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Einstein@Home discovery of the gamma-ray millisecond pulsar
PSR J2039–5617 confirms its predicted redback nature
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ABSTRACT
The Fermi Large Area Telescope gamma-ray source 3FGL J2039.6–5618 contains a periodic optical and X-ray source that was
predicted to be a ‘redback’ millisecond pulsar (MSP) binary system. However, the conclusive identification required the detection
of pulsations from the putative MSP. To better constrain the orbital parameters for a directed search for gamma-ray pulsations, we
obtained new optical light curves in 2017 and 2018, which revealed long-term variability from the companion star. The resulting
orbital parameter constraints were used to perform a targeted gamma-ray pulsation search using the Einstein@Home-distributed
volunteer computing system. This search discovered pulsations with a period of 2.65 ms, confirming the source as a binary MSP
now known as PSR J2039–5617. Optical light-curve modelling is complicated, and likely biased, by asymmetric heating on the
companion star and long-term variability, but we find an inclination i � 60◦, for a low pulsar mass between 1.1 M� < Mpsr <

1.6 M�, and a companion mass of 0.15–0.22 M�, confirming the redback classification. Timing the gamma-ray pulsations also
revealed significant variability in the orbital period, which we find to be consistent with quadrupole moment variations in the
companion star, suggestive of convective activity. We also find that the pulsed flux is modulated at the orbital period, potentially
due to inverse Compton scattering between high-energy leptons in the pulsar wind and the companion star’s optical photon field.

Key words: stars: neutron – pulsars: individual (PSR J2039–5617) – gamma-rays: stars – binaries: close .

1 IN T RO D U C T I O N

Millisecond pulsars (MSPs) are old neutron stars that have been spun-
up to millisecond rotation periods by the accretion of matter from an
orbiting companion star (Alpar et al. 1982). The most compelling ev-
idence for this ‘recycling’ scenario comes from the discovery of three

� E-mail: colin.clark-2@manchester.ac.uk (CJC); lars.nieder@aei.mpg.de
(LN)

transitional MSPs, which have been seen to switch between rotation-
ally powered MSP and accretion-powered low-mass X-ray binary
states (Archibald et al. 2009; Papitto et al. 2013; Bassa et al. 2014;
Stappers et al. 2014). In their rotationally powered states, these transi-
tional systems all belong to a class of interacting binary MSPs known
as ‘redbacks’, which are systems containing an MSP in orbit with a
low-mass (0.1 M� � M � 0.4 M�) non-degenerate companion star
(Roberts 2013). Redbacks, and the closely related ‘black widows’
(which have partially degenerate companions with M � 0.05 M�),
are named after species of spiders in which the heavy females have
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been observed to consume the smaller males after mating, reflecting
the fact that the lighter companion stars are being destroyed by the
pulsar’s particle wind and/or intense high-energy radiation.

Until recently, only a handful of these ‘spider’ systems had been
found in radio pulsar surveys of the Galactic field. This is most
likely due to the ablation phenomenon, which gives redbacks and
black widows their nicknames: plasma from the companion can
eclipse, scatter, and disperse the MSP’s radio pulsations for large
fractions of an orbit (e.g. Ray et al. 2013; Deneva et al. 2016),
causing these pulsars to be easily missed in radio pulsar surveys. In
addition, traditional ‘acceleration’ search methods for binary pulsars
(Ransom, Eikenberry & Middleditch 2002) are only optimal when
the integration time is � 10 per cent of the orbital period, leading
to an additional sensitivity loss to spiders, which often have orbital
periods of just a few hours.

Fortunately, gamma-ray emission from an MSP does not suffer
from strong propagation effects from intrabinary plasma structures.
A new route for binary MSP discoveries therefore appeared with the
launch of the Fermi Gamma-ray Space Telescope in 2008. The on-
board Large Area Telescope (LAT) discovered gamma-ray pulsations
from a number of known MSPs shortly after launch (Abdo et al.
2009). Targeted radio observations of unidentified but pulsar-like
Fermi-LAT sources have since discovered more than 90 new MSPs,
more than a quarter of all known MSPs in the Galactic field.1 A
disproportionately large fraction of these are spiders that had been
missed by previous radio surveys (Ray et al. 2012).

