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ABSTRACT

We present the rst X-ray observation of the energetic millisecond pulsar binary PSR JAAB3, performed wittKMM-Newton

and complemented with fast optical multi-band photometry acquired with the ULTRACAM instrument at ESO-NTT. It is found as a
faint X-ray source without a signi cant orbital modulation. This contrasts with the majority of systems that instead display substantial
X-ray orbital variability. The X-ray spectrum is dominated by non-thermal emission and, due to the lack of orbital modulation,
does not favour an origin in an intrabinary shock between the pulsar and companion star wind. While thermal emission from the
neutron star polar cap cannot be excluded in the soft X-rays, the dominance of synchrotron emission favours an origin in the pulsar
magnetosphere that we describe at both X-ray and gamma-ray energies with a synchro-curvature model. The optical multi-colour
light curve folded at the 10.8 h orbital period is double-humped and dominated by ellipsoatasebut also aected by irradiation.

The ULTRACAM light curves are t with several models encompassing direct heating and a cold spot, or heat redistribution after
irradiation either through convection or convection plusugiion. Despite the inability to constrain the best irradiation models, the

ts provide consistent system parameters, giving an orbital inclination of &9and a distance of 3.10.3 kpc. The companion is

found to be an F-type star, under lling its Roche lobfg (= 73  4%) with a mass of 20 0:04 M , con rming the redback status,

but hotter than the majority of redbacks. The stellar dayside and nightside temperatures of 7500 K and 7400 K, respectively, indicate
a weak irradiation eect on the companion, likely due to its high intrinsic luminosity. Although the pulsar mass cannot be precisely
derived, a heavy (1.8.2 M ) neutron star is favoured.

Key words. binaries: general — stars: neutron — pulsars: general — pulsars: individual: PSR J1431-4715 —
pulsars: individual: 4FGL J1431.4-4711

1. Introduction powered pulsar state was found in the MSP PSR J10238

Mili doul MSP) binari t svst Archibald et al. 2009 However, the subsequent detections of
illisecond pulsar (MSP) binaries are compact systems Consiglse ransitions from arat to a disc state in other systems

ing of a fast spinning neutron star (NS) and a low-mass coM g 318252452, in the M28 globular clustePépitto et al
panion star. Those in a tight orbi{y, . 1d) are dubbed “spi- 2013 Linares et ai. 201y the galactic eld X-?gy source

ders' (Roberts 201Band, depending on the companion Masggq 175704859 Bassa etal. 20t4de Martino et al. 2014

(Mg), are subdivided into “black widowsM; . 0:1M ) and :
‘reqlbacks' M. 01 0:4M ). These o_Id NSs in binaries aregnd again PSR J1028038 Stappers et al. 201®atruno et al.

panion. According to the recycling scenaridigar et al. 1982 transfer rate from the companion star and possibly controlled

Backer et al. 1982during the accretion phase, MSP binarig, : .
were low-mass X-ray binaries (LMXBs) and turned into radigy the interplay between the pulsar spin-down power and the

and gamma-ray pulsars when mass accretion ceased. Therﬁpgppanion star wind or by its magnetic activity (see review

observational evidence of transitions from a LMXB to a rotatio apitto & de Martlr_m 202)2. N . .
In spiders, the interaction of the relativistic pulsar wind with

? Corresponding authodomitilla.demartino@inaf.it the companion star wind produces an intrabinary shock (IBS),
Y Deceased. where particles are accelerated, evaporating the late-type star
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(Arons & Tavani 1993 Depending on the energy of the partinot constrained due to the degeneracy between the inclination
cles, the IBS cools via inverse Compton or synchrotron radiand lling factor.
tion. Also, depending on the pulsar spin-down power and com- We present here a multi-band analysis of J1431 consisting
panion wind momentum, the IBS assumesadient orienta- of an X-ray observation of J1431 performed wKMM-Newton
tions, wrapping around the companion star in black widows trat has allowed the detection for the rsttime of the X-ray emis-
the pulsar in redbackdi(i et al. 201% Wadiasingh et al. 2018 sion, as well as optical multi-colour fast photometry acquired at
Kandel et al. 2019Sim et al. 2023t X-ray orbital modulations ESO La Silla with the ULTRACAM instrument mounted at the
are indeed observed in a number of black widows and redbadKET telescope. The observations are presented in Sette
with di erent orbital phasing, indicating the dirent IBS geom- X-ray timing and spectral analysis are reported in S&di.and
etry (Roberts et al. 2008 Furthermore redbacks are found to béhe optical photometric study is provided in SegR We dis-
more luminous on average in the X-rays than black widows andss the results in Seet.and compare them with other redback
isolated MSPs, indicating that a larger fraction of pulsar wingroperties.
is intercepted at the shock compared to black widdve (et al.
2018 Koljonen & Linares 2023 . .
The late-type companions are generally found to be Stron&yObservatlons and data reduction
irradiated in black widows, whilst in redbacks theegt is 2.1. The XMM-Newton observation
not always detectedBfeton et al. 2013 Romani et al. 2015
Strader et al. 2019 The irradiation pattern in both black wid-J1431 was observed i$MM-Newtoron 2021 Jan. 21 (OBSID:
ows and redbacks is not always found to be consistent wi§60430101) with the EPIC-pn camestr{ider et al. 2001in
direct irradiation by the pulsar, sometimes requiring illuminatioff® Large Window imaging mode and with the thin optical
from the IBS as well Romani & Sanchez 20)6or even addi- blocking lter for an exposure time of 92.3ks ar_1d Wlth the
tional heating due to magnetic activity of the companion st&F!C-MOS1 and MOS2 camerasuner et al. 200)Lin Partial
(Sanchez & Romani 20)7 Window imaging mode with t_he thin Iter for an exposure time
The number of spiders and candidates of both typ8&93.3 and 94.6ks, respectively. The presence of background
has largely increased recently, thanks to several deep rad@nd activity at the beginning and end of the pointing reduced
pulsar searches (e.gKeithetal. 2010 Hanetal. 2021 the e ective exposures to 78.9 ks and 84.4 ks for_the EPIC-pn
Padmanabh et al. 202Bhongmeearkom et al. 20pand to the and MOS cameras, respectivélyThe Optical Monitor (OM)
gamma-rayFermiLAT survey (Abdollahi et al. 202 The lat- (Mason et al. 200lwas set in fast window mode using the
ter, in particular, has allowed for ecient detection of MSP bina- (5100 5800 A) and UVW1 (24503200 A) lters. Nine OM sci-
ries, which are unaected at high energies by eclipseeets €ence windows of 4400's each were acquired sequentially in the
from the intrabinary materialgmith et al. 2028 Redbacks are V and UVW1 lters, totalling an exposure of 39.6ks in each
of particular interest because they include the recently disc@f-them, respectively. The log of the observations is reported in
ered subclass of transitional millisecond pulsar binaries. Amomhgblel.
the newly identi ed redbacks, a number of them still lack multi- The data were processed and analysed usingXtd&/-
band observations to derive the physical parameters of the I§gwtonScience Analysis Software (SAS v.20.0) with the latest
and the companion star. calibration les. The photon arrival times from EPIC cameras
In this paper we focus on the poorly studied MSP binatyere corrected to the Solar System barycentre using the JPL
PSR J14314715 (henceforth J1431). It was discovered in tHeE405 ephemeris and the nominal position of J1431 reported
High Time Resolution Universe (HTRU) survey Bates et al. by Bates etal.(2019°. For the EPIC cameras, we extracted
(2019 as one of the fastest (2.01 ms) and most energetic p¥ents using a PBradius circular region centred on the source
sars with a spin-down powdf = 6:8 10*ergs?. Its pulsed and using a background region of the same size located on the
radio emission was found to be ected by strong eclipsessame CCD chip. To improve thel§ the data were Itered by
at the binary 10.8h orbital period. The radio orbital solselecting pattern pixel events up to double with zero-quality ag
tion classi ed J1431 as a MSP binary with a non-degenerdg the EPIC-pn data and up to quadruple for the EPIC-MOS
donor, with a minimum mass oM, = 0:12M . J1431 data. Background subtracted light curves were produced using
has also recently been detected at high energiesedoyni the epiclccorr task in the whole 0.212keV range and in
LAT and catalogued as 4FGL J14314711 in the 4FGL-DR3 two bands covering the 0.2 keV and 4 12keV ranges. Given
12-yr and 4FGL-DR4 14-yr LAT catalogueg\fdollahi et al. the faintness of the source, the light curves were binned into
2022 Ballet et al. 202} respectively, withL = 1:26 8:11 1200s and 2400 s-long intervals, respectively. The EPIC spec-
10%3ergs? for a distance range of 1.3.8kpc, encompass-{ra were extracted in the 0.30keV range, ltering the events
ing distance values derived from the dispersion measure (DNiNG good time intervals obtained by selecting low background
(Bates et al. 20L5Jennings et al. 20)&nd Gaia (Antoniadis €Pochs with the tasgtlgen Response matrix and ancillary les
2021, Gaia Collaboration 2023. A deep search for pulsationsWere generated using the task®ifgenandarfgen, respec-
has also identi ed J1431 as a gamma-ray pulsar at tde tively. The spectra were rebinned with a minimum of 30 counts
level (Bruel 2019 and thus it is included in the recent thirdn €ach bin using thepecgroujpoutine before tting.
Fermi-LAT catalogue of gamma-ray pulsaiSrtith et al. 2028 The OMV and UVW1 fast window data were processed and
joining the sample of 14 con rmed redbacks with radio anBackground light curves were generated with the @sKchain
gamma-ray detections. Medium time resolution optical photorffith a bin time of 400 s and 11005, respectively. Given the small
etry and spectroscopy was carried out Biyader et al(2019 Size of the fast window mode, the centring of the target was
who revealed the orbital motion of the companion star and fou1§1dThe ltering of the event les was performed creating good time

