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ABSTRACT

NGC 7793 P13 is an ultraluminous X-ray source harboring an accreting pulsar. We report on the detection of a
~65d period X-ray modulation with Swift observations in this system. The modulation period found in the X-ray
band is P = 65.05 £ 0.10 d and the profile is asymmetric with a fast rise and a slower decay. On the other hand,
the w-band light curve collected by Swift UVOT confirmed an optical modulation with a period of P = 64.24 +0.13
d. We explored the phase evolution of the X-ray and optical periodicities and propose two solutions. A superorbital
modulation with a period of ~2,700-4,700d probably caused by the precession of a warped accretion disk is necessary
to interpret the phase drift of the optical data. We further discuss the implication if this ~65d periodicity is caused
by the superorbital modulation. Estimated from the relationship between the spin-orbital and orbital-superorbital
periods of known disk-fed high-mass X-ray binaries, the orbital period of P13 is roughly estimated as 3—7d. In this
case, an unknown mechanism with a much longer time scale is needed to interpret the phase drift. Further studies on
the stability of these two periodicities with a long-term monitoring could help us to probe their physical origins.

Keywords: X-rays: individual (NGC 7793 P13, CXOU J235750.9—323726) — X-rays: binaries —
stars: neutron — accretion, accretion disks — galaxies: individual (NGC 7793)

1. INTRODUCTION Recently, two ultraluminous pulsars, NGC 7793 P13 and
NGC 5907 ULX-1, were identified (Israel et al. 2017;
Fiirst et al. 2016; Israel et al. 2016). These discoveries
imply that a non-negligible number of ULXs may host
neutron stars.

NGC 7793 P13 (hereafter P13) was identified by
ROSAT as the brightest X-ray point source in NGC
7793 at an X-ray luminosity of (1.4 —1.8) x 103 ergs~!
(Read & Pietsch 1999) with a distance of D = 3.6-
3.9Mpc (Karachentsev et al. 2003; Radburn-Smith et al.
2011; Tully et al. 2016). Further deep Chandra obser-
vation revealed two X-ray sources within the ROSAT
PSF. The much brighter one, CXOU J235750.9—323726,
is associated with the ULX P13 (Pannuti et al. 2011).
The optical counterpart was classified as a B9la star
with a V-band magnitude of ~20.5 (Motch et al. 2011).
Optical and UV monitoring revealed a ~64d period,
which has been considered as the binary orbital period
Corresponding author: Chin-Ping Hu, K. L. Li (Motch et al. 2014, here after MPS+14). The optical
cphu@hku.hk, liliray@pa.msu.edu peak was interpreted as the illumination of the compan-

Ultraluminous X-ray sources (ULXs) are non-nuclear
and point-like sources with X-ray isotropic luminosi-
ties higher than the Eddington limit of a ~10 Mg
black hole (> 10*°ergs™!) in nearby galaxies. The
apparent luminosity of an accreting black hole can be
inferred from three parameters: the mass accretion
rate m, black hole mass Mpy, and the beaming fac-
tor b (Shakura & Sunyaev 1973; Poutanen et al. 2007).
Therefore, ULXs were thought to harbor stellar mass
black holes with super-Eddington accretion rate and
mild beaming, or intermediate mass black holes (M ~
102-10* M) in a sub-Eddington accretion regime (see
e.g., Feng & Soria 2011). However, our understanding
of ULXs was challenged by the discovery of an accret-
ing neutron star in ULX M82 X-2 (Bachetti et al. 2014).
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Figure 1. (a) Swift XRT 0.3-10keV light curve of NGC 7793 P13 binned to 1-day. The red arrows mark the 30 upper limits.

Gray boxes indicate three segments of clustering data points. (b)-(d):

Zoom-in view of each segment. Black diamonds, red

dashed lines, and gray histograms are the data points, mean values of corresponding segments, and the X-ray light curve folded

with 65.05d, respectively.

ion star by the X-ray emission. The light curve modeling
constrained the black hole mass as Mpy = 3.45 — 15M,
and an orbital eccentricity of e = 0.27 — 0.41. Further
analyzing the phase jitter of the optical maximum im-
plied that NGC 7793 P13 may exhibit a superorbital
modulation with a period of 1,800 —3,200d (MPS+14).

