents the orbital separation, M, and M, represent
the primary and secondary mass, respectively. By differentiating
equation (5), it is clear how the evolution of the orbital separation
relates to the total rate of change of the binary orbital momentum.
Following Di Salvo et al. (2008), we can describe the evolution of
the orbital period as follows:

o3[ ()] 3 [isena]. o0
Porb_3 Jorb GR Jorb MB 3 Mzg ) ’

where the first term of the right-hand side represents the loss
of angular momentum due to emission of gravitational radiation
(GR) and magnetic braking (MB) effects, while the second term
encapsulates the momentum losses related to the matter ejected by
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Figure 3. Black and red solid lines represent the specific angular momentum
as a function of the NS mass of the matter ejected by the system during
the highly non-conservative mass transfer scenario calculated assuming the
magnetic braking prescription of Skumanich (1972, f = 0.73) and Smith
(1979, f = 1.78), respectively. The parameter « is reported in units of the
specific angular momentum of the donor. The dashed line shows the specific
angular momentum calculated at the inner Lagrangian point L1 of the binary
system.

the system through the function g(«, 8, q) = 1 — B(my/my) — (1 —
(ma/my))(«a + q/3)/(1 + g), where m; represents the primary mass
in solar mass units. The expression takes into account the mass ratio
of the system (¢ = my/m,), the fraction of the donor mass accreting
on to the NS (8) and the specific angular momentum carried away
by the ejected matter o = I,; Pory(my + m»)? /(2w a*m?) (expressed
with respect to the secondary star).

Following Burderi et al. (2010), the angular momentum loss due
to GR and MB can be summarized in the expression:

J _
( ) =114 x10""m; my m™"PPY5 1 + Tzl (7)
Joro / GremB '

where Ty is a parametrization of the torque associated with the
magnetic braking that plays a pivotal role in driving the mass transfer
in binary systems characterized by orbital periods larger than a few
hours (Verbunt 1993). In line with Iaria et al. (2018), the parameter
can be written as

Tws = 1.7 x 107220, f 2my P2y ong (1 + ), ®)

Tl

where k is the gyration radius of the secondary star and f represents
a dimensionless parameter for which we assumed two preferred
values being f= 0.73 (Skumanich 1972) and f = 1.78 (Smith 1979).
Combining equation (4), (6), (7), and (8), we can determine the
specific angular momentum « that matter ejected from the system at
arate —(1 — ﬁ)Mz should carry in order to generate an expansion of
the orbital period at the observed Py, for SWIFT J1749.4 — 2807. In
Fig. 3, we report the parameter o as a function of the NS mass
in the range of 1.0-2.2 Mg. We note that the secondary mass
values required in the relations described above have been inferred
following Markwardt & Strohmayer (2010). Solid lines in Fig. 3 have
been determined taking into account different prescriptions for the
angular momentum losses via magnetic braking, more specifically
the black line assumes f = 0.73 (Skumanich 1972) and the red
lines f = 1.78 (Smith 1979), while for both we fixed k = 0.35
that represents the gyration radius for a 0.7 Mg donor star (see e.g.
Claret & Gimenez 1990). As a reference point, we also reported the

SWIFT J1749.4 — 2807: long-term evolution

4393

specific angular momentum of matter sitting at the inner Lagrangian
point L1 (dashed line) and calculated it as ;) = [1 — 0.462(1
+ ¢)**¢'31?. 1t is noteworthy that both solutions prescribe matter
being ejected in between the primary and secondary stars of the
system; however, the prescription of Smith (1979) implies mass
leaving the system inside the Roche lobe of the primary while
Skumanich’s prescription suggests the ejection close to the donor
star.

