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ABSTRACT

Compact binary millisecond pulsars (also known as spiders) allow us to probe pulsar winds in their
innermost regions, between the light cylinder (radius ~ 107 cm) and the companion star (at ~ 10! cm).
Their flux is known to vary along the orbit, from radio to X-rays. During the past decade, gamma-
ray orbital modulation (GOM) has been discovered in a handful of spiders, but its origin remains
largely unknown. We present the results of a systematic search for GOM among 43 systems, selecting
pulsed 0.1-1 GeV photons and using spin and orbital ephemeris from Fermi’s Third Pulsar Catalog.
We discover GOM from three spiders — PSR J1124-3653, PSR J1946-5403 and PSR J2215+5135 —
and confirm four previous detections. In all seven cases so far, the GOM peaks near the pulsar’s
superior conjunction. The X-ray orbital light curves are usually in anti-phase, peaking when the
pulsar is at inferior conjunction, but we find one case where both gamma-rays and X-rays peak around
superior conjunction: PSR J1946-5403. We measure the modulated fractions of the GOM and find
consistent values for all seven spiders, with an average 22.0 + 2.6%. Including eclipsing systems seen
edge-on, we find no clear dependence of the modulated fraction on the orbital inclination (within ~45-
90°). Our results challenge previous models proposed to explain GOM in spiders, based on inverse
Compton and synchrotron emission close to the companion, since these predict a clear dependence
with orbital inclination (stronger modulation at high inclinations). We nearly double the number of
GOM detections in spiders, showing that it is more common than previously thought.
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1. INTRODUCTION

Compact binary millisecond pulsars or spiders are bi-
nary systems consisting of a millisecond pulsar (MSP)
and a low-mass companion in compact orbits with peri-
ods P, <1d. The arachnid nickname was inspired by
the destructive effect of the pulsar wind on the compan-
ion star. Spiders are categorized into two subgroups:
redbacks with companion masses M, ~ 0.1Mg and
black widows, which have significantly lighter compan-
ions M, ~ 0.01Mg (Roberts 2013; Koljonen & Linares
2025).
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Spiders represent the evolutionary link between low-
mass X-ray binaries (LMXBs) and MSPs. During the
LMXB phase, due to angular momentum transfer via
accretion, the neutron star is spun up to millisecond pe-
riods (Alpar et al. 1982; Bisnovatyi-Kogan & Komberg
1976). The so-called transitional MSPs switch between
a disk or underluminous LMXB state and a rotation-
powered redback MSP state, and provided key evidence
for this evolutionary link (Archibald et al. 2009; Papitto
et al. 2013; Bassa et al. 2014). During the transition
from the MSP to the LMXB state, the systems brighten
across the optical, X-ray and gamma-ray bands, and the
pulsed radio emission disappears (Stappers et al. 2013;
Patruno et al. 2014; Takata et al. 2014; Stappers et al.
2014). In the LMXB state, the optical and X-ray emis-
sion is dominated by the accretion disk, and the X-ray
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flux switches between two distinct modes (Linares et al.
2014). The gamma-rays are believed to originate from
the inverse Compton emission of the pulsar wind heated
disk and synchrotron radiation of pulsar wind particles
heated by collisions with the disk (Veledina et al. 2019).

In the MSP state, spiders emit and exhibit orbital
modulation across the entire electromagnetic spectrum.
In the radio band, we observe millisecond pulsations
from the pulsar often occulted during a large fraction
of the orbit around the pulsar’s superior conjunction.
These occultations (also referred to as “eclipses”) are
produced by the scattering of pulsed radio emission from
the pulsar by the ablated material from the companion
(Fruchter et al. 1988; Thompson et al. 1994; Blanchard
et al. 2025). At optical wavelengths, the emission pri-
marily originates from the companion star and varies
throughout the orbit due to irradiation from the pulsar
wind and ellipsoidal modulation caused by tidal defor-
mation of the star (Breton et al. 2013; Linares et al.
2017; Strader et al. 2019; Turchetta et al. 2023).

The X-ray emission in the MSP state consists of ther-
mal and non-thermal components. In a few cases, ther-
mal emission is detected from the heated polar caps,
and can be pulsed (Guillot et al. 2019). The typically
dominant non-thermal component is thought to arise
from an intrabinary shock (IBS) formed by the interac-
tion between the pulsar and companion winds (Wadias-
ingh et al. 2017, 2018; van der Merwe et al. 2020). The
X-ray orbital light curve exhibits a distinct single- or
double-peaked structure, attributed to Doppler-boosted
synchrotron emission from particles accelerated in the
shock. The shock geometry depends on the relative
strengths of the winds: it can wrap around the pul-
sar if the companion’s wind has more momentum, or
around the companion in the opposite case. When the
shock is wrapped around the pulsar, the maximum of
the X-ray orbital modulation (XOM) is expected near
the pulsar’s inferior conjunction, when the beamed IBS
emission crosses the line of sight (Wadiasingh et al. 2017,
2018; van der Merwe et al. 2020).

Pulsed gamma-rray emission in neutron stars origi-
nates in the current sheet just outside the light cylinder
and peaks at GeV energies (Philippov & Kramer 2022;
Hakobyan et al. 2023; Smith et al. 2023; Cerutti et al.
2025). The pulse-averaged gamma-ray flux in isolated
pulsars is stable within < 10% (Kerr 2025). Some of
the known spider pulsars exhibit eclipses, showing sharp
dips in their gamma-ray light curves (Corbet et al. 2022;
Clark et al. 2023). In addition, the gamma-ray flux can
also be orbitally modulated. Orbital modulation of the
soft gamma-ray flux (< 1 GeV) has been reported in

Table 1. List of the spider pulsars with significant gamma-ray or-
bital modulation (GOM) reported. See text for details.

Name Type GOM GOM XOM OOM
type peak peak

J1124-3653 BW  Soft, pulsed SC [1] IC [2,3] 1 [4]
J1227-4853 RBt  Soft SC [5] 1C [6,7] 18]
J1946-5403 BW Soft, pulsed SC [1] SC [3] * 9]
J2039-5617 RB  Soft, pulsed SC [10,11] IC [12,13] 2 [8]
J221545135 RB  Soft, pulsed SC (1] IC [14] 18]
J2241-5236 BW  Soft, pulsed SC [15] 18]
J2339-0533 RB Soft, pulsed SC [16] I1C [17,18] 1 [§]
J1311-3430 BW Hard, off-pulse IC [19,20] 1 (8]
J1702.7-5655 RBc Full IC [21]

J1023+0038 ** RBt  Hard DN [22] IC [23] 18]

NoTE—RB: redback; RBt: redback and transitional MSP; RBc: redback candi-
date; BW: black widow; SC: pulsar’s superior conjunction; IC: pulsar’s inferior
conjunction; DN: descending node of the puslar; OOM: number of maxima
in the optical orbital modulation - 1(irradiated light curve) or 2 (ellipsoidal
modulation); *: No optical counterpart confirmed for J1946, but see search
in [9]; ** - for J10234-0038, the GOM corresponds to the disk state, whereas
the XOM is observed in the pulsar state.

Systems with GOM discovered in this paper are highlighted in bold face.
References: [1] - this work, [2] - Gentile et al. 2014, [3] - Sim et al. 2024b, [4] -
Draghis et al. 2019, [5] - An 2022, [6] - de Martino et al. 2015, [7] - de Martino
et al. 2020, [8] - Turchetta et al. 2023, [9] - Braglia et al. 2020, [10] -Ng et al.
2018, [11] - Clark et al. 2021, [12] - Salvetti et al. 2015, [13] - Romani 2015,
[14] - Sullivan & Romani 2024, [15] - An et al. 2018, [16] - An et al. 2020, [17]
- Romani & Shaw 2011, [18] - Kandel et al. 2019, [19] Xing & Wang 2015,
[20] - An et al. 2017, [21] - Corbet et al. 2022, [22] - Xing et al. 2018, [23] -
Bogdanov et al. 2011.

four systems: the redbacks PSR J2039-5617 and PSR
J2339-5617, the black widow PSR J2241-5236 and the
transitional MSP PSR J1227-4853 (see references in Ta-
ble 1). In the first two systems, the gamma-ray orbital
modulation (GOM) was found to be pulsed, i.e., arising
from photons corresponding to the peak of the pulse pro-
file. In all four cases, the soft GOM peaks at the pulsar’s
superior conjunction. Interestingly, in systems where or-
bital modulation is observed in both X-ray and gamma-
ray bands, the orbital light curves are in anti-phase: the
gamma-ray flux peaks near orbital phase ~ 0.25 (pul-
sar’s superior conjunction), while the X-ray flux peaks
near phase ~ 0.75 (pulsar’s inferior conjunction) (see,
e.g., Sim et al. 2024a).

