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A B S T R A C T 

We present a concurrent fitting of spectra and light curves of the whole population of detected gamma-ray pulsars. Using a 
synchro-curvature model we compare our theoretical output with the observational data published in the Third Fermi Pulsar 
Catalog, which has significantly increased the number of known gamma-ray pulsars. Our model properly fits all the spectra and 

reproduces well a considerable fraction of light curves. Light curve fitting is carried out with two different techniques, whose 
strong points and caveats are discussed. We use a weighted reduced χ2 of light curves in time domain, and the Euclidean distance 
of the Fourier transform of the light curves, i.e. transforming the light curves to the frequency domain. The performance of both 

methods is found to be qualitatively similar, but individual best-fitting solutions may differ. We also show that, in our model 
based on few effective parameters, the light curve fitting is basically insensitive to the timing and spectral parameters of the 
pulsar. Finally, we look for correlations between model and physical parameters, and reco v er trends found in previous studies 
but without any significant correlation involving geometrical parameters. 

Key words: acceleration of particles – radiation mechanisms: non-thermal – pulsars: general – gamma-rays: stars – X-rays: 
stars. 
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 I N T RO D U C T I O N  

he population of detected gamma-ray pulsars has been greatly
nlarged by the recent release of the Third Fermi Pulsar Catalog
Smith et al. 2023 ), hereafter referred to as 3PC, containing data for
94 objects. 1 A recognizable feature of the 3PC is the quality of
he gamma-ray light curves presented. Comparison of these obser-
ational light curves with synthetic ones generated by theoretical
odels can provide rele v ant information about the structure of

ulsars magnetospheres, for instance about the production sites of
igh-energy radiation. This task has been addressed widely in the last
0 yr, either considering gap models (Venter, Harding & Guillemot
009 ; Watters et al. 2009 ; Romani & Watters 2010 ; Pierbattista
t al. 2015 ), force-free electrodynamics (Bai & Spitko vsk y 2010 ;
alapotharakos, Harding & Kazanas 2014 ; Cao & Yang 2019 ; Benli,
 ́etri & Mitra 2021 ; P ́etri & Mitra 2021 ) or particle-in-cell (PIC)
agnetospheric simulations (Kalapotharakos et al. 2018 ; Philip-

o v & Spitko vsk y 2018 ). Each of these approaches focus on different
spects of pulsar physics, and their versatility, computational cost,
nd physics included in the models differ from one another, see
hilippov & Kramer ( 2022 ) for a re vie w. 
 E-mail: iniguez@ice.csic.es 
 https:// fermi.gsfc.nasa.gov/ ssc/ data/ access/ lat/ 3rd PSR catalog/
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Very recently, Cerutti, Figueiredo & Dubus ( 2025 ) has used PIC
imulations to fit the light curves of the 3PC, with promising results.
e shall compare our results with this paper in more detail below.
nly few studies exist producing together gamma-ray light curves

nd spectra of pulsars (Cerutti, Philippov & Spitkovsky 2016 ; P ́etri
019 ; Kalapotharakos et al. 2023 ) and even less comparing those
ith observational data (Chang et al. 2019 ; Yang & Cao 2024 ). 
In this paper, we present a concurrent fitting of spectra and light

urves for the whole population of objects quoted in the 3PC. We
ollow the spectral fitting from our previous works (Vigan ̀o, Torres &

art ́ın 2015b ; Torres et al. 2019 ; ́I ̃ niguez-Pascual, Vigan ̀o & Torres
022a ), and here, we mostly focus on the light curve fitting. The
atter is performed with two different techniques that we scrutinize
n detail, i.e. using a weighted, reduced χ2 to assess the goodness of
he light curve fits in time domain or using the Euclidean distance in
requency domain by comparing the Fourier transform of both the
bservational and synthetic light curves. Section 2 presents a brief
ummary of the spectral and geometrical models that generate the
igh-energy spectra and light curves. The comparison of theoretical
pectra with observational ones is shown in Section 3 . The light curve
tting procedures are discussed in Section 4 , and the results shown

n Section 5 . We also consider how well a single pulsar can describe
he whole light curve variety, despite being generated in systems
ith different timing and spectral properties. Finally, in Section 6 we

raw the main conclusions. 

© The Author(s) 2025. 
ty. This is an Open Access article distributed under the terms of the Creative 
ch permits unrestricted reuse, distribution, and reproduction in any medium, 

provided the original work is properly cited. 
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 S Y N C H RO - C U RVAT U R E  M O D E L  

he synchro-curvature model we use in this work has been exten- 
ively studied in a series of papers before (Vigan ̀o & Torres 2015 ,
019 ; Vigan ̀o et al. 2015b ; Torres 2018 ; Torres et al. 2019 ; ́I ̃ niguez-
 ascual et al. 2022a ; ́I ̃ niguez-P ascual, Torres & Vigan ̀o 2022b , 2024 ).
n this set of papers, among other things, we enlarged the energy
o v erage from gamma to X-rays, included better descriptions of
he emission regions, studied how well the spectra can be used 
o infer the pulsar periods. Here, we are not presenting additional 
heoretical impro v ement of the spectral model and thus, we will just
ive a very brief summary, referring the reader to these works for
ore details. For an alternative approach see Kelner, Prosekin & 

haronian ( 2015 ), who propose a Hamiltonian-based formulation 
o provide for the particle motion and their synchro-curvature 
adiation for a given magnetic field configuration, and a more 
etailed study of the radiation inside and outside the accelerating 
egion. 

In our model, we follow the dynamics of a bunch of charged
articles moving in the magnetosphere of a pulsar, outside the light 
ylinder, whose motion is described by the equation of motion 
f charged particles, which balances the radiative losses and the 
lectromagnetic acceleration given by a parallel electric field of 
trength E || . The magnetic field strength along the particles trajectory 

s parametrized as B = B ∗( x/R ∗) −b where B ∗ = 6 . 4 × 10 19 
√ 

P Ṗ G
s the surface magnetic field at the pole assuming a dipolar field,
here P is the period, Ṗ the period deri v ati ve, R ∗ is the neutron star

adius, and b is the magnetic gradient; and the curvature radius of the
rift trajectory (i.e. gyration-averaged, see e.g. Kelner et al. 2015 ; 
 ̃ niguez-Pascual, Torres & Vigan ̀o 2024 ) as r c = ( x/R lc ) η, where

 lc = 

cP 

2 π
is the light cylinder radius and η is fixed to 0.5 given its

egligible impact on the results found in previous works. Having 
he strength of the electric field component parallel to the magnetic 
eld E || and b as free model parameters, we numerically solve the
quation of motion and use the synchro-curvature formulae to obtain 
he emission of a single particle at each position λ (Cheng & Zhang
996 ; Vigan ̀o et al. 2015a ), d P sc ( λ) / d E, which is then convolved
ith a relative weight given to the particle distribution, d N/ d λ,

uled by a lengthscale x 0 , which is the third free parameter of
ur spectral model. These three parameters, plus a normalization 
actor N 0 that is fixed by observational comparison, fully describe 
he total radiation emitted by a pulsar with a particular P and Ṗ ,
eferred to as d P tot / d E as in equation (7) of Í ̃ niguez-Pascual et al.
 2022a ). 