it to be a ected by mild irradiation. The binary parameters WelRtervals (GTIs) by setting a cut in the background rate time series with-
out source contributions.

3 The radio position is fully consistent with th@aia DR3 position

1 TheGaiaDR3 geometric distance ranges between 15%8 kpc. (Gaia Collaboration 2023
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Table 1. Observing log of J1431.

Telescope Instrument Date UT (start) Texpo® Average rate (cts $) ®
XMM-Newton EPIC-pn 2021-01-21 15:59:46 84.0ks 48 059 1038
EPIC-MOS1 15:28:05 84.4ks 42 030 108
EPIC-MOS2 15:28:28 84.4ks ‘™ 029 10°
OM-V 15:36:27 35.2ks D1 0:02(1792 0:.02)
OM-UVW1 2021-01-22 04:.07:21 32.0ks 26 0:01(2016 0:03)
NTT ULTRACAM us, gs, s 2019-04-12 00:45:50 154020.2@s us = 19:18 0:.03,gs=1785 0:01,ro=1777 001

ULTRACAM Ug, g, s 2019-04-13 03:59:31 102420.29s ugs= 1917 0:03,9s=17:85 0:01,rs=1778 0:.01
ULTRACAM Ug, gs, is 2019-04-14 02:17:30 120320.20s us= 1917 0.04,9s= 1785 001,is= 1767 0:.01

Notes.®@E ective exposure after removal of high background (EPIC) and bad OM centering in the fast window (OM) or poor data close to twilight
(ULTRACAM). For ULTRACAM the number of frames and exposure of each frame are rep&Pieerage rates in the 0.22 keV range for

EPIC cameras. For the OM average rates and AB magnitudes in parenthesis are reported. For ULTRACAM nightly average AB magnitudes in t
observed lters are reportédflOne third of frames, each three times the reported exposure (see text), were acquired ilethe

inspected for each window. Due to a drift of the telescope, the= 17.61 0:03,g = 1589 0:01,r = 1550 0:01 and
target was found to be partially outside the window of the last 15261 0:008. The light curves in the derent bands were
V band observation and the rst UVW1 band window and theréaspected against degradation due to twilight at the end of the
fore these were disregarded. The light curves were then correaibderving runs and the acted points were removed from the
to the Solar System barycentre in the same manner as the ERJfit curves. Barycentric correction was also applied to the time
data. The OMV and UVW1 count rates were also converted intseries in the dierent Iters.
AB magnitudes using the count rate magnitude conversion avail-
able at theXMM-NewtonSOC'.

3. Data analysis and results

2.2. The ULTRACAM observations 3.1. The X-ray emission

J1431 was observed with the ESO 3.5m New Technology Telgie XMM-Newtonobservation nds J1431 as a faint source
scope (NTT) at La Silla (Chile) equipped with the ULTRACAM(Table 1) and thus we restrict to the more sensitive EPIC-pn
photometer Dhillon et al. 2007 that allows simultaneous highdata for the timing analysis, after inspection of no improvement
speed three-colour photometry for three consecutive nights friamthe SN when summing the rates from the three EPIC cam-
2019 April 12 to April 14 in relatively good seeing (1.5 eras. In Fig.1 the EPIC-pn light curve in the total 0.22 keV
conditions. is displayed together with those in the soft 04keV and hard
During the rst two nights the Super SDSS§, gs, r's Iters 4 12keV ranges. Although the length of the observation covers
were used, while on the third night the photometry was acquirasice the 10.8 h binary period, there is no clear orbital modula-
with theus, gs, is Iters. The Super SDSS lters are described irtion in the total band. The soft 0.2 keV bands may hint at a
Dhillon et al. (2021). Single exposure times were 60.6 s for thpossible variability with a marginal increase in the ux at about
us Iter and 20.2s for thegs, rs, is Iters. The instrument was 28 ks from the start of the observation, not observed in the hard
set in full-frame and no-clear mode giving a dead time betweéh 12 keV) range. The hardness ratio HR, de ned as the ratio
each frame of 0.024 s with a GPS time stamp of each frameofocount rates between the 42 keV and 0.24 keV bands, may
an absolute accuracy of 1 ms. Due to a rotator ip at transit, tiredicate a softening at that time, but also at earlier and later times
science exposures were stopped for a few minutes. The logasfdepicted in Figl, although at these epochs the hard band
the ULTRACAM observations is reported in Taldle count rates are consistent with zero given the uncertainties on
The data were reduced using the improved reduction pipelithe background subtracted rate.
developed for HIPERCAM Dhillon et al. 202). The images The EPIC-pn energy resolved light curves were also folded
were debiased using master bias and dark frames and at-the 10.8 h binary orbital period using tBates et al(2015
elded using a master twilight at eld. Aperture photome-ephemeris (see left panels of Fig), where phase zero cor-
try with variable sized object apertures scaled to the seeingr@sponds to the time of the NS ascending Rodehe soft
each frame was applied to extract counts. The sky was detsand hints to a variability with a semi-amplitude of 1412%
mined from a clipped mean in an annulus around the objécf=d:o:f: = 0:94=9), while a t with a constant gives?=d:o:f: =
aperture and subtracted. Several comparison stars in the s@r@8=11. The signi cance of an orbital variability estimated
eld of view were also extracted to perform dérential pho- with an F-test is only at 1.6 con dence level, thus not sta-
tometry. Among the comparison stars two of them have sirtistically signi cant. The light curve in the harder (42keV)
ilar colour to J1431, which then have been used to calibrateange appears to be double-humped with unequal maxima at
the target using their magnitudes from the SkyMappper Southyy, 0:25 04 and 0.8 1.0. These phases are close but
ern Survey DR2 catalogu®©fken et al. 2010 These have also slightly later than the superior and inferior conjunction of the
been checked against variability and we chose the more stghldésar, respectively. Fitting the hard band orbital light curve
reference star SMSS J143149471538.1 with AB magnitudes with the fundamental and harmonic frequencies, the amplitude
is 34 14% ( 2=d:0:f: = 0:60=9), while a t with a constant