Recently, P13 was found to host an accreting pulsar
with a spin period of ~0.42s and a period derivative of
P ~ —3.5x 10" ss™! (Fiirst et al. 2016; Israel et al.
2017). This discovery implies that the Roche lobe of
the supergiant is much larger than the value reported
in MPS+14, and the Roche-lobe filling accretion can
only occur when the neutron star passes the perias-
tron with an eccentricity of e = 0.46 — 0.55 (Israel et al.
2017). If it is true, we would see the orbital X-ray mod-
ulation since the mass accretion rate is orbital-phase
dependent. Moreover, no significant period derivative
due to the orbital Doppler effect was found in the
long NuSTAR observation (Fiirst et al. 2016). Hence,
another possible origin of the 64d optical period is
the superorbital modulation instead of orbital mod-
ulation like the 55-62d quasi-periodic modulation in

M82 X-2 (Pasham & Strohmayer 2013; Qiu et al. 2015;
Kong et al. 2016) and the 78-d period in NGC 5907
ULX1 (Walton et al. 2016).

Here we report the detection of the 65d X-ray period-
icity in P13 with a Swift monitoring. The data selections
of XRT and UVOT are stated in Section 2. We describe
the timing analysis, including the detection of this peri-
odic signal, the significant test, and further phase evo-
lution analysis in Section 3. Then we discuss possible
orbital /superorbital solutions and their implications in
Section 4 and summarize this research in Section 5.

2. SWIFT OBSERVATIONS

P13 has been monitored with Swift since 2010 Au-
gust. Four series of regular monitoring have been made
in 2010, mid-2011 to early-2013, late-2014, and from
2016 April until December. We extracted the 0.3—10keV
XRT light curve from all the photon counting mode ob-
servations and binned it per snapshot via the online
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Figure 2. One-day binned UVOT light curves of P13 in u (black), w1 (blue), m2 (red), and w2 (green) bands. This source
was monitored by UVOT in (a) 2010, (b) mid-2011 to early-2013, corresponding to X-ray quiescence, (c) late-2014, and (d) from
2016 April to December. Magenta vertical dashed lines indicate the expected arrival time for the optical peak by MPS+14,
while the gray histogram is the u-band light curve folded with 64.24 d.

XRT product generator® (Evans et al. 2007, 2009). Tt
first localized the source position using the first observa-
tion if the source is observable. Then, it defined a back-
ground annulus around the source and excluded other
sources lying in the background region. Only those data
points with higher than 3¢ detection significance were
used in the following analysis. Therefore, data points
between mid-2011 to early-2013 were excluded. We fur-
ther applied a 3-0 criterion to reject those data with
extremely high uncertainties. A total of 221 snapshots
were collected with a time span of 2,309d. Figure 1(a)
shows the XRT light curves, while the light curves for
individual epochs are shown in Figure 1(b)—(d).

For the UVOT data, we downloaded all the 55 u, 15
uwl, 20 um2, and 17 ww2 bands observations from
the HEASARC data archive. The Swift-specific task
uvotmaghist in the HEAsoft (version 6.19) was used
to extract UVOT light curves with the Swift UVOT
CALDB (version 20160321). A source aperture radius of

L http://wuw.swift.ac.uk/user_objects/

3" as recommended by the Swift manual® and a 15" ra-
dius circular source-free background were adopted. We
noted that the local field around the target is crowded
and full of diffuse emission of the host galaxy, so the
background region was chosen far away from the target
to minimize contamination. This likely overestimates
the target’s magnitude (i.e., star + diffuse emissions).
It is acceptable because we focus on timing analysis
and an absolute photometry is not necessary. Figure 2
shows the UVOT light curves at different epochs.

3. TIMING ANALYSIS
3.1. X-ray Periodicity

We noticed that the X-ray light curve of P13 has a
long-term trend that may contaminate the power spec-
trum (Figure 1). Hence, we removed the linear trend by
subtracting the light curve with the averaged count rate
in each segment (Figure 1b—d). Then, we applied the
Lomb-Scargle periodogram (Lomb 1976; Scargle 1982)

2 http://swift.gsfc.nasa.gov/analysis/threads/uvot_thread_aperture.}
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Figure 3. Zoom-in view of the Lomb-Scargle power spec-
tra of (a) Swift XRT and (b) UVOT w-band light curves
of P13. Blue-dashed and red lines are the 99% significance
levels of white- and red-noises, respectively. The vertical
black dashed line is the best-determined X-ray period of
P = 65.05d, and the magenta dash-dotted line is the best-
determined wu-band period of P = 64.24 d.

to search for periodicity. The best-determined period is
Px = 65.05 +£0.10d, while the uncertainty is estimated
using the formula in Horne & Baliunas (1986). A series
of alias caused by the gap and several harmonics can
be seen. The zoom-in view of the power spectrum is
shown in Figure 3a in order to compare with the power
spectrum of the optical data. We also used the epoch
folding algorithm to search for periods and estimated the
uncertainty using the x? test (Leahy 1987). The period
and corresponding uncertainty are consistent with those
obtained from the Lomb-Scargle method. We further es-
timated the 99% white noise significance level by adopt-
ing the empirical function in Horne & Baliunas (1986),
and the 99% red noise level by fitting the time series
with the REDFIT algorithm (Schulz & Mudelsee 2002;
Farrell et al. 2009). The signal is well above the red-
noise significance levels.