Together with the dynamics and emission of the emitting particles, 
e also compute the geometry of the trajectories they follow. In
igan ̀o & Torres ( 2019 ) and Í ̃ niguez-Pascual et al. ( 2024 ), we
resented how to obtain the emission directions of the particles on the
mission region, whose shape is given by equation ( 2 ) of Í ̃ niguez-
ascual et al. ( 2024 ). This expression depends on the inclination
ngle, ψ 	, the angle between the rotational and magnetic axes. 
otice that by emitting region we mean the whole set of particle

rajectories considered to be generating the radiation. For a fixed 
et of spectral parameters, collecting these emission directions in 
 sphere centred at the neutron star we build energy-dependent 
ynchro-curvature emission maps, or simply, skymaps, which we 
efer to as M E ( θobs , φ	, E) as in equation (5) of Í ̃ niguez-Pascual
t al. ( 2024 ). This represents the photon flux received by a given
bserver at a given phase and energy, per unit energy, per unit
olid angle, emitted by particles injected all along the region. In
hese skymaps, the x -axis corresponds to the rotational phase of
he neutron star φ	 and the y -axis is the viewing angle θobs , the
ngle between the plane perpendicular to the rotational axis of the
eutron star and the line of sight of an observer detecting the pulsar.
y symmetry on the region definition, calculations are symmetric 
round the equatorial observ er. F or a given pulsar, skymaps are
ostly determined by ψ 	. In this work, we consider the emission

nte grated o v er the Fermi energy range, 100 MeV–300 GeV, for the
ake of a direct comparison with data. The emission maps within this
ange do not vary much with energy, and we leave the comparison
etween different sub-ranges for a future work. The synthetic, 
iscrete light curve, for a given viewing angle θobs is then defined
s: I ( φ	) = 

∫ E max 

E min 
M E ( θobs , φ	, E )d E . 

F or a giv en pulsar with period P and period deri v ati ve Ṗ , we find
he parameters E || , b, x 0 which better fit the phase-averaged spectrum 

including X-ray data, if available) as in our previous studies, and
hen look for the values of ψ 	 and θobs which best fit the Fermi light
urve. 

 FITTING  OBSERVATI ONA L  SPECTRA  

.1 Sample selection 

ut of the 294 gamma-ray pulsars presented on the 3PC, there is a
raction that is currently not eligible for fitting. This happens either
ecause the pulsars lack a measured Ṗ , or because their spectra are
escribed with too few data points. With regards to the latter, we
nly consider fitable pulsars those having five consecutive bins with 
 measured flux (not upper limits) in their spectra. In this way, the
tting sample consists of 129 pulsars, 39 of them having also detected 
-ray pulsations, the same sample studied in Coti Zelati et al. ( 2020 ).
Even though spectra of many previously unknown gamma-ray 

ulsar have been released in the 3PC, a dedicated spectral analysis to
ach pulsar on the catalogue has not been performed yet. The spectra
iven in the catalogue relate to those published in the Incremental
ermi-LAT Fourth Source Catalog (Abdollahi et al. 2022 ). For this
eason, in some pulsars the spectral data on the 3PC may be less
etailed than that publicly available before its release, coming either 
rom Abdo et al. ( 2013 ) (hereafter 2PC), where a dedicated spectral
nalysis for each pulsar was done, or in dedicated studies of particular
ulsars. 
Therefore, we do not take the whole sample of spectra directly from

he 3PC, but instead do a mix between those and the spectral data we
sed in ́I ̃ niguez-Pascual et al. ( 2022a ), explicitly stating the origin of
he data in a case-by-case basis. For the new pulsars, we obviously
ake the 3PC data. For those with already-available data, we decide
etween the spectra from the 3PC or the older ones (meaning 2PC or
edicated studies) based on their quality and following the criterion 
f having at least five consecutive bins with a measured flux (i.e.
ot upper limits). In pulsars for which it is not immediately obvious
hich set to pick, we choose the data providing the largest number
f consecutive data points, al w ays checking that the o v erall shape
etween the sets is similar and/or that their difference lies within
he errors. For these pulsars we consider systematic errors on the
est-fitting parameters (being the difference between the best-fitting 
arameters obtained with the 3PC observational spectra and the 
lternative spectra) in addition to the statistical ones. In a few cases,
he spectra of the two sets of data differ widely. We do not consider
hese pulsars in our systematic fitting, but show them in Appendix A .
hey are interesting candidates for further study and the light curves
re mostly unaffected (see below) by spectral changes. 
MNRAS 541, 806–820 (2025) 
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M

Figure 1. Examples of best-fitting spectra of some of the new pulsars reported in gamma-rays in the 3PC. Top row panels (in red lines) are young pulsars and 
bottom row panels (in blue lines) are millisecond pulsars. 
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.2 Results 

he spectral fitting procedure we have followed in this work is the
ame as that in Í ̃ niguez-Pascual et al. ( 2022a ), and we refer the
eader there for more details. For each pulsar we let our free spectral
arameters to vary and search for the best set of parameters by
inimizing the reduced χ2 . For pulsars with available X-ray data

he three parameters ( E || , b, x 0 ) are let free, while for those pulsars
aving only gamma-ray data, the magnetic gradient b is fixed to 2.5,
ince this parameter has a a low impact in the gamma-ray band and
ainly affects the X-ray regime of the spectra (Torres 2018 ). The

alue is chosen based on average best-fitting values obtained from
revious studies. 
Fig. 1 shows examples of our spectral fits for some new pulsars

resented in the 3PC. The model is able to reproduce the spectra of the
hole population of gamma-ray pulsars. Thanks to its flexibility, it

an resemble the wide variety of gamma-ray spectra, from those with
ery narrow peaks to those with broader peaks, looking almost flat at
nergies of ∼ 1 GeV. Regarding pulsars with X-ray data, results are
ery similar to ́I ̃ niguez-Pascual et al. ( 2022a ): the gamma-ray range
s reproduced in all the cases, and the X-ray band is well matched in
he majority of them with a single set of parameters. 