Different types of GOM have been observed in three
other spider systems. The black widow PSR J1311-3430
shows off-pulse hard orbital modulation (in the 1 — 100
GeV band), peaking at orbital phase ® = 0.8, following
the pulsar’s inferior conjunction (Xing & Wang 2015; An
et al. 2017). Corbet et al. (2022) reported gamma-ray
eclipses and modulation in the candidate redback system
4FGL J1702.7-5655, which peaked about half an orbit
after the eclipse and was detected only after MJD ~
56345. In addition, Xing et al. 2018 reported a possible
GOM at higher energies (> 5.5 GeV) in the disk state of



the transitional MSP PSR J1023+4-0038, peaking around
the descending node of the pulsar. All systems with
reported GOM are summarized in Table 1, where we also
list information about their XOM and optical orbital
modulation. In this work, we focus on searching for and
studying soft and pulsed GOM.

While the IBS synchrotron emission is widely accepted
as the source of XOM, the origin of GOM in spiders
remains a matter of debate. Boosted synchrotron emis-
sion from electrons along the IBS cannot account for the
half-orbit phase shift of the gamma-ray light curve. The
first explanation explored by An et al. (2020) involves
gamma-ray flux suppression by the swept-back pulsar
wind. In this scenario, the intrinsically constant pul-
sar emission is attenuated at low energies due to orbital
phase dependent absorption by the electrons in the pul-
sar wind. Scattering in the Klein-Nishina regime could
produce the modulation in soft gamma-ray band. How-
ever, the optical depth achievable within the system was
shown to be insufficient to account for the observed am-
plitude of the GOM (An et al. 2020), so we do not discuss
this model below. Since then, two main models have
been proposed to explain the GOM in spiders, namely:

i) additional flux from inverse Compton (IC) scatter-
ing of companion blackbody photons by pulsar wind par-
ticles and IBS electrons (Ng et al. 2018; An et al. 2020;
Clark et al. 2021; Sim et al. 2024a). The emission ge-
ometry in this scenario naturally explains the observed
phasing of the modulation. However, the predicted IC
flux is insufficient to match the observations. Matching
the observed flux would require the deceleration of the
upstream pulsar wind, which would increase the resi-
dence time of the electrons and boost the modulated
emission. However, such deceleration would suppress or
even prevent the formation of the IBS, which is neces-
sary to explain the X-ray data (Sim et al. 2024a).

ii) synchrotron radiation from relativistic leptons
ejected by the pulsar interacting with the companion’s
magnetic field (van der Merwe et al. 2020; Clark et al.
2021; Sim et al. 2024a). This scenario can reproduce
both the observed fluxes and the phasing of the modu-
lation, provided the leptons are accelerated to energies
of ~ 0.1 PeV and the companion’s magnetic field is ~ 1
kG. These conditions are also consistent with the pres-
ence of an IBS, allowing it to form and emit as required
by the X-ray data.

In this work, we present the results of a systematic
search for soft and pulsed GOM from confirmed spider
systems using the Third Fermi Large Area Telescope
(LAT) Catalog of Gamma-Ray Pulsars (3PC, Smith
et al. 2023). In Section 2, we describe the pulsar sam-
ple and analysis methods. We present the results of
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the search in Section 3, including the discovery of GOM
in three spider systems. Finally, in Section 4 we discuss
the soft pulsed GOM properties and compare them with
other system parameters, in the context of the proposed
models.

2. OBSERVATIONS AND ANALYSIS
2.1. Spider pulsar sample

Out of 294 gamma-ray pulsars reported in 3PC, we
pre-selected all 47 systems which are also listed as con-
firmed spiders in the SpiderCat catalog of compact bi-
nary MSPs! (Koljonen & Linares 2025): 15 redbacks
and 32 black widows. Three black widows (PSR J1311-
3430, PSR J1745+1017, PSR J2115+5448) and one red-
back (PSR J0955-3947) in this list had diluted preci-
sion timing solutions, pending publications. Since sen-
sitive GOM searches require precise spin and orbital
ephemerides, these four systems were excluded from our
analysis, leaving a total of 43 systems selected for fur-
ther investigation (14 redbacks and 29 black widows).
For the same reason, we did not include spider candi-
dates, although GOM may be present in some of these
systems as well (Ng et al. 2018; Corbet et al. 2022). The
final list of studied pulsars and their main properties is
presented in Table 2.

All 43 spiders in our sample have Fermi-LAT point-
source catalog counterparts (4FGL, Abdollahi et al.
2020, 2022; Ballet et al. 2023), with one exception:
PSR J0636+5128. This pulsar is too faint to be in-
cluded in the 4FGL catalog, which did not use pulsation
searches. However, when the data are phase-folded us-
ing a precise ephemeris, the pulsar becomes detectable
(Smith et al. 2023).

2.2. Fermi-LAT data analysis

To streamline our analysis, we used the public data
products from 3PC? (Smith et al. 2023): phased
and weighted FT1 event files and timing solutions
(.par files). We selected SOURCE class photons with
zenith angles < 90° from a 3°-radius region of interest
(Rol) around each source, covering two different energy
ranges: soft 0.1—1 GeV and full 0.1—300 GeV within the
timing solution validity period. For each photon, spin
and orbital phases were calculated based on the timing
model using TEMP02 (Edwards et al. 2006; Hobbs et al.
2006) with the Fermi plugin (Ray et al. 2011).

I Version 1.8.1, at https://astro.phys.ntnu.no/SpiderCAT
2 https://fermi.gsfc.nasa.gov/ssc/data/access/lat/3rd_PSR_
catalog/
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Table 2. Main properties of the 43 spider pulsars studied here, from the 4FGL-DR4 (Abdollahi
et al. 2022; Ballet et al. 2023) and 3PC (Smith et al. 2023) catalogs: 4FGL counterpart name, spin
period Ps, orbital period P, phase-averaged 0.1 — 300 GeV energy flux Fj, estimated distance d,
spin-down power E, gamma-ray luminosity in the 0.1 — 100 GeV energy band Lg (the second set
of uncertainties is due to the distance) and projected semimajor axis Al. In the name column (e)
indicates gamma-ray eclipsing binaries, while (t) - transitional systems.

Name Type 4FGL name P, P, Fg/107" d, E/10%® Lg/10%? Al,
ms d ergem™ 2 st kpc erg s™1 erg st lt-s

J00234-0923 BW J0023.440920 3.05 0.14 7.8 +0.6 1.8103 124709 3.03+£0217957 0.035
J0251+2606 BW J0251.0+2605 2.54 0.20 4.9£0.4  1.240.5 128+3.2 0.80£0.077077 0.066
J0312-0921 BW J0312.1-0921 3.70 0.10 5.5+0.4 0.82+£0.33 9.74+24  0.4440.03T33% 0.015
J0610-2100 BW J0610.2-2100 3.86 0.29 7.2+£0.5 22407 3.5+16 4.19+0.2775%% 0.073
J0636+5128 BW - 2.87 0.07 - 07792 5.60109¢ - 0.009
J0952-0607 BW J0952.1-0607 1.41 0.27 2.4+0.3 6.3103 <685  11.04+1.47719% 0.063
J102340038 (t) RB J1023.74+0038 1.69 0.20 32.4+0.8 1.37+£0.04 42.8+0.4 7.25=+0.18%0.43 0.343
Pulsar State 5.6+ 1.2

Disk State 49.24£0.7

J1048+2339 () RB J1048.6+2340 4.67 0.25 4.940.5 1.379¢ 9.7t09  1.024+0.1070% 0.836
J1124-3653 BW J1124.0-3653 2.41 0.23 12.5+£0.6 1.0£0.4 16.7+0.3 1.46+0.0773 5, 0.080
J1221-0633 BW J1221.4-0634 1.93 0.39 58=£0.5 1.34+05 > -165  1.09£0.097,9 0.055
J1227-4853 (t) RB  J1228.0-4853 1.69 0.29 19.0+1.6 1.8105 87.3757  6.98+£0.60T115 0.668
Pulsar State 16.3 + 2.8