A possible mechanism proposed to explain highly non-
conservative mass transfer in binary systems harbouring a fast-
rotating NS requires the crucial role of the radiation pressure of
the magneto-dipole rotator generated by the NS in quiescence (see
e.g. Burderi et al. 2003; Di Salvo et al. 2008). Indeed, radiation
pressure generated by the magneto-dipole may be able to push away
matter transferred by the donor around the inner Lagrangian point
(radio-ejection, see e.g. Burderi et al. 2001; Di Salvo et al. 2008, for
a detailed discussion on the model). Any time the pressure balance
between radiation and overflowing matter from the donor breaks
due to a significant increase of the latter, X-ray outbursts might
set in. This mechanism has been suggested to explain fast orbital
expansions in the AMXPs SAX J1808.4 — 3658 (see e.g. Di Salvo
et al. 2008; Burderi et al. 2009; Sanna et al. 2017b; Tailo et al. 2018)
and SAX J1748.9 — 2021 (Sanna et al. 2016). Similar conclusions
have been drawn for the eclipsing binary systems X1822 — 371
(Burderi et al. 2010; Iaria et al. 2015) and MXB 1659-298 (Iaria
et al. 2018), both showing large secular orbital period derivatives.
Finally, it should be emphasized that this scenario might not be
suitable for the specific case of SWIFT J1749.4 — 2807. First, Fig. 3
suggests that matter is ejected from the system far from the inner
Lagrangian point; however, detailed calculations are required to
verify possible equilibrium in such different conditions. Secondly,
in order to match the predicted donor mass-transfer rate required to
explain the orbital expansion at the bolometric value extrapolated
from the X-ray outburst, we must invoke a mechanism that allows a
very small fraction of transferred mass (~ 0.2—0.3 per cent) to reach
the NS during the outburst phase (possible dimming effects due to the
high inclination angle of the source should be taken into account for
a more accurate estimation of this parameter). On the other hand, the
radio-ejection model is usually interpreted as an on/off mechanism
that allows or prevents the whole mass-transfer rate to be accreted.
Furthermore, we can roughly estimate the strength of the NS dipolar
magnetic field required to stop the predicted mass-transfer rate at the
inner Lagrangian point L1. Following Burderi, D’ Antona & Burgay
(2002), we can equate the ram pressure of the overflowing matter
Pram = 1/2pvg [where p = 47 R?*viz = M, is the density of the
overflowing matter, and vy = (2GM,/R)"? is the free-fall velocity at
the distance R], and the radiation pressure of the rotating magnetic
dipole, assumed isotropic, Ppsg = 2.04 x 10'2P-*u3 Rg? dy cm™2
(where Py, is the NS spin period in milliseconds, fi,6 is the magnetic
moment in units of 102°G cm?, and R is the distance from the NS
surface in units of 10° cm). We can then derive the expression of the
magnetic dipole as

—1/2 172 .
Mo = ZORIO/ ml/ P;tsmzi,7 G cm3, )

where R represents the distance in units of 10'° cm, and riz5,_7 is the
secondary mass-transfer rate in units of 1077 M, yr~!. Considering
the value of 1, estimated from the fast orbital expansion of the
binary system, we obtain ps ~ 20 G cm?, which implies a dipolar
magnetic field B ~ 1.3 x 10° G, almost an order of magnitude larger
than the values inferred from the long-term spin evolution of the
system reported in Section 4.4.
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4.3.3 Gravitation quadrupole coupling

Orbital period modulations have been observed in several millisecond
radio pulsars (e.g. PSR B1957 4 20, PSR J2051 — 0827, and
PSR J2339 — 0533; Applegate & Shaham 1994; Doroshenko et al.
2001; Pletsch & Clark 2015), and interpreted as due to gravitational
quadrupole coupling (GQC) between the companion star and the
orbit (Applegate 1992; Applegate & Shaham 1994). The model
invokes changes in the mass distribution of the donor star triggered
by magnetically induced transitions between different states of fluid
hydrostatic equilibrium. Changes of the donor oblateness translate
into changes in the gravitational force between the binary compo-
nents inducing orbital period variations on dynamical time-scales. As
reported by Applegate (1992), it is possible to express the variation
of the orbital period as a function of the variable quadrupole moment
AQ as

AP orb 9 AQ

Porb M2a2 ’

10)

where M, is the companion mass and a is the orbital separation.
AQ represents the variable part of the donor quadrupole moment
that depends on the variation of its outer layers angular velocity A2
due to angular momentum transfer AJ such that AQ = AJ/I;, where
I, represent the moment of inertia of the outer layers. Under the
assumption that the star angular velocity Q2 is locked to the orbital
angular velocity (Applegate & Shaham 1994), we can estimate the
required variable angular velocity to induce orbital period changes
AP, orb-