Values of the best-fitting parameters are similar to those obtained
n previous works. Small values of lengthscale x 0 are obtained, and
einforce the idea that a rele v ant synchrotron contribution is required
o explain the zoo of observed gamma-ray spectra. Again, young
nd millisecond pulsars are equally well fitted. The only difference
etween these two groups is the preference of millisecond pulsars
or larger values of the parallel electric field E || (and lower values
f the lengthscale x 0 ), as we have already observed in previous
orks (Vigan ̀o et al. 2015b ; Torres et al. 2019 ). For each pulsar,

he best-fitting values of the spectral parameters ( E || , b, x 0 ) and the
ormalization N 0 are used in the geometrical model to generate light
urves, whose fitting is presented in the next section. 

.3 Searching for correlations between spectral parameters 

igan ̀o et al. ( 2015b ) showed the existence of some trends between
pectral and physical parameters of pulsars. Now that the number of
bserved gamma-ray pulsars has increased, it is a good e x ercise to
heck whether the found correlations remain or not, and if new ones
ppear. To appoint something as a significant correlation we follow
NRAS 541, 806–820 (2025) 
he same criterion as in Vigan ̀o et al. ( 2015b ) and require a Pearson
 value larger than 0.85. We only consider spectral parameters that
ave been correctly determined, i.e. those of pulsars whose spectra
ata fulfills the quality criterion stated in subsection 3.1 . 
The most rele v ant correlation found is indeed between the spectral

arameters E || and x 0 , with parameters of the best-linear fit very
imilar to those of the previous study [see section 5 of Vigan ̀o
t al. ( 2015b ) for a discussion on the physical implications of this
orrelation]. The correlation between E || and the magnetic field
trength at the light cylinder B lc and that of N 0 and the theoretical
amma-ray luminosity L theo are now still statistically significant but
o not reach our Pearson r threshold, probably due to the enlargement
f the population. In both cases the parameters of the best linear-fit
re very similar to the previous ones. The other correlations presented
n that paper involved parameters of the phenomenological function
LEC1 (Abdo et al. 2012 ) from the 2PC, which has been updated

o the PLEC4 (Abdollahi et al. 2022 ) on the 3PC. No correlations
f the PLEC4 model parameters with our (spectral or geometrical)
odel parameters are found. 

 FITTING  OBSERVATI ONA L  L I G H T  C U RV E S  

.1 Important considerations prior to fitting 

itting synthetic light curves to observational ones is not a straight-
orward task and several considerations have to be taken into account
efore addressing it. 
Fermi gamma-ray light curves in the 3PC differ in the number

f phase bins with which they are described. For each particular
ulsar we then adapt the construction of the theoretical emission
aps depending on its number of phase bins. For pulsars with 25,

0 or 100 observational phase bins, we fix the number of synthetic
zimuthal bins to 25, 50 or 100, respectiv ely. F or pulsars with 200,
00 or 800 observational bins, we set the number of synthetic bins
o 100, in order to keep the computational time affordable, since
aving more bins in the map requires to add more trajectories to the
imulation to have an acceptable map resolution. We thus rebin the
bservational light curves with 200, 400, and 800 bins to have 100
ins in total. Notice that by doing this we are losing some information,
ut what we lose are small-scale features of the observational light
urve that our model at its current stage is still not able to reproduce.
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Figure 2. Examples of the caveats intrinsically associated with a fitting with χ2 and possible solutions, for the pulsars J1746-3239 (top row) and J1747–2958 
(bottom row). From left to right: best-fitting light curve with a normal χ2 , best-fitting light curve with a weighted χ2 and best-fitting light curv e reco v ered with 
the inverse transform from fitting in the frequency domain. 
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In addition, observational light curves have a certain level of 
ackground resulting from detected photons that do not come from 

he pulsar itself. In the 3PC, a background level is estimated for each
ulsar, being computed from the photon weights and indicated in the 
ulse profile plots by a black dashed line. Our synthetic light curves
o not have such background, because the theoretical emission maps 
epresent all the emission coming from the pulsar, and only from
he pulsar. Therefore, we subtract to each observational light curve 
ts corresponding background level obtained from the 3PC before 
omparing with synthetic predictions. 

We shall impose a data quality criterion before fitting light curves, 
nd do not consider light curves with only 25 observational bins.
hese hav e v ery large errors and their shape is generally not well
efined yet. We also require that a spectral fit can be performed
or the pulsars for which we fit the light curves, but here without
mposing any restriction on the quality of their spectral data, since in
 ̃ niguez-Pascual et al. ( 2024 ) we demonstrated the small impact of the
pectral parameters on the shape of the light curves. The population 
vailable for our fitting contains 226 gamma-ray light curves after 
hese quality cuts. 

For each one of these 226 pulsars (with particular values of P ,
˙
 , and spectral parameters) we generate 30 emission maps, evenly 
ampling ψ 	 values from 3 ◦ to 90 ◦ (we a v oid the case of an aligned
otator, ψ 	 = 0 ◦, because no pulsed emission would be seen), and
onsider 51 observ ers, θobs , ev enly distributed between −90 ◦ and 
0 ◦. 

.2 Fitting pr ocedur es 

e compare the whole synthetic sample of light curves we have 
enerated for each particular pulsar with the corresponding observa- 
ional light curve. Below, we present and discuss different metrics 
sed here to do such a comparison. 
.2.1 F itting pr ocedure in the time domain 

he reduced χ2 method can be used similarly to what is done in
he spectral fitting, here to assess the goodness of the fit of I obs 

i 

y I syn 
i , i.e. the intensities (in weighted counts/bin units) of the

bservational and synthetic light curv es, respectiv ely. In our synthetic 
ight curves, phase φ	 = 0 corresponds to the plane containing the
otational and magnetic axes, but this is arbitrary. For this reason,
ynthetic and observational light curves are not necessarily aligned. 
n order to find the best alignment, we rotate each synthetic light
urve and compute the reduced χ2 value for all rotations (as many
s the number of observational bins), keeping the smallest one as
he reduced χ2 of that synthetic light curves set. We reverse each
ynthetic light curve to obtain an additional one available for fitting.
wo pulsars with the same geometrical parameters but spinning 

n opposite directions would a priori create different light curves. 
o we ver, since an inversion in the direction of rotation of the star is

qui v alent to a pulsar turned upside down and our region possesses
n equatorial symmetry, in our model one light curve would be the
ev ersed v ersion of the other. In addition, we normalize the synthetic
ight curves to the observational ones by using the standard, analytical
inear regression formula: a normalization factor N lc is found by 
olving ∂ χ2 / ∂ N lc = 0 and multiplied to our synthetic light curves. 