4 https:/www.cosmos.esa.int/web/xmm-newton/
sas-watchout-uvflux 6 The radio solution is highly accurate &d = 1:15 10 *°) allowing
5 The comparison stars colours were checked ag&iag DR3. the folding of theXMM-Newtondata.
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At the distances of 1.538.8 kpc the corresponding luminosity
isLy =07 50 1C'ergs?.

Although the simple power law model is formally
acceptable, we also included a blackbody component, using

-~ 3 + é
L T e R ﬁﬂjﬂﬁ

0
0.015 F

5 + , .
Zom b4 TAR e 4+, bbodyradio inspect whether the presence of the thermal emis-
Tsa0e + Hte Mt ﬂﬁ*ﬁ“ﬁﬁ ﬁ*g sion of the NS is required. We do not attempt to use a NS atmo-
0 1 1 1 1 3 sphere model (e.g1Sg given the low statistics of the spec-
F + P44 + + ] tra. Keeping xed the hydrogen column density as before we
i Y t Pt +++ ++ ﬁ Lt t- nd a power law index = 1:31'23¢ a blackbody tempera-
oL Teee ot T 4+ P T 038 < 63
- ‘ ‘ ‘ ‘ ] turekTgg = 0:15 0:04 keV and normalisatioNgg = 1:12"0;72
§ 0y ﬁ# + + 4 4 + + + i ( 2:d:o:f_: = 0:83=25) (see Fig3). The latter implies an emit-
g dobel | gt tTe T ‘+H»+H+ f* +§ ting radiusRgg 100 740m for a distance in the range of
=% 24107 10" 10° 8107 1.53 3.8kpc. The 0.310keV unabsorbed uxes of the two

components result ifFgg = 6:4*%3 10 ®ergcm?2s * and
_ iah i ) iah Fpow = 2:6'22 10 ergcm?s 1. The total luminosity in the
Fig. 1. EPIC-pn light curves of J143From top to bottomlight curves 3 10keV range then results,  0:9 555 1081 erg s for

in the 0.2 12keV, 0.2 4keV, and 4 12keV ranges and the hardnes . . . .

ratio between the hard and soft bands, displayed with a bin size BP above _d'Stance ra“ge-_The inclusion of the blackbody using

2400s. an F-test is however signi cant only at a con dence level of
25 .

J1431 displays a similar spectrum to other MSP binaries
gives 2=d:o:if: = 1:20=11. The signi cance of the modulationin the rotation-powered state, with a power law index within
estimated with an F-test is at 4con dence level. The hard- the range = 1.0 1:9. The X-ray emission is therefore domi-
ness ratios indicate a hardening at these two maxima (bottdgted by synchrotron radiation with a luminosity consistent with
left panel in Fig.2). that derived in redbacks and higher than those of black widows

On the other hand, the light curve in the total range does r{ge€eLee et al. 2018Yap et al. 2023Koljonen & Linares 2023
reveal signi cant orbital modulation (right upper panel in F&y. Although not required from the ts, a blackbody component with
being consistent with a constanééd:o:f: = 0:50=11) likely due temperature of 0.15keV and size of a few hundreds of meters
to the higher count rate in the soft than in the hard band. Whigereasonably consistent with those found in MSPs, where the
a detailed comparison with the optical emission is performed¥S thermal emission from the heated pole is detecEI{n
Sect.3.2 the simultaneous UV and optical photometry (Rlg. 2006 Bogdanov et al. 200&011). The ratio of the unabsorbed
right bottom panels) shows a weak double-humped variabilityxes between the putative thermal component and the power
with amplitudes of 8 6% in the UVW1 band and 8 3% in the law in the 0.3 10keV is 0.25 and the bolometric luminosity
V band with unequal maxima at the ascending and descenddighe thermal component in the rang82150 10*ergs*
nodes of the NS, although an F-test gives signi cance aaBd are also consistent with those found in MSE&\(in 2006
2.5 levels. The dierent behaviour will be discussed in Sett. Bogdanov et al. 2091 Whether the non-thermal emission orig-

The X-ray 0.3 10keV spectrum averaged over the whol#ates in the IBS or from the pulsar magnetosphere will be dis-
observation is featureless with no sign of a cut-orhe cussed in Sect.

EPIC-pn and MOS1,2 spectra were analysed usigsjpec

package Arnaud 199% and tted together. We rst adopt 3.2. The optical light curves

a simple model consisting of an absorbed power law , i i i
consttbabs powerlaw, wheretbabsaccounts for the ISM The ULTRACAM time series clearly show a low-amplitude peri-
absorption with abundances from/ilms et al. (2000, and odic varlab_|I|ty in theus, gs, I's, is bands. Using the I(_)nger time
const accounts for intercalibration among the three instrGOverages inthas, gs, rs lters, the Lomb-Scargle periodograms
ments. This model gives a reasonable 2¢d:oif: = 1:01=26), (Lomb 1976 Scargle 198preveal the presence of strong power
with a power law index = 1:63'922 (uncertainties are 90% con-at the harmonic of the 10.8 h orbital period (see BigA sinu-
dence level on one interesting parameter) and an unconstrairidal tcomposed of the fundamental and harmonic to the light
neutral hydrogen column densiyy, 8 10?%cm 2. This upper CUrvesgivesa period,, = 0:45024(22) dP,, = 0:449499(48) d
limit is roughly consistent with the total ISM hydrogen colum@ndP,_ = 0:44950(12)d fully consistent with the more precise
density in the direction of the sourcli{;sy = 1:1 10°'cm 2 orbital period of ®497391377(7)d derived from radio timing
HI4PI Collaboration 2016and the column density from theby Bates et al(2015. The modulation amplitudes in the four
dispersion measure DM59.35 pccm? of Bates et al(2015, bands arep, = 0:0193(8) magAi = 0:0734(2) magA, =
Nu:om |:( 1:836) 1OZT|0m 2, l;]sir;]g thelz emp(;rical relegion of 0:0215(1) mag. A2, = 0:0682(1)magA,, = 0:0153(2) mag,
He et al.(2013, as well as with the column density ofl:1 2 - 0 - 0 2 -
107 cm 2, derived from the recent 3INy tool of Doroshenko dgﬁ 0:0630(1) mag andA, 0:0117(3) mag, A