The X-ray folded light curve is shown in Fig-
ure 4a. The profile is asymmetric, showing a fast rise
(20.2cycles) and a slow decay (20.4cycles). We over-
laid the folded light curve on the original XRT light
curves (Figure 1b—d) and shifted the count rate accord-
ing to the trend. This matches the data well although
the amplitude of the data in panel (b) seems to be
lower than that in panel (d). This probably indicates a
connection between the modulation amplitude and the
X-ray flux level.

3.2. Optical Periodicity

We then performed the same analysis on the u-band
optical light curve (Figure 2). The resulting Lomb-
Scargle power spectrum is shown in Figure 3(b). The
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Figure 4. Folded (a) XRT and (b) u-band light curves of
P13 with both data points of each snapshot (black diamonds)
and binned profile (blue histogram). The folding periods
are 65.05d and 64.24d for the X-ray band and the u-band,
respectively.We set the phase 0 as the peaks of X-ray and
optical bands individually.

best-determined period is FP,p, = 64.24 £ 0.13d. The
power is lower than that in X-rays, but still well above
the noise levels. We also tried the epoch folding anal-
ysis and yielded P, = 64.32 £ 0.10d. We noted that
the optical period differs from the X-ray one at 2 3o
level. However, the difference becomes less significant if
we consider the most conservative uncertainty described
by the Fourier width, i.e., op = P?/2T, where T is the
length of the time baseline. This yields ~0.9 d uncertain-
ties for both the X-ray and optical periods. Moreover,
the phase of the optical peak may shift due to the su-
perorbital modulation (MPS+14). Therefore, detailed
phase evolution analysis is necessary to further investi-
gate their relationship. The u-band folded light curve is
shown in Figure 4(b). The optical peak can be well fit
by a Gaussian function with ¢ of ~4.8d.

3.3. Phase Evolution

To further distinguish the X-ray and optical periods,
we analyzed their phase evolution. We adopted the
times of photometric maximum in the V-band observed
by the Las Campanas and ESO VLT, u-band and multi-
band estimation by Swift UVOT from MPS+14. Af-
ter 2013, the cadence of the u-band light curve is not
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Figure 5. Evolution of the optical and X-ray peak arrival phases of P13 with a folding period of (a) Py = 63.73d, and (b)
Py = 65.05d. Black diamonds are optical peak arrival phases adopted from MPS+14, blue squares are optical data obtained
with Swift UVOT data in 2015-2016, and green crosses are X-ray peak arrival phases obtained with Swift XRT. Red curves
are best-fit superorbital modulations with periods of (a) 3400d and (b) 3900 d, while the blue straight lines in panel (b) are the
best linear fits before 2006 and after 2010. Magenta lines are the best linear fit of X-ray peak arrival times with a period of

P =64.99d.

enough to clearly identify the optical maxima. Follow-
ing the multi-band identification in MPS+14, we found
an optical maximum around MJD 57,013 according to
the change of the flux. Moreover, we observed a de-
creasing wing before ~MJD 57,545. Assuming that the
optical profile is stable, we estimated that there is an
optical maximum at ~MJD 57,522. We assigned a 4.8d
uncertainty corresponding to the Gaussian width of the
optical peak as a conservative estimate.

Comparing to the optical peak arrival times, the X-ray
ones are more difficult to estimate due to the asymmet-
ric profile. We therefore used the folded light curve as
a template, and fit the light curve of individual cycles
by using the Levenberg-Marquardt non-linear fitting al-
gorithm MPFIT? (Markwardt 2009). During the fitting,
we allowed three parameters to vary: the time of X-ray
maximum, which is defined as phase 0 in the folded light
curve, the modulation amplitude, and a constant term.
We determined four arrival times of the X-ray peak as:
MJD55,440+2d, 56,998+4d, 57,519+2d, 57,649+3d,
and 57,717+ 3d.