Ho we v er, fitting light curv es with χ2 has some intrinsic caveats
see Garc ́ıa & Torres 2025 for a deeper discussion). F or e xample, a
mall phase variation of one peak in multipeaked light curves results
n a large χ2 v alue, e ven though the two light curves compared are
isually very similar. Fig. 2 shows two examples of cases in which χ2 

elects a best fit for which the peak structure is not well reproduced,
nd therefore it is not convincing from a human eye perspective. 

In addition, in light curves with narrow peaks, χ2 can be biased
owards synthetic light curves reproducing the observational bins 
ith emission close to the background but failing to reproduce the
eaks: since all bins contribute with equal weights to χ2 , a good
djust to many low-flux bins could give an overall small value for
MNRAS 541, 806–820 (2025) 
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2 even when the peaks are not matched at all. In order to reduce
his effect, an approach similar to the one proposed in Churazov
t al. ( 1996 ) can be taken and consider a weighted reduced χ2 (we
hall keep calling it χ2 for simplicity), in which each bin’s squared
ifference is weighted by the normalized flux of the observational
ight curve, Ī obs 

i , in order to give more weight to the bins with higher
ux, as 

2 
w = 

1 

n − 2 

∑ 

i 

( I obs 
i − I 

syn 
i ) 2 Ī obs 

i 

( δI obs 
i ) 2 

, (1) 

here n is the number of bins of a light curve in time domain, the
 value represents the number of free parameters in the fitting, I obs 

i 

nd I syn 
i are the intensities of the observational and synthetic light

urv es, respectiv ely, and δI obs 
i is the observational error. In this way,

ore weight is given to the peaks, and we are promoting to properly
eproduce the peaks rather than the low-flux level parts of the light
urves. Middle panels of Fig. 2 present the best-fitting light curves
ound with the weighted χ2 showing that the caveats associated to the
ormal χ2 no longer appear. Notice that the weighted χ2 is also not a
erfect metric: the peak tails of the chosen best-fitting synthetic light
urves deviate more from the observational ones than in the regular
2 case. Hereafter, we will use equation ( 1 ) for the light curve fitting,
eeping in mind in any case the una v oidable freedom in choosing a
iven metric for the comparison, and how the choice is driven by the
bo v e mentioned visual, subjectiv e considerations about when a fit
s satisfactory or not. 

.2.2 F itting pr ocedur e in the fr equency domain 

n parallel, we apply a fast Fourier transform (FFT) to all light curves
xisting in time domain to bring them into frequency domain, ˆ I obs 

k 

nd ˆ I 
syn 
k , whose amplitude is 

| ̂  I k || = K 

∣∣∣∣
∣∣∣∣

n −1 ∑ 

j= 0 

I i e 
−i2 π k j/n 

∣∣∣∣
∣∣∣∣ , (2) 

here K is a normalization factor. We normalize the amplitude of
he observational Fourier transform to its maximum. Each synthetic
ransform is normalized to match the peak value of the observational
ne, which is usually at k = 1 or 2, with few cases being at 3 or
. k is the harmonic, which goes from 1 to n/ 2 (we neglect k = 0,
he average flux of the light curve). Harmonics are the subsignals
orming the complete light curve in time domain, having k + 1
odes. The amplitude of the Fourier transform of a light curve
ith a single peak roughly symmetric in the rise and decay, will
e dominated by odd harmonics, while that of a light curve with
 double (roughly symmetric in rise and decay) peak, with a 0.5
hase separation, will be dominated by even harmonics. Different
hase separations, the presence of substructures and asymmetries
n the rise and decay features can redistribute the amplitude to the
armonics with the opposite parity. The width of the peak(s), and
he relative peak flux between two peaks, will also determine how
he amplitude is distributed o v er the harmonics. In order to assess
he impact of the higher harmonics in the fit, we have tried to filter
ut the Fourier transforms by only considering the harmonics lower
han a given maximum harmonic k max = 5 , 10 or 15. Even with the
xtreme case of k max = 5, in several cases the shape of the best-fitting
ight curve barely differs from the complete best-fitting transform.
arger values of k max leaves untouched a growing number of best-
tting solutions, and for k max the differences are negligible. Fig. 3
hows a couple of examples. This points out the negligible effect of
he higher harmonics in the FFT fitting, which is mostly defined by
NRAS 541, 806–820 (2025) 
he lowest harmonics. For completeness, we keep all the harmonics
n the FFT fitting. 

We compare the amplitudes 2 of the observational and synthetic
ourier transforms, || ̂  I obs 

k || and || ̂  I 
syn 
k || , respectively, with a simple

uclidean distance (ED) as comparative metric, 

D = 

√ ∑ 

k 

(|| ̂  I obs 
k || − || ̂  I 

syn 
k || )2 

. (3) 

Comparing light curves in frequency domain focuses more on the
ymmetries and o v erall structures of the light curv es. Moreo v er, it
as computational benefits, since it’s phase invariant. The cost of
he Fourier transform is less than the cost of ranging all the possible
hase alignments and inversion of the curve in the time domain. See
ppendix B for further computational costs considerations. 

.2.3 Fitting using dynamic time warping 

arc ́ıa & Torres ( 2025 ) has recently introduced the dynamic time
arping (DTW) as a method to assess the similarity between light

urves, which we could in principle use for our light curve fitting.
TW compares the sequence of data points between two time

eries without requiring alignment in phase (Berndt & Clifford
994 ). As a result, it is flexible to local stretching or compression
n time, allowing it to recognize structural resemblance between
ight curv es re gardless of the values of the phases associated with
ach point. Therefore, a good fit can be assigned to e.g. light
urves having similar overall structures of peaks and subpeaks, but
ery different peak widths, or phase separations between peaks.
urthermore, its computational requirements, lasting 5 orders of
agnitude more of time than the fitting in frequency domain and 3

imes more than the fitting in time domain (see Appendix B ), makes
ts usage for light-curve fitting still not agile enough. Therefore,
TW application for light-curve fitting, although promising, with

he current implementation is not practically feasible. 

 RESULTS  

ig. 4 shows examples of best-fitting light curves resulting from both
emporal and frequency techniques, for some selected pulsars. All
ts for those pulsars with at least 50 observational phase bins in

heir light curves are shown in the Supplementary Material online of
his paper. Table C1 and Fig. C1 show the best-fitting values of the
eometrical parameters for all the pulsars fitted. In general, we note
hat results of the fits obtained with χ2 in time domain and with ED
n frequency domain are qualitatively similar. 

