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ABSTRACT
Using the Green Bank Telescope, we discovered the 1.68-ms binary pulsar PSR J2053+6905.
The discovery resulted from a targeted search for radio pulsations from a redback candidate,
previously identified through optical and X-ray observations and spatially coincident with the
𝛾-ray source 4FGL J2054.2+6904. We report the first results from the pulsar timing, including
the spin period, dispersion measure, precisely measured Keplerian binary parameters, and
the pulsar mass function. We also found potential evidence of scintillation and long radio
eclipses. To constrain the system parameters, we performed multi-epoch time-series photo-
metric observations using the 2.1-m telescope at the Observatorio Astronómico Nacional on
the Sierra San Pedro Mártir (Mexico) and the 1.5-m telescope of the Maidanak Astronomical
Observatory (Uzbekistan), complemented by time-series optical spectroscopy with the 10.4-
m Gran Telescopio Canarias. The optical light curves revealed a pronounced asymmetry, as
well as significant long-term variations. From the spectra, we derived a radial velocity curve
semi-amplitude 𝐾 = 337(4) km s−1. Combining it with the pulsar mass function, we con-
strained the ratio of pulsar and companion masses to 𝑀p/𝑀c = 7.05(8). By fitting the stable
segments of the light curves with a symmetric direct heating model, we derived constraints on
the component masses (𝑀p ≈ 2.1 M⊙ and 𝑀c ≈ 0.3 M⊙), the Roche lobe filling factor, and
the companion’s day- and night-side temperatures. The long-term evolution of the light curve
profiles is likely driven by the dissipation or migration of a cold stellar spot.

Key words: binaries: close – stars: neutron – stars: individual: PSR J2053+6905

1 INTRODUCTION

Redback (RB) pulsars are a subclass of the so-called ‘spider’ pul-
sar systems – close binaries with orbital periods of ≲ 1 d, each
comprising a millisecond pulsar (MSP) and a low-mass (0.1–1 M⊙)
stellar secondary (e.g. Roberts 2013). The latter is ablated by the
pulsar wind, and the evaporated material can cause eclipses of the
pulsar radio emission for a substantial part of the orbit. RBs are dis-
tinguished from another spider subclass, the black widows (BWs),

★ E-mail: aida@astro.unam.mx

which have very light, ≲0.05 M⊙ , substellar companions. While
spiders in the radio pulsar state are non-accreting, the pulsars can
attain masses exceeding 2 M⊙ as a result of an earlier evolution-
ary phase of mass transfer from their companions. Consequently,
these systems, as part of the wider recycled neutron star population
(e.g., Kiziltan et al. 2013), can provide important constraints on the
equation of state of matter above the nuclear saturation density (e.g.
Kumar et al. 2023; Romani et al. 2026).

In recent years, the population of spiders has grown signifi-
cantly thanks to the Fermi 𝛾-ray space telescope and targeted follow-
up of unassociated sources with radio, X-ray and optical telescopes
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(e.g. Clark et al. 2023; Bangale et al. 2024; Thongmeearkom et al.
2026). Even in the absence of detected pulsations, promising spider
candidates can be identified by investigating variability in possible
X-ray and/or optical counterparts to 𝛾-ray sources (e.g. Braglia et al.
2020). In the optical band, this variability is attributed to the combi-
nation of two main mechanisms: ellipsoidal modulation due to the
tidal deformation of the companion and its heating by the pulsar.
While the former produces double-peaked light curves, which are
observed in some RB systems (e.g. Strader et al. 2019; Turchetta
et al. 2023), strong irradiation can lead to single-peaked profiles
(e.g. Mata Sánchez et al. 2023; Kandel et al. 2020). To date, in the
Galactic field approximately 90 confirmed RBs and BWs and about
three dozens of candidates are known1.

The subject of this paper, the 𝛾-ray source
4FGL J2054.2+6904, was proposed as a pulsar candidate by
Kerby et al. (2021), who detected its likely X-ray/optical counter-
part with Swift. Studies of archival optical data as well as Swift
and eROSITA X-ray observations allowed Karpova et al. (2023) to
conclude that it is a promising RB binary The Zwicky Transient
Facility (ZTF) data in 𝑔 and 𝑟 bands revealed a probable orbital
period of the system 𝑃𝑏 ≈ 7.5 h (or 0.311 d). The light curves
folded with this period show a single peak, which is characteristic
of an irradiation-dominated system. The peak-to-peak amplitude is
≈0.4 mag and mean magnitudes are 𝑟 ≈ 20 and 𝑔 ≈ 21. Analysis
of the source optical spectral energy distribution (SED) provided
a radius for the companion star of 0.5±0.1 R⊙ and an effective
temperature of 5500±300 K corresponding to a G2–G9-type star.
The X-ray spectrum is hard and can be well described by a power
law with a photon index of 1.0±0.3. The unabsorbed flux in the
0.5–10 keV band is ≈1.7 × 10−13 erg s−1 cm−2 (Karpova et al.
2023).

