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ABSTRACT

Context. To date, three pulsars have been firmly detected by imaging atmospheric Cherenkov telescopes (IACTs). Two of them reached the TeV
energy range, challenging models of very high-energy (VHE) emission in pulsars. More precise observations are needed to better characterize
pulsar emission at these energies. The LST-1 is the prototype of the large-sized telescopes, which will be part of the Cherenkov Telescope Array
Observatory (CTAO). Its improved performance over previous IACTs makes it well suited for studying pulsars.

Aims. In this work we study the Crab pulsar emission with the LST-1, improving upon and complementing the results from other telescopes. Crab
pulsar observations can also be used to characterize the potential of the LST-1 to study other pulsars and detect new ones.

Methods. We analyzed a total of ~103 hours of gamma-ray observations of the Crab pulsar conducted with the LST-1 in the period from September
2020 to January 2023. The observations were carried out at zenith angles of less than 50 degrees. To characterize the Crab pulsar emission over a
broader energy range, a new analysis of the Fermi/LAT data, including ~14 years of observations, was also performed.

Results. The Crab pulsar phaseogram, long-term light curve, and phase-resolved spectra are reconstructed with the LST-1 from 20 GeV to 450 GeV
for the first peak and up to 700 GeV for the second peak The pulsed emission is detected with a significance level of 15.2¢". The two characteristic
emission peaks of the Crab pulsar are clearly detected (>100), as is the so-called bridge emission between them (5.707). We find that both peaks
are described well by power laws, with spectral indices of ~3.44 and ~3.03, respectively. The joint analysis of Fermi/LAT and LST-1 data shows
a good agreement between the two instruments in their overlapping energy range. The detailed results obtained from the first observations of the

Crab pulsar with the LST-1 show the potential that CTAO will have to study this type of source.

Key words. astroparticle physics — stars: neutron — pulsars: general — pulsars: individual: Crab pulsar — gamma rays: stars

1. Introduction

Pulsars are highly magnetized and rapidly rotating neutron
stars that emit beamed radiation from the radio up to gamma
rays. Although almost 300 gamma-ray pulsars have been iden-
tified so far with the Fermi/Large Area Telescope (LAT; Smith
2023), only three pulsars have been detected by imaging atmo-
spheric Cherenkov telescopes (IACTs) at a significance level
above 50 the Crab pulsar (Aliu et al. 2008; Lépez et al. 2009),
the Vela pulsar (Abdallaetal. 2018), and the Geminga pul-
sar (Acciari et al. 2020). Each of these three pulsars is unique.
Two of them, Crab and Vela, have been detected at TeV ener-
gies (Ansoldi et al. 2016; Aharonian et al. 2023). The emission
and pulse profile found at such high energies cannot be easily
explained with the curvature radiation models that predict sup-
pression of the emission at a few GeV. In the case of Vela, the
TeV emission is associated with a second radiation component
that reaches 20 TeV (Aharonian et al. 2023).

Detecting more pulsars at tens of GeV with ground-
based gamma-ray telescopes is a challenge due to their
faint emission at those energies. Fermi/LAT measurements
of gamma-ray pulsars show cutoffs in the spectra at a few
GeV (Smith 2023). Due to the low expected fluxes from
these sources above 50GeV (McCann 2015), the current
generation of TACTs is not expected to detect more pul-
sars. The search for more pulsars is necessary to under-
stand whether the very high-energy (VHE; E > 100 GeV) emis-
sion of these objects is something unique or if there is a
whole population of VHE pulsars. Therefore, improving the
sensitivity of IACTs is necessary for studying new gamma-
ray pulsars above 10GeV and constrain the models at those
energies.

