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ABSTRACT

The Transients and Pulsars with MeerKAT (TRAPUM) project discovered eight binary millisecond pulsars in its first shallow
L-band survey of unidentified Fermi y-ray sources using the MeerKAT radio telescope. We conducted follow-up observations
using ULTRACAM on the New Technology Telescope at the La Silla Observatory to search for the optical counterpart to the
pulsar companions. We found two redback companions, in PSRs J1803—6707 and J1036—4353, and provided upper limits
for the other pulsar binaries. We used the Icarus code to fit the redback’s light curves using various irradiation models. The
asymmetric double-peak light curves of PSR J1036—4353 are best fit with diffusion and convection models. Comparing the
two prescriptions of irradiation and gravity darkening, models with post-irradiation gravity darkening provide superior fits
(particularly for lower gravity-darkening exponents), suggesting that the irradiation energy is deposited deep in the stellar
photosphere. PSR J1803—6707, on the other hand, displayed variability in the amplitude of its irradiation-dominated light
curves over a time-scale of a few months. This effect can be modelled only if the companion’s filling, irradiation temperature,
and convection coefficients are allowed to vary over time. Had the star been closer to filling its Roche lobe, like in the cases
of the known transitional millisecond pulsars J1023+0038 and J1227—4853, this 4.1 per cent variation in the volume-averaged
filling of the star would have caused it to experience a state change to form an active accretion disc.

Key words: pulsars: general —pulsars: individual: J1803—6707 —pulsars: individual: J1036—4353.

1 INTRODUCTION

The population of known millisecond pulsars (MSPs) with rotational
periods (Pgin < 15 ms) exceeds 500, constituting over 15 per cent
of the total number of identified pulsars, which currently stands at
more than 3800 (ATNF catalogue v2.6.0; R. N. Manchester et al.
2005). Over 300 MSPs exist in binary systems, typically paired with
degenerate stars such as white dwarfs or low-mass stars. Most MSP
binaries having low-mass companion stars in tight orbit (Pyp <
1 d), often referred to as ‘spider’ pulsars, are strongly influenced by
the intense pulsar irradiation. These pulsars are further categorized
according to the companion mass into two sub-classes: black wid-
ows (M, ~ 0.01-0.07M¢)) and redbacks (M. ~ 0.3-0.7M¢; N.
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D’ Amico et al. 2001; M. S. Roberts 2013; S. J. Swihart et al. 2022).
It is generally thought that these binaries are the result of a recycling
process during which the pulsars are spun up through mass accretion
while their high-energy radiations evaporate the companions (M.
A. Alpar et al. 1982; A. S. Fruchter et al. 1990; D. Bhattacharya
& E. P. J. Heuvel 1991). The evolutionary paths and connections
between these sub-classes remain subjects of ongoing debate. H. L.
Chen et al. (2013) proposed that black widows and redbacks are
two different groups with their evolutionary tracks determined by
evaporation efficiency while O. G. Benvenuto, M. A. D. Vito & J.
E. Horvath (2014) suggested that some redbacks with short orbital
period (Po, < 6 h) will evolve to black widows while the others will
become pulsar-helium white dwarf binaries. D. Misra, M. Linares &
C. S. Ye (2025) also confirmed that some redbacks will evolve into
black widows.
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Transitional millisecond pulsars (tMSPs) exhibit back-and-forth
transitions between a state characterized by mass transfer and the
presence of a disc, and another one in which there is no disc and
no mass transfer on time-scales of years. They serve as a direct
connection between low-mass X-ray binaries (LMXBs) and MSP
binaries, thereby substantiating the recycling scenario (A. Papitto &
D. Martino 2022). As of now, such transitions have been identified
in three systems, namely PSR J10234-0038 (A. M. Archibald et al.
2009; A. Patruno et al. 2013; B. W. Stappers et al. 2014), PSR
J1824-24521/IGR J18245-2452 (A. Papitto et al. 2013), and XSS
J12270-4859 (J. Roy et al. 2015). These systems are very similar
to redback MSPs while in their disc-less ‘pulsar’ state. Proposed
mechanisms governing these transitions include irradiation feedback
(O. G. Benvenuto et al. 2014) and thermal-viscous instability in
accretion disc (K. Jia & X. D. Li 2015). In both cases, Roche-lobe
overflow (RLOF) is expected to cause the formation of the accretion
disc.

Optical light curves of spider pulsars feature two main sinusoidal
modulation components, one at the orbital frequency due to pulsar-
facing irradiation, and the other at twice the orbital frequency due
to ellipsoidal modulation from tidal distortion (R. P. Breton et al.
2011; J. Schroeder & J. Halpern 2014). The relative importance
of these effects vary, especially in redbacks (see review in M.
Turchetta et al. 2023). Strong irradiation results in single-humped
light curves. In contrast, on less irradiated redbacks, ellipsoidal
modulation due to tidal distortion becomes more significant, creating
double-peaked light curves. Beyond the interplay of irradiation and
the ellipsoidal modulation, asymmetrical features manifest in the
light curves of numerous spiders, including PSR J1023+0038 (J. G.
Stringer et al. 2021), PSR J1048+4-2339 (P. B. Cho, J. P. Halpern &
S. Bogdanov 2018; Y. X. Yap et al. 2019; A. M. Zanon et al. 2021),
PSR J1628—3205 (M. Li, J. P. Halpern & J. R. Thorstensen 2014),
PSR J1810+1744 (J. Schroeder & J. Halpern 2014; R. W. Romani
et al. 2021), PSR J2039—-5617 (D. Salvetti et al. 2015), and PSR
J2215+5135 (R. W. Romani & N. Sanchez 2016; M. Linares 2019;
G. Voisin et al. 2020b). Various models, including intrabinary shock
(R. W. Romani & N. Sanchez 2016), magnetic ducting spots (N.
Sanchez & R. W. Romani 2017), and heat redistribution on stellar
atmospheres (D. Kandel & R. W. Romani 2020; G. Voisin et al.
2020b; J. G. Stringer et al. 2021), were proposed to explain these
asymmetries.

Over a time span exceeding a decade, the y-ray full sky survey
performed with the Large Area Telescope (LAT; W. B. Atwood
et al. 2009) aboard the Fermi y-ray Space Telescope has unveiled
positions of potential new energetic pulsars, a significant portion
of which are MSPs and spider pulsars (D. A. Smith et al. 2023).
This offers an effective approach for radio surveys aiming at these
positions. The TRAPUM collaboration (B. Stappers & M. Kramer
2018) utilized this strategy to search for new pulsars between
2020 and 2021 (C. J. Clark et al. 2023b). In the course of this
survey, we successfully identified nine new MSPs, including two
redback binaries. This paper focuses on the concurrent optical
follow-up observations we conducted using ULTRACAM aimed
at identifying the optical counterparts of the newly discovered
pulsar companions and acquiring comprehensive phase-resolved
photometric data for the redback pulsars. In addition to the optical
follow-up observations, the collaboration also ran radio and y-ray
timing campaigns for these sources, which could be aided by the
precise localization of the optical counterparts and, in some cases,
an approximate orbital period when variability can be observed. The
detailed findings of these timing studies are presented in M. Burgay
et al. (2024).
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The paper is organized as follows: Section 2 describes the
observing setup and data processing performed on the optical data;
Section 3 describes the light-curve modelling of the new redbacks;
Section 4 discusses the implications of our modelling on the physics
of spiders and their evolution; and Section 5 presents concluding
remarks.