In addition to the large number of radio-detected spiders found
in Fermi-LAT sources, a growing number of candidate spiders have
been discovered through searches for optical and X-ray counterparts
to gamma-ray sources (e.g. Romani, Filippenko & Cenko 2014;
Strader et al. 2014; Halpern, Strader & Li 2017; Salvetti et al. 2017;
Li et al. 2018). In a few cases, the MSP nature of these sources was
confirmed by the detection of radio or gamma-ray pulsations (Pletsch
et al. 2012; Ray et al. 2020); however most of these candidates remain
unconfirmed.

To overcome the difficulties in detecting spider MSPs in radio
pulsation searches, it is possible to directly search for gamma-ray
pulsations in the LAT data. In contrast to searches for isolated MSPs,
which can be detected in gamma-ray pulsation searches without any
prior knowledge of the parameters (Clark et al. 2018), gamma-ray
pulsation searches for binary MSPs require tight constraints on the
orbital parameters of the candidate binary system to account for the
orbital Doppler shift (Pletsch et al. 2012), which would smear out
the pulsed signal if not corrected for. This in turn requires long-term
monitoring of the companion star’s optical light curve to measure
the orbital period with sufficient precision and spectroscopic radial
velocity measurements and/or light-curve modelling to tie the photo-
metric light curve to the pulsar’s kinematic orbital phase. Prior to this
work, such searches have been successful only twice (Pletsch et al.
2012; Nieder et al. 2020b), with both MSPs being extremely compact
black widow systems with small orbital Doppler modulations.

Salvetti et al. (2015) and Romani (2015) discovered a high-
confidence candidate redback system in the bright, pulsar-like
gamma-ray source 3FGL J2039.6–5618 (Acero et al. 2015). This
source is now known as 4FGL J2039.5–5617 in the latest Fermi-LAT
Fourth Source Catalog (hereafter 4FGL, Abdollahi et al. 2020). This
system (which we refer to hereafter as J2039) contains a periodic
X-ray and optical source with orbital period Porb ≈ 5.5 hr. The
optical light curve exhibits two ‘ellipsoidal’ peaks, interpreted as a

1http://astro.phys.wvu.edu/GalacticMSPs/GalacticMSPs.txt

tidally distorted companion star in an intense gravitational field being
viewed from the side, where its projected surface area is highest.
These peaks have unequal amplitudes, indicating a temperature
difference between the leading and trailing sides of the star. Despite
the high likelihood of this source being a redback system, the pulsar
remained undetected in repeated observations attempting to detect
its radio pulsations by Camilo et al. (2015).

On 2017 June 18, we took new observations of J2039 with the
ULTRACAM (Dhillon et al. 2007) high-speed multiband imager on
the 3.5-m New Technology Telescope (NTT) at ESO La Silla. The
goal of these observations was to refine the orbital period uncertainty
by phase-aligning a new orbital light curve with the 2014 GROND
observations from Salvetti et al. (2015). However, we found that the
optical light curve had changed significantly. Further observations
obtained on 2018 June 2 also found a light curve that differed from
the first two. This variability, similar to that discovered recently in
other redback pulsars (van Staden & Antoniadis 2016; Cho, Halpern
& Bogdanov 2018), poses challenges for obtaining reliable estimates
of the physical properties such as the binary inclination angle and
pulsar mass via optical light-curve modelling (e.g. Breton et al. 2012;
Draghis et al. 2019).

Using constraints on the pulsar’s orbital period and epoch of
ascending node from preliminary models fit to the optical data, we
performed a gamma-ray pulsation search using the Einstein@Home-
distributed volunteer computing system (Knispel et al. 2010; Allen
et al. 2013), which finally identified the MSP, now named PSR J2039–
5617, at the heart of the system.

In this paper, we present the detection and timing of gamma-ray
pulsations from PSR J2039–5617 and our new optical observations
of the system. The paper is organized as follows: in Section 2, we
review the literature on recent observations of the system to update
our knowledge of its properties; Section 3 presents updated analysis
of Fermi-LAT gamma-ray observations of 4FGL J2039.5–5617 and
describes the gamma-ray pulsation search, discovery, and timing
of PSR J2039–5617; in Section 4, we describe the newly obtained
optical data and model the optical light curves to estimate physical
properties of the system and investigate the observed variability; in
Section 5, we discuss the newly clarified picture of PSR J2039–5617
in the context of recent observations of redback systems; and finally,
a brief summary of our results is given in Section 6.