The Cherenkov Telescope Array Observatory (CTAO;
Zanin et al. 2021) will be the next generation of IACTs. It will
be located at two sites, one in each hemisphere to cover the full
VHE sky. CTAO will be composed of an array of multiple tele-
scopes of different sizes, increasing by over an order of magni-
tude the sensitivity of current IACTs. The large-sized telescopes
(LSTs; Cortina 2019) will be the largest ones, with a dish diam-
eter of 23 meters, and will be optimized for low energies (20—
200 GeV). The LST-1 is a fully equipped LST prototype built at
the Roque de los Muchachos Observatory (ORM) on the island
of La Palma (Abe et al. 2023a). It was inaugurated in 2018 and
is now producing its first science results after several years of
commissioning (Abe et al. 2023b,c).
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The Crab pulsar and nebula are the remnants of the super-
nova 1054 event. Due to its young age, it is a very energetic
pulsar (E ~ 4.6-10%ergs™'; Lyne et al. 2014) with a rotation
period of P =~ 33ms (Staelin & Reifenstein 1968). The Crab
pulsar was first detected and studied in the radio (Comella et al.
1969), and afterward in almost all wavelengths. The pulsed emis-
sion from the Crab pulsar above 25 GeV was first detected by the
Major Atmospheric Gamma Imaging Cherenkov (MAGIC) tele-
scopes, ruling out the existence of the super-exponential cutoff
predicted by polar cap models (Aliu et al. 2008; Aleksic et al.
2011). This fact was confirmed after the study of the pulsar with
Fermi/LLAT, which hint at the existence of a sub-exponential cut-
off in the spectrum at a few GeV (Abdo et al. 2009a), a fea-
ture that was found in other gamma-ray pulsars. The pulsar
was detected in the VHE regime up to 400 GeV by MAGIC
(Aleksic et al. 2012) and the Very Energetic Radiation Imaging
Telescope Array System (VERITAS) (Aliu et al. 2011). A few
years later, MAGIC reported the detection of the Crab pulsar up
to 1.5TeV (Ansoldi et al. 2016). The overall emission at VHESs
can be described well by a power law (PWL), supporting those
models that consider inverse Compton (IC) processes in the outer
magnetosphere or beyond.

In this work we describe the analysis and results obtained
from the first observations of the Crab pulsar with the LST-
1. Our aim is to characterize the emission of the pulsar above
20 GeV with LST-1 and Fermi/LAT data and examine the poten-
tial of this new telescope for the study of pulsars at VHEs.

2. LST-1 observation overview

The LST-1 observed the Crab Nebula and pulsar during the first
years of operation as part of its commissioning program. A total
of more than 150 hours were collected from September 2020 to
January 2023. The data were taken in 20-minute runs in wob-
ble mode (Fomin et al. 1994), where the source is located at
a 0.4-degree offset from the camera center. We applied quality
cuts to the data, removing those runs with low trigger and pixel
rates (see more details in Abe et al. 2023b). In addition, we used
only data taken in dark conditions. We also discarded those runs
affected by technical problems.

As a result, ~103 hours of observations taken at zenith dis-
tance (Zd) below 50 deg survived the quality cuts and were used
in the final analysis. Out of these, 76 hours were collected at
Zd <35 deg, half of them below 25 deg, decreasing the overall
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energy threshold down to ~20 GeV in the analysis (Abe et al.
2023Db). The trigger settings of the telescope were variable before
August 2021, so the energy threshold of data taken before that
date is less stable and slightly higher than that of data collected
afterward. The improvements in the telescope threshold are a
consequence of the advances made during the commissioning of
LST-1.

3. Data analysis
3.1. LST-1 data analysis

LST-1 data were reduced using cta-1stchain v0.9.14 (Lépez-
Coto 2022; Lopez-Coto et al. 2023), a software designed for the
data analysis of the LST-1, following the usual IACT analy-
sis chain. This allowed us to clean and parametrize the images
produced in the camera by atmospheric showers. The image
parametrization is used to infer the direction and energy (called
reconstructed energy) of the primary particle through trained
random forest (RF) algorithms (Albert et al. 2008). An addi-
tional parameter called gammaness is computed, defined as
a score that rises for the higher resemblance of the event to
a gamma-ray initiated one. To optimize the analysis of faint
showers (i.e., low-intensity images), we included in the train-
ing some parameters that depend on the known position of the
source in the camera plane in the so-called source-dependent
approach. This improves the performance with respect to the
standard source-independent analysis (see Sect. 4.1.4). One of
the source-dependent parameters added is alpha, defined as the
angle between the major axis of the fitted shower ellipse and the
line that joins the center of gravity of the image and the assumed
source position in the camera plane.