Here, we report the discovery of the radio source PSR
J2053+6905 (hereafter J2053) with the Green Bank Telescope
(GBT). This new pulsar is spatially coincident with the source
of interest, confirming its RB nature. We also carried out time-
series photometric observations with the 2.1-m telescope at the
Observatorio Astronómico Nacional on the Sierra San Pedro Már-
tir (OAN-SPM) in Mexico and 1.5-m telescope of the Maidanak
Astronomical Observatory (MAO) in Uzbekistan. In addition, we
performed time-series optical spectroscopy with the 10.4-m Gran
Telescopio Canarias (GTC) at the Roque de los Muchachos Ob-
servatory in La Palma, Spain. Observations and data reduction are
described in Sec. 2 and analysed in Sec. 3. We discuss results and
make conclusions in Sec. 4.

2 OBSERVATIONS AND DATA REDUCTION

2.1 Radio data

To search for radio pulsations and confirm the nature of J2053 as a bi-
nary MSP, we performed GBT observations2 between October 2025
and January 2026, accumulating a total integration time of 7.5 h.
The telescope was pointed at the coordinates of the optical counter-
part candidate provided by the Gaia catalogue (Gaia Collaboration
et al. 2016, 2023): R.A.(J2016) = 20h53m58.s99, Dec.(J2016) =
+69◦05′19.′′7. The optical position constraints are accurate to the

1 According to the catalogue of compact binary MSPs, SpiderCat https:
//astro.phys.ntnu.no/SpiderCAT/ (Koljonen & Linares 2025).
2 Project ID GBT25B-329, PI J. D. Taylor

Table 1. Log of GBT Observations of 4FGL J2054.2+6904.

Session Date MJD Exposure
yyyy-mm-dd

1 2025-10-29 60977.2 2.0 h
2 2025-12-12 61021.8 1.9 h
3 2025-12-23 61032.4 1.3 h
4 2026-01-09 61049.0 2.3 h

sub-arcsecond level, which is significantly better than the X-ray lo-
calisation with an uncertainty of several arcseconds. Given that the
angular resolution of the GBT is ∼10 arcmin at ∼1 GHz, the inclu-
sion of other background radio sources is possible. However, the
pulsar data processing ignores constant-in-time radio flux in search
of periodic signals. Further, the orbital periods independently mea-
sured using radio and optical methods are nearly identical, ruling
out the discovery of a pulsar in a different system (see Sec. 3.1).

The observations were carried out using the L-band receiver
at a centre frequency of 1500 MHz with an 800 MHz band-width
and the VEGAS spectrometer ‘backend’ operating in the incoherent
filterbank pulsar mode with 4096 frequency channels. The sampling
time resolution was 81.92 𝜇s.

The observations consisted of four sessions, each lasting 1.3–
2.3 hr. To maximise the orbital phase coverage and mitigate the
risk of missing pulsations due to potential severe radio eclipses,
the sessions were scheduled to occur randomly. The log of the
observations is presented in Table 1.

2.2 Photometry

Time-series photometric observations of the J2053 field (Fig. 1)
were carried out between 2023 and 2025 in the Johnson-Cousins 𝐵,
𝑉 , and 𝑅𝑐 bands with the ‘Rueda Italiana’ instrument mounted on
the 2.1-m OAN-SPM telescope. The same set of the filters and the
CCD detector were used during observational runs. Additional ob-
servations in the Bessel𝑉 filter were obtained in 2024 with the 1.5-m
MAO telescope. The weather conditions were either photometric or
clear. The observation log is presented in Table 2. Data were reduced
using the Image Reduction and Analysis Facility (iraf) package.

The photometric calibration for OAN-SPM 𝑉 and 𝑅𝑐 bands
was done using the SA 113-L1, SA 113-337 and SA 113-339 stan-
dards observed at the photometric night of 25 August 2025. The
𝐵-band was calibrated using field stars from the data obtained in
September 2023. We used magnitudes of the field stars from the
Panoramic Survey Telescope and Rapid Response System (Pan-
STARRS) Data Release 2 catalogue (Flewelling et al. 2020) and
converted them to the 𝐵, 𝑉 and 𝑅𝑐 bands using relations from
Kostov & Bonev (2018). We used transformation equations of the
general form: 𝑀 = 𝑚inst + MZP + kM × 𝑋 + CTM

CI × CI where 𝑚inst
is the instrumental magnitude of standard, ZP is the zero point,
k is the extinction coefficient, 𝑋 is the airmass, CT is the colour
term and CI is the colour index. Using instrumental magnitudes of
standards and the site extinction coefficients k𝐵 = 0.25, k𝑉 = 0.14,
and k𝑅𝑐

= 0.07 (Schuster & Parrao 2001; Schuster et al. 2002), we
calculated the zero-points 𝐵ZP = 24.80(6), 𝑉ZP = 24.98(1), and
𝑅𝑐,ZP = 24.87(1), and the colour terms CT𝐵

𝐵𝑉
= 0.07(3), CT𝑉

𝐵𝑉
=

0.13(2), and CT𝑅𝑐

𝑉𝑅𝑐
= 0.00(2).
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Table 2. Log of the J2053 photometric observations.