Disk State 32.0£22

J13014-0833 BW J1301.64+0834 1.84 0.27 7.7+£0.5  1.8+0.1 43.7£82 2.88+0.18+0.33 0.078
J1302-3258 RB J1302.4-3258 3.77 0.78 10.9+0.5 14+0.6 3.64+0.7 2.67+0.1372:3% 0.928
J1431-4715 RB  J1431.4-4711 2.01 0.45 4.74+0.7 1.8105 54.3715  1.74+0.267525 0.550
J1446-4701 BW J1446.6-4701 2.19 0.28 7.7+0.7 1.64+0.6 36.2+0.4 2.26+0.2072J7 0.064
J1513-2550 BW J1513.4-2549 2.12 0.18 7.6+£0.6  4.0+1.6 86.8727 1427+ 1.1673%7° 0.041
J1544+4937 BW J1544.0+4939 2.16 0.12 2.4+ 0.3 3.01%0 84134 25340317150 0.033
J1555-2908 (¢) BW J1555.7-2908 1.79 0.23 4.7 +0.6 51792 > 306  14.51+1.88139% 0.151
J1622-0315 RB J1623.0-0315 3.85 0.16 7.2+0.7 1.270-%5 6.6170% 13140127039 0.219
J162743219 BW J1627.7+3219 2.18 0.17 3.6+£0.3  45+18 <248  871+0.757%35 0.054
J1628-3205 RB J1628.1-3204 3.21 0.21 11.3£0.9 1.2409 119729 19240167532 0.410
J1641+8049 BW J1641.2+8049 2.02 0.09 2.0£0.3 3.0 1.2 > 48 2.19 4 0.3472:29 0.064
J1653-0158 BW J1653.6-0158 1.97 0.05 34.3£1.0  0.770% 7.070%°% 225 £0.0715%2% 0.011
J1803-6707 BW J1803.1-6708 2.13 0.38 4.8+0.5 1.870% 717729 1.94+0.20%0 0 1.062
J1805+0615 BW J1805.6+0615 2.13 0.34 53+£0.5  3.9+£1.6 7597107 9.51+0.9873 1% 0.088
J1810+1744 BW J1810.5+1744 1.66 0.15 23.340.9 1915} 36.67335  9.73+0.3973%1* 0.095
J1816+4510 (¢) RB J1816.5+4510 3.19 0.36 10.6 £ 0.5 3.4102 53.170%  14.88 £0.7071%3% 0.595
J1833-3840 BW J1833.0-3840 1.87 0.90 2.8+0.4  4.6+£19 <1051  7.20+1.1677%% 0.061
J1908+2105 RB J1908.94+2103 2.56 0.15 4.9+0.8  26+£1.0 309729  3.95+064%379 0.117
J1946-5403 BW J1946.5-5402 2.71 0.13 9.8+0.5  1.1£05 >5 1.56 £ 0.087] 55 0.044
B1957+20 () BW J1959.54+2048 1.61 0.38 15.7£0.9 1.3105  116.913%7  3.02+0.187192 0.089
J2017-1614 BW J2017.7-1612 2.31 0.10 6.5+0.6  1.4+0.6 > —26 1.61+£0.1571 5% 0.044
J2039-5617 RB  J2039.5-5617 2.65 0.23 15.4+0.6 17408 254105 5210221397 0471
J2047+1053 BW J2047.3+1051 4.29 0.12 4.3+0.6  2.8+11 6.8+1.9 3.98+0.5275%2 0.069
J2051-0827 BW J2051.0-0826 4.51 0.10 2.5+£0.3 1.47£0.59 5501 0.65+0.08T3%7 0.045
J205241219 BW J2052.741218 1.99 0.11 4.6 +0.6 56705 10.57%%  16.97 £2.081295 0.061

J2129-0429 (e) RB J2129.8-0428 7.61 0.64 6.8+0.5 1.84+ 0.1 20.6140.05 2.73 +0.19 + 0.34 1.852
J22144-3000 BW J2214.6+3000 3.12 0.42 32.6+0.7 0.6+0.3 17.2+1.4 1.41+0.037182 0.059

1.08
J2215+5135 RB J2215.6+5135 2.61 0.17 18.0£0.8 27158 52.770%  15.26 £ 0.6973%,1% 0.468
J2234+40944 BW J2234.7+0943 3.63 0.42 10.0%0.6 0.7+0-2 111153 0.5940.047931 0.068
J2241-5236 BW J2241.7-5236 2.19 0.15 25.0&+1.1 1.0440.05 26.370% 3.25+£0.1440.29 0.026
J2256-1024 BW J2256.8-1024 2.29 0.21 8.2+0.5 21192 38.310% 425+ 0.2671 75 0.083

J2339-0533 RB  J2339.6-0533 2.88 0.19 29.2+0.8 1.3103 225105 5.90+£0.151350 0.612




Folded light curves were constructed using spin
and orbital phases and probability weights from the
MODEL_WEIGHT column. These weights represent the
probability that a detected gamma-ray photon was emit-
ted by the pulsar, based on the photon energy, ar-
rival direction and source model within the Rol. Un-
certainties for the i-th light curve bin are calculated as
o2 = Zjvzl wj2+(maxje[1,Nj] )%, where N; is the num-
ber of photons in the bin and w; are the photon weights.
The background level was estimated from the weights
as (3, w; — >, w?)/Npin, with an uncertainty of +6%
(Smith et al. 2023), where w; is the weight of the i-th
photon and Ny;, is the number of phase bins in the light
curve. The background primarily arises from Galactic
diffuse emission, the isotropic gamma-ray background,
and contributions from nearby sources. The significance
of detected pulsations was determined using the stan-
dard weighted H-test with m = 20 harmonics (de Jager
et al. 1989; de Jager & Biisching 2010; Kerr 2011). This
led to a significance of the detected pulsations of > 50.

An example of the timing results is shown in Figure
1, which displays the pulse profile of PSR J2215+5135,
the distribution of photon rotational phases over time
(aligned using the 3PC ephemeris) and the H-test signif-
icance of the detected pulsations, which increases mono-
tonically as more data are accumulated. In this exam-
ple, the precise phase alignment is achieved by model-
ing orbital period variations using Gaussian processes
(ORBIFUNCS, see Clark et al. 2021). In other cases,
the orbital period variations are modeled with a Tay-
lor series expansion around the time of ascending node
(using the BTX or ELL1 models).

The weighted H-test was also used to quantify the
significance of GOM using the calculated orbital phases.
To describe and compare the folded orbital light curves
across different systems, we fitted them with a sinusoidal
function by maximizing the likelihood

log £ = Zlog [w; F(®;) + (1 — wy)],

J

where F(®) = asin (27 (® + ®¢)) + 1 approximates the
orbital light curve, ® is the orbital phase (® = 0 cor-
responds to the pulsars’ ascending node), and @y quan-
tifies the phase shift of the maximum relative to phase
0.25. Thus, the peak phase is given by ®,,,4,, = 0.25—®.
Although some orbital light curves are not strictly si-
nusoidal, we use this approach to quantify the ampli-
tude and phase centering of the GOM in an homoge-
neous way. In this model, the parameter « is the semi-
amplitude of the modulation divided by the difference
between the average flux and the background level, pro-
viding a measure of the fractional semi-amplitude of the
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Figure 1. Our gammarray timing results for PSR
J2215+45135 in the 0.1 — 300 GeV energy band. Top panel:
the black curve represents the folded light curve, the blue
curve shows the template pulse profile, and the dashed red
line indicates the background level. Bottom left: photon spin
phases are plotted against time, with the color representing
the weights of the photons. Bottom right: the cumulative H-
test for pulsations significance is shown over time. Dashed
blue lines in the bottom panels indicate the start and end of
the timing solution used.

orbital modulation, or modulated fraction (MF) here-
after.

The confidence intervals for the model parameters, «
and ®¢, were determined using Wilks’ Theorem (i.e., as-
suming that the drop in log-likelihood, —2Alog L, fol-
lows a x? distribution with 2 degrees of freedom). For
sources with H < 14 (corresponding to < 3o signifi-
cance), we placed 3¢ upper limits on the MF. Figure
2 shows two such examples of how we determined un-
certainties (left) and placed upper limits (right) on the
fitted parameters.

From previous studies it was found that the soft GOM
is pulsed, meaning that the modulation arises from pho-
tons corresponding to the peak of the pulse profile (see
Section 1 and An et al. 2020; Clark et al. 2021; Sim et al.
2024a). We manually identified on- and off- pulse inter-
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Figure 2. Constraints on the MF (a)) and phase shift (®o).
Left: parameter space for PSR J22154-5135, with the color
scale representing the likelihood values. Contours indicate
the 1-, 2-, and 3-0 confidence intervals. Right: Parameter
space for PSR J0610-2100, which does not exhibit GOM. The
30 upper limits on the MF are shown.

vals, selected only photons corresponding to these in-
tervals, and then searched for orbital modulation as de-
scribed. Overall, searching for GOM with on-pulse pho-
tons proved to be more sensitive compared to just using
all detected photons. For example, for PSR J2215+5135
using all spin phases yields H = 11.97, while selecting
on-pulse photons results in a higher GOM significance
H = 14.83.

To ensure a robust and user-independent analysis for
selecting on-pulse intervals, we also adopted a reweight-
ing procedure introduced in Kerr (2019) and Clark et al.
(2023). This method is based on the pulse shape and
modifies the prior weights, w (MODEL_-WEIGHT) into pos-
terior weights w’,

o uf@)
wf(@)+1—w’

where f(¢) is the pulsar’s template pulse profile. The
pulse profile was modeled using a series of wrapped
Gaussian functions, with parameters optimized by maxi-
mizing log-likelihood, as described in Smith et al. (2023).
After folding and binning those reweighted photons
to obtain orbital light curves, we refer to them as
“reweighted counts”. When the available timing solu-
tion does not allow for coherent spin-phase folding (e.g.,
in the case of PSR J1227-4853, Sec. 3.2.1), we refer
to the counts in the orbital light curves as “weighted
counts” (since they are still weighted according to the
photon arrival directions and energies).