2 OBSERVATIONS

2.1 Radio discovery and timing

The new pulsars were discovered during a survey of 79 unidenti-
fied Fermi-LAT y-ray sources by the Transients and Pulsars with
MeerKAT (TRAPUM) Large Survey Project, using the 64-antenna
MeerKAT radio telescope array (J. Jonas & MeerKAT Team 2018).
Each of the sources was observed twice for 10 min in L-band (856—
1712 MHz). The full technical detail of the survey and its discoveries
are described in C. J. Clark et al. (2023b). We found nine new MSPs;
one is isolated and the remaining eight are in binaries.

Although sky positions of the pulsars can be obtained from the
position of the beam containing them, it can be enhanced using trian-
gulation of measured signal-to-noise ratio in neighbouring coherent
beams. This method, named tied-array beam localization (TABLo), is
implemented in a publicly available Python package, SEEKAT, with
comprehensive details provided in M. C. Bezuidenhout et al. (2023).
As shown in Fig. 1, two-sigma localization ellipses are generally less
than 10 arcsec; small enough to contain only few optical counterparts,
and most likely to be consistent with the more accurate sky positions
from the follow-up timing campaign that will ensue.

Subsequent to the discovery, the TRAPUM collaboration initiated
a timing campaign including both radio and y-ray data. Compre-
hensive details of this campaign and its outcomes are outlined in
M. Burgay et al. (2024). A summary of the precise positions and
orbital parameters from the pulsar timing can be found in Table 1.
Although the lower boundary of the companion mass for these MSPs
falls within the typical range for redbacks, black widows, or white
dwarfs, PSR J1823—3543 has an orbital period too long for a typical
spider pulsar. It is more likely a white dwarf that evolved from a
system with an orbital period above the bifurcation period at the
onset of stable mass transfer. The other remaining binaries, however,
could potentially be spider systems. We later figured out their true
nature by examining optical variability in Section 4.

2.2 Photometry

We observed these recently discovered pulsars to search for their
optical counterparts, using ULTRACAM mounted on the New Tech-
nology Telescope (NTT) at the La Silla Observatory in Chile. The
triple-beam optical design of ULTRACAM facilitates simultaneous
observations across three distinct filters with high time resolution
(V. S. Dhillon et al. 2007). The camera is equipped with a high-
throughput version of SDSS filter set (M. Doi et al. 2010), denoted
in this paper as uy, g, rs, is, and z,, though all observations were
performed with the uy, g5, s, and i, filters. In 2021, we conducted a
20-h observation campaign on PSR J1803—6707 spanning a period of
three months. Additionally, we performed shorter exposures, up to 20
min each, for other sources than the redbacks during multiple epochs.
In 2022, we also acquired an 11-h exposure of PSR J1036—4353. We
routinely obtained frames of bias, dark, and twilight-sky flat images
for calibration. Details of the observation are provided in Table 2.
Images were calibrated and photometry extracted using the
HiPERCAM data reduction pipeline (V. Dhillon et al. 2018). The

920z Atenuep 20 uo 1senb Aq GG8E/E8/EL L ZIEIS/E/SYS/RIOIME/SEIUW/0D dNO"0lWapED.//SARY WOl POPEOIUMOQ



Optical Study of TRAPUM Pulsars 3

PSR J1036—4353

B VAT T L T

PSR J1623—6936

PSR J1803—-6707

PSR J1858—5422

Figure 1. Five-minute stacked ULTRACAM images of the MSP binaries are shown with different localization ellipses representing 95-per cent confidence. If
the ellipses are smaller than a pixel, they are indicated by two-segment crosshair markers pointing at the centres of the ellipses. The SEEKAT localizations are
shown in the ellipses. The crosshair markers indicate the timing localization obtained during the follow-up timing campaign from M. Burgay et al. (2024).
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Table 1. Expected companions, precise positions, orbital period, time of the ascending node, minimum companion mass, and distances from dispersion

measurements of the MSP binaries from M. Burgay et al. (2024).

Source Expected RA Dec Py Tasc Minimum? db
Companion (d) (MJD) M. Mg) (kpc)
PSR J1036—4353  Redback 10:36:30.21513(3) —43:53:08.7252(5) 0.25962126(1) 59536.3052068(15) 0.23 0.4
PSR J1526—2744  White Dwarf 15:26:45.094(7) —27:44:06.0(3) 0.2028108283(10) 59303.205977(5) 0.08 1.3
PSR J1623—6936  White Dwarf 16:23:51.3869(13) —69:36:49.252(6) 11.01366617(5) 59192.916224(4) 0.19 1.3
PSR J1757—6032  White Dwarf 17:57:45.4472(6) —60:32:12.298(6) 6.280139736(17) 59183.4010970(15) 0.42 35
PSR J1803—6707  Redback 18:03:04.235339(20) —67:07:36.1577(4) 0.380473191(6) 59409.8403825(6) 0.29 1.4
PSR J1823—3543  White Dwarf 18:23:42.9989(7) —35:43:40.88(3) 144.568639(5) 59091.325976(15) 0.26 3.7
PSR J1858—5422  White Dwarf 18:58:07.7664(6) —54:22:15.527(7)) 2.581951179(15) 59564.9829158(15) 0.12 1.2
PSR J1906—1754  White Dwarf 19:06:14.7894(4) —17:54:34.31(4) 6.4910850(3) 59700.935268(5) 0.05 6.8

Notes. ¢ assuming the pulsar mass of 1.4 Mg.

b dispersion-measurement distance using the YMW 16 electron density model (J. M. Yao, R. N. Manchester & N. Wang 2017).

Table 2. Summary of ULTRACAM observations of TRAPUM-discovered sources. The table contains essential details of the observations, including the
filters, initiation time of observation, cumulative exposure duration, airmass, average seeing, as well as mean flux and magnitude. If the optical counterpart is
not found, the detection limit in radio localization ellipses is presented instead.