Date MJD Filter Exposure Seeing, airmass
yyyy-mm-dd time arcsec sec(𝑧)

2.1-m OAN-SPM
2023-09-13 60200 𝐵 300 s × 3 1.6–1.9 1.5–1.8

𝑉 300 s × 2
𝑅𝑐 300 s × 2

2023-09-14 60201 𝐵 300 s × 8 1.7–2.0 1.4–1.7
𝑉 300 s × 7
𝑅𝑐 300 s × 7

2023-09-15 60202 𝐵 300 s × 11 1.4–2.0 1.4–1.8
𝑉 300 s × 11
𝑅𝑐 300 s × 10

2023-09-16 60203 𝐵 300 s × 11 1.5–2.0 1.4–1.9
𝑉 300 s × 11
𝑅𝑐 300 s × 11

2023-09-17 60204 𝐵 300 s × 14 1.4–1.8 1.3–1.8
𝑉 300 s × 14
𝑅𝑐 300 s × 15

2023-09-18 60205 𝐵 300 s × 15 1.5–2.0 1.2–1.7
𝑉 300 s × 15
𝑅𝑐 300 s × 15

2024-06-08 60469 𝑉 600 s × 24 1.6–1.9 1.3–1.6

2024-06-10 60471 𝑉 600 s × 13 1.3–1.9 1.3–1.5
𝑅𝑐 600 s × 12

2024-06-11 60472 𝑉 600 s × 10 1.5–1.6 1.3–1.4
𝑅𝑐 600 s × 10

2024-06-12 60473 𝑉 600 s × 8 1.6–1.8 1.3
𝑅𝑐 600 s × 8

2025-08-25 60912 𝑉 200 s × 41 1.4–2.0 1.3–1.5
𝑅𝑐 200 s × 38

1.5-m MAO
2024-06-07 60468 𝑉 360 s × 28 1.0–1.7 1.2–1.5

2024-06-09 60470 𝑉 360 s × 28 1.1–1.8 1.2–1.5

2024-06-10 60471 𝑉 360 s × 25 1.3–1.7 1.1–1.3

2.3 Optical spectroscopy

Phase-resolved long-slit spectroscopy of J2053 was carried out
on 2024 September 293 (MJD 60582) with the Optical System
for Imaging and low-intermediate Resolution Integrated Spec-
troscopy4(OSIRIS+) spectrograph installed on GTC. We used a
0.8 arcsec slit and the R2000B grism, which covers the 3950–5700
Å range. The resulting spectral resolution is Δ𝜆 = 2.3 Å in the 2×2
binning mode. We obtained 16 subsequent spectra with an individ-
ual exposure time of 1200 s covering about 75 per cent of the orbital
period.

3 Program GTC8-24BMEX, PI A. Kirichenko
4 https://www.gtc.iac.es/instruments/osiris+/osiris+.php
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Figure 1. 2×2 arcmin2 GTC image of the J2053 field in the 𝑟 ′ band. The
position of the slit used for the spectroscopy is shown by the magenta
rectangle. The J2053 optical counterpart is marked by the blue circle and
the reference stars – by red circles.

We performed standard data reduction using the pypeit python
package (Prochaska et al. 2020a; Prochaska et al. 2020b). The wave-
length calibration was carried out using a set of arc lamp spectra
of Ne, Xe and HgAr, while the flux calibration was achieved using
the G191-B2B (Oke 1990) spectrophotometric standard. However,
since the slit was inclined to the parallactic angle and the airmass
changes substantially over the ≈6.5-h duration of the observations,
the absolute flux calibration introduced systematic uncertainties,
such as a continuum tilt and reduced signal-to-noise ratio in the
blue region (≲ 4500 Å). Consequently, to eliminate these effects,
all subsequent analysis was performed using normalised spectra.

3 DATA ANALYSIS AND RESULTS

3.1 Radio searching and timing

We used the pulsar-search tools within presto (Ransom 2011)
throughout our processing. Before searching for radio pulsations,
we cleaned the data of persistent, narrow-band radio frequency in-
terference (RFI) utilising the rfifind routine. Every RFI mask was
manually inspected and augmented to include RFI missed by the
statistical routines.

We then constructed de-dispersed time series (see, e.g.,
Lorimer & Kramer 2004) at trial dispersion measures (DMs)
ranging from 0 to 150 pc cm−3 in 3000 uniform intervals of
0.05 pc cm−3. This DM range was chosen based on the distance
estimate of 1.5–5.3 kpc from Karpova et al. (2023), and to account
for a potentially low or high electron column density along that
light of sight. The time series formed when setting DM = 0 (the
‘topocentric times series’ hereafter) was searched for apparent pe-
riodicities arising from periodic sources of RFI, local to the GBT,
from the non-zero-DM periodicity search results. Only terrestrial
sources have zero DM, and most MSPs are not coherently resolved
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before de-dispersion, so this process is not expected to remove true
pulsar signals.