In many cases the best-fitting synthetic light curves visually
esembles well the observational one, with some remarkable fits, such
s those of J1044 −5737, J1112 −6103, J1600 −3053, J1641 −5317,
1811 −2405, J1906 + 0722, J1907 + 0602, or J2111 + 4606. Note the
iv ersity of light-curv e shapes that we can reproduce, for both young
nd millisecond pulsars. In most of the cases we are able to catch
he o v erall structure of the observational light curves, reproducing
umber of peaks and their widths, separation of peaks, and even
eak flux ratio in some cases. In several cases we also reproduce
he so-called bridge emission, which, in our model, comes from the
utermost parts of the trajectories, which are more curled. 
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Figure 3. Examples of best-fitting light curves in frequency domain for different values of k max for two pulsars, J0002 + 6216 on first (Fourier transforms) and 
second (reco v ered light curv e in time domain) rows and J1827 −1446 on third (F ourier transforms) and fourth (reco v ered light curv e in time domain) rows. In 
all rows, from left to right: k max = 5, k max = 10, k max = 15, and case without filtering. 

 

o  

A
v  

l  

w  

W
r
s
c  

J

b  

I  

fi
o  

n
i  

c
s  

t
r
n

 

s
θ  

s  

t  

E
b  

t  

p  

v
b  

i  

a  

t
W  

a
p
t  

a  

t
 

g
s  

1  

w
w  

b
p
a

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/541/2/806/8176611 by guest on 06 N
ovem

ber 2025
Ho we ver, our model is not able to capture the small scale features
f the light curves of some pulsars, as J0002 + 6216 or J1713 + 0747.
nother aspect in which the model struggles to reproduce is when 
ery asymmetric peaks are present, as in J0218 + 4232. In other cases,
ike J1124 −5916 and other with high-quality data (i.e. small errors),
e are not able to reproduce specific flux ratios and/or cusped peaks.
ith only two free geometrical parameters at play, our emission 

egion does not have the complexity that the real magnetosphere 
urely possess, meaning that we cannot generate light curves as 
omplex as those observed for some pulsars. In a few cases, such as
1536 −4948 or J1630 + 3734, the model is not providing a good fit. 

Looking at the performance of both fitting techniques, we note that 
oth of them find good fits in a number of cases and fail in others.
n about a fifth of the sample, both methods give compatible best-
tting parameters (within one step in the sweeping grid of values 
f each parameter), while in the rest of the sample these values
oticeably differ. This difference is highlighting that the de generac y 
n the parameters is large, for both methods. In other words, when one
ompares the general shape of the contour plots, they are generally 
imilar, but each metric can find a specific value for the best-fit within
he best-fitting ‘valleys’ in the space parameters (fourth and eighth 
ows of Fig. 4 ). Therefore, the individual best-fitting values should 
ot be taken as rele v ant constraints. 
Fig. 4 also presents the contour plots of χ2 and ED for each pulsar,

howing the values of these statistics in the space of parameters 
obs –ψ 	. Due to the equatorial symmetry in the skymaps, we only
how θobs from 0 ◦ to 90 ◦. In many pulsars, the contours from both
echniques are not identical but sho w dif ferent regions of low χ2 and
D. This underscores the distinct performance and intrinsic focus of 
oth methods. The most rele v ant features of these plots are in fact
he valleys present in many cases, both in the χ2 and the ED ones,
ointing out a de generac y in the geometrical parameters. Along the
alley of parameter degeneracy, good fitting geometrical values can 
e found in almost the whole range of θobs or ψ 	, as can be seen
n the χ2 contour plot of J1747 −2958 in Fig. 5 . In this figure, we
lso show some other light curves whose set of parameters lie in
he valley, apart from the best-fitting one under the χ2 methodology. 

e see that the shapes of the not-best-fitting light curves (fuchsia
nd green dots) are rather similar, even though their geometrical 
arameters are very different. For this reason, the uncertainty around 
he best-fitting values is large, and the latter should not be regarded
s strong constraints. Models with more asymmetry in the shape of
he emitting region would likely break this de generac y. 

We hav e inv estigated how the results we found are affected by the
rid resolution of the geometrical parameters by performing fits of 
everal pulsars with a thinner grid, considering 90 values of ψ 	 and
51 values of θobs , i.e. increasing the resolution a factor 3. The results
ere not significantly changed. The best-fitting light curves chosen 
ere the same or with best-fitting parameters close to those of the
est-fitting light curves with the default resolution, and the contour 
lots were basically the same. In particular, neither new substructures 
ppeared in the contour, nor it helps breaking the de generac y. 
MNRAS 541, 806–820 (2025) 
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Figure 4. Best-fitting light curves obtained in time and frequency domain for two sets (four rows each) of four pulsars (one per column). The first and fifth 
rows correspond to fits in the time domain. Second and sixth rows show the best-fitting Fourier transform in the frequency domain fits, and third and seventh the 
light curv e reco v ered with the inv erse transform (with the best alignment in phase and spin direction, see Section 4.2.1 ). The fourth and eighth rows show the 
contour plots of both χ2 in time domain and ED in frequency domain. Dots correspond to best-fitting geometries from the fitting in time domain (dark colours) 
and from the fitting in frequency domain (light colours). Red (blue) lines correspond to synthetic light curves of young (millisecond) pulsars, and black lines to 
observational light curves. 
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Figure 4. Continued 
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M

Figure 5. Examples of the de generac y in the contour plots. Left panel shows the χ2 contour plot of J1747 −2958 with dots corresponding to the light curves 
depicted on the other three panels. From left to right: χ2 best-fitting light curve in red, and other light curves with geometries on the χ2 valley, in fuchsia and 
green. 
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.1 Fitting all light cur v es with a single set of maps 

n ́I ̃ niguez-Pascual et al. ( 2024 ), we stated the idea that, in our model,
he spectral and timing properties barely affect the set of light curves,
hich are controlled basically by the two geometrical parameters. In
ther words, the emission map (and the set of associated light curve)
re insensitive to the spectra that fits a specific pulsar. This implies
hat a set of synthetic light curves produced for a fixed set of best-
tting spectral parameters but varying the geometry (inclination,
bserver line of sight) is also representative of the global set of
ll observed pulsars, for which the values of such angles are also
andomly distributed. We can explore this further asking whether it
s possible to fit the observational light curves of all γ -ray pulsars
ith just a set of synthetic emission maps in which timing and

pectral parameters are fixed to those of a given, arbitrary pulsar. To
nswer this question, we have fitted the whole sample of light curves
enerated for a randomly selected young pulsar, J1838 −0537, to the
hole set of observational light curves in the same way as explained
efore. We find that the fitting results are qualitativ ely v ery similar
o those of the fitting in which each observational light curve is
ompared to the synthetic light curves generated for its corresponding
ulsar. The same conclusions we have presented in this section in
erms of quality of the fits are also found now, independently of
hich fitting method is used. Considering χ2 in time domain, the
istribution of the minimum χ2 values found in the normal fitting
nd in the one using a single set of skymaps are almost identical,
s shown in Fig. 6 . This e x ercise has been repeated using the maps
rom a millisecond pulsar, J1035 −6720, and the exact same results
re obtained. These results, again, back the statement that geometry
s the defining aspect for the light curves shapes; and that the global
tructure of the magnetosphere as well as the emission processes
nd location of the accelerating region must be roughly the same,
egardless of different timing properties, spectra. We stress that this
ight not be the case if also X-ray light curves were to be taken into

ccount, since a strong link between X- γ spectral differences and X-
light curve differences is expected, since the synchrotron radiation

s spread to a broader angles. Our result is in agreement with the
ecent observational proof by Garc ́ıa & Torres ( 2025 ). These authors
uantified 3PC light curve similarity and showed it can be very high
or very different pulsars; even some MSPs and young pulsars share
etailed light curve morphology. 