We used Monte Carlo (MC) simulations to evaluate the per-
formance of the telescope. The MC simulations of gamma-ray-
initiated showers used in this work are part of an all-sky MC
production simulated in declination lines (Abe et al. 2023b). The
one used to analyze the data sample is the closest to that of
the Crab pulsar (22.76 deg). The MC data were tuned by adding
Poissonian noise to match the real night sky background of the
Crab pulsar region. The MC sample was processed with the help
of the 1stmcpipe package (Garcia et al. 2022; Vuillaume et al.
2022). Two samples were produced: a sample to train the RF,
and a test sample to characterize the response of the telescope.
The MC test dataset was simulated on a grid of nodes with differ-
ent zenith/azimuth pointings in the sky. To calculate the instru-
ment response functions (IRFs), we used the nodes closest to the
pointing of the telescope during the observations. This way, it is
possible to account for the dependence of the telescope perfor-
mance on the airmass and the angle formed by the orthogonal
component of the geomagnetic field and the pointing of the tele-
scope.

After the reconstruction of the events, several cuts were
applied. First, an intensity cut is needed to provide a com-
mon analysis threshold for the entire data sample and a good
match between observed data and MC, as explained in Abe et al.
(2023b). We applied an overall intensity cut of 80 photoelectrons
(p.e.) to all the data taken before August 2021, and an intensity
cut of 50 p.e. to the data taken after that date to account for the
different trigger thresholds of the telescope during these peri-
ods (see Sect. 2). In addition, we applied energy-dependent cuts
on the direction (alpha) and gammaness, computed by setting a
70% MC efficiency on the gamma MC sample for each of the
cuts separately.

The last step in analyzing the pulsar is to obtain the phase
of the rotation of the star associated with each event. For that,
we used the PINT package v0.9.3 (Luoetal. 2021) and the
Crab pulsar ephemeris provided by the Jodrell Bank Observa-
tory (Lyne et al. 1993)!. Finally, the spectral results of the anal-
ysis were produced with Gammapy v1.0.1 (Donath et al. 2023;
Acero et al. 2023). As a consistency check for the analysis, we
compared (a posteriori) the weighted distributions of the MC
shower parameters with those of the pulsed excess, finding a
good agreement.

As in any measurement, there will be systematic uncertain-
ties in the results shown in this paper, for instance, due to the
mismatch between MC simulations and real data or biases in the
estimation of the real energy of the events. This may also cause a
relative error in the energy scale between Fermi and LST-1 that
must be evaluated and will be discussed in the corresponding
sections.

The Crab pulsar is characterized by showing two emission
peaks in each rotation, which remain aligned at all wavelengths.
The first peak, located at phase 0, is defined as P1 and is the
most intense in the radio and also in the Fermi/LAT sample
between 100 MeV and 1 GeV. The second peak, P2, is however
the most intense at VHESs. For the analysis, we adopted the phase
intervals defined in Aleksi¢ et al. (2012), namely P1=[-0.017,
0.026] and P2 =[0.377, 0.422]. The background level was esti-
mated using the OFF region [0.52, 0.87], where no pulsed emis-
sion is expected.

3.2. Fermi/LAT data analysis

Since its launch in 2008, Fermi/LAT has been observing the
gamma-ray sky continuously in the energy range between
20MeV to hundreds of GeV. To study the Crab pulsar emission
at energies lower than those accessible to the LST-1, we analyzed
public Fermi/LAT data taken from August 4, 2008, until August
24, 2022. This resulted in ~14 years of observations, extending
the sample used in previous works (Yeung 2020).

We processed this dataset using the Fermi Science Tools ver-
sion v11r5p3 (Fermi Science Support Development Team 2019)
and the P8R2_SOURCE_V6 IRFs. We selected events clas-
sified as event class 128 (“Source”) and event type 3 from
a circular region of interest (ROI) of 15 deg centered at the
Crab pulsar coordinates, RA = 05"34m31.9%, Dec = 22°00'52.2".
To reject the background coming from the Earth’s limb, we
excluded time intervals where the ROI was observed at zenith
angles greater than 90deg. The pulsar rotational phases were
computed using the Tempo2 package (Hobbs et al. 2006) with
the same ephemeris as for the LST-1 data analysis. The consis-
tency between Tempo2 and PINT is proved in Luo et al. (2021).
We also verified it by comparing the phases obtained by the two
pieces of software for a single run, finding a maximum error of
1077, Phase-filtered event files were produced, containing only
photons in the OFF phase region, or in the phase region corre-
sponding to each of the pulsar emission peaks defined above.