The suspected close-binary nature of the system led us to con-
duct a ‘jerk search’ (Andersen & Ransom 2018) on the DM > 0 time
series with 8 harmonics. We chose 𝑧max = 320 and 𝑤max = 140,
which are the maximum spectral drift in Fourier bins due to line-of-
sight acceleration and jerk, respectively. We also divided each ob-
servation into 30 min segments to limit the observed spin-frequency
drift over the course of the observation. The values of 𝑧max, 𝑤max,
and the segment length were chosen to span the line-of-sight accel-
erations and jerks expected from binary systems with orbital periods
𝑃b ≈ 7.5 h and projected semi-major axes typical of such systems in
the Australia Telescope National Facility (ATNF) pulsar catalogue
(Manchester et al. 2005).5

The jerk search revealed a list of periodicity candidates ranked
by the probability that they are not noise fluctuations. Candidates
that displayed a 𝜒2

DM with a peaked dependence on DM, typical
of known radio pulsars, were folded and visually inspected, where
𝜒2

DM is defined as the reduced 𝜒2 from fitting a horizontal line to the
the folded profile. PSR J2053+6905 was the first candidate inspected
with a relatively low spin period of ∼1.68 ms. We present its ob-
served profile and highlighted detection heuristics from Session 1
in Fig. 2. We fit the profile against a single-component Gaussian
and find a standard deviation of 0.0702(34) in units of spin phase.
The pulse S/N is 20.9 when folded over the entire observation and
bandwidth.

Most of the sessions show J2053 being bright across the ob-
serving time and bandwidth, though some sessions show plausible
evidence of scintillation (e.g. Turner et al. 2024). Session 4 shows
strong evidence for extended radio eclipsing (e.g. Rosenthal et al.
2025) beginning roughly 20 per cent before superior conjunction,
when the pulsar is furthest from the Earth along its orbit.

In order to constrain the orbital parameters, we derived pulse
times of arrival (TOAs) across all four sessions. There are roughly
40 TOAs per session for Sessions 1, 2, and 3, and 5 TOAs in Session
4. We lack more TOAs in Session 4 because the pulsar becomes
too dim to be detected at all starting at around 2 ks into the obser-
vation, likely due to a radio eclipse. We assumed zero eccentricity,
and fit for the spin period 𝑃𝑠 , binary orbital period 𝑃𝑏 , the pro-
jected pulsar’s semi-major axis 𝑥 = 𝑎p sin (𝑖)/𝑐, and the pulsar’s
epoch of ascending node 𝑇asc. 𝑎p is the true semi-major axis of the
pulsar with respect to the system centre of mass, 𝑖 is the orbital
inclination, and 𝑐 is the speed of light in a vacuum. We attempted
to phase connect the observations together using the software aptb
(Taylor et al. 2024), which was designed to phase connect binary
millisecond pulsars with disparate data. The algorithm found hun-
dreds of separate “solutions" with nearly identical 𝜒2, where a
solution is the identification of the number of neutron star rotations
between observation sessions. Therefore, we conclude that we can-
not uniquely phase connect this pulsar with the data available. To
remedy this, we are planning observations with the CHIME6 radio
telescope (CHIME/Pulsar Collaboration et al. 2021) and the GBT to
be presented in a forthcoming work. Thus, for now, we must also fit
for arbitrary phase offsets between observations, known as ‘jumps’
(see e.g. Taylor et al. 2024) in order to most strongly constrain the
pulsar’s timing parameters.

The results of our fit are presented in Table 3. Our results allow

5 https://www.atnf.csiro.au/research/pulsar/psrcat/
6 Canadian Hydrogen Intensity Mapping Experiment

0.0

0.5

1.0

N
o
rm

.
fl
u
x

σ = 0.0702(34)

S/N = 20.9

(a)

40

80

120

T
im

e
(m

in
)

(b)

0.0 0.5 1.0 1.5 2.0

Pulse phase

1200

1400

1600

1800

F
re

q
u
en

cy
(M

H
z)

(c)

42 43 44 45 46 47

DM (pc cm−3)

0

10

20

χ
2 D

M

DM = 44.13(d)

Figure 2. Detection heuristic plots from Session 1. (a) The profile normalised
flux against phase folded over time and frequency. (b) Relative flux against
phase over time. (c) Same as (b) but over frequency. The colour scale goes
from blue to yellow for dimmest to brightest, respectively. (d) 𝜒2

DM against
DM when fixing the achromatic timing parameters.

us to calculate the pulsar mass function,

𝑓p =
𝑀3

c sin3𝑖

(𝑀p + 𝑀c)2
=
𝑥3

𝑇⊙

2𝜋
𝑃𝑏

= 0.00352186(22) M⊙ , (1)

where 𝑀p and 𝑀c are the masses of the pulsar and companion,
respectively, and 𝑇⊙ ≈ 4.925490947641 𝜇s is the nominal solar
mass parameter. We show the residuals of the fit in Fig. 3 with respect
to time and orbital phase. We scaled the TOA uncertainties by a
constant factor (known as ‘EFAC’) so that the reduced 𝜒2 became
unity. This scales the uncertainties on the timing parameters to
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Table 3. Parameters of J2053 from radio observations.