AQ  GM} [(a [P\’ AP an
Q 2RI M, \ R 27 Py

where M, is the mass of the secondary thin shell rotating with angular
velocity €2. Following Applegate (1992), the variable part of the
donor luminosity AL required to generate changes in the orbital
period AP, can be expressed as

AL

TG (a) ansr. 0

N g R2Pm0d RfZ Q Porb '

where Py, represents the period of the orbital modulation. The
application of this scenario for SWIFT J1749.4 — 2807 is poten-
tially limited by the fact we currently do not detect a long-term
orbital modulation due to the very limited number (only two at the
moment) of observed outbursts from which the NS ephemeris can
be determined. Notwithstanding, we can estimate, at least at zero-
order, the energetic reservoir required for the source. To do that, we
speculate that the orbital period variation APy, ~ 0.140 s occurred
over a time span of almost eleven years represents the first quarter
of a sinusoidal modulation characterized by a Ppog ~ 44 yr and
amplitude equal to AP,y. Furthermore, we assume that the outer
layer that differentially rotates with respect to the donor star has a
mass M; >~ 0.1M, (Applegate & Shaham 1994), the donor Roche—
Lobe radius Ry, ~ 0.462[q/(1 4+ ¢)]"/a (valid for mass ratio ¢ <
0.8; Paczynski 1971) is a good proxy of R, and the internal reservoir
of energy available to support the outer layer oscillations must be
of the order of 10 per cent of the thermonuclear energy produced by
the donor (Applegate 1992). Using the aforementioned assumptions
in equations (11) and (12), and rescaling the parameters by the
properties of SWIFT J1749.4 — 2807, we find that the donor star
must have a luminosity L ~ 0.36L, to justify the observed orbital
period variation employing the GQC mechanism. Considering a
donor star mass M, ~ 0.7 Mg, we can assume L,/Lg = (MZ/M<D)4'5
that implies L, >~ 0.2 Lg. We find a discrepancy close to a factor

MNRAS 514, 4385-4397 (2022)

of 2 between the required and available energy values; however, it
should be stressed that some of the assumptions discussed earlier for
SWIFT J1749.4 — 2807 remain speculations (e.g. we stress that the
modulation period suggested could be either significantly shorter or
longer) at the moment of writing this work. Further observations of
the source in outburst are therefore needed to additionally investigate
this scenario. Finally, under the assumption that the exchange of
angular momentum between the core and outer layers of the donor
is driven by a magnetic torque exerted by a subsurface field, we
can estimate its value to be close to 10* G (see Applegate 1992,
equation 23).

4.3.4 Projected semimajor axis

According to Kepler’s third law, we expect changes in the orbital
period of a binary system to be accompanied by changes of the orbital
separation a and/or on the total mass of the system. As described in
Section4.3.1, SWIFTJ1749.4 — 2807 showed a fast orbital expansion
during the last decade. Moreover, from Table 1 we can deduce an
increase of the NS projected semimajor axis between the observed
outbursts of Ax = 8.8(2.3) x 1077 It-s, corresponding to an expansion
rate of X = 2.56(32) x 10~"31t-s s~!'. Even if the inferred rate results
are marginally significant, it should be emphasised that this is the
first time we directly measure a clear evolution of the NS projected
semimajor axis for AMXPs. A comparison between the evolution
time-scales shows that x expands almost a factor of 10 faster (x/x ~
0.2 Myr) with respect to the Py, (Pors/ Pory ~ 2.4 Myr). Given the
observed values of % and Py, we can predict the mass transfer rate
required to verify instantaneously Kepler’s third law. To do that, we
calculate Kepler’s third law logarithmic derivative as