The 3PC catalog and data products that we used in-
clude 12 years of Fermi-LAT data, from 2008 to 2020.
For the systems with GOM significance > 2.50, we at-
tempted to assess the significance of the GOM using all
the available data. The primary obstacle is the valid-

ity interval of the publicly available timing solutions.
Many spiders have long-term orbital period variations,
driven by changes in the companion’s quadrupole mo-
ment (Pletsch & Clark 2015; Shaifullah et al. 2016; Clark
et al. 2021). This complicates expanding the ephemeris
beyond their validity intervals.

We chose to extrapolate data only for systems with
stable timing solutions, i.e., those without high-order
(> 2) orbital period derivatives or ORBIFUNC terms.
The stability of pulsations was assessed by verify-
ing the presence of pulsations beyond the formal va-
lidity range of the timing solution. For these sys-
tems (PSR J1124-3653, PSR J1946-5403, and PSR
J2256-1024), we analyzed Fermi-LAT data collected
between 2008 August 4 and 2025 February 14. Us-
ing the same photon selection as described above,
P8R3_SOURCE_V3 (Atwood et al. 2013; Bruel et al. 2018)
instrument response and generating a 4FGL-DR4-based
(Ballet et al. 2023) source model for the Rol with the
LATSourceModel/make4FGLxm1? package, we calculated
prior photon weights using gtsrcprob. These weights
were then reweighted as described previously.

Finally, to compare the MFs with gamma-ray fluxes
in Section 4, we calculated the 0.1 — 300 GeV and
0.1 — 1 GeV gamma-ray fluxes of the transitional sys-
tems PSR J1023+0038 and PSR J1227-4853, using sep-
arately the time intervals before and after their state
transitions (Table 2). To do so, we performed a stan-
dard binned-likelihood analysis using fermipy (Wood
et al. 2017). We selected SOURCE class photons within
a 15° Rol, with energies between 0.1 and 300 GeV
and zenith angles < 90°, and used P8R3_SOURCE_V3 in-
strument response files. The sky model was based on
4FGL catalog sources, together with the Galactic diffuse
model (gll_iem v07.fits) and isotropic background
(1s0_P8R3_SOURCE_V3_v1.txt) models. The gamma-ray
spectra of PSR J10234+0038 and PSR J1227-4853 were
fitted with a PLSuperExpCutoff2 spectral model. Dur-
ing the fit, we allowed the normalizations of sources
within 5°, the diffuse background normalization, and
the spectral parameters of PSR J10234-0038 and PSR
J1227-4853 to vary.

3. RESULTS

We have detected significant soft pulsed GOM (> 30;
0.1 — 1 GeV band) in seven spider pulsars: 4 redbacks
and 3 black widows (see Table 3). We show in Figure
3 the orbital gamma-ray light curves of these systems
(in the 0.1 — 1 GeV energy band, and using reweighted

3 https://github.com/physicsranger/make4FGLxml
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Figure 3. Reweighted, phase-folded gamma-ray light curves in the 0.1-1 GeV energy range for all systems with detected GOM
(except for PSR J1227-4853, where regular weights were used; Secs. 2.2 and 3.2.1). The black points represent the folded data
and uncertainties. The blue line and shaded area show the sinusoidal fit with its 1o uncertainty, while the red dashed line and
shaded area represent the background level and its uncertainty. Two orbital periods are shown for clarity.
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Figure 4. Weighted H-test significance for the seven sys-
tems with detected GOM, accumulated over time, using
reweighted 0.1 —1 GeV photons (except for PSR J1227-4853,
where regular photon weights were used). Grey lines indicate
systems where no significant GOM was detected. The dashed
horizontal lines represent the thresholds for a 3-, 4- and 5-0
confidence level. Systems with newly discovered GOM are
shown in bold face.

photons as explained in Section 2.2). The remaining
36 folded light curves, where we did not detect GOM,
can be found in Appendix A (Figure Al). The time
evolution of the H statistic for these seven systems is

61000

shown in Figure 4. As Fermi-LAT collects more data,
the significance of GOM detection increases over time.

To verify that the observed modulation is not caused
by exposure variations, we folded the good-time inter-
vals at the orbital period. The relative variations in
exposure time with orbital phase do not exceed ~ 0.5%,
which is too small to account for the observed modula-
tions.

Thus, we have discovered GOM in three new spider
pulsars: PSR J2215+5135 (redback), PSR J1124-3653
and PSR J1946-5403 (both black widows). This nearly
doubles the population of spiders with detected soft
pulsed GOM. The detected systems show MFs in the
range of 18-43% (Figure 3 and Table 3). For the spiders
without significantly detected GOM, we place upper lim-
its on the MF (in the range 16-100%, depending mostly
on source brightness, see below).

In the following, we present our results on all three
systems in which we have discovered GOM (Sec. 3.1),
seven systems with previously reported GOM (Sec. 3.2)
and five eclipsing spiders (for which we provide MF up-
per limits, Sec. 3.3).

3.1. Three new discoveries
3.1.1. PSR J1124-3653



Table 3. Significance of GOM, modulated fraction (or upper limits) and phase of maximum
flux for the pulsars studied, using reweighted 0.1 — 1 GeV photons. The time range used for
the analysis is shown in the last column. Systems where we discover GOM are highlighted in
bold face.

PSR Significance, ¢ Modulated Fraction, % Drax Start - Finish, MJD
J1124-3653 * 4.6 33.719°9 0.245 + 0.040 54682-60720
J1227-4853 (t) 1% [1] 3.6 18.073% 0.133 4 0.040 54682-60720
J1946-5403 * 3.4 28.7 £ 10.0 0.133 + 0.051 54682-60720
J2039-5617 [2] 4.0 4251129 0.28579:950 54682-58839
J2215+45135 3.0 20.6 £ 8.0 0.255 + 0.061 54682-58839
J2241-5236 [3] 6.1 18.3+£5.2 0.295 + 0.040 54682-58839
J2339-0533 [4] 4.4 20.7728 0.295 £ 0.040 54682-58839
J00234-0923 0.2 <52.5 - 54682-58839
J02514-2606 0.3 <66.6 - 54682-58839
J0312-0921 1.3 <51.6 - 54682-59224
J0610-2100 1.8 <33.1 - 54682-58839
J0636+5128 0.1 <80.0 - 54682-58836
J0952-0607 1.5 <100 - 54682-58839
J102340038 (t) 0.1 <22.1 - 54682-56500
J10484-2339 (e) 0.5 <100 - 56509-57549
J1221-0633 1.5 <66.7 - 54682-58839
J13014-0833 1.0 <41.9 - 54682-58839
J1302-3258 0.1 <43.9 - 54682-58839
J1431-4715 0.8 <89.5 - 54682-58839
J1446-4701 1.0 <80.1 - 54682-58839
J1513-2550 0.2 <44.2 - 54682-58839
J15444-4937 1.1 <100 - 54682-58839
J1555-2908 (e) 0.2 <49.2 - 54682-58493
J1622-0315 0.2 <100 - 54682-58839
J162743219 0.5 <71.4 - 54682-58839
J1628-3205 0.7 <60.5 - 54682-57300
J16414-8049 0.5 <90.4 - 54682-58190
J1653-0158 0.2 <16.1 - 54682-58839
J1803-6707 0.7 <78.0 - 54682-58839
J18054-0615 1.5 <78.6 - 54682-58839
J18104-1744 2.1 <15.7 - 54682-58839
J1816+4510 (e) 0.6 <32.0 - 54682-58839
J1833-3840 1.2 <100 - 57313-58193
J19084-2105 1.0 <84.1 - 54682-58693
B1957+20 (e) 0.5 <30.1 - 54682-57976
J2017-1614 0.2 <60.2 - 54682-58839
J204741053 0.6 <100 - 54682-58839
J2051-0921 1.3 <100 - 54682-57874
J20524-1219 1.7 <100 - 54682-58839
J2129-0429 (e) 2.2 <63.9 - 54682-58839
J2214+3000 1.0 <18.9 - 54682-58839
7223440944 0.1 <47.8 - 54682-58839
J2256-1024 1.1 <36.7 - 54684-60720

NoTE—Different source types and analysis are indicated: (t) - transitional MSPs, (e) - eclipsing, * - extended
analysis beyond 3PC timing solution, f- J1227 using prior photon weights and timing solution from de
Martino et al. (2020) (see Sections 2.2 and 3 for details). Discovery references: [1] - An (2022), [2] - Ng
et al. (2018); Clark et al. (2021), [3] - An et al. (2018), [4] - An et al. (2020)



PSR J1124-3653 (J1124) is a black widow pulsar with
Py, =2.41 msin a 5.45 h orbit. In X-rays, J1124 exhibits
orbital variability, with a maximum at pulsar’s inferior
conjunction (Gentile et al. 2014; Sim et al. 2024b).

From our gamma-ray study, we have discovered a sinu-
soidal modulation from J1124, with a significance of 3.90
(H = 22.7). The gamma-ray pulsations of J1124 are de-
tectable far beyond the 3PC timing solution interval, as
we show in Appendix B (Figure B1). Given the stability
of the timing solution, we extended the search beyond
the original ephemeris validity range to include the full
2008-2025 time range. Using this extended search, in
the 0.1 — 1 GeV band with reweighted photons, we find
a GOM significance of 4.60 (H = 31.42). The maxi-
mum of the GOM coincides with the pulsar’s superior
conjunction (@4, = 0.2440.04) and the MF is 34+9%.