Shortly after the discovery of gamma-ray pulsations reported in
this paper, the initial timing ephemeris was used to fold existing
radio observations taken by the CSIRO Parkes radio telescope.
The resulting detections of radio pulsations and orbital eclipses are
presented in a companion paper (Corongiu et al. 2020, hereafter
Paper II).

2 SU M M A RY O F P R E V I O U S L I T E R ATU R E

The periodic optical counterpart to 4FGL J2039.5–5617 was dis-
covered by Salvetti et al. (2015) and Romani (2015) in photometric
observations of the gamma-ray source region taken over three nights
on 2014 June 16–18 with GROND (Greiner et al. 2008) on the
ESO/MPG 2.2-m telescope on La Silla. These observations covered
SDSS g

′
, r

′
, i

′
, and z

′
optical filters in simultaneous 115-s exposures,

and H, J, and K near-infrared filters in simultaneous 10-s exposures.
For consistency with the new optical light curves presented in
this paper, we re-reduced the optical observations but chose not
to include the infrared observations, which were not compatible
with our reduction pipeline. These observations revealed a double-
peaked light curve typical of redback systems but with the peak
corresponding to the companion’s ascending node brighter and bluer
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than that of the descending node. This requires the trailing side of
the star to be hotter than the leading side, perhaps due to heating flux
being redirected by an asymmetric intra-binary shock (e.g. Romani
& Sanchez 2016), or due to the presence of cold spots on the leading
edge (e.g. van Staden & Antoniadis 2016).

Salvetti et al. (2015) and Romani (2015) also analysed X-ray obser-
vations of J2039 taken by XMM–Newton. These data had insufficient
time resolution to test for millisecond X-ray pulsations but did reveal
a periodic (∼5.5 hr) modulation in the X-ray flux, which the authors
identified as likely being due to synchrotron emission from particles
accelerated along an intra-binary shock, commonly seen in black
widow and redback systems. However, without long-term timing
to precisely measure the orbital period, the authors were unable
to unambiguously phase-align the optical and X-ray light curves.
The Catalina Surveys Southern Periodic Variable Star Catalogue
(Drake et al. 2017) includes 223 photometric observations of J2039
between 2005 and 2010. While the uncertainties on these unfiltered
data are too large for a detailed study of the light curve over these
5 yr, the underlying periodicity is clearly recovered by a 2-harmonic
Lomb Scargle periodogram, which reveals a significant signal with
an orbital period of Porb = 0.227980(1) d with no significant aliases.
Folding at this period shows that the X-ray modulation peaks at the
putative pulsar’s inferior conjunction, indicating that the shock wraps
around the pulsar. This scenario requires the companion’s outflowing
wind to overpower the pulsar wind (see e.g. Romani & Sanchez 2016;
Wadiasingh et al. 2017).

Using 9.5 yr of Fermi-LAT data, Ng et al. (2018) discovered that
the gamma-ray emission from J2039 contains a component below
3 GeV that is modulated at the orbital period, peaking around the
companion star’s inferior conjunction, i.e. half an orbit out of phase
with the X-ray modulation. This phase offset rules out synchrotron
emission from particles accelerated along the shock front as an
origin for the gamma-ray flux, as such a component would occur
at the same orbital phase as the X-ray modulation. Instead, Ng et al.
(2018) propose that this component is produced by inverse Compton
scattering (ICS) between the pulsar’s high-energy particle wind and
the companion star’s optical photon flux. Such a component would
be strongest if our line of sight to the pulsar passes close to the limb
of the companion star, suggesting an intermediate inclination angle
i ∼ 80◦.

Strader et al. (2019) obtained spectroscopic observations with the
Goodman Spectrograph (Clemens, Crain & Anderson 2004) on the
SOAR telescope. The spectra suggest a mid-G-type companion star,
with temperature T ≈ 5500 K and variations of up to ±200 K across
the orbit attributed to heating from the pulsar. The spectroscopy also
revealed a single-line radial velocity curve whose semi-amplitude of
Kc = 324 ± 5 km s−1 implies an unseen primary with a minimum
mass M > 0.8M�. Strader et al. (2019) modelled the GROND light
curve, incorporating two large cold spots on the outer face of the
companion star to account for the light-curve asymmetry, and found
an inclination angle i ∼ 55◦, from which they deduce a heavy neutron
star primary with M � 1.8M�.