Source Run name  Filters Start MJID  Exposure Airmass Airmass Average is Flux is Mag ry Flux r; Mag
(min) Start End Seeing (arcsec) Wy Wy
PSR J1036—4353 run011 s, 8, Us  59671.99428 28.6 1.235 1.166 1.40 - - 50(2)  19.66(3)
run012 ry, 8s, Us  59672.01448 285.7 1.165 1.195 1.28 - - 49(4) 19.7(1)
run004 s, 8, s  59672.99034 23.8 1.240 1.180 1.41 - - 58(2) 19.49(3)
run005 rs, 8s, s 59673.00718 89.2 1.179 1.054 1.40 - - 50(4)  19.65(9)
run006 s, 8, s 59673.07126 129.0 1.052 1.076 1.24 - - 503) 19.66(6)
PSR J1526—2744 run013 is, &, Us  59369.96953 16.7 1.654 1.532 1.59 —5(4) >21.28 - -
run020 is, &, us 59370.23009 114 1.144 1.173 1.07 —1.1(8) >22.92 - -
run006 is, 8., s 59370.95591 217.5 1.794 1.013 1.17 —1(1) >22.51 - -
run012 is, &, Us 59372.96094 45.7 1.659 1.371 1.81 -3(2) >21.84 - -
PSR J1623—6936  run022 is, g, Us 59406.11385 37.4 1.326 1.351 1.12 5(2) >21.32 - -
run009 is, &, us 59408.96300 17.9 1.449 1.420 1.67 —1(1) >22.34 - -
run025 is, 8, s 59409.26091 15.3 1.745 1.804 1.87 —3(1) >22.62 - -
PSR J1757—6032 run009 is, &, us 59407.30654 21.1 1.546 1.634 2.15 20(10)  >19.73 - -
run016 is, &, s 59409.01972 28.0 1.349 1.291 1.68 0(1) >22.54 - -
run029 is, &, us 59409.28807 15.1 1.479 1.533 1.50 1(1) >22.34 - -
PSR J1803—6707 run010 is, 8, Us 59336.19351 162.7 1.532 1.280 1.75 110(10)  18.8(1) - -
run015 is, &, Us 59336.42007 252 1.336 1.371 1.83 87(8) 19.1(1) - -
run018 is, &, s 59370.17105 80.0 1.334 1.272 1.24 114(7)  18.76(7) - -
run008 is, &, us 59371.11117 133.0 1.482 1.286 1.17 67(6) 19.3(1) - -
run012 is, &, s 59371.26172 88.2 1.269 1.333 1.18 115(2)  18.75(2) - -
run016 is, &, us 59371.39191 69.5 1.525 1.769 1.35 88(6) 19.04(7) - -
run014 is, &, Us  59372.99456 127.7 2.184 1.571 1.99 66(5) 19.36(8) - -
run026 is, &, us 59406.16810 282.5 1.270 1.905 1.37 100(20)  18.9(2) - -
run008 is, s, Us  59408.34457 32.0 1.804 1.967 2.46 73(3) 19.24(4) - -
run018 is, &, us 59409.04084 86.3 1.383 1.285 1.66 94(8) 18.96(9) - -
run019 is, s, s 59409.10398 180.5 1.282 1.352 1.53 69(4) 19.30(7) - -
PSR J1823—-3543 run011 is, &, us 59407.32350 19.1 1.539 1.673 1.59 —-112) >21.74 - -
run023 is, &, Us  59409.24609 17.7 1.138 1.180 1.23 —4(2) >21.74 - -
PSR J1858—5422 run031 is, &, us 59406.38870 25.0 1.825 2.024 1.11 —4(4) >21.29 - -
run013 is, &, us 59407.33941 15.7 1.466 1.532 1.94 -1(2) >21.83 - -
run011 is, &, us 59408.37866 243 1.779 1.961 2.54 1(8) >20.42 - -
run014 is, &, us  59408.99809 28.7 1.641 1.502 1.74 —3(4) >21.09 - -
run031 is, 85, s 59409.30073 11.3 1.309 1.341 1.37 0(10) >24.86 - -
PSR J1906—1754  run024 is, s, s 59406.14278 30.8 1.063 1.034 1.07 -5(2) >22.03 - -
run027 is, &, us 59409.27380 17.0 1.177 1.228 1.36 —10(20) >24.27 - -

images captured in i; band exhibited significant fringing artefacts. To
mitigate this issue, a fringe map was created from flat fields. Aperture
photometry was employed for extracting fluxes from both the target
source and nearby comparison stars. The pipeline automatically
adjusts the extraction aperture radius between 1.8 and 15.4 pixels
(0.64-5.5 arcsec) to accommodate variations in the point-spread
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function (PSF) width. The maximum radius is sufficiently large to
cover the worst seeing conditions of 2.54 arcsec in the data set.
After extracting the instrumental flux using HIPERCAM, correc-
tions were applied to account for temporal changes in airmass and
transparency. The variability in transparency was mitigated using an
ensemble photometry technique to obtain relative photometry (R. K.
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Honeycutt 1992). We identified the most stable stars as comparison
stars by stacking frames over 5 min to obtain deeper images and
improve the signal-to-noise ratio for faint sources. Stellar sources
on these images were detected using PHoTtuTILS (L. Bradley et al.
2022), and we selected a subset that presented minimal variability
(RMS < 0.01 mag) to build our ensemble photometry for the original
single frames. We identified some segments of the PSR J1803—6707
light curves that were affected by defective pixels and excluded the
corresponding time window from further analysis.

Most of our fields lie beyond the sky regions covered by SDSS
(Abdurro’uf et al. 2022) or Pan-STARRS (H. A. Flewelling et al.
2020). To establish an absolute flux calibration, we instead cross-
matched sources in the image fields to the Gaia catalogue (T. Prusti
etal. 2016; A. Vallenari et al. 2023). The mean apparent magnitudes
of the corresponding Gaia sources were converted to the equivalent
ULTRACAM filter magnitudes using colour—colour relationships
established by J. R. Davenport et al. (2014), J. M. Carrasco & M.
Bellazzini (2023), and A. J. Brown et al. (2022). By evaluating the
offsets between the relative magnitudes and the converted magni-
tudes of all sources in the field after removing outliers, the absolute
fluxes of the targeted sources were estimated. The RMS residuals
between the relative magnitudes and the converted magnitudes are
below 0.01 mag in the g, r,, and i, bands, and below 0.03 mag in
the u; band.

We used an astrometric calibration service, ASTROMETRY . NET(D.
Lang et al. 2022), through AsTROQUERY (A. Ginsburg et al. 2019), to
obtain the coordinate transformation for the reference deep images.
This astrometric data is then used to cross-match with the radio
localizations of sources to identify potential optical counterparts
as mentioned in Section 2.1. The redback companions of PSRs
J1803—6707 and J1036—4353, were readily identified through their
distinctive sinusoidal light curves. Despite the minimum mass and
the orbital period of PSR J1526—2744 being within the typical range
of redbacks, there is no optical counterpart detected within 5 arcsec
from the radio position. None of the potential optical counterparts
within the two-sigma localization of the remaining five binary pulsars
from our list show significant flux variability during and between
observations. This agrees with our expectation that, given their orbital
period, they should have white dwarf companions (see Table 1).
These potential counterparts are discussed further in Section 4.

PSR J1036—4353 displays an asymmetric double-peaked light
curve with peak-to-peak amplitudes of approximately 0.35, 0.41, and
1.55 magnitudes in the ry, g;, and u, bands, respectively. In contrast,
PSR J1803—6707 has a single-peaked light curve. A comparison of
its June and July 2021 data reveals a noticeable brightness difference,
as shown in Fig. 2. The peak-to-peak amplitudes in the i; band are
about 0.69 mag in June and 0.74 mag in July. In the g, band, the
amplitudes are 1.32 mag in June and 1.39 mag in July. For the u;
band, the amplitudes are approximately 1.72 mag in June and 1.74
mag in July.