.2 Searching for correlations between geometrical parameters 

he geometrical parameters show no correlation with any other
arameter of the pulsar or the model, and all pairs have a Pearson
oefficient r smaller than our threshold of 0.85, i.e. there is no
ignificant correlation of the geometry with spectral parameters,
iming quantities, or PLEC4 parameters. The former reinforces the
NRAS 541, 806–820 (2025) 
dea that there is a decoupling between spectral and geometrical
arameters, backing a conclusion obtained in ́I ̃ niguez-Pascual et al.
 2024 ): spectral and timing considerations are negligible in shaping
amma-ray light curves, being geometrical ones much more rele v ant.
his conclusion may, of course, be affected by adding further
omplexities in our model. 

 C O N C L U S I O N S  

n this paper, we have presented the first concurrent fitting of spectra
nd light curves for the whole population of gamma-ray pulsars.
sing an ef fecti ve radiati ve model based on synchro-curv ature
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adiation and the computation of the dynamics and emission of 
harged particles in a pulsar’s magnetosphere, we generate synthetic 
pectra. Intertwined with the spectral calculation, we describe the 
eometry of the trajectory of these particles and define a particular 
hape for the region where they move, which allows us to produce
ight curves. Theoretical spectra and light curves are then compared 
ith observational spectral and light curves data to assess the ability 
f our models to reproduce them and to find the best-fitting values
f the free model parameters, three in the spectral model and two in
he geometrical model. 

The spectral model fits well the whole population of gamma- 
ay spectra, obtaining similar results to previous systematic fittings 
arried out by the authors. For the first time, we have fitted the
ndividual gamma-ray light curves. We have made use of two 
ifferent techniques: using the reduced χ2 (weighted with the 
ormalized flux of the observational light curve) to e v aluate the
oodness of the fits of light curves in time domain, and computing the
uclidean distance to compare the light curves in frequency domain, 

.e. to compare their Fourier transforms. Despite the caveats that both 
ethods may have, the two of them give qualitatively similar results.
ith both fitting methods we have obtained good fits in many cases.

he best-fitting values of the geometrical parameters found with the 
wo techniques, which in both cases have a considerable de generac y
nd thus cannot be regarded as strong constraints, are compatible in 
 fraction of the sample, but differ in the rest of the population. If
ne instead looks at the parameter space (fourth and eighth rows of
ig. 4 ), the regions with relati vely lo w metric values are similar. The

wo methods provide therefore similar results in terms of selecting 
he most likely loci in the geometrical parameter space, but with 
uantitati ve dif ferences when one wants to fine tune the v alues well
elow such de generac y-driv en uncertainties (which are not easy to
e assessed in a statistically sound way). Additional observational 
onstraints, like radio or X-ray light curves, could potentially break 
he de generac y and practically mak e the use of the tw o techniques

ore powerful. 
For most pulsars we capture the general structures of the ob- 

ervational light curves, such as number of peaks and separation 
etween peaks, or even flux ratio between peaks or width of the
eaks, but fail to reproduce the small scale features. In a few pulsars,
he observational light curves are not found in our set, either because
hey simply do not exist or because the fitting techniques miss them.
egarding the first possibility, the ef fecti ve nature of the geometrical
odel pro vides v ersatility at an acceptable computational cost, but 

t is still lacking the complexity that a real magnetosphere may have.
he model does not generate very complex synthetic light curves, 

or example with very asymmetric peaks or containing significant 
ubstructures (e.g. small peaks near larger ones). An impro v ement 
f the model, making it more realistic but maintaining the ef fecti ve
pproach and the computational cost acceptable, is planned for the 
uture. 

We have found the distributions of best-fitting viewing angles for 
oth fitting methods to differ from a uniform distribution, as it should
e a priori, showing an o v erabundance of small viewing angles. We
rgue that the reason is the way we model the light curves and the
ssumptions we make, as well as the fact that we are considering
he fits from all pulsars together, without taking their goodness into 
ccount. 

We have also done the exercise of fitting the whole population 
f gamma-ray light curves with just a single sample of emission
aps, generated for a specific a set of P , Ṗ , and spectral parameters.
verall results of this fitting are very similar to those obtained in

he fitting in which each observational light curve is fitted with 
ts corresponding sample of skymaps. This seems to point towards 
 unique magnetospheric structure of pulsars’ magnetosphere and 
 unique process generating the radiation, with pulsars’ detected 
mission being solely defined by the inclination angle of the pulsar
nd the viewing angle of the observer. We also have to admit the
ossibility that the assumptions in our model, in particular the 
f fecti ve weight to enhance the small parts of the trajectories which
ive synchrotron-dominated emission, might lead to this effect, by 
onstruction. Future impro v ement of the underlying physics of the
odel, which will allow to convert effective parameters into more 

hysical ones, will shed more light into this. 
At this point is rele v ant to comment on the only fitting of 3PC

amma-ray light curves done so far, very recently published in 
erutti et al. ( 2025 ), in order to contextualize our work in the present
anorama of modelling of pulsar high-energy emission. The results 
resented there and in this work are qualitatively similar but are based
n different assumptions and approaches. Both can fit well some light
urves and capture the global structure of most of the cases, but fail
hen fitting complex light curves (with asymmetric peaks or small 

cale features). While we use an ef fecti ve model, austere, and with
ow computational cost, Cerutti et al. ( 2025 ) develop magnetospheric
IC simulations in which the electromagnetic fields and charged 
articles are self-consistently computed and are computationally 
ery costly. The qualitative similarity of the results obtained with 
uch different (and complementary) models provides support for the 
urrent general understanding of the generation of the pulsar high- 
nergy emission. 