The optical counterpart is also covered in the Second Gaia Data
Release (DR2, Gaia Collaboration 2016, 2018). Using equation (2) of
Jordi et al. (2010), the Gaia DR2 colour GBP − GRP = 1.02 implies
an effective temperature of Teff = 5423 ± 249 K, consistent with
the spectroscopic temperature measured by Strader et al. (2019).
The Gaia DR2 also provides a marginal parallax detection (� =
0.40 ± 0.23 mas) for a minimum (95 per cent confidence) distance of
d > 1.2 kpc, and a total proper motion of μ = 15.51 ± 0.26 mas yr−1,
corresponding to a distance-dependent transverse velocity of v(d) ≈
75 (d/1 kpc) km s−1. The systemic velocity (the radial velocity of

the binary centre of mass) measured from optical spectroscopy by
Strader et al. (2019) is just 6 ± 3 km s−1 indicating that the 3D
velocity vector is almost entirely transverse.

3 G AMMA-RAY OBSERVATI ONS

To update the gamma-ray analysis of J2039 from previous works
(Salvetti et al. 2015; Ng et al. 2018), we selected SOURCE-class
gamma-ray photons detected by the Fermi LAT between 2008 August
4 and 2019 September 12. Photons were included from within a 15◦

region of interest (RoI) around J2039, with energies greater than
100 MeV, and with a maximum zenith angle of 90◦, according to the
‘Pass 8’ P8R3 SOURCE V2 (Atwood et al. 2012; Bruel et al. 2018)
instrument response functions (IRFs).2

We first investigated the gamma-ray spectral properties of
4FGL J2039.5–5617. We used the 4FGL catalogue as an ini-
tial model for the RoI and used the gll iem v07.fits and
iso P8R3 SOURCE V2 v1.txt models to describe the Galac-
tic and isotropic diffuse emission, respectively. We replaced
4FGL J2039.5–5617 in the RoI model with a point source at the Gaia
DR2 position of the optical source. To model the source spectrum,
we used a subexponentially cutoff power-law spectrum typical for
gamma-ray pulsars (4FGL),

dN

dE
= K

(
E

E0

)−�

exp

(
−a

(
E

1 MeV

)b
)

, (1)

where the parameters E0 = 1 GeV (‘pivot energy’) and b = 2/3
(exponential index) were fixed at their 4FGL values, while the
parameters K (normalization), � (low-energy spectral index), and
a (exponential factor) were free to vary during fitting. We performed
a binned likelihood analysis using fermipy (Wood et al. 2017)
version 0.18.0, with 0.05◦ × 0.05◦ bins and 10 logarithmic energy
bins per decade. For this analysis, we utilized the ‘PSF’ (point spread
function) event types and corresponding IRFs, which partition the
LAT data into quartiles based on the quality of the reconstructed
photon arrival directions. All 4FGL sources within 25◦ of the optical
counterpart position were included in the model. Using the ‘optimize’
function of fermipy, the parameters of all sources in the region
were updated from their 4FGL values one at a time to find a good
starting point. We then performed a full fit for the region surrounding
J2039. The spectral parameters of all sources within 10◦ were free to
vary in the fitting, as were the normalizations of the diffuse models
and the spectral index of the Galactic diffuse model.

The gamma-ray source at the location of the optical counterpart is
detected with test statistic TS = 2167 (the TS is defined as twice the
increase in log-likelihood when the source is added to the model).
The spectrum has a photon power-law index of � = 1.4 ± 0.1 and
an exponential factor of a = (7 ± 1) × 10−3. The total energy flux
above 100 MeV is Gγ = (1.46 ± 0.06) × 10−11 erg cm−2 s−1. At an
assumed distance of 1.7 kpc (from our optical light-curve modelling
in Section 4.2), this gives a gamma-ray luminosity of Lγ = (5.0 ± 0.6)
× 1033 erg s−1, assuming isotropic emission.