Intrinsic spin period 𝑃𝑠 , ms 1.6755356257(69)
Projected semi-major axis 𝑥 = 𝑎p sin 𝑖/𝑐, lt-s 0.682187(14)
Orbital period 𝑃𝑏 , h 7.46657907(35)
Time of ascending node 𝑇asc, MJD TDB 60977.0508876(27)
Reduced 𝜒2 before scaling errors ∼1.29
Post-fit weighted RMS, 𝜇s ∼24
Mass function 𝑓p, M⊙ 0.00352186(22)
Minimal companion mass 𝑀c,min, M⊙ 0.2
Dispersion measure DM, pc cm−3 44.13
DM distance 𝐷NE2001, kpc 2.3
DM distance 𝐷NE2025, kpc 3.0
DM distance 𝐷YMW16, kpc 2.7

Notes. Numbers in parentheses denote 1𝜎 uncertainties related to the last
significant digits. The uncertainties were calculated after the TOA uncertainty
scaling. 𝑀c,min is calculated assuming the pulsar mass of 1.35 M⊙ and
inclination of 90◦.𝐷NE2001,𝐷NE2025 and𝐷YMW16 are DM distances derived
using the NE2001 (Cordes & Lazio 2002), NE2025 (Ocker & Cordes 2026)
and YMW16 (Yao, Manchester & Wang 2017) models for the distribution of
free electrons in the Galaxy, respectively.

account for an unknown noise source. Before scaling, the reduced 𝜒2

was∼1.29. The light green vertical bar marks the extent of Session 4
that has GBT data but no detected pulsations. The remaining orbital
phase without TOAs is due to a true lack of observational coverage
across every session.

The derived orbital period is in excellent agreement with the
value obtained from archival optical data (𝑃𝑏 = 7.4666(9) h; Kar-
pova et al. 2023), firmly establishing the association of the X-
ray/optical source with the pulsar. Henceforth, we adopt the 𝑃𝑏
and 𝑇asc as measured by radio timing to define the orbital phases for
our photometric and spectroscopic analyses (under this convention,
phase 0.25 corresponds to the superior conjunction of the pulsar
and thus the inferior conjunction of the companion star). A more
comprehensive timing analysis, including both these radio data and
potential gamma-ray pulsation detections, will be presented in a
forthcoming paper.

3.2 Optical light curves

The obtained optical light curves folded with the orbital period are
presented in Fig. 4. They demonstrate a strong asymmetry relative
to the orbital phase 𝜙 = 0.75 which was not evident in the noisier
ZTF data (see fig. 3 of Karpova et al. 2023). Such a shape cannot be
described by simple direct heating models or ellipsoidal modulation,
which are often used to model spider system light curves. Moreover,
the observations revealed significant variations in the light curve
shape from epoch to epoch. Interestingly, these variations are highly
phase-dependent: while the segment spanning phases 𝜙 ∼ 0.25–
0.75 remains stable across all observed epochs, the remaining part
of the light curve shows a substantial brightness increase from 2023
through 2025.

3.3 Spectra and radial velocities

The top panel of Fig. 5 demonstrates the normalised spectrum of the
J2053 counterpart candidate obtained near the minimum brightness

−0.05

0.00

0.05

R
es

id
u
a
l

(t
u
rn

s)

60980 61000 61020 61040

MJD

−100

−50

0

50

100

R
es

id
u
a
l

(µ
s)

(a)

−0.05

0.00

0.05

R
es

id
u
a
l

(t
u
rn

s)

0.00 0.25 0.50 0.75 1.00

Orbital phase

−100

−50

0

50

100

R
es

id
u
a
l

(µ
s)

Sup. Conj.

(b)

MJD 60977 MJD 61022 MJD 61032 MJD 61049

Figure 3. Timing residuals for J2053 over time (a) and orbital phase (b). We
define the orbital phase as the mean anomaly referenced to 𝑇asc divided by
2𝜋. The right-hand axes give the same residuals in rotational phase. Colours
mark the four observing epochs in chronological order (MJD 60977, 61022,
61032, 61049; dark to light). The dotted vertical line of panel (b) marks
superior conjunction. The light green vertical bar marks the orbital phase
where J2053 was too dim to be observed during GBT Session 4.

phase. For comparison, the middle and bottom panels show zoomed-
in sections of this spectrum and the spectrum near the maximum
brightness phases.

In Fig. 6, we present the trailed spectrum of J2053. The po-
sitions of the absorption lines clearly show sine-like variations
with the orbital phase, indicating a significant radial velocity (RV)
amplitude. To measure this amplitude, we applied the following
procedure. We used the Mg i triplet lines (5168.76, 5174.13, and
5185.05 Å in vacuum), which are the brightest features in the trailed
spectrum and are clearly distinguished at all phases7. For each ob-
served spectrum, we normalised the continuum around the triplet
using a linear fit to line-free regions. The normalised profiles were
subsequently modelled using a combination of three Gaussian com-
ponents. The free parameters were the central wavelength of the first
component (which determines the RV), the common line width, and
the depths of the three lines.