2.3 SOAR/Goodman spectroscopy

Optical spectroscopy for the two redback targets was obtained using
the red camera of the Goodman Spectrograph (J. C. Clemens, J. A.
Crain & R. Anderson 2004) on the 4.1m SOAR telescope in Chile.
The spectroscopic data of PSRs J1803—6707 and J1036—4353 were
obtained in mid 2021 (21 spectra over seven nights) and early 2023
(15 spectra over three nights), respectively. AB magnitudes of both
redbacks are >18. Hence, individual exposure times were set to 25
min per spectrum. All spectra used a 400 line mm™~' grating and
either a 0.95 or 1.2 arcsec slit, giving a full width at half-maximum
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Figure 2. The top panel shows the optical light curves of PSR J1036—4353,
observed in ry, g¢, and u; bands. The bottom panel shows the light curves of
PSR J1803—6707 in iy, g5, and u;. The data points are re-binned to 300s and
900s for PSRs J1036—4353 and J1803—6707, respectively. This is to clearly
display the discrepancy between observational epochs as shown in the two
subpanels (a) and (b). In both panels, if data points fall below the two-sigma
detection threshold, the upper limits are shown with downward arrows.

resolution of ~ 5.6 A (0.95 arcsec) or ~ 6.7 A (1.2 arcsec) over a
useable wavelength range of ~4000-7800 A.

All spectra were reduced and optimally extracted using IRAF (D.
Tody 1986, 1993; M. Fitzpatrick et al. 2025). Our methodology for
wavelength calibration and radial velocity measurement is described
in detail by O. G. Dodge et al. (2024), updating the methodology used
by J. Strader et al. (2019). In brief, initial wavelength calibration
is done using FeAr arc lamp exposures taken adjacent to each
spectrum. Zero-point corrections, which account for flexure or slit
mis-centring, are calculated by fitting telluric absorption bands in
each spectrum using models calculated via TELFIT (K. Gullikson,
S. Dodson-Robinson & A. Kraus 2014). We then determined radial
velocities fitting over a grid of PHOENIX (F. Allard 2016) templates
convolved to the appropriate SOAR resolution and allowing for
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Table 3. Radial velocity of PSR J1036—4353
from SOAR/Goodman spectroscopy.

Mgb
BMJD RV ARV
kms~!

59965.2423936 39.9 21.7
59965.2619333 175.7 19.1

59966.1517539 394.7 26.8
59966.1692315 247.4 22.7
59966.1913010 86.1 26.4
59966.2087812 —65.3 16.6
59966.2310107 —115.5 20.5
59966.2484887 —125.6 22.0
59966.2705160 —62.5 18.1

59966.3137790 316.4 20.3
59966.3312565 410.1 21.8
60004.0544388 354.0 26.5
60004.0723330 252.4 24.0
60004.0931331 77.0 23.6
60004.1113413 —19.0 29.1

Table 4. Radial velocity of PSR 1803—6707 from SOAR/Goodman
spectroscopy.

Metal lines Mgb
BMID RV ARV RV ARV
(kms™h (kms™h

59306.3604777 —187.3 3255 —152.4 36.9
59348.2622252 —122.8 35.2 —106.1 36.3
59348.2801643 —57.6 18.4 —78.7 22.0
59375.2975885 —14.7 27.4 —23.6 29.3
59375.3159278 473 21.3 33.1 22.9
59375.3390443 150.6 24.4 142.2 31.3
59375.3585664 234.7 45.6 258.2 47.8
59375.3906485 300.5 24.7 277.2 27.9
59375.4085084 294.8 31.4 294.2 33.4
59398.3164252 109.1 347 - -
59411.1657053 261.6 323 247.2 33.6
59411.1834266 312.8 17.9 301.7 22.7
59411.2207368 196.2 19.4 261.6 26.7
59411.2488346 127.6 16.2 126.7 18.7
59411.2667791 73.9 25.3 63.7 29.7
59411.2908973 25.5 26.7 277 28.5
59411.3087203 —73.9 17.2 —74.8 18.1
59424.3111661 —198.6 25.7 —156.1 34.7
59424.3290357 —186.8 31.6 —139.5 35.4
59426.3077428 78.7 26.8 27.1 38.8
59426.3252472 139.8 35.8 131.5 454

rotational broadening, using the package RVSpeCFIT (S. E. Koposov
etal. 2011; S. E. Koposov 2019). For the J1036—4353 spectrum, we
only fit around the Mgb region, which provides metal-line absorption
velocities that are less sensitive to irradiation (M. Linares, T. Shahbaz
& J. Casares 2018). For J1803—6707, the S/N in the Mgb region
alone was not sufficiently high for reliable measurements, so we
instead fit simultaneously around Mgb and the metal lines in the
range 6050-6375 A. For comparison, we also fit the full spectral
region (4000-6800 A)‘ The results are shown in Tables 3 and 4.

3 MODELLING
We modelled the optical light and radial velocity curves of PSRs

J1036—4353 and J1803—6707 using the stellar binary light-curve
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synthesis code, Icarus (R. P. Breton et al. 2011). In this code, the
companion and its orbit are parametrized by the mass ratio (g),
orbital period ( Py,), orbital inclination (i), radial velocity amplitude
(K>), ratio of rotational to orbital speeds (w), filling factor (frr),
exponent of the gravity darkening relation (8), base temperature
(Tvase), and irradiation temperature (7). g is defined as the ratio
of the pulsar mass to the companion mass. The companion is
formed as a tessellated surface of four-sided facets using a healpix
projection (K. M. Gorski et al. 2005). After receiving the parameters,
the equipotential surface, temperatures, and gravity darkening are
calculated for different points on the grid, followed by an evaluation
of the orbital separation and stellar masses. Then, model fluxes are
evaluated using the atmosphere grid created from the atmosphere
library ATLASO (F. Castelli & R. L. Kurucz 2003). Full detail on
implementing the library in our code can be found in M. R. Kennedy
et al. (2022). To fit the observed data, two additional free parameters
are included: total extinction in V band (Ay ) and the distance (d). The
code has been widely employed to infer orbital and stellar parameters
in spider pulsars (e.g. N. Sanchez & R. W. Romani 2017; G. Voisin
et al. 2020b; M. R. Kennedy et al. 2022; D. M. Sanchez et al. 2023;
O. G. Dodge et al. 2024). It was also extended to handle asymmetric
light curves (G. Voisin et al. 2020b) and spectroscopic data (M. R.
Kennedy et al. 2022; O. G. Dodge et al. 2024). In our case, the
availability of a precise pulsar ephemeris means that P,y can be
fixed, and ¢ does not need to be fitted for, but is instead derived from
the pulsar mass function in conjunction with the input K, and i. As
is usually done, i is assumed to be uniformly distributed in cosi (i.e.
assuming random orbital inclinations).

There are several explanations to the observed asymmetry in
the light curves. R. W. Romani & N. Sanchez (2016) proposed
that the asymmetric irradiation is from non-thermal X-ray emission
generated in the intrabinary shock (IBS) between the pulsar and
companion winds. However, A. Zilles et al. (2020), using particle
shower simulation, subsequently demonstrated that the irradiation
from X-ray emission alone is inadequate to explain the asymmetry.
Alternatively, D. Kandel et al. (2020) suggested that the observed
asymmetry is due to hot spots heated by high-energy particles ducted
down to the magnetic poles. G. Voisin et al. (2020b) introduced
heat redistribution models to enhance fitting for systems exhibiting
asymmetric light curves. They superficially modelled heat transport
over stellar surface using the surface parallel energy transport
equation. This equation includes two terms: one for diffusion and
the other for convection. The convection term can be prescribed to
reflect different theoretical models. Subsequently, J. G. Stringer et al.
(2021) incorporated a power-law dependence on the temperature into
the diffusion term.