For the spectral reconstruction, we performed a binned like-
lihood analysis using the pyLikelihood python module of the
Fermi Science Tools, with a bin size of 0.2° per pixel and
40 logarithmically spaced energy bins between 100 MeV and
2TeV. The initial spectral-spatial model included all sources
from the LAT 10-year source catalog (4FGL; Abdollahi et al.
2020) within the ROI that was expanded by 5 deg to account for

! The ephemeris are available in the web address http://www. jb.
man.ac.uk/~pulsar/crab.html
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Fig. 1. Phaseogram of the Crab pulsar sample from LST-1 data (Zd <50 deg). Both peaks and the overall bridge emission between peaks are
detected significantly. Most of the pulsed signal is provided by data at Zd < 25 degrees, so the energy threshold of the sample is Ey, ~ 20 GeV. The
period corresponding to two rotations is shown in the phaseogram for better visualization.

partially contained sources. The spectral parameters for sources
with a significance higher than 50 and located within 5deg
of the center of the ROI were left free. Also, the normal-
ization factor of the Galactic (gll_iem_v07.fits) and isotropic
background (iso_P8R3_SOURCE_V3_vl.txt) models were let
free. For the rest of the sources, the spectral parameters were
set to their catalog values. After the first fit, all sources with
TS < 4 were removed from the model. We then use the events
in the OFF region to characterize the gamma-ray background
due to emission from the Crab Nebula, whose IC and syn-
chrotron components appear as two different sources in the cat-
alog, J0534.5+2201i and 4FGL J0534.5+2201s, respectively.
After this, the Crab Nebula spectral parameters were left fixed,
scaling only the normalization factor to account for the different
phase widths of the oft-pulse and peak regions. Finally, the spec-
tra of P1 and P2 were analyzed independently, using smooth bro-
ken PWL models. To obtain the spectral points we repeated the
spectral fit in each energy bin using a PWL model with a fixed
spectral index of 2 and with the normalization factor free. Only
spectral points with a significance higher than 20~ are shown in
the plots.

4. Results
4.1. Phaseogram
4.1.1. Pulsed signal

The phase-folded phaseogram obtained with the LST-1 is shown
in Fig. 1. P1 and P2 are detected at a statistical significance of
10.50 and 12.10, respectively, computed using formula (17) in
Li & Ma (1983). The joint pulsed emission (P1+P2) is detected
at 15.20. Between the two peaks a fainter signal, commonly
known as the bridge emission, is found. In this work, we use
the two definitions for the bridge used in Aleksi¢ et al. (2014).
Defining the bridge as the whole region between peaks (i.e.,
Bridge), =[0.026,0.377]) the emission is detected at a signifi-
cance level of 5.70. If we redefine the bridge region as done
in Fierro et al. (1998) (Bridgeg = [0.14,0.25]) the significance is
3.70.
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Significance evolution (Zd < 50 deg)
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Fig. 2. Evolution of the significance with the total time of obser-

vation for P1, P2, and the bridge emission, defined as Bridgey =
[0.026,0.377].

The increase in the signal with time, as seen in
Fig. 2, confirms the stability of the analyzed data sam-
ple. We did a fit of the data finding that the evolution
can be characterized by op;(h) = (0.916 +0.021)h'/2, opy(h) =
(1.133£0.012)h!/? and o pyigee(h) = (0.478 £ 0.018)h!/2, where
h is the total number of hours of observation. These
values change if we limit our sample to lower zenith
angles. For instance, at Zd<35deg, the values increase
up to opy(h)=(1.109 £ 0.016)h!/2, opy(h) = (1.272 + 0.014)h !/
and O pridee(h) =(0.619 £0.017)h!/2. These results highlight
the good performance of the LST-1. For comparison, the
stereo MAGIC SumTrigger-II reported an overall detection
rate of opjypr=2.0h"/? for the Crab pulsar at Zd<25deg
(Ceribella et al. 2019), similar to the detection rate of a single
LST-1 telescope (op14p2 ~ 1.8h!/?) at the same zenith.
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Fig. 3. Phaseogram of the Crab pulsar from LST-1 data in different energy bins from 20 GeV to 700 GeV. The statistical significance of each peak
is given in each plot. The black line shows the best fits to the pulse profile. Above 250 GeV the fit was not successful since the signal of P1 begins

to disappear.