In gamma-ray pulsation analyses, photon weights are used to
weight the contribution of each photon to a pulsation detection
statistic to increase its sensitivity and avoid the need for hard cuts
on photon energy and incidence angle (Kerr 2011). A weight wj

represents the probability that the j-th photon was emitted by a
target source, as opposed to by a fore/background source, based on
the reconstructed photon energy and arrival direction, and a model

2See https://fermi.gsfc.nasa.gov/ssc/data/analysis/LAT essentials.html
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for gamma-ray sources within the RoI. We computed these weights
for photons whose arrival directions were within 5◦ of J2039 using
gtsrcprob, again making use of the PSF event types. Within this
region, there were 181 813 photons in total, with

∑
jwj = 3850

‘effective’ photons. To speed up our timing analyses (Section 3.2),
we additionally removed photons with w < 0.1, leaving 6571 photons
that account for 93 per cent of the expected pulsation signal-to-noise
ratio (which is proportional to

∑
j w2

j , Clark et al. 2017).
The data set described above was used for the timing (Section 3.2)

and orbital modulation analyses (Section 3.3) presented in this
paper. For the pulsation search described in Section 3.1, we used
an earlier data set which only covered data up to 2019 January 10
and used spectral parameters from a preliminary version3 of the
4FGL catalogue when computing photon weights.

3.1 Gamma-ray pulsation search

Using the hierarchical search methods described by Pletsch & Clark
(2014), extended to provide sensitivity to binary pulsars by Nieder
et al. (2020a), we performed a search for gamma-ray pulsations in
the weighted Fermi-LAT photon arrival times.

For this, it was necessary to search for an unknown spin frequency
ν, spin-down rate ν̇, as well as the orbital period Porb, pulsar’s time
of ascending node Tasc, and pulsar’s projected semimajor axis x =
Apsrsin i, where Apsr is the (non-projected) semimajor axis, and i is the
binary inclination angle. We did not search a range of sky positions
as we used the precise Gaia position of the optical counterpart.

This 5D parameter volume is extremely large and requires large
computing resources and efficient algorithms to cover. To meet the
large computational cost of the searches, we utilized the distributed
volunteer computing system, Einstein@Home (Knispel et al. 2010;
Allen et al. 2013). Under this system, the parameter space is split
into millions of smaller chunks, which can be searched by a typical
personal computer within a few hours. These ‘work units’ are
computed while volunteer’s computers are otherwise idle. We also
ported our Einstein@Home search code from CPUs to GPUs, which
has previously been done for radio pulsar searches (Allen et al. 2013).
The approximately 10 000 GPUs active on Einstein@Home increase
the computing speed by an order of magnitude.

Despite this large computational resource, major efficiency gains
and compromises are required to ensure that the computational
effort of the search remains feasible. Key to improved efficiency
is ensuring that the parameter space is covered by a grid of search
locations that is as sparse as possible, yet sufficiently covers the
volume to avoid missing signals. The required density is described
by a distance metric – a function relating parameter space offsets
to a corresponding expected loss in signal strength. This metric is
described by Nieder et al. (2020a).

In the binary pulsar search, the spin parameters are searched in the
same way as they are in isolated pulsar searches (see e.g. Clark et al.
2017). ν is searched via Fast Fourier Transforms. The relevant range
in ν̇ is covered by a frequency-independent lattice.

The computational effort to search the orbital parameters depends
linearly on the number of grid points. Searching the orbital param-
eters in a uniformly spaced grid would be inefficient because the
required metric spacing depends strongly on ν and x, i.e. at higher
values for ν and x, the grid needs to be denser (Nieder et al. 2020a). To
deal with the ν-dependency, we break down the search into discrete
8-Hz bands, which are searched separately, and in each band, the

3https://fermi.gsfc.nasa.gov/ssc/data/access/lat/fl8y/

grid over the orbital parameters is designed to be dense enough for
the maximum frequency in the band.

The orbital grid would be optimal if it has the lowest number of
grid points such that each point in the parameter space is ‘covered’.
A location in the parameter space is covered if the distance to the
closest grid point is less than a chosen maximum. In inhomogeneous
parameter spaces, the optimal grid is unknown. However, the required
number of grid points Nopt for such a grid can be estimated using
the distance metric under the assumption that locally the parameter
space is sufficiently flat.