To estimate uncertainties, we generated 2000 synthetic spectra
by adding Gaussian noise to the original absolute fluxes based on
their corresponding error arrays. For each simulated spectrum, the

7 We also note that metallic lines, in general, and Mg i lines, in particu-
lar, provide the most reliable RV measurements for irradiated companions
(Linares et al. 2018).

D
ow

nloaded from
 academ

ic.oup.com
/m

nras/advance-article/doi/10.1093/m
nras/stag2123/9013657 by Ioffe Physico-Technical Institute R

AS user on 12 N
ovem

ber 2026



O
R
IG

IN
A

L
 U

N
E
D

IT
E
D

 M
A

N
U

S
C

R
IP

T

6 Karpova et al.

19.6

19.8

20.0

R
c

20.2

20.4

20.6

20.8

V

0.00 0.25 0.50 0.75 1.00 1.25 1.50 1.75 2.00
Orbital phase

21.4

21.6

21.8

22.0

22.2

B
OAN-SPM 2023 OAN-SPM 2024 OAN-SPM 2025 MAO 2024

Figure 4. 𝐵-, 𝑉- and 𝑅-band light curves of the J2053 companion folded with the orbital period (two orbital cycles are shown for clarity). Data from different
epochs and telescopes are marked by various colours and symbols.

local continuum was independently re-normalised before re-fitting
the profiles. We refitted each simulated spectrum and computed
the mean and the standard deviation of the resulting distribution to
obtain the RVs and their statistical uncertainties.

Crucially, to check for potential systematic effects, we analysed
a brighter reference star (star 2 in Fig. 1). This is a G-type star
according to Gaia catalogue, and the Mg i triplet is clearly detected
in its spectra. Consequently, we applied the same RV measurement
technique as for J2053 and discovered a significant temporal drift
with a peak-to-peak amplitude of ΔRV ≈ 30 km s−1. The drift
follows a smooth, non-monotonic trend and cannot not be attributed
to the possible binary motion8. Because the true RV of the reference
star was unknown, we used its mean RV across all frames as the
stationary baseline. The deviations from this mean in each frame
reflect this drift. We then subtracted these deviations directly from
the measured RVs of J2053 to correct for the systematic shift. Finally,
the statistical uncertainties of the reference star’s RV measurements
were added in quadrature to those of J2053.

The resulting RV curve was then fitted with a function:

RV(𝑡) = 𝛾 − 𝐾cos
(
2𝜋
𝑡 − 𝑇asc
𝑃𝑏

)
, (2)

8 To verify the drift, we checked one more star (Gaia DR3
2271095628575544448), located on the opposite side of the slit from the
target and found that it exhibited the same trend despite the lower signal-
to-noise ratio. It can be caused by a combination of residual instrumental
flexure, differential atmospheric refraction, and tracking or slit-positioning
variations (see, e.g., Moiseev 2008).

where 𝐾 is the RV curve semi-amplitude and 𝛾 is the systemic
velocity. An initial fit using only the statistical errors yielded
𝜒2/d.o.f. = 23/14. We thus added a systematic uncertainty com-
ponent in quadrature to the statistical errors of each data point to
achieve a reduced 𝜒2

𝜈 = 1. Using this conservative approach, we
derived 𝐾 = 337 ± 4 km s−1 and 𝛾 = −191 ± 3 (stat.) ± 9 (sys.)
km s−1. The systematic uncertainty of 𝛾 is the standard deviation
of the reference star’s measured RVs. The RV curve and its best fit
are shown in Fig. 7.

Now we can estimate the companion mass function:

𝑓c =
𝑀3

p sin3𝑖

(𝑀p + 𝑀c)2
=
𝑃𝑏𝐾

3

2𝜋𝐺
= 1.235(40) M⊙ , (3)

where𝐺 is the gravitational constant. Combining this with the mass
function from the radio timing (Table 3), we obtained the mass ratio
𝑀p/𝑀c = 7.05(8).

3.4 The system parameters

To estimate the system parameters – including the binary inclination,
pulsar mass, and companion properties – we fitted the folded 𝐵-,𝑉-
and 𝑅-band light curves using a symmetric direct heating model,
which assumes blackbody emission from the companion surface.
A detailed description of the model is given by Zharikov et al.
(2013, 2019). For the fitting procedure, we considered only the
orbital phase interval from 0.23 to 0.73, where all data sets exhibit
consistent behaviour in different epochs. In contrast, the remaining
phase intervals were excluded due to significant epoch-to-epoch
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0.5