Table 1. Peak position (1) and width (FWHM) of each peak, P1 and P2.

FWHM, (- 1072)

FWHM, (- 1072)

Energy (GeV) M1 Mo

20-33 0.999 +0.003 3.1+0.6 0.389 £ 0.004 54=+1.1
33-55 1.0000 +0.0018 22+04 0.387 +0.003 44+038
55-92 0.994 + 0.005 40+1.1 0.388 £ 0.006 55+13
92-153 1.0020 +0.0022 1.5+ 0.5 0.402 £ 0.004 3.6+1.0
153-253 1.015+0.009 37+2.2 0.3981 +0.0017 1.9+0.7

Notes. The results were obtained after fitting the phaseogram in each energy bin to a double Gaussian model.

4.1.2. Morphology of the peaks

The phaseogram was also studied in different energy bins. In
particular, we divided our sample into seven bins from 20 GeV
to 700 GeV (see Fig. 3), approximately 5 bins per decade. The
upper edge was chosen to include the last bin where a hint of
signal for P2 (>1.50) is found. Assuming that the peaks fol-
low symmetric Gaussian distributions, we fitted the phaseogram
to a double Gaussian model (i.e., two Gaussians joint together)
with an overall background to study the morphology of the
peaks. Since P1 and P2 were fitted together, the same number

of points were obtained for both peaks. The bridge contribution
was neglected in the fits since it is not significant above 100 GeV.
Making that assumption could introduce an additional error in
the first two bins, but the strong signal from both peaks com-
pared to the bridge assures that this error is low. The values of
the mean phase and width of each peak are shown in Table 1. To
assess the goodness of the fit, we computed the y?/ndf of each
fit, all of which were close to 1. The peak positions do not shift
significantly. The width of P2 seems to decrease with energy
(see Fig. 4). This feature, which crucial to understanding emis-
sion models at energies greater than 100 GeV (Harding et al.
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Fig. 4. Evolution of the peak width as a function of the energy from
100 MeV to 200 GeV using Fermi/LAT and LST-1 data. The fit of the
LST-1 data was not successful above 200 GeV due to the lack of statis-
tics.

2021), was already found in other studies (Aleksi¢ et al. 2012).
The LST-1 measurement in Fig. 4 was fitted to a linear model
(FWHM =m-log(E)+n) above 20 GeV, finding that for P2 the
best fit has a slope of mp, = 0.041 +0.009 and shows a pyaue =
0.65. For P1 the fitted model to the LST-1 data shows a slope of
mp; = 0.016 £ 0.013. Although for this model pyae = 0.31, the
large statistical uncertainties of the LST-1 points make it diffi-
cult to conclude a significant variation of the width of P1 above
20 GeV.

The Fermi/LAT data were also divided into energy bins
and the phaseogram was fitted to the same model as for the
LST-1 data. Representing the width of the peaks as a func-
tion of energy from MeV to GeV (Fig. 4) one can see a soft
transition between Fermi/LAT and LST-1 data. For both peaks,
the width above 20 GeV is lower than at 200 MeV as seen in
other works (Aliu et al. 2011; Aleksié et al. 2012). Since the
energy reconstruction is different for the two instruments, a
systematic error exists (see Sect. 3.1), although a direct quan-
tification of them is difficult due to a lack of theoretical pre-
diction for the full width at half maximum (FWHM) of the
peaks. However, Fermi/LAT and LST-1 results in Fig. 3 are
compatible in their overlapping energy region for P2. For
P1, the FWHM points of both instruments are at a simi-
lar level and to make them fully compatible we would only
need to add a <~20% systematic error between the two
instruments.