To search the inhomogeneous (x-dependent) orbital-parameter
space efficiently, optimized grids are used (Fehrmann & Pletsch
2014). These are built from stochastic grids, which are grids where
grid points are placed stochastically while no two grid points are
allowed to be closer than a minimum distance (Harry, Allen &
Sathyaprakash 2009). We create a stochastic grid with Nopt grid
points and optimize it by nudging the position of each grid point
one by one towards ‘uncovered space’ using a neighbouring cell
algorithm (Fehrmann & Pletsch 2014). After a few nudging iterations
over all grid points, the covering is typically sufficient for the
search.

Using preliminary results from our optical modelling (see Sec-
tion 4.2), obtained prior to the publication by Strader et al. (2019)
of spectroscopic radial velocities which better constrain Tasc, we
constrained our orbital search space to Porb = 0.2279799(3) d and
Tasc = MJD 56884.9678(8). The range of expected x values was
not well constrained by this model, and as the computing cost
increases with x3, we chose to initially search up to x = 0.5 lt-s,
with the intention of searching to higher values should the search be
unsuccessful.

The search revealed a signal with ν ≈ 377 Hz that was highly
significant in both the initial semicoherent and fully coherent follow-
up search stages. The signal had x ≈ 0.47 lt-s, which along with
the companion’s radial velocity measurements by Strader et al.
(2019) gives a mass ratio of q = Mpsr/Mc = KcPorb/2πx ≈ 7.2,
and a minimum companion mass of Mc > 0.15 M� assuming i =
90◦. These features conclusively confirm that the source is indeed a
redback MSP system, which can now be named PSR J2039–5617.

3.2 Gamma-ray timing

Following the discovery of gamma-ray pulsations, we used the
Fermi-LAT data set to obtain a rotational ephemeris spanning 11 yr.
To do so, we followed the principles described by Kerr et al. (2015), in
which a template pulse profile F(φ) is produced and the parameters
λ of a phase model φ(t | λ) are fit to maximize the Poisson log-
likelihood of the unbinned photon phases. Assuming that the weights
derived in Section 3 represent the probability that each photon was
emitted by the pulsar, then the contribution to the pulsation log-
likelihood from the j-th photon, with weight wj, is a mixture model
between a constant (i.e. uniform in phase) background rate and the
template pulse profile, with mixture weights of 1 − wj and wj,
respectively. Hence, the overall log-likelihood is

log L(λ | tj , wj , F ) =
N∑

j=1

log
[
wj F

(
φ

(
tj | λ

)) + (1 − wj )
]

, (2)

where tj denotes the measured arrival time of the j-th detected
gamma-ray photon.

Folding the LAT data with the initial discovery ephemeris showed
that the signal was not phase-connected over the entire data span,
with the pulse profile drifting in and out of focus, indicative of a
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varying orbital period. Such effects are common among redback
pulsars and are attributed to variations in the quadrupole moment
of the companion star coupling with the orbital angular momentum
(e.g. Arzoumanian, Fruchter & Taylor 1994; Lazaridis et al. 2011;
Pletsch & Clark 2015). These effects significantly complicate efforts
to time redbacks over more than a few months (e.g. Deneva et al.
2016).

In previous works, these effects have been accounted for by adding
a Taylor series expansion of the orbital frequency perturbations
to the constant-period orbital phase model, where the derivatives
of the orbital angular frequency become additional parameters in
the timing model. However, this parametrization has a number
of drawbacks. Large correlations between the orbital frequency
derivatives greatly increase the time required for a Markov-Chain
Monte Carlo (MCMC) sampling procedure, which suffers from
inefficient sampling and exploration during the ‘burn-in’ phase for
highly correlated parameter spaces. The Taylor series model also
has poor predictive power as the orbital phase model ‘blows up’
when extrapolating beyond the fit interval, making it difficult to
extend an existing timing solution to incorporate new data. An
astrophysical interpretation of the resulting timing solution is also
not straightforward, as the measured orbital frequency derivatives
depend on one’s choice of reference epoch (Tasc) and are not
representative of long-term trends in Porb due to e.g. mass loss from
the system.

These problems are very similar to those encountered when timing
young pulsars with strong ‘timing noise’: unpredictable variations in
the spin frequency over time. To address these issues, modern timing
analyses treat timing noise as a stationary noise process, i.e. a random
process with a constant correlation function on top of the long-term
spin-down due to the pulsar’s braking (Coles et al. 2011).