3a 2Porh _ Ml +M2
a " Pyy Mi+M,

13)

where a represents the time derivative of the orbital separation. Since

x = aysin (i)/c defines the projected semimajor axes of the NS orbit

expressed in light-seconds, and considering that a; = aM,/(M, +

M,), we can re-write equation (13) as follows

3 gl My Myt My (14)
x Porp M, My + M

If we assume a conservative mass transfer, M, = —Mj, the total mass
of the system must remain constant. If that is the case, the second
term on the right-hand side of equation (14) is zero. Moreover, since
%/x ~ 10 P/ Por, we find that x /x >~ M,/M,. Therefore, if the
observed fast expansion of the NS orbit is related to the exchange of
matter within the binary system, the donor mass transfer rate should
be of the order of 4.2 x 107% Mg yr~! for a 0.7 M companion star.
The predicted mass transfer rate is more than an order of magnitude
larger than the value predicted from the fast expansion of the observed
orbital period discussed in Section 4.3.1. Two considerations should
be discussed with respect to this result: first, the very short timescale
M,/ M, ~ 0.2 Myr would make it very unlikely to catch the system
in action; secondly, the fact that during the outburst phase we
infer a mass-transfer rate orders of magnitude smaller makes the
conservative mass-transfer hypothesis inapplicable. However, even
in the hypothesis of a highly non-conservative mass-transfer scenario
(with B of the order of a few percent), it can be easily shown that
equation (14) still implies & /x ~ M, /M, if we consider the possible
range of masses of the NS and companion for SWIFT'J1749.4 — 2807.

It could be interesting to at least mention a few alternative scenarios
that could in principle be invoked to explain secular changes of orbital
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parameters. The first mechanism, discussed by Kopeikin (1996),
takes into account the proper motion of a binary pulsar and its effect
on changing the observed geometrical orientation of the orbital plane.
Since the effect is purely geometrical, no real variation of the binary
orbit is expected, therefore secular changes are expected for x, not
for the orbital period. Following Arzoumanian et al. (1996), we can
quantity the effect with the relation X /x = wsin(j)/ tan (i), where
1 represents the proper motion magnitude, i is the orbital inclination
and j is the angle defined by the line of nodes and the proper
motion vector. Fori =77°, we find that ¢ sin j ~ 3 x 10~ Prads™! ~
1950 mas yr~!, which corresponds to a proper speed of 265000 km
s~ ! for an object almost 7 kpc apart and located in the Galactic Plane.

The second, more attractive, scenario that is worth mentioning
implies the presence of another object bound to the binary system,
forming a hierarchical triple system. If correct, % could arise from
the precession of the binary system in the gravitational field of the
third body. In this scenario, it is reasonable to expect effects also in
the temporal evolution of the orbital period that will translate into
P,b. A few multiple systems harbouring millisecond radio pulsars
have been discovered in the past such as B1620-26, PSR B1757+12,
and PSR1257 + 12 (see e.g. Thorsett et al. 1999; Wolszczan & Frail
1992; Ransom et al. 2014). To get a sense of the possible effects
on the secular variation of the binary orbital parameters influenced
by a lighter body orbiting around, it is interesting to mention the
system B1620-26. This system, most likely composed of a 1.3 Mg
NS and a 0.3 Mg white dwarf, is surrounded by a 0.01 Mg star
locked in a wide orbit with an orbital period of order one hundred
years. Interestingly, by investigating the secular temporal properties
of the pulsar on time-scales shorter than the outer body orbital period,
the system shows a variation of the orbital parameter such as X ~
—6x 1073 lt-ss'and P,,, ~ 4 x 10~'%ss~! (Thorsett et al. 1999),
similar in order of magnitude with those discussed here for SWIFT
J1749.4 — 2807. The available knowledge on the long-term orbital
behaviour of the source presented here allows us to only speculate on
these possible alternative scenarios; however, new X-ray outbursts
will allow us to set tighter orbital constraints useful to improve the
investigation.