3.1.2. PSR J1946-5403

PSR J1946-5403 (J1946) is a black widow pulsar with
P, = 2.71 ms and P, = 3.12 h (Camilo et al. 2015).
It shows XOM with two peaks centered around pulsar’s
superior conjunction (Sim et al. 2024b). This suggests
that the companion wind is weaker than that of the
pulsar, and the IBS is wrapped around the companion
star.

From our standard study in the 0.1—1 GeV band using
reweighted photons within the 3PC timing solution, we
found indications of GOM, with a significance of 2.8¢.
By extending the analysis beyond the 3PC ephemeris
time range (from August 2008 to March 2018), we con-
tinued detecting pulsations, indicating that the timing
solution remains stable over a longer timescale (Fig-
ure B1). Including these additional data, we detect
GOM with a significance of 3.1¢ (H = 15.51). We
thereby measure a MF of 26 + 10% and a peak phase of
D0 = 0.13 £ 0.06.

3.1.3. PSR J2215+5135

PSR J2215+5135 (J2215) is a redback system with
a spin period P; = 2.61 ms and B, = 4.14 h. From
an optical study of its strongly irradiated companion,
Linares et al. (2018) reported one of the most massive
known neutron stars with Myg ~ 2.3M. This system
also exhibits XOM (Sullivan & Romani 2024), character-
ized by two peaks near the pulsar’s inferior conjunction,
® =0.75.

We found soft GOM from J2215 with a significance of
3.00 (H = 15.12) using reweighted photons in the 0.1—1
GeV energy range. The MF of J2215 is 21 + 8% and
the peak is at the pulsar’s superior conjunction ®,,,,, =
0.26 £ 0.06. Due to stochastic orbital period variations,
it was not possible to expand the dataset beyond the
analyzed 3PC interval.

3.2. Previously detected systems

Significant soft GOM had previously been reported in
four spider systems: three redbacks (PSR J1227-4853,
An 2022; PSR J2039-5617, Clark et al. 2021; PSR J2339-
0533, An et al. 2020) and one black widow PSR J2241-
5236 (An et al. 2018). We confirm all four detections and
present the results of our re-analysis in this Section.

3.2.1. PSR J1227-4853

PSR J1227-4853 (J1227) is a transitional MSP with
Ps = 1.69 ms P, = 6.91 h. At the end of 2012, it
transitioned from a Low-mass X-ray Binary (LMXB) to
a pulsar state (Bassa et al. 2014). During the pulsar
state, XOM with maximum at the neutron star’s infe-
rior conjunction was observed with XMM-Newton and
NuSTAR (de Martino et al. 2015, 2020).

Using timing solutions for the orbit of J1227, includ-
ing time of ascending node, binary period and its deriva-
tives, An (2022) found GOM in the 60 — 1000 MeV en-
ergy band using 12.5 years of Fermi-LAT data, spanning
from August 2008 to February 2021. Interestingly, the
modulation was detected in both the LMXB and the
MSP states.

The 3PC timing solution is valid only from February
2014 to August 2017 (MJD 56707-57970), and we de-
tect gamma-ray pulsations only within this time range.
As a result, reweighting can be applied only within this
specific validity interval of the timing solution. Within
this time range, we do not detect significant GOM us-
ing reweighted photons in the 60 — 1000 MeV, 0.1 — 1
GeV, or 0.1 — 300 GeV energy bands. Similarly, using
prior probability weights, we do not detect significant
modulation in any of these energy bands.

The 3PC timing solution contains 11 orbital frequency
derivatives, which are necessary to precisely phase-align
pulsations while accounting for stochastic orbital period
variation. This prevents reliable extrapolation of the
orbital phase model (Clark et al. 2021).

However, using the radio timing solutions for the orbit
from An (2022, which does not incorporate information
about the pulsar spin) and prior photon weights, along
with the time range from August 2008 to February 2025,
we confirm the detection of significant GOM in the 60 —
1000 MeV and 0.1 — 1 GeV energy bands. In the latter
energy range (our standard band), we measure H =
19.92 (~ 3.60), a MF= 18 £5% and ®,,,4, = 0.13+0.04.

To study the modulation in the two different states
of J1227, we split the LAT dataset at the time of the
state transition (MJD 56250, Bassa et al. 2014). The
data before this date correspond to the disk state, while
the data after correspond to the pulsar state. We detect
significant GOM in both states, consistent with the re-
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sults reported in An (2022), with H = 18.50 (~ 3.40)
in the disk state and H = 16.19 (~ 3.20) in the pul-
sar state (Figure 5). Despite the state transition being
accompanied by a drop in flux, the MFs remain com-
parable: MF = 26 + 10% before and MF = 17 + 6%
after the transition (see Section 4.2). However, while
the maximum in the pulsar state is located at the pul-
sar’s superior conjunction (@, = 0.26 £ 0.06), we
find that the peak in the disk state occurs earlier, at
D0 = 0.07 £ 0.06 (as can be seen in Figure 5).

PSR J1227-4853

320
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110 A
o)
€
3 100
o
el
g 904 240
o
] 220
= 80
Modulated fraction=26+10% 200 4 Modulated fraction=17+6%
704 Dyax=0.07%+0.06 Dpax=0.26+0.06
————— Background=86.65+5.20 1801 ----- Background=227.04+13.62

0.0 O‘,S 1‘,0 14‘5 2.0 0.0 04‘5 14‘0 1:5
Orbital Phase Orbital Phase

Figure 5. Weighted, phase-folded gamma-ray light curves
of J1227 in the 0.1 — 1 GeV band, in the disk (left) and the
pulsar (right) states.

3.2.2. PSR J2039-5617

PSR J2039-0533 (J2039) was the first redback MSP
system discovered through a blind search for gamma-
ray pulsations (Clark et al. 2021). It has Ps = 2.65 ms
and P, = 5.5 h. J2039 exhibits a typical double-peaked
X-ray orbital light curve, centered around the pulsar’s
inferior conjunction (Salvetti et al. 2015; Romani 2015).
From optical light curve modeling, Clark et al. (2021)
estimated an orbital inclination of ~ 75°.

Before the discovery of pulsations, Ng et al. (2018)
found sinusoidal orbital modulation in the gamma-ray
flux of 3FGL J2039.6-5618, peaking at the pulsar’s su-
perior conjunction—half an orbit away from the X-ray
maximum. Clark et al. (2021) confirmed this detec-
tion, showing that the orbitally modulated signal is
pulsed. They produced an orbital light curve for pho-
tons with energies higher than 100 MeV without select-
ing or reweighting photons based on the pulse profile
or phase, reporting a MF of 24 + 5% and a peak phase
D = 0.25 +0.03.

In the 0.1 — 300 GeV energy band, we also detect
GOM with a significance of 4.00, a MF of 25 + 8%
and ®,,,, = 0.26 = 0.05, in agreement with the results
of Clark et al. (2021). Using reweighted 0.1 — 1 GeV
photons, we measure a higher MF of 43 & 13% with
D0z = 0.2940.05 with a significance of 4.00. This sug-

gests that the modulation is stronger at lower energies
(0.1 — 1 GeV), while higher energy photons (> 1 GeV)
introduce additional flux that is not modulated.

3.2.3. PSR J22/1-5236

PSR J2241-5236 (J2241) is a black widow pulsar with
P, =2.2ms and P, = 3.5h. An et al. (2018) found low-
energy (< 1 GeV) orbital modulation in J2241, with the
first, stronger peak occurring near the pulsar’s superior
conjunction and a second, smaller peak near the pulsar’s
inferior conjunction. To explain this, An et al. (2018)
suggested that the pulsar and companion winds strength
ratio varies, so that the IBS wraps around the compan-
ion, but occasionally also around the pulsar. This would
produce two peaks at the pulsar’s superior and inferior
conjunctions.

A 20 ks Chandra observation of J2241 revealed ther-
mal X-ray emission presumably originating from hot po-
lar caps on the neutron star’s surface (Keith et al. 2011).
No significant non-thermal component was detected in
the Chandra data (An et al. 2018). Using NICER, Guil-
lot et al. (2019) detected thermal X-ray pulsations from
J2241.

We also detect GOM with a significance of 6.10 using
reweighted 0.1 — 1 GeV photons. Since the orbital light
curve of this system is peculiar, our sinusoidal model
does not fit the data well, as expected (see Figure 3).
However, it provides reasonable estimates for the MF
(18£5%) and the location of the stronger peak (®rpar =
0.30 + 0.04).

3.2.4. PSR J2339-0533

The redback pulsar PSR J2339-0533 (J2339) is a 2.9
ms pulsar in a 4.6 h orbit. The X-ray light curve of
J2339 is double-peaked around the pulsar’s inferior con-
junction (Romani & Shaw 2011; Kandel et al. 2019).