Kerr et al. (2015) used this method to time gamma-ray pulsars
using Fermi-LAT data. To do this, a template pulse profile is
constructed and cross-correlated with the photon phases within
weeks- or months-long segments to obtain a discrete pulse-phase
measurement, or ‘time of arrival’ (TOA), for each segment, and the
stochastic noise process is fit to these phase measurements. Timing
parameters can then be fit analytically to minimize the chi-square log-
likelihood of the covariance-transformed TOA residuals including
a Bayesian penalty factor for the required timing noise process.
However, this procedure has the drawback that for faint pulsars, the
segment length required to obtain a significant TOA measurement
can become very long, and phase variations due to timing noise within
each segment can no longer be neglected. Of course, the timing noise
within a segment cannot be accounted for without a description of the
noise process, which in turn cannot be obtained without the TOAs,
creating a circular problem.

While this circular problem can be partially overcome by fitting
iteratively, we have developed a new method to fit the noise process
using every individual photon, rather than obtaining and fitting dis-
crete TOAs. To obtain this best-fitting function and its uncertainty, we
apply the sparse online Gaussian process (SOGP) procedure devel-
oped by Csató & Opper (2002). For purely Gaussian likelihoods, the
Gaussian process framework would allow an exact posterior distribu-
tion for the noise process to be computed analytically (Rasmussen &
Williams 2005). In our case, however, the likelihood for each photon
phase in equation (2) is a mixture model of Gaussian peaks describing
the template pulse profile with a constant background level. Seiferth
et al. (2017) describe how to apply the SOGP procedure to obtain
an optimal Gaussian approximation to the posterior distribution for
a stationary process with Gaussian mixture model likelihoods, and
we use this formulation to derive our timing solution.

For J2039, we require a timing model that accounts for variations in
the orbital phase, which we treat as a stationary random process. The
overall goal is therefore to find the best-fitting continuous function
describing the phase deviations from a constant orbital period model,
given a prior covariance function (C0(t1, t2)).

Before fitting, we must choose the form of the prior covariance
function and hyperparameters controlling its properties. Here, we
assumed a Matérn covariance function (Rasmussen & Williams
2005),

C0(t1, t2) = h2 21−n

�(n)

(√
2n

	
|t1 − t2|

)n

Kn

(√
2n

	
|t1 − t2|

)
, (3)

where Kn is the modified Bessel function. The hyperparameters
are the length scale, 	, controlling the time span over which the
orbital period remains correlated, an amplitude parameter, h, which
describes the expected magnitude of the orbital phase variations, and
the degree n, which controls the smoothness of the noise process. In
the limit of n → ∞, this reduces to the simpler squared-exponential
covariance function,

C0(t1, t2) = h2 exp

(
−|t1 − t2|2

2	2

)
. (4)

In the frequency domain, a noise process with the Matérn covari-
ance function of equation (3) has a power spectral density,

P (f ) ∝ h2

(
1 +

(
f

fc

)2
)−(n+1/2)

, (5)

i.e. constant below a ‘corner frequency’ of fc = √
n/

√
2π	, and

breaking smoothly to a power-law process with index −(2n + 1) at
higher frequencies.

With our chosen covariance function, we obtain a timing solution
by varying the timing parameters λ and hyperparameters (	, h, n)
using the emcee MCMC algorithm (Foreman-Mackey et al. 2013).
At each MCMC sample, we use the PINT software package (Luo
et al. 2018) to phase-fold the gamma-ray data according to the
timing parameters and then apply the SOGP method to find the
best-fitting Gaussian approximation to the posterior distribution of
the continuous function describing the orbital phase variations. This
posterior is marginalized analytically and the log marginal likelihood
passed to the MCMC algorithm. This allows the MCMC process to
optimize both the timing parameters and the hyperparameters of the
prior covariance function simultaneously.

Using the best-fitting timing solution, we then re-fold the photon
arrival times and update the template pulse profile. This process
is applied iteratively until the timing parameters and template pulse
profile converge. For J2039, this required three iterations. The results
from our timing analyses of J2039 are shown in Fig. 1 and the
resulting parameter estimates are given in Table 1.

We also show the amplitude spectra of the orbital phase variations
and our best-fitting covariance model in Fig. 2. This spectrum was
estimated by measuring the orbital phase in discrete segments of
data and performing the Cholesky least-squares spectral estimation
method of Coles et al. (2011). This is used only to illustrate the
later discussion (Section 5.4), while statements about the measured
hyperparameter values are from the full unbinned timing procedure
described above.