Time since 2021-01-21 16:18:29:34 UT [s]

(2029 that combines dust maps and distance to estimate 'Oi(élgggtgiaw S:;eb;oerntgg,oz?gg the orbital frequency of

?ptical reddeg_in_g a?hd X-rlay abc'isorpfttion adoetigg f&% sarr12e 'S* The observed light curves, including the OM UVW1 and
ance range. Fixing the column densitNg;sw = €M “ v pand Iters folded at the orbital period using the accurate
the t provides similar results (=d:o:f: = 1:08=27) for the eoh ; P }
. o X . phemeris oBates et al(2015 are shown in Fig5. The double

power law index = 1:88 0:19 (see Fig3)’. The unabsorbed humped shape clearly demonstrates the presence of ellipsoidal

inthe 0.3 10keV rangeis ® 0:3 10 “ergcm?s? np: P y e e P 1P
uxn ' : * variations due to the tidal distortion of the companion star,
which however are not symmetrical and do not show equal min-
7 The results do not change adopting a column density :6f 1 ima. These minima occur al,,  0:25 and 0.75. Also slight
10?*cm 2, phase shifts are observed at the two maxima, one anticipating
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Fig. 2. Left EPIC-pn light curves of J1431 in the 0.2keV (upper panel) and 4.2 keV (middle panel) ranges normalised to their average count
rates and the hardness ratio between the two (lower panel) folded at the 10.8 h orbital period evaluated over 12 phase bins. Phase zero corresy
to the time of the ascending node of the pul&ight Folded light curves in the total 0.22 keV, UVW1 andv bands normalised to their average
count rates.
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Fig. 3. Upper panel Average 0.310keV spectrum of J1431 (black Frequency (1/d)

points). Only the EPIC-pn is shown for clarity, tted with an absorbegiy 4 | omb-Scargle periodogram of the ULTRACAM light curves
power [aw (solid blue line) and a composite model (solid black lingyqig lines) inus (blue), gs (green), and- (red) lters displaying the
consisting of an absorbed power law and a thermal blackbody (dotigthngest peak at twice the orbital frequency (vertical dashed line).

black lines) with parameters reported in the téxdwer panel Residu-  periodograms of the residuals of the sinusoidal ts in each colour are
als of the two ts are shown with blue and black points, respectively. reported with a dotted line.

M AN

at op = 1:0 and the other lagging atyn = 0:5. The wave- atmosphere gridsQastelli & Kurucz 2003 to construct a pho-
length dependent amplitudes also hint at coloueds, likely - tometric grid of synthetic atmosphere models, which in turn are
due to irradiation as pointed out ttrader et al(2019. It is  fo|ded through the ULTRACAM lter transmissions to obtain
worth of note the dierent shape of th& band orbital modu- the opserved ux at a given distance. Theulti Nest nested
lation observed in 2021 with respect to the ULTRACAM Iightmmp"ng algorithm Reroz et al. 201pwas used to explore the

curves acquired in 2019, possibly indicating a change in irgarameter space, which provides the Bayesian evidence (Z) of a
diation e ciency, although the lack of a deeper minimum ghodel.

orp  0:25 could also be due to the lower accuracy of the OM  The precise pulsar radio-timing solution ~ derived
photometry. We then limit ourselves to the analysis of the hig}y Batesetal. (2015 was adopted to x the input

time resolution ULTRACAM data. parameters: the time of the ascending node of the pul-
sar (Tasc=BMJID55756.1047771), the orbital period
3.3. Modelling of the optical light curves (Porb=0.4497391377d) and the projected semimajor axis

_ _ ~ of the pulsar orbitX = aps sini=t=0.550061 It-s). The pulsar
The ULTRACAM light curves, complemented with the radiainass functionf(Mps) relates to the system parameters as
velocity curve obtained from the H absorption line by f(Mps) = Mps Sifi=(l + 1=0)2 = q®x34 2=G P2 where
Strader et al(_2019 for the_companion star, were analysed wit :p MpsFMZ is the pulsar-to-companion mas%rbratio,is
theicarus’® binary modelling codeRreton et al. 201Pto CoN- the hinary inclination. Since the mass function is related
strain system parameters .and the temperature pro le of the the companion star radial velocity amplitudé; as
companion. This software is used along with ATLAS9 stellafr(Mpsr) = Pop K§:2 G, the parameters to be t arg K.
The icarus code constructs a stellar surface whose radius is
8 https://github.com/bretonr/Icarus parametrised by the Roche lobe lling factdg, , de ned as
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s F— the di usion parameterg , which describes the amplitude of a

176 M M M linear di usion e ect (see/isin et al. 202). In the case of spot
wrE M L WM L. model a single surface hot or cold spot is added to the DH model

i E with tted temperature dierenceTgpe, angular sizeRspo, and

e V"\Mf position angles sy,  spot (S€€Clark et al. 2021 Stringer et al.

179 L t t t t L t t t t i 202]).
o ijz 3 % The main priors for the t parameters were chosen such that
B T A A A they are physically or geometrically motivated. Among them,
L WMMWWMM the distance of J1431 whose prior is constructed combining
SEL T TR T e the ranges derived byates et al(2015, Jennings et a(2018,
B H Lt b R ﬁ Antoniadis(2021) and Gaia DR3 (see Sectl), but allowed to
> p TR g 7T S g g0 vary from 0.1 to 20 kpc. Also a Gaussian prior is applied to the
5 ‘ ‘ ‘ 3 interstellar extinctiorE(B V), centred at 0.166 with standard
Eoa iyt T #WHMHW HHHH T ++++++H+€ deviation of 0.16 but allowed to vary over a larger range from
Sws |, ii L R i s 0 to 1. The base and irradiation temperatures were constrained
Orbital Phase e ‘ to lie between 2100K and 12000K, and between 2300K and
15000 K, respectively. For the binary inclination angle uni-
Fig. 5. From bottom to topObserved orbital light curves in the OMform prior in cosi has been adopted. As for the Roche lobe II-
UVW1 andV lters acquired in 2021 and in the ULTRACANL, s, Ts  jng factor fr,, a uniform prior has been adopted between 0.2
andis lters acquired in 2019. Ordinates are AB magnitudes. and 1.0. The spectroscopi¢; constraints are provided by the
observed radial velocity curves obtained from cross-correlation
) ] o ~of the H absorption line in the optical spectrum of J1431 by
the ratio between the radius of the companion in the directigfirader et al(2019. Here theicarus code simulates spectra at
of the pulsar and the distance between the companion centrg @l ¢ orhital phases and the radial velocities of the model are
mass and the inner Lagrangian poibi) fr is then another compared to the observed values (see Bisdge et al. 2024
t parameter. The surface stellar temperatlifgseis de ned as — Among the several model ts, those with post-IGD prescrip-
the temperature of the pole prior to irradiation and, accountiggy, o merform the pre-IGD in all cases, except identical results
for gravity darkening,Thase is multiplied by @=Goie) , Where 5o t4nq for the DHSpot model adopting either pre-IGD or
gxlsoi1heer1ta(':rch(ilseiiatlrgrri13trearviisy )?Qc(zlj ;j _thg_ogga;r']%/ déﬂ(()e.:ggng post-IGD heat redistribution prescription. In Tal@l¢he results
which are appropriate for convective and radiative en_velo_p : o,i]hgr(]jl;,(;rﬁ Q tfgiotﬂ(;"i\?v%?/r:lJggOorﬁﬁgoértg\ﬁtso;;ig?iE;e:)c(gg:
respectively kucy 1967. The e ect of the pulsar heating is nent . Models with =0.25 have much lower Bayesian evidence
represented by the irradiating temperat(ig, de ned such {log Zj with respect to those a doptings 0.08, an dyhence are dis.