An et al. (2020) discovered sinusoidal GOM of J2339
in the 100 — 600 MeV energy band by selecting pulsed
photons. The gamma-ray orbital light curve is anticor-
related with the X-ray light curve, similar to J2039. The
detection has a false-alarm probability of p =~ 10~7. The
authors also note that the significance is relatively sen-
sitive to the energy selection, reporting p = 2 x 10~ for
the 0.1 — 1 GeV energy band.

Using the same spin phase selection as in An et al.
(2020) for 0.1—1 GeV photons, we also detect GOM with
H = 19.97, corresponding to p = 3 x 10™*, consistent
with An et al. (2020). With our standard analysis using
reweighted 0.1 — 1 GeV photons, we find H = 28.23
(~ 4.40) with ®,,,, = 0.30+0.04 and a MF of 21 +6%.

3.3. Eclipsing binaries



To maximize sensitivity for detecting gamma-ray
eclipses, we used reweighted photons in the full Fermi-
LAT energy band of 0.1 — 300 GeV as explained in
Clark et al. (2023), which provides sufficient photon
statistics. Eclipses were confirmed in PSRs B1957+420,
J10484-2339, J1555-2908, J1816+4510, J2129-0429, con-
sistent with the results of Clark et al. (2023, Figure C1).

After confirming the presence of eclipses, we used our
standard analysis in the soft band (0.1—1 GeV) to search
for GOM. We did not detect significant GOM from any
of the five eclipsing systems, and we placed upper limits
on their MFs.

3.3.1. PSR J1048+2339

The redback MSP PSR J1048+-2339 (J1048) has Ps =
4.67 ms and P, = 6.01 h. Its 3PC timing solution
spans ~ 3 years and exhibits significant orbital pe-
riod variations, making it difficult to extend over longer
timescales. However, it remains sufficient to detect
gamma-ray pulsations and observe an eclipse of the pul-
sar by its companion (Clark et al. 2023).

We do not detect significant GOM from J1048. Due to
the short duration of the ephemeris and the limited num-
ber of detected photons, we are unable to place strong
constraints on the MF, with an upper limit of < 100%.

3.3.2. PSR J1555-2908

PSR J1555-2908 (J1555) is one of the most energetic
MSPs: a black widow pulsar with a spin-down luminos-
ity E > 3.1x10% erg s™' and P, = 1.79 ms, B, = 5.6
h.

The timing solution of J1555 spans from August 2008
to January 2019, and we detect significant pulsations
throughout this whole time range. However, no signif-
icant GOM is detected with an upper limit on the MF
of 49%.

3.3.3. PSR J1816+4510

PSR J1816+4510 (J1816) is a redback pulsar with
P, = 866 h and P; = 3.19 ms. J1816 has one of the
brightest and hottest companions among spiders with
an effective temperature of 2 15000 K (Kaplan et al.
2012). It shows both radio and gamma-ray eclipses (Sto-
vall et al. 2014; Clark et al. 2023).

We do not detect GOM from this system and we place
a 30 upper limit on the MF of < 32%.

3.3.4. PSR B1957+20

PSR B1957+20 (B1957) is the first discovered black
widow system: a MSP with P, = 1.61 ms pulsar in
9.17 h orbit around an ultra-light companion. Chan-
dra observations revealed a double-peaked X-ray orbital
light curve with maximum emission occurring around
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the pulsar’s superior conjunction (Huang et al. 2012),
unlike most (redback) spiders (Wadiasingh et al. 2017).

Gamma-ray analysis with Fermi-LAT provided evi-
dence for orbital-phase-dependent emission from B1957.
Wu et al. (2012) analyzed three years of Fermi-LAT data
and reported spectral variations across the orbit, identi-
fying an additional gamma-ray component above ~ 2.7
GeV appearing at the pulsar inferior conjunction. While
their analysis suggested potential orbital modulation at
low energies, the significance was only ~ 2.30. Corbet
et al. (2022) did not find any significant modulation in
this system.

In our study, we analyzed Fermi-LAT data from the
~ 11 year period where the 3PC timing solution was
valid. We do not find significant GOM from B1957.
Using reweighted 0.1 — 1 GeV photons, we place a 3o
upper limit of 30% on the MF.

3.3.5. PSR J2129-0429

The redback system PSR J2129-0429 (J2129) has
P, = 7.61 ms and P, = 15.25 h. The X-ray orbital
light curve obtained with XMM-Newton and NuSTAR
revealed a double-peaked maximum around the pulsar’s
inferior conjunction (Hui et al. 2015; Kong et al. 2018).

For PSR J2129-0429 (J2129), the full energy band
light curve (0.1 — 300 GeV) shows the eclipse at phase
0.25 (Clark et al. 2023). Our analysis in the soft en-
ergy band yields tentative evidence of sinusoidal orbital
modulation (Figure Al). However, this modulation is
not statistically significant (2.20 in the 0.1 — 1 GeV en-
ergy band when using reweighted photons), so we place
an upper limit of < 64% on the MF.

3.4. Pulse profiles

Previous studies have shown that the gamma-ray pul-
sar tends to be brighter around superior conjunction,
corresponding to the orbital maximum of the GOM (An
et al. 2020; Clark et al. 2021). To test this in our de-
tected systems, we produced pulse profiles for six pul-
sars exhibiting GOM in three orbital phase intervals:
orbit-averaged (0 < ® < 1), around the orbital max-
imum (0 < ® < 0.5), and around the orbital mini-
mum (0.5 < ® < 1). J1227 was not included because
of its short ephemeris, during which gamma-ray pul-
sations are detected (see Section 3.2.1). The photon
weights were assigned according to the orbit-averaged
pulsar spectrum. The resulting pulse profiles are shown
in Figure 6. We find that the profiles around superior
and inferior conjunctions differ slightly in flux (weighted
counts), but also in shape. Further investigation via or-
bital phase-resolved spectroscopy (e.g., An et al. 2020)
or pulse profile modeling is beyond the scope of this
work.
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Figure 6. Pulse profiles of six pulsars with detected GOM in the 0.1 —300 GeV band, measured in three orbital phase selections:
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4. DISCUSSION

We have detected significant GOM in seven out of
the total 43 spider systems analyzed. We have discov-
ered modulation in the pulsed gamma-ray flux of three
spiders: one redback (J2215, Sec. 3.1.3) and two black
widows (J1124 and J1946; Secs. 3.1.1 and 3.1.2, respec-
tively). In all three newly discovered cases, the GOM
significance drops below 30 when including the full LAT
band (0.1 — 300 GeV), indicating that the modulation
is soft. This nearly doubles the number of spiders with
detected soft and pulsed GOM (Table 3).

Our results show that GOM in spiders is more com-
mon than previously thought. Since we conducted a sys-
tematic search across the spider population presented in
3PC, we estimated the significances accounting for tri-
als, i.e., the search over the 43 independent systems.
For our new findings, PSR J1124-3653, J1946-5403 and
J2215+-5135, the post-trial significances are 3.8,2.2 and
1.60, respectively. The significance estimated using the
H-test with one harmonic is higher (m=1, also known as
Rayleigh test; Buccheri et al. 1983; de Jager et al. 1989),
yielding post-trial significances of 4.4,2.6 and 2.00 for
J1124, J1946 and J2215, respectively. Because the GOM
shapes are clearly sinusoidal and their flux maxima align
with all other spiders (near the pulsar’s superior con-
junction), we consider these detections to be robust.

4.1. A universal modulated fraction

We find that our measured MFs (Figure 7) and ®pax
(Figure 8) are relatively uniform across all systems, re-
gardless of whether they are redbacks or black wid-
ows. Figure 7 shows the distribution of MFs together
with their kernel density estimates (KDEs). Fitting
the MFs with a constant yields a best-fit value of
MF=22.0 + 2.6%, with x?/d.o.f. = 5.85/6. We also find
that the MFs show no clear dependence on the orbital
period B, (which differs by a factor ~ 2 across our sam-
ple) or other parameters such as gamma-ray luminosity
L, spin-down power E or projected semi-major axis of
the pulsar Al (which differ by a factor 210; see Figure

The gamma-ray flux maxima of all seven detected sys-
tems are found near the pulsar’s superior conjunction
(® = 0.25 in our definition, see Figure 8). XOM has
previously been observed in all seven systems except for
J2241. Thus, we find that the redback J2215 and the
black widow J1124 add to three other redbacks (J1227,
J2039 and J2339) that exhibit an anti-correlation be-
tween gamma-ray and X-ray fluxes (see Figure 8 and
references in Table 2). In these five systems, the GOM
and XOM are in anti-phase: the gamma-ray flux peaks
near the pulsar’s superior conjunction, while the X-ray
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0.1-1 GeV energy band. Bottom: KDEs computed using
Gaussian kernels with bandwidth 771/5.