Finally, we have studied the possible correlations between pulsar 
arameters in the same way we did in Vigan ̀o et al. ( 2015b ). The
ele v ant correlation between the E || and x 0 is significantly found
gain, but there is no significant correlation between the PLEC4 
odel parameters from the 3PC and our model parameters. No 

orrelation of the geometrical parameters with any other parameter 
r physical quantity is found. 
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s mentioned in the text, the spectral data presented in the 3PC for
ome pulsars differs from the data pre viously av ailable (either in the
PC or in dedicated studies), in shape but also in quality. In many
ases one of the two sets of spectral data is clearly preferable than
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maller errors. The top row of Fig. A1 shows the compared spectra
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he sake of clarity as Old ) is preferable to the given in the 3PC. In
ome cases it is not as clear, since both data sets have a very similar
hape and quality. In these cases, we take the data set with more
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 https://
ig. A1 : for PSR J1600 −3053, PSR J1959 + 2048, PSR J2017 + 0603
e choose the older data set and for PSR J1846 + 0919 the 3PC one.
o we ver, in some cases it is not possible to decide which set to

hoose, because shapes are very different (e.g. the spectra peaks 
t very different energies or have very different steepness at low 

nergies). This occurs in four pulsars: J0248 + 6021, J0631 + 1036,
1023 −5746, and J2030 + 4415. The bottom row of Fig. A1 shows
hese spectra. 

PPEN D IX  B:  C O M P U TAT I O NA L  COST  O F  T H E  

I G H T  C U RV E  FITTING  

he three light curve fitting techniques we have introduced in 
ubsection 4.2 differ substantially in their computational require- 
ents. For the three of them we use the same machine, the Ladon
igh-Performance Computing Cluster at the Institute of Space 
ciences, ICE-CSIC. The fastest method is the Euclidean distance in 
requency domain, requiring ∼ 0 . 37 min to fit the whole population
f 226 pulsars. The weighted reduced χ2 needs around 2 orders 
f magnitude more of time to complete the fitting, with ∼ 25 . 42
in of computational time. Finally, DTW application to all pulsars 
see its caveats as a fitting technique in the main text) would last

1 . 17 × 10 4 min, almost 3 orders of magnitude more than χ2 in
ime domain and 5 more than ED in frequency domain. This huge
omputational requirement, amounting more than 8 d, even though 
s affordable, limits a lot the feasibility to carry on different tests, as
e have done in this work. 

PPENDI X  C :  L I G H T- C U RV E  FITTING  

ESULTS  

In the Supplementary Material Online of this paper are shown the
lots of the best-fitting light curves in time and frequency domain,
ogether with the contour plots of the statistics used in the fits, χ2 

nd Euclidean distance, respectively. Table C1 presents the best- 
tting geometrical values for all pulsars fitted, obtained with the 

wo methods explained in the text. These are also compared in
ig. C1 . 
MNRAS 541, 806–820 (2025) 
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Figure C1. Comparison of the best-fitting values of ψ 	 (left) and θobs (right) obtained in the fitting in time versus frequency domains. 
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Table C1. Best-fitting geometrical parameters (for fits in both time and frequency domain) of the pulsars on the 3PC. Notice that, due to the degeneracy between 
the geometrical parameters and the difficulty of defining an error of the parameters, pointed out in the text and shown in Fig. 5 , these values are not strong 
constraints. 

Pulsar Time domain Frequency domain Pulsar Time domain Frequency domain 
ψ 	( ◦) | θobs | ( ◦) ψ 	( ◦) | θobs | ( ◦) ψ 	( ◦) | θobs | ( ◦) ψ 	( ◦) | θobs | ( ◦) 

J0002 + 6216 81 46 75 35 J1112 −6103 30 4 33 4 
J0007 + 7303 21 14 21 14 J1119 −6127 9 11 30 25 
J0023 + 0923 24 11 57 35 J1124 −3653 66 35 87 53 
J0030 + 0451 81 49 81 18 J1124 −5916 48 0 45 0 
J0034 −0534 15 7 69 53 J1125 −5825 81 49 66 32 
J0101 −6422 18 4 87 49 J1135 −6055 9 7 78 74 
J0102 + 4839 24 4 27 4 J1139 −6247 27 21 27 21 
J0106 + 4855 33 35 57 4 J1142 + 0119 84 74 72 60 
J0205 + 6449 51 4 48 4 J1151 −6108 81 53 87 39 
J0218 + 4232 6 4 84 81 J1203 −6242 36 4 39 4 
J0248 + 4230 18 4 60 28 J1207 −5050 3 4 57 0 
J0251 + 2606 39 4 45 4 J1208 −6238 42 4 42 4 
J0307 + 7443 9 7 48 46 J1221 −0633 72 71 45 42 
J0312 −0921 66 49 54 32 J1227 −4853 6 4 42 32 
J0318 + 0253 45 42 45 35 J1231 −1411 81 53 72 21 
J0340 + 4130 27 14 57 28 J1231 −5113 36 0 30 0 
J0357 + 3205 81 71 75 74 J1231 −6511 3 11 78 67 
J0359 + 5414 9 14 75 78 J1301 + 0833 87 78 87 71 
J0418 + 6635 18 7 21 7 J1302 −3258 90 71 81 71 
J0437 −4715 15 18 15 18 J1311 −3430 18 7 69 42 
J0514 −4408 18 18 87 49 J1312 + 0051 21 11 45 46 
J0533 + 6759 57 0 57 0 J1335 −5656 45 35 54 42 
J0554 + 3107 90 71 78 64 J1350 −6225 42 0 54 0 
J0605 + 3757 15 4 15 7 J1357 −6429 3 7 81 81 
J0610 −2100 90 81 36 4 J1358 −6025 21 11 78 67 
J0613 −0200 12 14 12 14 J1400 −1431 78 78 78 78 
J0614 −3329 33 4 33 4 J1410 −6132 12 0 90 74 
J0621 + 2514 87 56 84 46 J1413 −6205 69 46 69 42 
J0622 + 3749 6 4 15 7 J1418 −6058 87 56 24 4 
J0631 + 0646 81 74 84 67 J1420 −6048 24 14 72 60 
J0633 + 0632 18 25 51 4 J1422 −6138 24 14 21 11 
J0633 + 1746 90 71 54 0 J1429 −5911 33 4 27 4 
J0659 + 1414 6 14 3 4 J1446 −4701 63 56 54 35 
J0729 −1448 42 46 90 35 J1447 −5757 3 4 81 78 
J0734 −1559 6 7 81 81 J1455 −3330 60 42 57 35 
J0740 + 6620 51 0 39 7 J1459 −6053 6 7 6 7 
J0742 −2822 30 32 87 35 J1509 −5850 15 11 78 71 
J0744 −2525 90 46 63 4 J1513 −5908 3 0 57 53 
J0751 + 1807 24 18 24 18 J1513 −2550 45 11 60 28 
J0802 −5613 69 64 54 46 J1514 −4946 75 53 72 49 
J0835 −4510 75 32 75 32 J1522 −5735 18 4 15 4 
J0908 −4913 60 4 54 7 J1526 −2744 9 18 12 4 
J0931 −1902 6 7 51 39 J1528 −5838 9 11 81 78 
J0940 −5428 30 25 63 56 J1531 −5610 6 11 90 78 
J0952 −0607 21 14 54 42 J1536 −4948 18 7 90 60 
J0955 −6150 87 56 87 56 J1543 −5149 78 78 42 35 
J1012 −4235 57 0 63 4 J1552 + 5437 90 81 90 78 
J1016 −5857 84 53 81 46 J1555 −2908 48 7 84 32 
J1019 −5749 9 14 48 49 J1600 −3053 30 21 60 53 
J1024 −0719 15 11 24 14 J1614 −2230 90 67 63 4 
J1028 −5819 39 4 42 4 J1615 −5137 27 18 69 64 
J1035 −6720 15 14 48 49 J1620 −4927 12 7 81 74 
J1036 −8317 3 4 12 0 J1623 −5005 75 56 75 56 
J1044 −5737 33 14 33 14 J1624 −4041 27 4 30 4 
J1048 −5832 72 32 42 11 J1625 −0021 21 11 3 4 
J1048 + 2339 48 53 45 0 J1627 + 3219 54 46 51 42 
J1055 −6028 9 7 84 85 J1628 −3205 87 71 87 67 
J1057 −5226 81 67 78 74 J1630 + 3734 39 39 51 7 
J1057 −5851 90 67 15 4 J1640 + 2224 54 39 51 32 
J1105 −6107 51 0 48 0 J1641 + 8049 33 4 84 32 
J1105 −6037 18 7 21 11 J1641 −5317 6 14 72 74 
J1111 −6039 87 81 87 81 J1648 −4611 21 14 75 67 
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Table C1 – continued 