Most redback companions are affected by irradiation. In some
cases this leads to a large temperature contrast between the day
and night sides; in other cases, the effects of irradiation are subtle,
but can be revealed by careful light-curve modelling. Other factors
including heat transport, ellipsoidal distortion, and gravity darkening
also change temperature gradient across the stars. This results
in variation of spectral line strength across different parts of the
companions. As a result, the radial velocity from a spectral line will
deviate from the radial velocity at the centre of mass (CoM) of the
companion differently along the orbit (see e.g. R. A. Wade & K.
Horne 1988; M. H. Kerkwijk, R. P. Breton & S. R. Kulkarni 2011).
The observed radial velocity is then called the centre of light (CoL).
Obtaining accurate radial velocity correction between the CoL and
CoM is crucial for accurate estimation of pulsar and companion
mass. Self-consistent spectral modelling inherently accounts for CoLL
corrections when modelling the radial velocity curve. M. R. Kennedy
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et al. (2022) performed a precise neutron star mass measurement by
using whole-spectral modelling to enhance radial velocity fitting.
Similarly, O. G. Dodge et al. (2024) focused on a specific spectral
range around the Mgb triplet to improve computational speed, while
M. Linares et al. (2018) used the equivalent width as a proxy to
constrain the average line emission location. In this work, the radial
velocity curve is also obtained by simulating spectra around the Mgb
triplet and measuring the radial velocity on the simulated line, as
implemented in O. G. Dodge et al. (2024), such that the fitted K,
can self-consistently incorporate the effects of irradiation. The K,
correction between CoL and CoM is particularly important for stars
with large temperature contrasts, such as PSR J1803—6707 while it
is minimal in the case of PSR J1036—4353 as shown in Fig. 3.

High-energy particles and y-ray can deposit heat below the pho-
tosphere leading to higher effective temperature on the companion
(see e.g. A. Zilles et al. 2020). It is found that strong irradiation
changes the surface boundary conditions of hot Jupiters that reduce
cooling rate of the planets (T. Guillot et al. 1995; P. Arras & L.
Bildsten 2006). S. Ginzburg & E. Quataert (2020) showed that
the suppression of cooling rate of the companions due to strong
irradiation plays a role in the evolution of spider pulsar binaries. R.
W. Romani et al. (2021) applied gravity darkening after irradiation
for mass estimation for PSR J1810+1744. O. G. Dodge et al. (2024)
took this concept and compared the two different prescriptions of
gravity darkening and irradiation processes. The first prescription,
pre-irradiation gravity darkening (Pre-IGD), is the same as earlier
uses of Icarus (and adopted more widely in the field so far) in
that the gravity darkening is applied before the irradiation and heat
redistribution. This is expected to replicate the effects after shallow
heating. In the second prescription, post-irradiation gravity darkening
(Post-1GD), the gravity darkening is calculated after the irradiation
effects to replicate the effects of heat deposition deeper below the
photosphere.

We fitted the redbacks with the direct heating (DH) model in
which incident radiations are promptly absorbed, reprocessed, and
emitted (R. P. Breton et al. 2013). The optical light curve of PSR
J1036—4353 is clearly asymmetric as the first peak is higher than
the second, as shown in Fig. 2. Thus, it is fitted with stellar spot,
and heat redistribution models. The latter is the same model used
by G. Voisin et al. (2020b), J. G. Stringer et al. (2021), and O. G.
Dodge et al. (2024). In these models, we used the convection profile
with constant angular velocity (around the spin axis of the star) from
G. Voisin et al. (2020b). The profile assumed a superficial layer of
constant thickness, density, and thermal capacity across the entire
stellar surface. In the diffusion term, there are two parameters in this
model, the diffusion coefficient (k) and the diffusion index (I") (see
J. G. Stringer et al. 2021, for more details). We also separated these
models into three configurations starting from fixing both parameters,
freeing «, and freeing both parameters. These are convection-only
(C), diffusion and convection (D+C), and power-law diffusion and
convection (PD+C) models.

PSR J1803—6707 has noticeable discrepancies between the light
curves over the observation time span as shown in Fig. 2. For
this reason we separated the data into three sets according to the
observing epoch they were obtained. In this configuration, the joint
modelling incorporated a subset of parameters that share common
values between the three epochs and others which they are allowed
to vary between them. The group of parameters varying from epoch
to epoch included base temperature, irradiation temperature, and
Roche-Lobe filling factor. Because the first epoch of observing in
May 2021 covers less than half of an orbital cycle, we decided to
only model the data from the latter two epochs (June and July 2021).

Optical Study of TRAPUM Pulsars 7
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Figure 3. The radial velocity curves of PSRs J1036—4353 and J1803—-6707
are shown as crosses with vertical bars of uncertainties. The blue solid lines are
the results of cross-correlating model spectra with a template (defined as the
model at orbital phase = 0.25) to reproduce the measured radial velocities.
The red dotted lines are the sine curves which are approximately radial
velocities tracing the centre of mass of the companions. The discrepancy
between the model of PSR J1803—6707 and the sine curve shows the clear
effect of how radial velocity is shifted from the centre of mass to the ‘centre
of light’ toward the brighter, hotter region of the star.
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Radio timing results from M. Burgay et al. (2024) including the
projected semimajor axis (Al), the binary orbital period (P), the
epoch of ascending node (T,), the barycentric rotation frequency
(FO), and the time derivative of the barycentric rotation frequency
(F1) are used for parameter derivations during the optical modelling.
The pulsar position, proper motion, and annual parallax were taken
from Gaia DR3 catalogue (A. Vallenari et al. 2023). The prior
distributions for colour excess E(B—V), associated with reddening in
the line of sight to the object, are assumed to be Gaussian distribu-
tions. We used E(B—V) of 0.1411 and 0.0665 for PSRs J1036—4353
and J1803—6707, respectively. These values are from Y.-K. Chiang
(2023) which is based on D. J. Schlegel, D. P. Finkbeiner & M.
Davis (1998). We set the standard deviation of the prior to be 0.03,
confining the colour excess within a physically realistic range around
the provided mean values. The Gaia parallaxes are 0.36(33) mas and
0.17(27) mas for PSRs J1036—4353 and J1803—6707, respectively
(A. Vallenari et al. 2023). The prior of the distance to the binaries
is estimated from the joint probability of the Galactic distribution of
MSPs (L. Levin et al. 2013), the parallax, and the distance estimated
from radio dispersion measurement (DM) using the electron density
model from J. M. Yao et al. (2017, hereafter YMW16). F. E. Lara
& M. Rieutord (2012) showed that gravity darkening exponents are
not significantly different for stars with mass ratios similar to those
of black widow and redback systems. Hence, B is expected to be
in the range between 0.23 and 0.25. However, their model did not
account for the effect of irradiation. For this reason we also fit the
data with both = 0.25 and 0.08, with the latter the typical value for
fully convective stars (L. B. Lucy & B. L. Lucy 1967).