that a ux Ti‘r‘r at the star centre of mass is received >
a distancea from the pulsar. With the assumption that th&arded. Here we note that the transition temperature from con-

irradiating ux is immediately thermalised and re-radiate§€ctive to radiative envelopes falls in the rangg000 7900 K
(Breton et al. 201R each surface element at a distandeom (Rafert & Twigg 1980Alencar & Vaz 1997, justifying the inves-

the pulsar, with its normal vector forming an anglewith tigation with both values. The tted parameters with= 0.08
respect the vector pointing to the pulsar, has a temperature sahfound to be all consistent within Ifor those models with
that T4 = [T _(0=goe)* + T} cos (a=r)%*™. This model higher Bayesian evidence, namely that with convection (C), with
assumes direct heating (DH) from the pulsar and applies gravily usionand convection (EC) and with direct heating (DH) with
darkening prior to irradiation, here termed pre-irradiatiod cold spot. A slight preference for the DH with a cold spot is
gravity darkening (pre-|GD) Hreton et al. 20]_B Gravity fpund. This modelis ShOWI'.] n Fl@.where the tth multi-colour
darkening applied after irradiation and heat redistribution dightcurves (panelA) are displayed together with the surface tem-
the companion surface, here termed post-irradiation gravitgrature map of the companion (panel B) as well as the observed
darkening (post-IGD), as done iRomani & Sanche£2016, and model radial velocity curves (panel C). Corner plots for the
Romani et al.(2021) and Dodge et al.(2024, has also been best three models (C), (EC) and DHrspot with post-IGD are
investigated. However the presence of asymmetries and sHifgorted in FigsA.1, A.2 andA.3, respectively. The similarities
in the light curves of J1431, already noticed Byrader et al. Ofthe results obtained withthese three best tmodels provide evi-
(2019, cannot be accounted for by the simple DH approac#ence thatthe derived parameters are reliably constrained despite
These features can instead be modelled either by adding &t inability of determining whether heat redistribution models
or cold spots or by including heat redistribution within th@r a spotted surface represent the physical state of the companion
outer layers of the star by convection only (C) sonddi usion Star.

175

0 0.5

and convection (BC) (Kandel & Romani 2020 Voisin et al. The distance of J1431 has not been well constrained by sev-
2020). These models have also been inspected by applying beta! methodsRates et al. 201,9ennings et al. 201&ntoniadis
pre-IGD and post-IGD. 2021, Gaia Collaboration 20293allowing for a wide range from

Theicarus code also encodes as t parameters the optichlS kpc to 3.8kpc. Here we nd consistency for all the three
interstellar reddening de ned a&(B V) in the direction of models, which, adopting the higher and lower bounds of the
J1431 determined in each band using dust maps and extincigfived parameters, provide a distance to J1431 of 8.Bkpc,
vectors fromChiang (2023 as well as the source distande Well within the above range and that we adopt in the forthcoming
Hence the t parameters for all these models @&¢B V), d, section. The interstellar extinctida(B V) = 0:17 0:19, giv-

Ke, i, frL, Thase Tirr- FOr the models accounting for heat redistriing Ay = 0.52 0.59 is also consistent with the upper limit to the
bution with convection (C) and dusion plus convection (BC), hydrogen column density found from the X-ray spectral ts (see
additional t parameters are the convective strength parame&&ct.3.1) using theGuver & Ozel (2009 relation. The binary
Campi, Which determines the pro le of the convective wind angystem parameters are discussed in Sect.
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Table 2. Posterior parameters obtained from the ts of our multi-colour light curves and radial velocity curvétrader et al(2019.

Model DH C D+C DH+Spot DH C DrC DH+Spot
0.25 0.25 0.25 0.25 0.08 0.08 0.08 0.08
Fitted parameters
E(B V) 0:45'093  0:45739%  0:45'393  0:45'9%2  0:18°90%  0:19739%  0:19%9%3  0:177393
K (kms b 2783 2793 2793 2803 2783 2797 2793 2783
d (kpc) 3992 3:9+02 3:9+02 4:1%%2  2:9'92 3:3+02 3:2+02 3:0%02
i() 481 481 48'1 455%73 62, 553 563 60"3
Thase(K) 1020075 1021043 1021055 1020070 75409 76001% 76705, 7510
Tir (K) 6700150 6700113 6700113 670015 3860775 400075 40405  3880°
frL 0777392 077502 0777302 0:79°99%  0:70'%53  0:74'593 0:73'3%2  0:71°5%
Campl (WK 1m 2?) - 3500039% 35000250 - - 1500085 15000199 -
g (WK 1m?) - - 300800 - - - 2000209 _
spot () - - - 67% - - - 7l+§
spot () - - - 1323 - - - 1113
Repot () - - - 163 - - - 93
Tspot (K) - - - 2800%880 - - - 5003&88
Derived parameters
q 101447398 10:47°3% 1047739 1050709° 1043097 10:48°9%5 1048995 10:44'35%
Mp (M ) 2:9'%2 3.0'%2 3:0'52 3492 1:8'93 2:2°%3 2:2°53 1:8°32
Mc (M) 0:28'3%2  0:29°302 0:28'3%2  0:32°9%2  0:17353  0:21°593 0:2173%2  0:18'3%2
Taay (K) 962079 96209 96208  9730;° 7450 7500135 7570739,  7420°%)
Thight (K) 941085 9420'%) 9420°8 940075 737085 7400195 7490773, 735078
R (R) 0:68'3%  0:69°305 0:68'305  0:72°002  0:54*054  0:617993  0:59'003  0:56353
Goodness of t
logZ 2097.5 1606.0 1611.6 1568.2 1891.3 1451.5 1453.7 1419.0
Ne.o:f: 8703 8702 8701 8699 8703 8702 8701 8699
2 0.591 0.529 0.528 0.524 0.566 0.511 0.511 0.507

Notes.Di erent models with =0.25 and =0.08 grouped from left to right: direct heating (DH), convection (C)udiont+convection (B-C) and

direct heating with a spot (Spot), applying gravity darkening after irradiation (post-IGD). The derived parameters are listed below the t parameter:
These are the mass ratipthe pulsaM,s, and companioM, mass, the da¥ ¢y and nightT g temperatures, which are g,btained a\f_eraging the
temperature over the surface elements of the day and night side hemispheres (i.e. in the plane of the orbit) acEérding(* S.e )/ | Se »

with T; the temperature ang.. the projected area of a surface element.Z2ag the Bayesian evidence of the t with more positive values
indicating better ts. The uncertainties are the ¢on dence intervals.