1.0

1.5

N
or

m
al

iz
ed

flu
x

de
ns

ity H
β

Fe
I

Ti
I

M
g

I

Fe
I

Fe
I

φ = 0.13−0.34 J2053 K3V

4900 5000 5100 5200 5300

Wavelength (Å)
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Figure 5. Top: Normalised spectrum of the J2053 companion, obtained by co-adding four spectra taken near the orbital phase of minimum brightness. The
shaded area indicates the spectral range zoomed-in in the lower panels. It contains the most prominent absorption lines, including the Mg i triplet, which was
used for the radial velocity measurements (see text). Middle: A close-up view of the shaded region (black line), overlaid with a K3V stellar template (red line)
from Kesseli et al. (2017) for comparison. Bottom: The same spectral region near the maximum brightness (black line) compared with a G6V template (red
line). The phase intervals for the co-added frames and positions of relatively strong absorption lines are indicated in the panels.
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Figure 7. Trailed spectrum of the Mg i triplet (left) and the RV curve of the
J2053 companion (black dots with error bars; right). The orange line in both
panels is the best-fitting model. Two orbital cycles are shown for clarity.

Table 4. The light curve fitting results for J2053.

Fitted parameters

Pulsar mass 𝑀p, M⊙ 2.12(11)
Distance 𝐷, kpc 3.6(1)
Reddening 𝐸 (𝐵 − 𝑉 ) 0.24(2)
Night-side temperature 𝑇n, K 4960(100)
Inclination∗ 𝑖, deg 66(4)
Roche lobe filling factor 𝑓𝑥 0.88(5)
Irradiation factor 𝐾irr, 1020 erg cm−2 s−1 sr−1 1.18(24)

𝜒2/d.o.f. 469/149

Derived parameters†

Companion mass 𝑀c, M⊙ 0.30
Companion radius 𝑅𝑥

c , R⊙ 0.72
Companion radius 𝑅𝑦

c , R⊙ 0.52
Maximal day-side temperature 𝑇d, K 5550

Notes. Numbers in parentheses denote the 1𝜎 uncertainties in the
last quoted digits. 𝑅𝑥

c and 𝑅𝑦
c are the radii of the ellipsoidal compan-

ion. The former is measured along the line connecting the centres of
the binary components.
∗ The allowed range of orbital inclinations is determined by the un-
certainties in the RV semi-amplitude and the pulsar mass.
†The reported values correspond to the best-fitting model parame-
ters.

variations in the light-curve shape, which indicate time-dependent
asymmetries unaccounted for by the model. The free parameters
of the fit are the distance to the binary system 𝐷, the interstellar
reddening 𝐸 (𝐵 − 𝑉), the pulsar mass 𝑀p, the orbital inclination 𝑖,
the irradiation efficiency factor 𝐾irr, which characterises the heating
of the companion, the Roche-lobe filling factor of the companion 𝑓

and the companion’s night-side effective temperature, 𝑇n.
We fixed the orbital period at the value derived from the radio

timing (Table 3) and the calculated mass ratio. The companion’s
night-side temperature, the irradiation factor, the Roche-lobe filling
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Figure 8. Top: 𝐵-, 𝑉- and 𝑅-band light curves of the J2053 companion
folded with the orbital period and the best-fitting model shown by the solid
lines (two orbital cycles are presented for clarity). The shaded areas mark
the stable sections of the light curves selected for fitting (see text). Bottom:
Residuals calculated as the difference between the observed (O) and calcu-
lated (C) magnitudes for each data point in terms of the magnitude error
(𝜎).

factor, and the orbital inclination were initialised using a random
sampling procedure. The initial pulsar mass was set to the canonical
1.4 M⊙ (used as an optimisation starting point, not a statistical
prior). The minimum of the 𝜒2 function

𝜒2 =

𝑁𝐵𝑉𝑅∑︁
𝑖

(
𝑚obs
𝑖

− 𝑚mod
𝑖

𝜎
𝑚obs

𝑖

)2

(4)

was determined using a gradient-descent algorithm, which was
adopted because it significantly reduces the computational cost of
the optimisation. The uncertainties of the model parameters were
estimated following the method of Lampton et al. (1976). The results
of the fit are presented in Table 4, and the corresponding best-fitting
model is shown in Fig. 8. Although the reduced 𝜒2 is relatively
high, likely reflecting additional variability not accounted for by the
model, the derived parameters are physically plausible. In particular,
we find good agreement between the spectral type of the companion
inferred from spectroscopy and its temperatures derived from the
light-curve modelling. Indeed, a spectral classification, performed
via a 𝜒2 minimisation routine to match individual rest-frame nor-
malised spectra against a grid of stellar templates from Kesseli et al.
(2017) within the 4500–5500 Å range, yielded a best-match spectral
type of ∼K2V–K3V near the minimum and ∼G6V near the max-
imum brightness phases (see Fig. 5). Extending the orbital phase
range included in the light-curve fitting results in higher 𝜒2 values
due to the larger dispersion of the data, but does not significantly
affect the best-fitting solution.
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4 DISCUSSION AND CONCLUSIONS

The detection of radio pulsations, with an orbital period perfectly
matching the optical modulation, confirms the RB nature of PSR
J2053+6905. Notably, it is among the fastest spinning MSPs cur-
rently known. Its spin period makes it the tenth fastest pulsar
known according to the ATNF catalogue. Furthermore, it repre-
sents the third fastest RB discovered to date, trailing only behind
PSR J1748−2446ad in the globular cluster Terzan 5 (𝑃 = 1.396 ms;
Hessels et al. 2006), which remains the fastest spinning pulsar, and
PSR J1859+0313g (𝑃 = 1.61 ms; Wang et al. 2025).