To investigate the evolution of the measured optical
and X-ray periods in detail, we tried two approaches.
We set the phase zero at MJD 55,314.8, corresponding to
the first arrival time of the optical maximum in MPS+14
to compare both the X-ray and optical phase evolution
in the same standard.

Based on P,py = 63.52d (MPS+14), we refined this
solution with additional two UVOT data points by fit-

3 http://purl.com/net/mpfit

ting the phase evolution of the optical peak arrival
phases with a sinusoidal function. The best-fit result in-
dicates that Pop; = 63.73+£0.1d and Ps,p = 3400£400d,
with x2 = 0.6 for 7 degrees of freedom (dof), consistent
with the 68% confidence interval reported by MPS+14.
We then used the folding periodP; = F,pe = 63.73d
to plot the X-ray peak arrival phases, and checked if
the X-ray and optical periods have the same evolution-
ary pattern (Figure 5a). We found that the X-ray data
show a significant phase drift, which can be well de-
scribed by a straight line with a constant period of Px =
64.99 £ 0.07d. In this case, F,p¢ can be interpreted as
the beat period of Px and Fs,p. The expected superor-
bital modulation period is Psyp = 1/(1/Popt —1/Px) =
3200 + 350d, consistent with that obtained from the
phase jitter.

We further calculated the phase evolution of the X-
ray maxima based on Py = Px = 65.05d, the result de-
termined using the Lomb-Scargle periodogram from the
Swift XRT data. The X-ray data were well fit by a linear
function with a period identical to previous case. Then,
we plotted the optical peak arrival phases according to
this linear X-ray ephemeris to obtain the evolution of the
optical data (see Figure 5b). We found that the optical
data can be well fit with a sinusoidal curve indicating
that Popt = 64.82£0.1d and Py, = 3900 £ 800d with
a worse but still acceptable x2 = 1.2. This is not very
far from the alternating acceptable solution in MPS+-14.
Moreover, the optical period of this solution is roughly
consistent with the X-ray one although the X-ray data
did not show the sinusoidal phase jitter. We also tried to
divide the optical data into two epochs, before 2006 and
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after 2010, and fit them with a straight line individually.
The best fit results are Py (before 2006) = 64.1+0.6d
and Popi (after 2010) = 64.3+0.1d. The fit after 2010 is
acceptable with a x2 = 0.8 and 6 dof. These two peri-
ods are consistent with the optical period derived from
the Lomb-Scargle periodogram of the Swift u-band light
curve.

4. DISCUSSION

Our timing analysis of Swift XRT data reveals a stable
~65d X-ray modulation in NGC 7793 P13. This period
is possibly different from the optical period. The optical
period was attributed to the orbital period (MPS+14)
although this is not conclusive (First et al. 2016). If
instead, the X-ray modulation is orbital in origin, an
orbital-phase-dependent accretion rate could naturally
explain the data. On the other hand, the ~65d period
could be the superorbital period similar to the ~55-62d
modulation in M82 X-2 (Pasham & Strohmayer 2013;
Qiu et al. 2015; Kong et al. 2016) and the ~78d period
in NGC 5907 ULX1 (Walton et al. 2016). We here dis-
cuss their implications according to these two possible
origins.

If Px is the orbital period, FPops can be interpreted
as the beat period of Px and P, for the case in Fig-
ure Ha. Similar behavior was observed in Galactic X-
ray binary systems, e.g., the dipping low-mass X-ray bi-
nary 4U 1916—053, in which the optical modulation pe-
riod is ~1% longer than its orbital period (Chou et al.
2001; Hu et al. 2008). In the case of NGC 7793 P13,
the disk has to have retrograde precession like Her X-
1 (Gerend & Boynton 1976; Ogilvie & Dubus 2001) be-
cause Popt < Px. If this is the case, the enhancement
of the optical emission could be dominated by the illu-
mination of the tilted accretion disk.

Another scenario is that both the P, and Px rep-
resent the orbital modulation but the optical one shows
phase jitter with a much longer period (Figure 5b). The
scenario proposed by MPS+14 interpreted the phase
jitter as the effect of the disk precession like Her X-
1. In this model, the optical variability is caused
by the shadow of the tilted accretion disk. How-
ever, the drift of the optical maximum is likely linear
instead of sinusoidal in Her X-1 (Deeter et al. 1976;
Gerend & Boynton 1976), in which the optical maxi-
mum drifted from orbital phase ~0.8 to ~0.2 in one
superorbital cycle. Taking P13 as an analogous case of
Her X-1, the superorbital period could be estimated as
~2700d by calculating the time interval between two
zero-crossings of the drifting trend (blue lines in Fig-
ure 5b). If it is true, the orbital period will dominate
the power spectrum of the optical data as long as the

time span is much longer than one superorbital cycle. It
could possibly explain the strongest 65.15d peak in the
power spectrum presented in MPS—+14.