4.4 Spin evolution

To investigate possible spin-down down effects during the quiescence
phase of SWIFT J1749.4 — 2807, we compared the spin frequency
at the end of the 2010 outburst with the value at the beginning of
the latest one. As mentioned in Section 3, to consistently compare
the NS spin evolution between the two outbursts, we re-analysed the
RXTE data set presented by Markwardt & Strohmayer (2010) and
Altamirano et al. (2011) to take into account a more accurate set of
coordinates of the source obtained with Chandra during its quies-
cence state (Jonker et al. 2013). As previously discussed, positional
uncertainties play an important role in accurately determining the
spin frequency as well as its temporal derivative. If we take into ac-
count the upper limit on the spin frequency derivative during the 2010
outburst and we propagate the uncertainties on the spin frequencies of
the two outbursts, we infer an upper limit for the spin variation during
quiescence of |Av| < 7.2 x 1077 Hz (95 per cent c.l.) and therefore
a spin frequency derivative || < 2.1 x 1071 Hz s=! (95 percent
c.l.). Adopting a description of the pulsar magnetosphere based on
the force-free relativistic MHD solution proposed by Spitkovsky
(2006), we can constrain the NS magnetic dipole moment to be:

I Y2
1< 0.7 x 10% <m) Lvi 0y Gem?, (15)
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where « is the angle between the rotation and magnetic poles, 45
is the NS moment of inertia in units of 10* g cm?, vsg is the
NS spin frequency rescaled to match SWIFT J1749.4 — 2807, and
U_15 is the spin-down frequency derivative in units of 10~ Hzs™'.
We can then calculate an upper limit on the NS magnetic moment
by assuming the extreme value ¢ = 0 deg, which corresponds to
w < 1 x 10% Gem?. Defining the magnetic field strength at the
magnetic caps as Bpc = 2u/Ryg, and considering a NS radius
of Rys = 1.14 x 10° cm (corresponding to the FPS equation of
state for a 1.4 Mg NS, see e.g. Friedman & Pandharipande 1981;
Pandharipande & Ravenhall 1989), we obtain Bpc < 1.3 x 108 G,
in line with the estimates reported by Mukherjee et al. (2015) and
similar to what has been derived for other AMXPs. Future outbursts
are required to improve the constraint on the magnetic field of the NS.

5 CONCLUSIONS

We investigated the temporal properties of the coherent X-ray
pulsation from SWIFT J1749.4 — 2807 during its latest outburst
using data collected by NICER and XMM-Newton, and we compared
it with the RXTE data set of the previous outburst observed almost
11 yr earlier that we re-analysed. We found the following:

(1) The pulse profile is well described by the superposition of
two harmonically related sinusoidal components with a comparable
fractional amplitude which varies during the outburst. Large phase
jumps are shown by the fundamental phase of the signal (Section 4.1)
consistently to what was observed during the previous outburst.
On the other hand, only a small phase wandering consistently with
typical timing noise observed in AMXPs is observed for the second
harmonic. Interestingly, phase jumps seem to be accompanied by an
increase of harmonic content in the pulse profile.

(ii) Both ephemerides obtained from the timing analysis of the
detected outbursts show some marginally significant evidence for
non-zero eccentricity (e ~ 4 x 1073, Section 4.2), which currently
makes SWIFT J1749.4 — 2807 the only AMXP with a constraint on
this parameter.

(iii) Long-term evolution of the orbital parameters of SWIFT
J1749.4 — 2807 suggests a fast expansion of the projected semi-
major axis (x), as well as the orbital period (Pgyp), at a rate of
X ~2.6x 10" t-ss™! (Section 4.3.4) and Py, ~ 4 x 10710557!
(Section 4.3.1), respectively. If interpreted in terms of loss of mass
and orbital momentum in the binary system, these results would
imply a highly non-conservative mass-transfer process in which the
donor star transfers matter at a super-Eddington rate and only a tiny
fraction of the transferred matter (< 0.5%) accretes on to the compact
object (Section 4.3.2), which makes this scenario unlikely for the
specific case of SWIFT J1749.4 — 2807. On the other hand, the fast
orbital expansion could be explained, at zero order, as the result of a
gravitational quadrupole coupling between the companion star and
the orbit (Section 4.3.3). Finally, the speculative scenario invoking a
hierarchical triple system cannot be ruled out at the moment.

(iv) Secular evolution of the spin frequency does not show a
significant deceleration of the compact object. The upper limit on
the spin derivative allows us to constrain the magnetic field strength
at the polar caps as Bpc < 1.3 x 103G (Section 4.4), which is in
line with typical values reported for AMXPs.
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