Pulsar Time domain Frequency domain Pulsar Time domain Frequency domain 
ψ 	( ◦) | θobs | ( ◦) ψ 	( ◦) | θobs | ( ◦) ψ 	( ◦) | θobs | ( ◦) ψ 	( ◦) | θobs | ( ◦) 

J1649 −3012 21 18 42 35 J1903 −7051 6 14 51 49 
J1650 −4601 18 7 78 64 J1906 + 0722 24 18 24 18 
J1653 −0158 9 4 90 81 J1907 + 0602 81 64 81 64 
J1658 −5324 3 4 45 35 J1908 + 2105 30 35 39 7 
J1702 −4128 3 4 48 46 J1913 + 0904 78 53 57 35 
J1705 −1906 72 49 60 39 J1921 + 0137 24 11 72 49 
J1709 −4429 24 18 24 18 J1932 + 1916 6 11 78 78 
J1713 + 0747 12 11 81 74 J1939 + 2134 45 4 45 4 
J1714 −3830 3 0 15 11 J1946 −5403 3 4 6 4 
J1718 −3825 6 11 6 11 J1952 + 3252 42 4 39 4 
J1730 −2304 33 14 54 28 J1954 + 2836 21 4 24 4 
J1730 −3350 42 11 33 7 J1957 + 5033 84 71 72 67 
J1732 −3131 78 56 78 35 J1958 + 2846 84 56 87 64 
J1732 −5049 12 11 54 42 J1959 + 2048 48 0 48 0 
J1736 −3422 54 7 87 35 J2006 + 0148 45 32 90 28 
J1741 −2054 75 64 72 60 J2006 + 3102 15 18 48 49 
J1741 + 1351 54 49 57 0 J2017 + 0603 78 64 69 49 
J1742 −3321 66 67 57 56 J2017 + 3625 24 4 45 21 
J1744 −1134 54 42 48 49 J2017 −1614 90 71 84 49 
J1744 −7619 87 67 75 60 J2021 + 3651 48 4 42 4 
J1745 + 1017 75 60 51 35 J2021 + 4026 3 0 15 4 
J1746 −3239 9 11 33 25 J2022 + 3842 33 7 87 64 
J1747 −2958 21 7 81 60 J2028 + 3332 84 64 84 39 
J1747 −4036 15 0 90 74 J2030 + 3641 84 67 72 60 
J1801 −2451 54 0 54 0 J2032 + 4127 18 25 54 4 
J1803 −2149 72 46 72 46 J2034 + 3632 3 11 51 32 
J1805 + 0615 87 74 72 60 J2039 −3616 39 39 45 46 
J1809 −2332 36 18 27 11 J2039 −5617 12 11 72 64 
J1810 + 1744 6 7 84 81 J2042 + 0246 3 4 48 35 
J1811 −2405 24 7 33 11 J2043 + 1711 21 4 24 4 
J1813 −1246 15 0 15 0 J2043 + 2740 81 53 75 35 
J1816 + 4510 90 56 39 7 J2047 + 1053 69 53 60 42 
J1817 −1742 30 35 90 35 J2051 −0827 84 64 54 39 
J1823 −3021A 51 25 51 21 J2052 + 1219 63 32 54 25 
J1824 −2452A 9 0 90 78 J2055 + 2539 12 14 78 67 
J1826 −1256 39 4 36 4 J2111 + 4606 78 64 72 53 
J1827 −0849 12 14 90 81 J2115 + 5448 75 49 63 25 
J1828 −1101 6 0 90 14 J2124 −3358 9 7 51 42 
J1824 −0621 69 60 48 39 J2129 −0429 90 56 60 0 
J1827 −1446 15 14 54 49 J2139 + 4716 6 14 45 39 
J1833 −1034 42 46 87 60 J2214 + 3000 18 4 18 4 
J1836 + 5925 9 4 9 4 J2215 + 5135 84 46 81 35 
J1837 −0604 21 0 48 4 J2229 + 6114 9 11 30 25 
J1838 −0537 18 11 78 71 J2234 + 0944 54 46 57 49 
J1843 −1113 9 4 81 64 J2238 + 5903 54 0 57 0 
J1844 −0346 9 14 78 74 J2240 + 5832 27 32 87 32 
J1846 + 0919 84 74 78 74 J2241 −5236 12 4 45 11 
J1855 −1436 12 14 90 56 J2256 −1024 39 0 45 4 
J1858 −2216 78 60 72 49 J2302 + 4442 60 35 90 21 
J1901 −0125 42 18 36 14 J2310 −0555 84 53 42 4 
J1902 −5105 24 4 21 4 J2339 −0533 75 46 78 53 
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