We have extended TEMPO2 (Edwards, Hobbs & Manchester 2006)
with a function that interpolates orbital phase variations between
those specified at user-defined epochs. This allows gamma-ray or
radio data to be phase-folded using the ephemerides that result from
our Gaussian process model for orbital period variations.
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Figure 1. Results from gamma-ray timing analysis. Left-hand panel: photon phases after folding with the original discovery ephemeris (with a constant orbital
period). The intensity of each point represents the corresponding probability weight for that photon. The apparent loss of signal around MJDs 55500 and 56800
is due to the varying orbital period. Although present throughout the entire data set, the deviations between the true orbital phase and that predicted by the
constant-orbital-period folding model are at their largest at these epochs. Centre left-hand panel: offset in the time of the pulsar’s ascending node from the initial
constant orbital period ephemeris. In the timing procedure, we fit for an ‘average’ orbital phase, period and first frequency derivative, and model the orbital phase
variations as a Gaussian process on top of this base model. Variations requiring a Gaussian process with a larger amplitude or more complexity suffer a Bayesian
penalty factor. Black and red lines show the best-fitting orbital phase variations and the underlying ‘average’ orbital model, respectively, for randomly selected
samples from the MCMC process. Green and blue curves show the samples with the highest log marginal likelihood. The epochs of our optical observations
are marked by horizontal dashed lines with the same colour as the corresponding light curves in Section 4. Centre right-hand panel: as before but for the orbital
period (i.e. derivatives of the curves in the previous panel). Right-hand panel: photon phases after correcting for the orbital phase variations using the best-fitting
parameter values.

3.3 Gamma-ray variability

The subset of transitional redback systems has been seen to transition
to and from long-lasting accretion-powered states, in which their
gamma-ray flux is significantly enhanced (Stappers et al. 2014;
Johnson et al. 2015; Torres et al. 2017). To check for such behaviour
from J2039, we investigated potential gamma-ray variability over the
course of the Fermi-LAT data span. In 4FGL, J2039 has 2-month and
1-yr variability indices (chi-squared variability tests applied to the
gamma-ray flux measured in discrete time intervals) of 44 with 48
degrees of freedom, and 13 with 7 degrees of freedom, respectively.
Although the 1-yr variability index is slightly higher than expected for
a steady source, we note that the gamma-ray light curves in Ng et al.
(2018) indicate that a flare from a nearby variable blazar candidate,
4FGL J2052.2–5533, may have contaminated the estimated flux from
J2039 around MJD 57100. The true variability is therefore likely
lower than suggested by the slightly elevated annual variability index,
and indeed the 2-month variability index is consistent with a non-
variable source.

We also checked for a potential gamma-ray eclipse, which may
occur if the binary inclination angle is high enough that the pulsar
passes behind the companion star around superior conjunction, as
has been observed in the transitional MSP candidate 4FGL J0427.8–

6704 (Strader et al. 2016; Kennedy et al. 2020). For J2039, this would
occur for inclinations i � 78◦, and could last for up to 7 per cent of
an orbital period, assuming a Roche lobe filling companion. We
modelled the eclipse as a simple ‘top-hat’ function, in which the flux
drops to zero within the eclipse, and used the methods described by
Kerr (2019) and applied to the eclipse of 4FGL J0427.8–6704 by
Kennedy et al. (2020) to evaluate the log-likelihood of this model,
given the observed photon orbital phases. We find that an eclipse
lasting longer than 0.1 per cent of an orbit is ruled out by the gamma-
ray data with 95 per cent confidence. We interpret this as evidence
that the pulsar is not eclipsed and will use this to constrain the binary
inclination while modelling the optical light curves in Section 4.2.

3.3.1 Gamma-ray orbital modulation

As noted previously, Ng et al. (2018) discovered an orbitally modu-
lated component in the gamma-ray flux from 4FGL J2039.5–5617.
Using the now precisely determined gamma-ray timing ephemeris
(see Section 3.2), we computed the orbital Fourier power of the
weighted photon arrival times, finding P = 29.7 for a slightly more
significant single-trial false-alarm probability of pFA = e−P/2 ≈
4 × 10−7 compared to that found by Ng et al. (2018). Those authors
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