T
@ GOM maximum (RBs)
# GOM maximum (BWs)

XOM maximum (RBs)
PSR J2241-5236 A —— 0 XOM maximum (BWs)

PSR)1946-5403{ —@— |
1 1
1 1
PSR J1124 - 3653 - -+ —

Disk I I
| IPSR !
PSR J1227-4853 *F?u"— —= |
1 1
PSR J2215 + 5135 - —?— E
1 1
PSR J2339-0533 - - X
1 1
PSR J2039-5617 ro— .
i i
] 1 ]

y I BWs

[ RBs

[ RBs+BWs

KDEs

Q4 -————————

0.00 0.25 0.50 0.

®pmax

5 1.00

Figure 8. Top: Distribution of gamma-ray and X-ray or-
bital modulation peak phases ®pq.. Bottom: KDEs com-
puted using Gaussian kernels with bandwidth 7-1/5

flux peaks at inferior conjunction (¢ ~ 0.75, Fig. 8). In
the black widow J1946, however, we find that GOM and
XOM are in phase: both gamma-ray and X-ray modu-
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lations peak at the same orbital phase, near superior
conjunction of the pulsar.
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Figure 9. Modulated fractions plotted versus 0.1—100 GeV
gamma-ray luminosity Ly, spin-down power E, orbital pe-
riod P, and projected semi-major axis of the pulsar Al.

Redback companions are about ten times more mas-
sive and about twice hotter than black widow compan-
ions (factor ~ 2 higher base temperature, Turchetta
et al. 2023). The fact that the MFs are similar across
all detected systems (regardless of whether they are red-
backs or black widows) suggests a common underlying
mechanism for the GOM, independent of the mass and
temperature of the companion star. MF and ®,,,, seem
also unrelated to the number of maxima in the opti-
cal orbital modulation (Table 1), suggesting that the
gamma-ray modulation mechanism is independent of the
irradiation state of the companion. On the other hand,
the phase of the X-ray flux maximum is thought to be
determined by the IBS geometry or orientation (Sec-
tion 1; Wadiasingh et al. 2017, 2018). Since we always
find a soft GOM peak near superior conjunction, inde-
pendently of the X-ray modulation maximum, we con-
clude that the origin of the GOM is not directly linked
to the IBS orientation.

Figure 10 shows the measured MFs and upper limits,
plotted against the gamma-ray flux of each system (F,
in the 0.1-300 GeV band). We show the MF upper limit
and F, of J1023 in the pulsar state (MJD< 56500), while
for J1227 we plot the measured MFs and gamma-ray
flux, both averaged as well as separately for disk and pul-
sar states. Systems with Fy > 1.5 107" erg s7! cm™2
have GOM detections or stringent upper limits on the
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Figure 10. Measured modulated fraction and upper limits
as a function of 0.1 — 300 GeV gamma-ray flux.

modulated fraction (MF<30%). This is expected if the
MF is independent of Fg, since brighter sources pro-
vide more photon counts, allowing for increased sen-
sitivity to potential modulation. Other factors which
may contribute to the GOM detectability include the
time spanned by the coherent timing solution and the
“sharpness” of the pulse profile (Fig. 6).

Three black widows - PSR J1653-0158 (J1653),
J1810+1744 (J1810) and J221443000 (J2214) - are not
detected despite their high gamma-ray fluxes. The cor-
responding 3o upper limits on their MFs are 16.1%,
15.7% and 18.9% respectively. These values are close to
the constant fit level of 22.0 +2.6%. These upper limits
are consistent with the average MF within 1 —2 o, so we
argue that the modulated fraction of the GOM in spider
pulsars is universal.

4.2. Transitional MSPs and GOM

As shown by An (2022) and discussed in Section 3.2.1,
J1227 exhibits orbital modulation not only in the pul-
sar state, but also in the disk state. Since gamma-ray
pulsations from transitional MSPs have been detected
in their pulsar state (Johnson et al. 2015; Smith et al.
2023), but not in the disk state (Smith et al. 2023), the
additional gamma-ray emission in the disk state is pre-
sumably unpulsed. However, the orbital modulation in
the disk state remains largely unexplored.

We find that the MF did not change significantly dur-
ing the disk-to-pulsar state transition: from MF g =
26 £ 10% to MFe, = 17 £ 6% (Section 3.2.1 and Fig-
ure 5). The 0.1 — 1 GeV gamma-ray flux from J1227
decreased by a factor ~ 2.2 during the transition, from
Fyisk = (20.3£0.9) x 1072 erg em =2 s~ ! s ! in the disk



state to Fpgy = (9.4 £0.5) x 10712 erg cm™2 s ! in the
pulsar state. If the additional gamma-ray flux in the
disk state were not modulated along the orbit, the MF
would be lower in the disk state: it would drop by the
same factor ~ 2.2, from the measured MF g, ~17% to
an expected 8%. Instead, we find a somewhat higher
fractional amplitude in the disk state (26%). Thus, our
results suggest that the additional gamma-ray flux in
the disk state is also orbitally modulated.

4.3. Orbital inclination and eclipsing systems

As outlined in Section 1, the two main proposed mech-
anisms to explain GOM in spiders are synchrotron radia-
tion of pulsar wind leptons in the companion’s magnetic
field (van der Merwe et al. 2020; Clark et al. 2021; Sim
et al. 2024a), and inverse Compton scattering of black-
body photons from the companion by the energetic lep-
tons from the pulsar (An et al. 2020; Clark et al. 2021;
Sim et al. 2024a). Here we argue that both scenarios
predict a dependence of the MF on the orbital inclina-
tion (7), which is not seen in the data.

For six of our seven spiders with detected GOM, we
found and compiled from the literature orbital incli-
nations ¢ determined from optical light curve model-
ing (Table 4). The five systems showing gamma-ray
eclipses are especially interesting, since they allow us to
probe GOM at the highest (edge-on) orbital inclinations.
Thus, we compiled the lower limits on their ¢ derived by
Clark et al. 2023 (also listed in Table 4). The resulting
MF-i relation is shown in Figure 11, where we find that
edge-on systems do not feature stronger GOM. Remark-
ably, we find MF<30% for J1816 and B1957, despite
them having ¢ 2 80°. The redback PSR J1908+2105
is seen almost face on (i < 6°, Simpson et al. 2025),
but it is relatively faint so our upper limits on MF are
not constraining and we do not include it in Figure 11
(MF< 84%; cf. Tables 2 and 3).

In the inverse Compton scenario, electrons and
positrons in the pulsar wind up-scatter photons from
the companion (Sim et al. 2024a). The resulting flux
is proportional to the seed photon energy density along
the observer’s line of sight. If blackbody photons from
the companion are emitted isotropically with a number
density that scales as 1/r? (where r is the radial distance
from the center of the star), the line-of-sight seed pho-
ton energy density varies with the orbital phase. This
phase-dependent variation can produce GOM. Further-
more, systems viewed edge-on, i.e., with high inclina-
tion, are expected to exhibit stronger modulation, as
the line of sight passes closer to the companion, where
photon densities are higher.
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Table 4. Orbital inclination estimates obtained from optical light
curve modeling of spiders with detected GOM, and lower limits

for gamma-ray eclipsing systems.

Name Type Inclination Reference
J1124-3653 BW  44.9%40° Draghis et al. 2019
J1227-4853 RBt 46° <4 <65° de Martino et al. 2015

J2039-5617 RB 60° <i < 78°  Clark et al. 2021

J221545135 RB 639124 Linares et al. 2018
J2241-52364 BW  49.7+%%° Draghis et al. 2019
J2339-0533 RB  69.3 +2.3° Kandel et al. 2019
B1957+20 BW > 84.1° Clark et al. 2023
J1048+2339 RB > 80.4° Clark et al. 2023
J1555-2908 BW  >83.1° Clark et al. 2023
J1816+4510 RB > 79.0° Clark et al. 2023
J2129-0429 RB > 76.3° Clark et al. 2023

NoTE—RB: redback; RBt: redback and transitional MSP; BW:

black widow.
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Figure 11. Modulated fractions as a function of orbital

inclination (red for redbacks, black for black widows). Up-
per/lower limits on MF/i are shown for eclipsing systems,
which have tightly constrained inclinations (orange for red-
backs and gray for black widows). Solid blue and dashed
indigo lines show our predictions for the inverse Compton
and synchrotron scenarios, respectively, with an arbitrarily
chosen flux normalization.

In the synchrotron scenario, the modulation arises for
two reasons. First, the synchrotron peak energy is pro-
portional to the strength of the companion’s dipolar
magnetic field, which decreases with distance as 1/r3.
This peak falls within the LAT energy band near the pul-
sar’s superior conjunction, when the energetic electrons
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pass closest to the companion, so the detected counts
are higher?. At inferior conjunction, the peak shifts to
lower energies since the magnetic field along the line of
sight is lower, and the LAT band covers only the high-
energy tail of the synchrotron spectrum (so the flux is
lower). Second, around pulsar inferior conjunction when
the magnetic field along the line of sight is lowest, elec-
trons radiate less efficiently as the synchrotron cooling
time becomes longer than the residence time. During
that phase, the synchrotron flux becomes proportional
to B2, giving the lowest gamma-ray fluxes (Sim et al.
2024a). In this synchrotron scenario, the magnetic field
of the companion introduces an inclination dependence,
similar to the inverse Compton scenario. As a result,
edge-on systems are again expected to show stronger
modulations.