The J2053 optical light curves exhibit a pronounced, long-
term asymmetry. Interestingly, this variability is phase-dependent:
the segment spanning phases 𝜙 ∼ 0.25–0.75 remains relatively sta-
ble across observed epochs, whereas the remaining part of the light
curve shows a substantial brightness increase from 2023 through
2025. Since our photometry was performed in three distinct obser-
vational epochs separated by approximately one year, these varia-
tions indicate only long-term evolution of the light curve shape, but
cannot rule out variability on shorter timescales (such as weeks or
months).

Asymmetric light curves in spider binaries are often modelled
via non-uniform heating patterns, such as those produced by an
asymmetric intrabinary shock (IBS) geometry (Romani & Sanchez
2016) or the ducting of relativistic IBS particles along the com-
panion’s magnetic poles (IBS-B model) (Sanchez & Romani 2017).
Note that the pure IBS model seems unable to describe such a strong
optical asymmetry for J2053 while the IBS-B model produces lo-
calised hot spots, which would introduce an excess flux over the
baseline profile which is difficult to attribute to the J2053 case. Al-
ternative models involve heat redistribution over the companion sur-
face via global convection and diffusion (Kandel & Romani 2020;
Voisin et al. 2020) which can skew and shift light curve profiles.
However, these models are expected to be relatively stable.

The most plausible explanation for the observed photometry
evolution of J2053 seems to involve a dynamic reconfiguration of
the companion’s photosphere. Since the secondary is tidally locked
and thus spinning exceptionally fast, one can expect an extremely
powerful magnetic dynamo capable of generating long-lived stellar
spots (e.g., Clark et al. 2021). Thus, one can suggest the slow dissi-
pation or migration of a giant, prominent cold spot(s) to explain the
multi-year brightness increase. Such spots were previously invoked
to interpret the observational properties of, e.g. PSR J2039−5617
(Clark et al. 2021) or PSR J1431−4715 (de Martino et al. 2024).

The stable part of the light curve is driven by a combina-
tion of ellipsoidal modulation and pulsar heating. To reproduce
the observed light curves, only modest heating of the companion
is required, resulting in a day-side temperature of about 5550 K.
This value agrees well with the temperature of 5500 ± 300 K ob-
tained independently from the SED fitting (Karpova et al. 2023).
The derived night-side temperature of 4960 ± 100 K is typical for
RB systems, which generally exhibit temperatures in the range of
4000–6000 K (Turchetta et al. 2023). The resulting day-to-night
temperature difference of ≈ 600 K is also common for this class of
objects.

The J2053 proper motion from the Gaia catalogue, 𝜇 ≈ 7.7
mas yr−1, corresponds to a transverse velocity of 131 km s−1 at
the distance of 3.6 kpc (Table 4). Combining this with the systemic
radial velocity of 𝛾 = −191 km s−1 yields a total velocity of 232
km s−1. This is a rather high value for recycled pulsars (Hobbs et al.
2005; Shamohammadi et al. 2024).

Taking the 𝛾-ray (Ballet et al. 2023) and X-ray (Karpova

et al. 2023) fluxes of J2053, 𝐹𝛾 = 4.2 × 10−12 erg s−1 cm−2 and
𝐹𝑋 = 1.7×10−13 erg s−1 cm−2, we estimated the corresponding lu-
minosities to be 𝐿𝛾 = 6.5×1033 erg s−1 and 𝐿𝑋 = 2.6×1032 erg s−1

at the distance of 3.6 kpc. These values are consistent with those
observed for other RB systems (Koljonen & Linares 2025).

Our light curve modelling, together with the derived mass
functions from the radio and optical spectroscopy, suggests a po-
tentially high-mass pulsar with 𝑀p = 2.12(11) M⊙ . Such an object
could shed light on the equation of state of superdense matter inside
neutron stars (e.g., Romani et al. 2026). The companion mass is
quite low, ≈ 0.3 M⊙ . The latter is roughly a factor of two smaller
than that expected for a zero-age main-sequence star of equivalent
radius, confirming that the secondary is substantially evolved and
has lost a significant fraction of its initial mass. This picture aligns
perfectly with the fact that the pulsar has been spun up to an excep-
tionally short period, indicating that it has successfully accreted a
substantial amount of matter and gained significant mass during the
recycling phase.

New optical observations are necessary to further investigate
the long-term variability of the J2053 light curve. If the cold spot
disappears, the clean, full orbital-cycle light curves will provide
much tighter geometric constraints, thereby confirming the high
mass of the pulsar. Furthermore, a comprehensive radio and 𝛾-ray
timing analysis will be presented in a future work.
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