4. Discussion H and not a wider wavelength range as our multi-band photom-
etry. We also veri ed whether the extinction prior couldext
the temperature determination adopting a at prior for the red-
The parameters obtained with th@earus code for the three dening. The posterior distributions of the t are found similar
best t models give consistent values within Tor the binary to those adopting a Gaussian prior, indicating that the redden-
inclination, the companion Roche lobe lling factor and mas$ng does not aect the temperature determination. The spec-
By averaging among the three models we obiain 59 6, tral type of the companion would then be an early-F star, much
frRL =73 4%,M;=0:20 0:04M , which are broadly consis- hotter than the majority of redbacks, which are instead found
tent with the preliminary results obtained Byrader et al(2019 in the range of 28006300 K (Turchetta et al. 2093 with only
but more accurate. These values con rm the redback statusP®R J18164510 found to be extreme (16 000 Kidplan et al.
J1431. 2013 Turchetta etal. 2093 The companion of J1431 could
The companion surface is found to have hemispherige an outlier due to an unusual binary evolution, or hot red-
averaged nightside and dayside temperatligs:  7400K  back companions are still to be discovered. This shows that the
and Tgay  7500K, both higher than previously estimatedharacterisation of the optical companions of newly discovered
( 6500 6600K) byStrader et al(2019. We here note that this redbacks is an important aspect of investigation. The irradiat-
lower temperature estimate is based on spectra covering a ii@j-temperatureT;, 3900K implies an equivalent irradia-

row spectral range between 55@Y30A encompassing onlytion luminosityLiy = 4 a2 T} 78 10¥ergs?, where

4.1. A mildly irradiated companion
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Fig. 6. Panel A ULTRACAM light curves shown with dierent colours tted with the DH model and a cold spot overlaid with solid black
lines. Residuals are shown in the lower panBnel B Surface temperature map along the orBanel C Observed radial velocity curve of
J1431 obtained b$trader et al(2019 (black dots) and the ones predicted by the model (empty dots) connected with a solid line together with a
sinusoidal t (dotted line). Residuals are displayed in the lower panel. Here phase zero is the inferior conjunction of the companion star.

a = 217 10"cm having adoptedys sini from Bates et al. ing e ects was already pointed out bui et al.(2015 and it is
(2015 and the derived values for the inclinatior= 59 and further supported by the results Byrrchetta et al(2023 on a
mass ratia@ = 10:4. This luminosity when compared to the spinkarger number of spiders with a wide range of orbital periods.
down powerE = 6:8 10**ergs?’ from Bates et al(2015 or The long orbit of J1431 and hence large separation together with
that derived in Sect.2below, gives an eciency i = Lir=E the high companion luminosity can explain the lack of strong
12 13%, not unusual in rebacks, although at the low end of irrradiation in this system.

diation e ciencies (se®reton et al. 2013Yap et al. 2023 To
estimate the heating ect on the companion we consider th%a Ah

expected heating impinging on the companion in the case of & A N€avy neutron star

isotropic pulsar windLneat = f E where f is the geometric Noteworthy is the derived pulsar masdps ranging from
factor 0:5(1 cos )with = arctanR/a), neglecting albedo. 1.8 to 2.2 M, considering all three models. Although we are
Adopting the derived companion radii® = 0:6R and the unable to discriminate among the various models employed,
above value foa, f = 0:009 and thefpea= 6:1 10%2ergs?®.  which limits the precision to which this parameter is con-
The ratio between the expected heating and the compangtrained, a massive NS in J1431 is favoured. In the recent
unheated luminositie,cpase= 4 RZ Tp =4 10°%ergs?, years, NS masses in spiders have been subject of several inves-
then results in heat= LhearLcbhase= 0:15. This indicates that the tigations (seeLinares 2020 Strader et al. 2019Clark et al.
companion luminosity is about 6.5 times larger than the he2021 and references therein). Comparing the NS mass derived
ing, hence implying weak irradiation as indeed evidenced byr J1431 with the latest compilations of NS masses in
the observed double-humped light curves, indicating that th@$ennedy et al. 2022 Rocha et al. 2023 Dodge et al. 2024

are dominated by ellipsoidal ects. The fact that MSP bina-Sen et al. 2024 J1431 joins the group of massive NSs, which
ries with intrinsic companion luminosities larger or comparablacludes the redbacks PSR J225335, PSR J16220315 and

to that expected from pulsar irradiation show negligible hed?SR J18164510 and the black widows PSR J16%358,
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PSR J18181744, PSR J0952607 and PSR JB19%20. Note- 2015. However, the possibility that an 1B shock dominates the
worthy is the case of PSR J1622315, a mild irradiated red- X-ray emission in J1431, not producing an X-ray orbital modu-
back potentially hosting a massive NSef et al. 2024 These lation cannot be discarded, but determining the properties of the
systems are particularly attractive because they allow lower litB shock is not an easy task given the dependence on the binary
its be set on the maximum NS mass and hence have imporiactination, the shock location, opening angle and bulk veloc-
implications for the dense matter equation of state (EoS). ity ( = v=) of accelerated particles. In the thin-shell approxi-
The spin-down power of the pulsar, dened & = mation Canto etal. 1996 generally adopted for spiders, for a
4 2| P=P3, whereP andP are the spin period and its derivaimoderate inclination angle, shadowing of the companion is not
tive andl = 25 Mys Rﬁs is the momentum of inertia of the NS,expected to produce signi cant obscuration of the shock emis-
was estimated bates et al(20159 asE = 6:8 10%*ergs?, sion if the shock is located close to the pulsar and if most of
adopting the canonical NS moment of inertiz= 10*°gcn?  the emission originates close to the shock nose and the opening
and correcting the spin period derivative for the Shklovsk@ngle is small. Near the shock nose, the bulk velocity is low and
e ect. The proper motion of J1431 is now better constrain&Pppler-boosting is not ecient (Vadiasingh et al. 2097Given
by Gaia DR3 (Gaia Collaboration 2093 = 187(2)masyr?, the lack of higher energy coverage above 10keV that would
which allows a more accurate determination of the Shklovslallow the inspection of a spectral break to estimate the shock
e ect. We then correct the observed spin period derivafivelocation as well as the lack of coverage of the radio eclipses at
for this e ect: Psw=P = =cd), wherey is the transverse low frequenciesBates et al. 2_01)30 deri_ve th_e maximum_ shock
velocity, andd the distance. Adoptingl = 3:1  0:3kpc, we Opening angle, it is not possible to verify this hypothesis.
derive Peor = Pops  Psn = 8:7(4) 10 2'ss?, wherePops = Adopting the derived distancd = 3:1 0:3kpc, the
1:411 10 2°ss? is the observed spin period derivative byX-ray luminosity ranges between:42:1 10*'ergs?t in
Bates et al(2015. Given the evidence of a higher NS mass thafie 2 10keV band, or between:2 3:0 10**ergs? in the
1.4M (see Table?), we adopt conservatively the lower limit0-5 10keV range. When compared the X-ray luminosity to
of Mpsr = 1:8M and, lacking knowledge of EoS, a NS radiuthose observed in spiders, J1431 is located between the redbacks
of 10km (see alscSteiner et al. 201;3Han & Prakash 2020 and black widows and in particular among low X-ray luminosity
Riley et al. 202), giving E = 58 6:4 10*ergs?, slightly redbackslee etal. 2018Yap et al. 2023 Koljonen & Linares
lower than the previous determination. It is not too far from th&023. The e ciency in converting spin-down power to X-ray
value of 52 0:3 10*ergs? derived byKoljonen & Linares luminosity in J1431is x = Lx=E  0:02 0:04% (2 10keV)
(2023 adopting the canonical moment of inertis 10459 cm?  or0.03 0.05% (0.5 10 keV). Although caution should be taken
and the loweiGaia distance of 1.6 2.6 kpc. Further observa-adopting empirical relations, this luminosity ratio locates J1431
tions, such as optical spectroscopy, would be desirable to betbetween the so-called “inecient” and “e cient” IBS tracks
ter investigate the irradiation model and hence constrain terived byKoljonen & Linares(2023. All this indicates a very