The availability of photometry data in multiple bands is crucial in
constraining the temperatures and colour excess. Small differences
in instrumental filters and calibration standards alongside with
uncertainties in atmosphere models are likely to cause systematic
offsets between photometric bands that will result biased colours. For
this reason we allow offsets in the predicted light curves compared
to our observations. These are subjected to Gaussian priors centred a
zero offset, and with standard deviations of 0.06 mag in the u, band
and 0.02 mag in the other bands. These standard deviations are twice
the RMS of the residuals between the model and the observations.
We believe these reflect the degree of uncertainty there is in the
calibration, with u; being notoriously poorer due to the smaller
number of reference stars available to establish the instrumental zero
point. We also tightened these priors for a subset of models, but the
goodness-of-fit ranking was unchanged.

The modelling was optimized under Bayesian inference using
PyMurTINEST (J. Buchner et al. 2014) which is the Python wrapper
to MULTINEST library (F. Feroz, M. P. Hobson & M. Bridges 2009),
an implementation of the nested sampling algorithm (J. Skilling
2004). The aim of this algorithm is to estimate the Bayesian evidence
(Z) which is useful to compare models. Given the wide variety
of options available to us in terms of irradiation prescriptions and
selection of parameters which can be fixed or fitted between epochs,
we performed a large number of model inference. When comparing
two models, M and M., the ratio of the evidence values, Zy, / Zy,,
also known as Bayes factor (B ), is usually calculated and assessed
using Jeffreys’ scale (H. Jeffreys 1939). The scale suggests that
Bi, > 100 decisively favours M, over M, while 1 < B, < 10'/2
is not significant (and should prioritize the simpler model as per
Occam’s razor). In this paper, we use the natural logarithmic values of
the evidences and Bayes factors, i.e. In (B 2) = In(Zy;,) — In(Zy,).
The above decision boundaries therefore translate to approximately
In(B; 1) = 4.6 and 1.2, respectively. Fig. 4 shows the log-evidence
relative to the (best) maximum log-evidence for the variations of
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Figure 4. Different models are compared using their Bayesian evidence
relative to the best-fitting model. As described in Section 3, a decisively better
model will have a log-evidence higher by 4.6 compared to another model.
The log-evidence values are labelled according to the set of parameters that
were separately fitted to different data sets. This implies that the D-+C model
with Post-IGD are the best-fitting models for both PSR J1036—4353 and PSR
J1803—6707. Specifically, the D4+C model with Post-IGD and separate fRrr.,
T, &, and v parameters for different data sets best describes the modulation
changes in PSR J1803—6707.

models we have tested. Table 5 presents full posterior parameters
and derived quantities for the model that best fits each of the two
redbacks.

4 DISCUSSIONS

4.1 Discovery and potential companions

We identified the two optical counterparts of PSRs J1036—4353 and
J1803—6707, out of 8 MSP binaries discovered by the TRAPUM
collaboration (C. J. Clark et al. 2023b). A few stars appear within
the two-sigma localization ellipses of the other sources as shown
in Fig. 1. All of the potential candidates apart from the redbacks
do not show significant variability neither during an observation nor
between epochs.

The limiting magnitudes of ULTRACAM five-minute exposure
images are about 25 and 26 in i; and g, bands, respectively (V.
Dhillon & T. Marsh 2001).! MSP companions with an absolute

Thttp://www.vikdhillon.staff.shef.ac.uk/ultracam/sensitivity.html
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Table 5. Fitted and derived parameters of best-fitting models which are the diffusion and convection models
with post-irradiation gravity darkening prescription for both PSR J1036—4353 and PSR J1803—6707. These
models have the gravity darkening exponent 8 =0.08. x2, the reduced chi-squared value, is showed as an
indication of goodness-of-fit. v sin (i) is the projected rotational velocity of the companion. ¢ is the irradiation
efficiency, defined as the ratio of the irradiation energy rate to the spin-down luminosity. Tgay and Thigh
are the average temperatures of the companion’s hemispheres facing towards and away from the pulsar,
respectively. Tqusk and Tygawn are the average temperatures of the eastern and western hemispheres of the

companion, respectively.

Source PSR J1036-4353 PSR J1803-6707
Model D+C D+C
Data set All June 2021 July 2021
Fitted parameters

0.01
E(B-V) 0.14 £0.02 0.00810:90¢
K. (kms™") 34019, 24419,
d (kpe) 3.4£0.1 33£0.1
i) 8612 5342
Thase (K) 5380190, 4250+29
Tixe (K) 51001559 4740 £ 40 467073
fru 0.81279006 0.772 % 0.006 0.834 % 0.006
V(WK 'm?) 9000030000 ~770 £ 90 570 £ 60
K (WK m2) 4000030000 1500 £ 100 20130

Derived parameters
q 6.1£0.2 4.0+0.2
M, Mo) 1.440.1 17402
M, M) 0.24 £ 0.01 0.4410:03
Tausk (K) 5570 & 70 4440+30 4420+
Taay (K) 5590 £ 70 4900 = 20 4890 £ 20
Taawn (K) 5460 + 60 4460120 4400+29
Thight (K) 5460 + 60 416072 414012
R: Ro) 0.456 = 0.008 0.70 £ 0.02 0.73 £ 0.02
vsin (i) (kms~!) 89+ 1 75£1 78+ 1
fva 0.945 £ 0.003 0.918 £ 0.004 0.956 £ 0.003
e 0.24754¢ 0.21 £0.02 0.20 +0.02
Goodness of fit

In(Z) —2267.6 —6622.2
Nof 3718 12485
x2 1.247 1.053

magnitude 2 9 typical of white dwarfs would not have been detected
in our observations if they lied beyond ~1 kpc. We can see from
Fig. 5 that the two redbacks PSRs J1036—4353 and J1803—6707 are
located 2-3 mag fainter than the Sun on the blue side of the main
sequence. They were well detected at distances of 3.4 and 3.3 kpc,
respectively, as inferred from optical modelling. We used the DM
distances to estimate the lower limit on the absolute magnitude
for the other binaries. Except for PSR J1906—1754, these lower
limits range from slightly to substantially below the redbacks. In
particular, the apparent sources in the images of PSRs J1623—6936
and J1858—5422 are unlikely to be their optical counterparts if they
are white dwarfs or faint black widows.

The orbital periods of PSRs J1623—6936, J1757—6032,
J1823—-3543, J1858—5422, and J1906—1754 fall well outside the
typical range for black widows and redbacks, suggesting they are
most certainly MSP binaries with white dwarf companions. Their
minimum masses indicate that the white dwarfs probably contain

a degenerate He core, except for PSR J1757—6032 which lies
near the boundary between He- and CO-core white dwarfs. This
therefore confirms our expectation that none of the nearby stars are
the counterpart of their companions.