4.4. Modeling GOM in spiders

We developed a simple analytical model to quan-
tify the MF-i relation in both scenarios. We assume
that both inverse Compton and synchrotron emissions
are primarily generated at the point along the line of
sight closest to the companion star, where pulsar wind
electrons interact with the densest photon field and
strongest magnetic field, respectively. The distance from
the center of the companion to this point is

R =asiné, (1)

where a is the binary separation, and 6 is the angle
between the line of sight and the line connecting the
pulsar and its companion. The angle § depends on both
the orbital phase ® and the binary inclination ¢, and can
be expressed as

cos f = sin(7) sin (27 P) . (2)

For the inverse Compton scenario, we use Equation
(15) from Sim et al. (2024a) describing the bolometric
inverse Compton flux. The ® and ¢ dependence in the
flux lies only in the companion’s photon field energy

density,
L

- 4rR2c’ 3)
where L is the bolometric optical luminosity of the com-
panion star. Thus, we can we can write the inverse
Compton flux as

Usx

Fic = Kic X u«(R), (4)

4 As shown by Sim et al. (2024a), this is true for for a companion
magnetic field of ~ 1 kG and primary electrons with Lorentz
factors ~ 107 — 108.

where K¢ is a constant factor, independent of the bi-
nary phase and inclination, which characterizes the bi-
nary and pulsar wind properties (Sim et al. 2024a).

Inserting (1), (2) into (3), we obtain the photon field
energy density as a function of ® and i:

L
4dma2c (1 — sin®isin® (27®))

us(®,4) = (5)

Since u, carries the orbital phase and inclination de-
pendence, and the MF is directly proportional to it at
its maximum (® = 0.25), we fix the total gamma-ray
flux normalization F' in order to estimate how the mod-
ulation strength depends on inclination. Therefore, we
calculate the MF as

Kic L 1
MFic = | — .
fe ( F ) <47m2c> 1 —sin?i (6)

The resulting MF¢ — ¢ relation is shown in Figure 11
with a blue solid line.

To model the synchrotron case, we assume that elec-
trons cool faster than their residence time (ensuring ef-
ficient synchrotron emission) and emit at the closest
point to the companion, where the magnetic field is
highest. The synchrotron spectral energy distribution
(SED) then shifts relative to the LAT band as ® and ¢
change. Since the number of emitting electrons is un-
known, our simple model cannot predict absolute fluxes.
A full treatment would require integrating losses along
the line of sight, as in Sim et al. (2024a). Here, we fo-
cus on the relative changes of the SED. Because the LAT
band covers only the peak and the high-energy tail of the
spectrum, contributions from weaker field regions, which
affect mainly the low-energy tail, can be neglected.

We take a simplified approach in which the syn-
chrotron emission is produced by mono-energetic elec-
trons with Lorentz factor -y, propagating in the ran-
domly oriented magnetic field of the companion, B (Sim
et al. 2024a; see also Finke et al. 2008). Then, the flux
density is

fsy(E) = Ksy x Ex R (5) , (7)

where Kgy is a constant factor and

_ hSeng

E.
4mme

(8)
is the characteristic (peak) energy of the synchrotron
SED. Here, e and m are the charge and mass of the
electron, h is Planck’s constant, ¢ is the speed of light
and B = By(Ry/r)? is the magnetic field in the com-
panion region, where By is the magnetic field strength



at the stellar surface and Ry the radius of the companion
star. Finally, R is given by

Ra)=3 /0 dgsiné | 0,

where K33 is the modified Bessel function of the third
kind.

Integrating Equation (7) over the 0.1 — 1 GeV band
at superior conjunction (® = 0.25) for different incli-
nations, we obtain the dependence of the synchrotron
modulation on binary inclination. Fixing the total flux
F', we calculate MF as

1 1 GeV

MFsy = = fsx(E)dE. (10)

0.1 GeV

The resulting MFgy — i relation is shown in Figure 11
with a dashed indigo line, compared with MFic (blue
solid line) and the measured MFs of the detected sys-
tems as a function of orbital inclination.

MFic and MFgy are calculated by adopting typi-
cal values for the orbital separation (a = 10*! ¢cm) and
companion radius (Ry = 0.3Rg, typical for redbacks).
Moreover, two fundamental parameters in the case of
M Fsy are the magnetic field at the surface of the com-
panion star By and the Lorentz factor 5. We assume
7 = 107 and By = 1kG, as in Sim et al. (2024a),
since these values are able to reproduce the observed
light curve of a few systems. Despite the wide range of
inclinations (i ~ 45° — 90°), we find a lack of correla-
tion between the measured MF and . This challenges
the two main models proposed to explain GOM, since
they predict stronger GOM in edge-on systems (see Fig-
ure 11).

The absence of stronger gamma-ray modulation at
high inclinations disfavors models involving the com-
panion star, and suggests instead that the modulating
region is located closer to the pulsar itself. We propose
that synchrotron radiation from energetic leptons in the
pulsar wind interacting with the magnetic field of the
IBS could be a possible mechanism. This would require
a relatively strong magnetic field within the shock (per-
haps amplified by turbulence, Bell 2004) and a short
synchrotron cooling time. This would naturally ex-
plain orbital phasing and the inclination independence
of our measured MF values. Since we find MF~ 30% in
J1946 (Sec. 3.1.2), where the IBS is presumably wrapped
around the companion, the modulation should occur in
the central parts of the IBS where the shock tangent
is always nearly perpendicular to the line of sight (for
large orbital inclinations). Future studies are required
to quantify the modulated fraction in this or alternative
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models. New detections of GOM or more stringent lim-
its at lower orbital inclinations (i < 45°) may also give
new clues as to its physical origin.

5. SUMMARY AND CONCLUSIONS

After conducting a systematic search for gamma-ray
orbital modulation in 43 spider pulsars, we have dis-
covered three new systems exhibiting soft pulsed GOM
(and confirmed four previous detections). We have
quantified the modulated fraction in the 0.1 — 1 GeV
band, and found this to be approximately constant at
MF=22.04+2.6 %. In all detected cases, the gamma-ray
modulation peaks near the pulsar’s superior conjunc-
tion, regardless of the maximum phase of the XOM. In
the transitional pulsar J1227, we find a tentative differ-
ence in the peak phase of the soft GOM between the
disk and pulsar states, but the MFs remain approxi-
mately constant throughout the state transition. We
find that the measured MFs are relatively uniform and
show no clear dependence on inclination. This chal-
lenges current models proposed to explain GOM, in-
cluding those based on synchrotron or inverse Comp-
ton emission, which predict a strong dependence of MF
on orbital inclination. Instead, we suggest that the re-
gion that modulates gamma-rays is closer to the pulsar
(rather than the companion star), where the dependence
with inclination can be weaker.
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APPENDIX

A. FOLDED ORBITAL LIGHT CURVES

Figure A1l shows light curves folded at the orbital period for the 36 systems analyzed, with no significant GOM
detected.
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Figure A1l. Orbital light curves.
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Figure Al. (Continued) Orbital light curves.
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B. EXTENDED TIMING PRODUCTS
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Figure B1l. Our gamma-ray timing results for J1124 and J1946 in the 0.1 — 300 GeV energy band. Top panel: the black
curve represents the folded light curve, the blue curve shows the template pulse profile, and the dashed red line indicates the
background level. Bottom left: photon spin phases are plotted against time, with the color representing the weights of the
photons. Bottom right: the cumulative H-test for pulsations significance is shown over time. Dashed blue lines in the bottom
panels indicate the start and end of the timing solution used.
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C. FOLDED LIGHT CURVES OF ECLIPSING SYSTEMS
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Figure C1. Reweighted gamma-ray light curves of eclipsing systems in the 0.1 — 300 GeV energy range, optimal for eclipse
detection. The black points represent the folded data, with uncertainties and the red line represents the background level.
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Figure C2. Reweighted gamma-ray light curves of eclipsing systems in the 0.1 — 1 GeV energy range, optimal for GOM
detection. The black points represent the folded data, with uncertainties and the red line represents the background level.



	Introduction
	Observations and analysis
	Spider pulsar sample
	Fermi-LAT data analysis

	Results
	Three new discoveries
	PSR J1124-3653
	PSR J1946-5403
	PSR J2215+5135

	Previously detected systems
	PSR J1227-4853
	PSR J2039-5617
	PSR J2241-5236
	PSR J2339-0533

	Eclipsing binaries
	PSR J1048+2339
	PSR J1555-2908
	PSR J1816+4510
	PSR B1957+20
	PSR J2129-0429

	Pulse profiles

	Discussion
	A universal modulated fraction
	Transitional MSPs and GOM
	Orbital inclination and eclipsing systems
	Modeling GOM in spiders

	Summary and Conclusions
	Folded orbital light curves
	Extended timing products
	Folded light curves of eclipsing systems