Both the aforementioned cases require a superorbital
modulation to explain the phase drift or the period
difference. A currently acceptable explanation of the
superorbital modulation is the precession of a tilted
and warped accretion disk (MPS+14). The stabil-
ity of a radiation-driven warping of an accretion disk
could be described by two parameters: the binary
separation 73, in units of GM;/c* and the mass ra-
tio ¢, where M; is the mass of the compact object
(Ogilvie & Dubus 2001). In P13, the binary separation
has to be larger than Ry ~50-60 R, for a B9Ia super-
giant with a mass of 18-23 M, (Israel et al. 2017), im-
plying that 7,/10% > 17. The mass ratio is expected
to be ¢ > 10 since the compact object is a neutron
star. Accordingly, P13 lies on the upper-right corner
of the 7, — g plot (see Figure 7 of Ogilvie & Dubus
2001), beyond the stable zone for steady precession.
Therefore, the disk precession period of NGC 7793 P13
is probably aperiodic like Cyg X-2 or quasi-periodic
like SMC X-1 (Clarkson et al. 2003a,b). The (instanta-
neous) precession period can vary between neighboring
cycles (Trowbridge et al. 2007; Hu et al. 2011). If one
of P,pt and Px is the orbital period and another one
is caused by beating, the beat period is expected to be
less stable. Hence, further Swift multi-band monitor-
ing could help us to test the stability and explore the
evolution of these two periodicities.

If both Px and P, are superorbital periods, the
orbital period should be much shorter. The relation-
ship between the orbital and superorbital modula-
tion periods of Galactic HMXBs are summarized in
Corbet & Krimm (2013). Both the Roche-lobe filled
(disk-fed) and the wind-fed HMXBs show a positive
correlation between Py, and Pyyp, but the superorbital
modulation period in disk-fed systems (Pyyp/Porb ~10—
20) are systematically longer than those in the wind-fed
systems (Puyp/Porb, ~2-4). If the relationship also hold
for the ultraluminous HMXBs, P13 could have an orib-
tal period of 3-7d for disk-fed assumption, or 16-32d
for wind-fed accretion scenario. In addition, if we plot
the spin period against the orbital period of known
HMXBs, wind-fed and disk-fed systems show clear dif-
ferent distributions (Corbet 1986; Bildsten et al. 1997;
Li et al. 2016). The spin periods of disk-fed systems as
well as M82 X-2 anti-correlate with the orbital periods.
If NGC 7793 P13 is a disk-fed system, the orbital period
estimated above agrees this relationship. On the other
hand, (Karino & Miller 2016) suggested that M82 X-
2 is possibly a short-period extension of the standard



Be-type HMXBs. If both measured Px and Py are
superorbital periods, NGC 7793 P13 could be in a sim-
ilar regime since the spin and superorbital modulation
periods are similar to those in M82 X-2.

The phase drift or the discrepancy between Px and
P, are intriguing if the ~65d period is due to disk
precession. It is probably the effect of a third companion
or other unknown mechanisms. Further monitoring of
the spin period with XMM-Newton or NuSTAR could
unambigously reveal the true orbital period if the orbital
Doppler effect can be observed. As a result, a complete
picture of this system can be well established.

5. SUMMARY

With the Swift XRT monitoring of NGC 7793 P13, we
determined an X-ray period of ~65d. The X-ray profile
is asymmetric and has a much wider peak than the op-
tical profile. Through the phase evolution, we proposed
two possible combinations of the optical and X-ray peri-
ods. If both the X-ray and optical periods represent the
orbital period, the phase drift may be interpreted as the
effect of a superorbital modualtion originated from the
precession of the disk. The optical modulation period

7

could also be the beat period of the orbital and the disk
precession periods. In both cases, the disk precession
period seems to be unstable according to the radiation-
driven warping model. Another possibility is that the
~65d modulation is the superorbital modulation. An
orbital period of 3-7d could be inferred according to
the Pipin—Forb and Po,—Payp relations if P13 is a disk-
fed system. In this case, the much longer modulation
with a period of thousands of days could be originated
from other unknown mechanisms. Therefore, further
monitoring of NGC 7793 P13 is required to probe the
origin of these two periods.
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