NS mass. weak contribution of the IBS, if any.
Noteworthy, J1431 not only joins the low X-ray luminosity
4.3. An X-ray dim redback redbacks but also shares with these systems a double-humped

optical light curve, dominated by ellipsoidal variability. Hence,

Our rst deep X-ray observation of J1431 has detected a faiints very likely that the weak companion heating is not due to X-
X-ray source without signi cant variability at its orbital period.ray irradiation. Indeed our time-resolved X-ray light curve does
The X-ray emission in the soft (0.2 keV) is unmodulated and not allow us to conclude whether the non-thermal emission orig-
in the hard (4 12keV) range only a hint at 4level of a dou- inatesin an IBS.
ble peaked variability is found. This contrasts with the majority The spectral analysis indicates that the emission is dom-
of spiders displaying substantial X-ray orbital variations, whidmated by non-thermal radiation, described with a power-law
are often found double-peaked due to Doppler boosting of thmdel with index 1.31.9, similar to those observed in spider
IBS synchrotron emission. In redbacks the non-thermal emgsilsars [Lee et al. 2018Koljonen & Linares 2028 Although
sion is Doppler boosted at inferior conjunction of the NS arfdrmally not required by the spectral ts, a thermal compo-
de-boosted at superior conjunction. The separation of the twent atkTgg 0:15keV originating at the heated NS polar
peaks and their intensity strongly depends on the bulk Loremtap Ras 180 660m for the distance range 2.8.4kpc
factor, viewing angle and shock radiVadiasingh et al. 2037 derived in Sect3.3) could be also present. Similar values for
In black widows the maximum of X-rays occurs at superior cothis thermal component are found in other spid&esv(in 2006
junction of the NS, while in the majority of rebacks it is the oppdBogdanov et al. 20Q&011), contributing 20% to the total X-
site (Roberts et al. 2008 This has been interpreted as dient ray ux. Hence, it is also possible that the dominant X-ray non-
geometry of the IBS, which wraps the pulsar in redbacks tirermal emission originates in the NS magnetosphere. In this
the companion in black widows, respectively, depending to tbase the X-ray emission would be pulsed at the spin period
momentum ratio between the companion and the pulsar wiraisthe NS, but the X-ray data were acquired in imaging mode
(Romani & Sanchez 201&Vadiasingh et al. 2037 with a temporal resolution of 47.7 ms, preventing any search of

In J1431 the companion is found to be luminous, suggespin pulses. Worth of note is that searches for X-ray spin pul-
ing a higher wind momentum and it is conceivable that the IBsitions in the rotation-powered state of the transitional MSP
wraps the pulsar as the majority of redbacks. In this case ¥8S J122704859 led negative detection even using high time
orbital modulation is expected andected by Doppler boosting resolution dataRapitto et al. 2016
at inferior conjunction of the NS. The lack of an orbital modu- The gamma-ray emission of J1431 is typical of pulsars with
lation in J1431 could arise if the system is viewed at low incla spectral shape modelled with a power law with a super-
nation angles. However the optical analysis reveals an internegponential cuto (Ballet et al. 2023 Smith et al. 202 giv-
diate binary inclination of 60 . A low inclination is also not ing a 100 MeV-100GeV ux of &4 10 *?ergcm?s ! and
favoured by the presence of long radio eclipses at superior cangamma-ray luminosity for a distance range of & kpc
junction of the pulsar, lasting0.3 in orbital phaseRates etal. L =44 655 10*3ergs?.
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L B BB AN I of non-thermal pulses. The synchro-curvature emission model
developed bylorres(2018 to describe the high energy spectra
P : of pulsars is based on the assumption that near the light cylin-
PR R der of a pulsar with determined spin period and period deriva-
f tive there is a gap with a signi cant component of the elec-
tric eld parallel to the magnetic lines and this eld acceler-
ates particles. The model follows the particle time evolution,
] solving the equation of motion and balancing acceleration and
losses. It has been successfully applied to the high energy spectra
3 of gamma-ray and X-rays detected pulsarsr(es et al. 2019
and has been further updated with improved treatment of parti-
cle injection to generate synthetic spectra and gamma-ray light
] curves of pulsarsiiiguez-Pascual et al. 2022024. We hence
R R T R Tor oS For T e T R o P attempt to describe the observed broad-band SED of J1431 with
Energy (keV) the updated version of the synchro-curvature model. This allows
ys to compare the results with those obtained for other gamma-

the X-ray composite blackbody plus power law model and the supé?y pulsars detected. It alsq has the advantage that .'t Is a rather
exponential cuto model from the thirdFermLAT pulsar catalogue aUsStere spectral model having only three main physical param-
(Smith et al. 2028 Dashed lines represent the single components of tBE€rs and a normalisation, which has proven useful to represent
X-ray model and dotted-dashed line is the extrapolation of the PLE&4ray and gamma-ray spectra of pulsars, the appearance of sub-
gamma-ray model. exponential cutos at high energies, or the attening of the X-
ray spectra at soft energies. The parameters of the model are
the electric eld parallel to the magnetic eld lineg;;, assumed

The ratio of gamma-ray luminosity to spin-down powegonstant throughout an accelerating region; the magnetic gra-

= L=E 7 11% indicates an eciency of conversion dient b, such that the local magnetic el = Bs(x=Rs) °,
consistent with the median of 10% of redbaci&réder et al. whereBsis the surface polar magnetic eld estimated from radio
2019. The gamma-ray emission in pulsar binaries is gendiming ( 2 10°G) andR; is the NS radius; and the spatial
ally dominated by the pulsar magnetospheric radiation amdtentx,=R.° of the emitting region for particles injected in a
should not be modulated at the orbital period for moderatefjven injection pointx,. The parametexy=R. plays the role
low binary inclinations. However if gamma-rays are also pr@f a weighting function representing the reduction of the num-
duced in an IBS an orbital modulation should be observed suatr of emitting particles directed towards the observer at a dis-
as in the bright systems XSS J1227853, PSR J2339533 tance from their injection point. The model solves the equation
and PSR J203%617 Clark etal. 2021 Simetal. 202% in of motion of the particles to obtain their trajectories, and com-
which also the X-rays are strongly modulated at the orbitplites the emission of particles along each point. The latter is
period Roberts et al. 2018de Martino et al. 20152020. In dependent on the local kinetic properties, such as the Lorentz
J1431 there is no rm evidence of variability in the X-raydactor, the pitch angle and position, and the local properties of
and searches in the gamma-rays do not provide evidencetha magnetic eld (see details ifiiguez-Pascual et al. 20p2
either an orbital modulation or eclipse€lérk etal. 2023 Fig. 8 (left panel) shows the results of the model with
The X-ray (0.5 10keV) to gamma-ray ux ratioFx=F log Ej = 9:31 0:04Vm 1 log(%=R) = 234 0:.04 and
0:5% is lower than that found in most redbacks and similér = 1:24 0:23 ( %/d.0.f.=2.2923). The t is not perfect,
to PSR J19082105 ( 0:6%), surpassing only PSR J162215 but reasonably close to the data. The X-ray emission is the
( 0:3%) and PSR J18#@1510 ( 0:05%) (Strader et al. 2009 worse described by the model, and, related to that, the mag-
It is then plausible that the gamma-ray emission in J1431 origietic gradient is low in comparison with other tted pulsars
nates in the pulsar wind. (iRiguez-Pascual et al. 2022024). This can come as a result