At an orbital period of 4.8 h, PSR J1526—2744 falls within the
range observed in spiders. However, if it were a redback similar to
other detected in this paper at the DM-inferred distance of 1.3 kpc,
we would have detected it. Its real distance would need to be at least
~3.5 kpc to avoid detection. Given that this is probably unlikely the
case, an alternative scenario is that the system is a black widow, where
the companion is on average fainter. This possibility is, however,
disfavoured by the minimum companion mass derived from the
timing (assuming a 1.4 Mg pulsar) of 0.08 M. This conclusion
is further reinforced by the fact that our optical data includes the
superior conjunction of the companion where it would show its
heated side and could have been detected. We therefore conclude that
the most likely nature of this system is a MSP with a white dwarf
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Figure 5. The Hertzsprung—Russell diagram displays PSR J1036—4353,
PSR J1803—6707, and upper limits for other pulsars. The vertical axis denotes
the absolute magnitude Mg in the Gaia G band, while the horizontal axis
represents the Gaia colour (Ggp — Grp). Black dots denote Gaia sources
within a 200 pc distance, with the orange circle marking the Sun’s position.
Magnitudes are uncorrected for interstellar extinction. The black arrow shows
the shift from the intrinsic to the observed position of a star with E(B—V) >~ 0.3
mag. ULTRACAM i, and g; magnitudes at the signal-to-noise ratio of unity
are approximately 25.253 and 26.256, respectively (V. Dhillon & T. Marsh
2001). These limits are converted to Gaia magnitudes, establishing 1-sigma
upper limits at various distances, depicted as grey dashed lines. One of these
lines serves as an approximate boundary, distinguishing detectable sources
above it from undetectable ones below. Upper limits for other TRAPUM
pulsars are estimated from DM distance (YMW16; J. M. Yao et al. 2017) and
represented as dashed lines in different colours.

companion in a very compact orbit, unless the YMW16 distance is
severely underestimated. These extremely low-mass (ELM) white
dwarfs are called ELM WDs system (see e.g. T. R. Marsh, V. S.
Dhillon & S. R. Duck 1995, for more details). While unusual, a
handful of these systems containing an MSP have been discovered,
including PSR J1012+5307 which recent optical work showed it
possibly contains the lowest mass white dwarf in an MSP binary
found so far at 0.15 + 0.02 Mg (D. Mata Sanchez et al. 2020). For
PSR J1526—2744’s companion to have a similar mass would imply
the orbit is seen relatively face on (< 40°). A white dwarf companion
would also explain the lack of radio eclipses commonly seen in spider
systems.

4.2 Heat deposition below photosphere

PSR J1036—4353 displays an asymmetric double-peak light curve
whose peak at orbital phase 0.25 is higher than the other peak at
orbital phase 0.75 (see Fig. 2). The direct heating model cannot
reproduce this asymmetric feature. Consequently, we proceeded to
fit the data using the heat redistribution and spot models. Although
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the diffusion-convection model returned the best-fitting statistics, its
Bayesian evidence value does not differ substantially from the spot
model. The inferred inclination from our modelling is about 86°,
which is also consistent with the extended radio eclipses (orbital
phase range 0.05 to 0.45) reported by M. Burgay et al. (2024). At
this inclination, we might also expect y-ray eclipses to occur as the
pulsar passes behind its companion at superior conjunction (C. J.
Clark et al. 2023a). Unfortunately, y-ray pulsations have not been
detected from this system, owing to its faintness, and so the orbital
period cannot be determined from gamma-ray timing to achieve
sufficient precision for detecting a y-ray eclipse.

The fitted and derived parameters from the best-fitting model are
presented in Table 5. The projected radial velocity amplitude of the
companion of 34077 km s~ combined with the orbital inclination
from above implies a pulsar mass 1.440.1 Mg and a companion mass
0.2440.01 M. The day and night side? temperatures are respectively
5590 and 5460 K while the temperatures on the ‘dusk’ and ‘dawn’
side are respectively 5570 and 5460 K. With our best-fitting model
requiring a free diffusion parameter, more heat can be transported
in the north—south direction. This means the model requires more
irradiation, resulting in a hotter day side than comparable non-
diffusion models such as the simple direct heating. This leads to
a larger Roche-lobe filling, a higher orbital inclination, and smaller
component masses (see Table B1 for more details).

As shown in Fig. 6, the modelled light curves in which gravity
darkening is applied before thermal transport (i.e. Pre-IGD) a small
phase offset compared to the observed light curves, indicating a shift
in the outermost layer of the star. The lower temperature regions at
the ‘nose’ and ‘back’ points of the star move to the east, leading to
phase shifts in the light curves. These displaced lower temperature
regions result in larger filling factors, higher inclination, and higher
irradiation due to enhanced heat transport. In response to this change,
the outermost layer is further shifted away from both points. This
discrepancy suggests that the heat redistribution models with shallow
heating fail to reproduce the observed light curves. In addition, the
Bayesian evidence for these models with Pre-IGD is notably lower
than their counterparts with Post-IGD, as indicated in Fig. 4. The
differences in the posterior distribution between these presciptions
are also shown in Fig. Al.

The Bayesian evidence values for the heat redistribution models
with gravity darkening applied after thermal transports (i.e. Post-
IGD) show a significant improvement (In(B) > 60) in their fit to
the PSR J1036—4353 data. The Post-IGD keeps the temperature
pattern from gravity darkening in place and hence requires lower
irradiation and surface wind speed. This means that most of the
irradiation energy can be deposited deeper than the photosphere
before being redistributed to other parts of the companion surface.
This agreed with the assumption in A. Zilles et al. (2020) and S.
Ginzburg & E. Quataert (2020) that pulsar irradiation penetrates
deeper than the photosphere and raises the effective temperature of
the companion. This deep energy deposition leads to the formation
of a deep radiative layer in the convective envelope, slowing down
the companion’s cooling. The direct heating and spot models do not
present significant differences in their goodness-of-fit between the
Pre- and Post-IGD alternatives since these irradiation prescriptions
do not involve energy transport across the companion.

The phase shifts found with the Pre-IGD prescriptions are not
suitable to model the light curves of PSR J1036—4353. On the
other hand, the Post-IGD prescriptions do not create this effect, thus

2 As evaluated from a viewpoint along the orbital plane.
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Figure 6. Top panels: Surface temperature profiles of PSR J1036—4354’s companion for six different models: pre-IGD direct heating, post-IGD spot, pre-IGD
convection, post-IGD convection, pre-IGD D+C (diffusion and convection), and post-IGD D+C models. Bottom panels: Light curves of PSR J1036—4354 for
various model predictions. The light curve of the direct heating model with the post-IGD prescription is shown with a dotted line in all three columns. The light
curves of the convection model with a uniform angular convection profile are displayed in the leftmost column. The results of the diffusion and convection model
with a uniform angular convection profile are presented in the middle column. In these two columns, the grey dashed lines represent models with the pre-IGD
prescription, while the black solid lines indicate the post-IGD models. The spot model is shown in the rightmost column. The light curves of the convection
model with the pre-IGD prescription exhibit a phase offset compared to the observed data.
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Figure 7. Light curves of PSR J1803—6707 presented for two orbital cycles. The original data points are shown for the first orbital cycle (phase O to 1). For
the second orbital cycle (phase 1 to 2), data points are binned to five-minute exposures. Markers with blue and orange colours represent data from June and
July 2021, respectively. The black dashed and solid lines show the best-fitting model lines for June and July 2021, respectively. The best-fitting model is the

diffusion-convection model with the post-IGD prescription and f= 0.08.

supporting the deep penetration theory of high-energy photons. A
recent study of the asymmetric, irradiation-dominated, single-peak
light curves of PSR J1910—5320 (O. G. Dodge et al. 2024) found
mixed results as to whether Pre- or Post-IGD models performed

MNRAS 545, 1-19 (2026)

better, with a slight advantage in favour of the latter. However, their
data were fitted with a gravity darkening 8 = 0.25 while we compared
both 8= 0.25 and = 0.08 in this study and found that models
using the latter outperformed the former. It is important to note that
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current gravity darkening models do not account for the effects of
irradiation and magnetic fields, making it challenging to ascertain
if Post-IGD is the universally applicable prescription for all spider
binaries.