We constructed the broad band X-ray and gamma-ray spe¢two related eects. First, the X-ray spectrum is steeply ris-
tral energy distribution (SED) using our X-ray spectral analysig at soft energies, more than usually found for other pulsars,
adopting the composite blackbody and power law model and #ed as a result the peak in X-rays is comparable to the peak in
FermiLAT SED as retrieved from the recent third pulsar cagamma-rays, so that the model is trying to keep up with a large
alogue Gmith et al. 202Balong with the typical pulsar super-synchrotron emission. Second, this may also come as aate
exponential cuto power law model PLEC4 with peak energyof considering a more extended region. Farther from the pulsar,
Ep = 0:44  0:24GeV, spectral slope= 2:63 0:16 spectral the magnetic eld still needs to be high — decay more slowly —in
curvatured = 0:8  0:3 and superexponential index xed at theorder for synchrotron emission to proceed. In addition, the pos-
canonical valu® = 2=3 due to the source faintness (see details #ible NS thermal contamination would mostlyext at these low
Smith et al. 2028 The SED (Fig7) shows that the X-ray spec-energies.
trum, when extrapolated to higher energies, is higher than that Given such possibility, the SED has also been t exclud-
predicted by the PLEC4 model that, however, cannot be relialmg the soft X-ray portion of the spectrum, and hence below
evaluated at lower energies due to the xegarameter at the 2keV. Fig. 8 (right panel) shows the results with Idg; =
canonical value. 956 0:04Vm % log(x=Rc) = 2:59 0:04andb=0:99 0:23

We then explored whether a signi cant part of the gamma-2/d.o.f.= 0.727), which describe much better the observed
ray and X-ray emission could be the direct result of the puSED. The higher value of the parallel electric eld and the lower
sar magnetospheric emission. Curvature and synchrotron erpisire the consequence of the steep X-ray slope. Since there
sion from accelerated particles in the magnetospheric gaps or
reconnection in the current sheet producing synchrotron ra@liR. = c= = 96 km is the radius of the light cylinder of the pulsar in
ation at high energies are possible mechanisms at the origia31.

Flux (erg cm s')
10 10 10° 10° 10" 10
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<
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Fig. 7. Observed high energy X-ray and gamma-ray SED overlaid wi
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Fig. 8. Left X-ray and gamma-ray SED (black points) displayed together with the synchro-curvature model t (solid blue line) using the three
parameters described in the text. The residuals of the model with respect to the data are shown in the loviRighaiiéle same SED but tted

above 2 keV to avoid possible contamination of thermal emission from the NS. In both panels, the ordinates are expressktbireedigtance

of 3.1kpc (left) and in ergcnt s * (right).

are not many MSPs with both X-ray and gamma-ray data (see the base stellar temperatureT{ 500K), as well as
iRiguez-Pascual et al. 20R4t is not possible to state whether ~ with models that include heat redistribution after irradiation
this steep spectrum is a common or unusual property of MSPs. encompassing convection and also bothudion and con-

In summary, a magnetospheric origin for the X-ray to gamma- vection. The resulting temperatures of the dayside and night-
ray emission seems to be plausible. side faces of the companion are found to b&00K and
7400 K, respectively, indicating a mild irradiation tempera-
ture Ty,  3900K. The lack of a strong irradiation is likely
due to the high luminosity of the star which is about 6.5 times

We have analysed for the rst time the X-ray and optical emis- larger than that expected from heating at the orbital distance
sion of the energetic MSP pulsar binary J1431 to assess the sysfrom the pulsar.
tem parameters and characterise its multi-band emission. HereThe binary inclination is found to ie= 59 6 , explaining
we summarise the main results: the lack of orbital modulation in the X-rays and gamma-ray
— Our rst deep X-ray observation of J1431 has detected a regimes. Furthermore, a distance of 3.3 kpc is found,
dim X-ray source without signi cant variability at its 10.8h ~ which locates J1431 at larger distance than previously esti-
orbital period. This contrasts with the majority of spiders dis- mated.
playing substantial X-ray orbital variations, which are often— Despite the inability to derive the best irradiation model,
found double-peaked due to Doppler boosting of the IBS which limits the precision to which the NS mass is con-
synchrotron emission. strained, a massive @ 2:2M ) NS in J1431 is favoured.
— The X-ray spectrum is featureless and consistent with non-
thermal emission with a power law photon index 1:6+8fg Acknowledgements.This work is based on observations obtained W¥M-

- . 0 2 . : Newton am ESA science mission with instruments and contributions directly
and neg“glble absorpt|or1\£1 8 10%cm ) While not funded by ESA Member States and NASA and on observations collected at

statistically signi cant, the presence ofa thermal_compone{p.te_. European Southern Observatory under ESO programme 0103.D-0241. This
(kTgg = 0:15 0:04 keV) may hint at the contribution of work has made use of data from SkyMapper, a facility funded through ARC
the heated polar cafR¢g 180 660 m) in the soft X-rays LIEF grant LE130100104 from the Australian Research Council, awarded to

; . . the University of Sydney, the Australian National University, Swinburne Uni-
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strongly favour a dominant contribution from an IBS, weer is owned and operated by The Australian National University's Research

inspected whether a magnetospheric origin from the M<Shool of Astronomy and Astrophysics. This work has also made use of
?{ from the European Space Agency (ESA) misskaia (https://www.

5. Conclusions

can describe the X-ray and gamma-ray SED and found a rg mos.esa.int/gaia ), processed by th&aia Data Processing and Anal-
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Appendix A: Corner plots for the three best t models with post-IGD

Fig. A.1. Corner plot displaying the tted and derived parameters for the convection (C) model with post-irradiation gravity darkening (post-IGD).
Contours are the 68%, 95% and 99.7% con dence levels. The plots along the diagonal are the posterior distributions of the parameters and
solid lines overlaid are the prior distrbutions. The vertical dashed lines represent the 0.025, 0.5 and 0.975 quantiles.
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Fig. A.2. Corner plot displaying the tted and derived parameters for thausé plus convection (BC) model with post-irradiation gravity
darkening (post-IGD). Contours are the 68%, 95% and 99.7% con dence levels. The plots along the diagonal are the posterior distributions of tl
parameters and the solid lines overlaid are the prior distrbutions. The vertical dashed lines represent the 0.025, 0.5 and 0.975 quantiles.
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Fig. A.3. Corner plot displaying the tted and derived parameters for the direct heating (DH) model with a cold spot and with post-irradiation
gravity darkening (post-IGD). Contours are the 68%, 95% and 99.7% con dence levels. The plots along the diagonal are the posterior distributio
of the parameters and the solid lines overlaid are the prior distrbutions. The vertical dashed lines represent the 0.025, 0.5 and 0.975 quantiles.
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