4.3 PSR J1803—6707 companion inflation

A clear change in the light-curve modulations of PSR J1803—6707
is observed between June and July 2021, as shown in Fig. 7.
Within this time span, most orbital parameters, such as inclination,
companion rotational period, and orbital separation, are expected to
remain constant since the pulsar timing ephemeris does not change
significantly and there is no evidence for mass transfer. However,
the orbital periods of redback systems do vary significantly over
time, believed to be due to changes in the internal structure of the
companion star (G. Voisin et al. 2020a). For PSR J1803—6707, these
variations in the orbital period have been monitored through the
joint radio and y-ray timing presented in M. Burgay et al. (2024).
Between June 2021 and July 2021, the orbital period increased
by around A powb/ Porb X 107, which would be consistent with a
slight increase in the companion star’s filling factor, although much
larger variations (up to | A pom |/ Pors & 2 x 107%) are also seen during
the Fermi data for this pulsar. The relationship between the orbital
period and the companion radius depends on the unknown ‘apsidal
motion’ constant (G. Voisin et al. 2020a), and so establishing a
firm connection between these phenomena would require far more
extensive optical monitoring.

This variation in orbital period is very small and negligible for
optical light-curve modelling. Hence, the orbital parameters are kept
fixed between the two epochs while modelling for the change in the
light-curve amplitude. This narrows down changing parameters to
filling factor (frL), base temperature (7p,se ), irradiation temperature
(Tir), and asymmetry related parameters. Different combinations of
these parameters are fitted to each data set while the other parameters
are kept the same in all three data sets as shown in Table B2. The
fitting with separate filling factor, irradiation temperature, and the
convection coefficient as separate parameter provides the highest
Bayesian evidence. The posterior distribution of this best-fit model
is shown in Fig. A2. The constrained parameters are as follows:
K. = 244f?0 km s~!, inclination is approximately 53 % 2°, and
the masses of the pulsar and companion are 1.740.2 and 0.44700
Mo, respectively. We also evaluated the irradiation efficiency (¢),
defined as the ratio of the irradiation energy rate to the spindown
luminosity, and found it remains constant within 1o. By contrast,
the volume-averaged filling factor (fya) increased by about 4 per
cent. This suggests that the change in incident irradiation may not be
responsible for the companion’s inflation. Instead, it is more likely
that the evolution of the internal structure of the companion is the
main cause underlying this inflation.

As shown in Fig. 8, the volume-averaged filling factor of PSR
J1803—-6707 varies from 0.936 and 0.972 between June and July
2021. By comparison, the volume-averaged filling factor of the two
tMSPs PSR J1023+0038 and PSR J1227—4853 in their rotation-
powered state were inferred to be 0.994 and 0.966, respectively,
according to the best-fitting model of their optical light curves
(J. G. Stringer et al. 2021). It is unclear what their Roche-lobe
filling factor is in the accretion state, but given that mass transfer
is taking place it is presumably near unity. As such, one might
speculate that if PSR J1803—6707’s companion had had a higher
filling factor before its radius change — at a similar level to that of the
above two tMSPs during their rotation-powered state — it could have
experienced a tMSP state transition. The Roche-lobe would nearly
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Figure 8. The projected outlines of PSRs J1036—4353, J1803—6707,
J1023+0038, and J1227—4853. The black filled dots are the position of
the MSPs and the crosses mark the centre of mass of the binaries. The solid
black lines show the Roche lobe around each companion. The dashed lines
are the companion perimeters inferred from the best-fitting models. The green
and orange dashed lines represent the companion of PSR J1803—6707 in June
and July 2021 respectively. J. G. Stringer et al. (2021) obtained the filling
factors of the tMSPs, PSRs J10234-0038, and J1227—4853, in the rotation-
powered state, using an ICARUS configuration that is similar to the pre-IGD
prescription used in this work.

filled and ensuing mass transfer could have formed an accretion disc,
potentially leading to the disappearance of radio pulsations. Although
this scenario has not been observed in PSR J1803—-6707, long-term
monitoring could reveal further changes in which the system would
undergo a successful state transition.

5 CONCLUSION

We searched for optical counterparts to eight new MSPs with
MeerKAT. We obtained upper limits in optical bands for six binaries.
Five of them are wide-orbit MSPs with white dwarf binaries which
were expected to lie beyond detection limit. The sixth one, PSR
J1526—2744, is in a compact orbit with a low-mass companion which
was expected to be a redback. The non-detection of a counterpart,
however, most likely rules out this scenario in favour of being a
rare example of an MSP having an ELM white dwarf companion.
The remaining two MSPs were expected to be redback systems,
the nature of which was confirmed from detailed optical light curves.
The modelling of these light curves and the spectroscopically derived
radial velocities we obtained allowed us to estimate the component
masses. We found pulsar masses of 1.4£0.1 and 1.7+0.2 Mg for
PSRs J1036—4353 and J1803—6707, respectively.

MNRAS 545, 1-19 (2026)
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In the optical follow-up campaign, preliminary radio localization
using SEEKAT proved to be useful in searching for the optical
counterpart to the pulsar companions. This helped narrow down
the search area to a few arcseconds only, which means that at most
one or two stars would fall within the area of interest. The positional
accuracy was subsequently confirmed by more accurate localization
from the following timing campaign.

We found that the post-irradiation gravity darkening prescription
significantly improved the goodness-of-fit of our modelling in the
case of PSR J1036—4353. A phase shift in the modelled optical
light curves compared to the observations using the pre-irradiation
gravity darkening prescription provided the decisive evidence against
this alternative. Thus, we conclude that high-energy irradiation from
MSPs penetrates deeper than the layer of photosphere, in agreement
with the proposal from A. Zilles et al. (2020) and S. Ginzburg & E.
Quataert (2020). More y-ray photons from Fermi-LAT should allow
us to detect y-ray eclipses and further constrain the inclination of
PSR J1036—4353.

The inferred change in the filling factor of PSR J1803—6707
provides us with a significant clue regarding the possible triggering
mechanism behind tMSP state transitions and the evolution of
redbacks. Comparing its volume-averaged filling factor to that of
known tMSPs suggests that this redback could have experienced a
failed tMSP state-change episode due to the companion’s envelope
being insufficiently large enough to initiate Roche-lobe overflow.
It is possible that further evolution could happen in the future,
which would eventually lead to mass transfer. This source, along
with other redbacks found to display light curves changing on
time-scales of weeks/months/years, requires long-term monitoring
to better understand the mechanisms driving their evolution and
possibly identify new tMSPs.
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Figure Al. Posterior distribution of PSR J1036—4353 using diffusion and convection models. Blue contours represent the Pre-IGD prescription, while orange

contours represent the Post-IGD prescription.
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Figure A2. Posterior distribution of PSR J1803—6707 using the best-fitting diffusion-and-convection model. Orange contours show fitted to the July 2021
data set, while blue contours represent the parameters fitted to the June 2021 data set. The E(B—V), inclination (i), radial velocity (K.), and distance (d) are
joint-fitted parameters between the two data sets. Thus their contours are exactly overlapped.
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