4.1.3. P1/P2 ratio

As seen in Fig. 3, the intensity and significance of P1 is higher
in the lowest-energy bin, below 30 GeV. In the rest of the bins,
P2 appears stronger than P1. To study this trend, the LST-1 dif-
ferential ratio of P1/P2 was determined as well from the excess
counts in each reconstructed energy bin. The same ratio was
computed with the Fermi/LAT sample in 13 energy bins to plot
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Fig. 5. Evolution of the P1/P2 ratio as a function of the energy from
100 MeV to 400 GeV using Fermi/LAT and LST-1 data. The fit of the
LST-1 data was not successful above 400 GeV due to the lack of statis-
tics for P1.

the energy evolution of the differential ratio. As a result, we
covered the energy range from 100 MeV up to 400 GeV using
both instruments. The result is depicted in Fig. 5. One can see a
fast decrease in the ratio from MeV down to ~0.5 at ~200 GeV.
This trend was already found in other works (Aliu et al. 2011;
Aleksié et al. 2012; Mirzoyan et al. 2022). The P1/P2 ratio
achieves 1 at E¢q ~ 30 GeV. The overall LST-1 ratio, integrated
over the entire energy range, is P1/P2=0.84 +0.11. The LST-
1 points show lower statistical errors than the Fermi/LAT ones,
indicating that the LST-1 can provide more accurate results
above 20 GeV even with only 100 hours.

The P1/P2 ratio points of LST-1 derived in Fig. 5 are rep-
resented in reconstructed energy. Near the threshold of the
LST-1 the reconstructed energy of the events is systemati-
cally greater than the true one. This introduces a system-
atic error, as mentioned in Sect. 3.1. The maximum system-
atic error in the differential P1/P2 computation at low energies
due to the energy dispersion of our system is ~20% as esti-
mated from a set of MC simulations with a similar zenith dis-
tribution as our data. For the integral ratio, the maximum of
this systematic error drops to ~12%. Thus, the LST-1 P1/P2
ratios in each reconstructed energy container are therefore over-
estimated with respect to those of Fermi/LAT by at most
that 20%.

4.1.4. Source-dependent versus source-independent

Apart from the source-dependent phaseogram shown in Fig. 1,
a source-independent one (i.e., excluding source-dependent
parameters in the RF training) was computed to compare the per-
formance of the two methods. The analysis chain was similar to
the one used for the source-dependent case but changing the MC
efficiency to 91% to have a similar background rate in the two
approaches. In particular, for this efficiency, we get a difference
in background level <1%. The results are shown in Table 2. The
source-dependent analysis shows better performance for study-
ing the pulsed emission, with a difference of 1.5¢ in P1 and 2.70
in P2.

The results described in Abe et al. (2023b) show that the
sensitivity curves below 100 GeV are similar for both source-
dependent and source-independent analysis. The difference
found in the Crab pulsar analysis indicates that the source-
dependent approach improves the sensitivity at the lowest true
energies, near the threshold of the telescope, where the signal of
the pulsar is more intense and the background estimation in the
Crab Nebula is more uncertain.



Abe, K., et al.: A&A, 690, A167 (2024)

Table 2. Comparison of the pulsed signal using source-dependent and
source-independent approaches in the RF training.

Type P1+P2 P1 P2 Bridge
Source-dependent 1520 1050 1210 570
Source-independent  12.50 920  9.50 440

4.2. Long-term light curve

In order to test for possible variability in the Crab pulsar flux,
we computed the long-term light curve of the pulsed emission
for both P1 and P2 above 30 GeV. The minimum energy was
selected to minimize the effect of energy migration near the tele-
scope threshold for the variability studies. We divided the sample
into variable time bins requiring a fixed number of excess events
for the total pulsed emission. We selected a value of N = 1500
to achieve at least ~3¢ for the entire pulsed emission in each bin.
In Fig. 6 the corresponding long-term light curve for each peak
is shown.

We fitted the flux points to a constant function and
performed a y? test on the data. We found a value of
x?/mdf = 13.1/10 (pyawe = 0.22) and y?/ndf =
47/10 (pyawe = 0.91) for P1 and P2, respectively. For
the total pulsed emission, a value of y?/ndf = 12.8/10
(Pvaee = 0.24) is found. Therefore, no hint of flux vari-
ability is detected in the sample, and the fluxes are compati-
ble with constant functions of fp; =(4.4+0.6)-10"'' cm™2?s™!
and fp; =(5.3+0.5)- 107" cm 2 s~ showing a weighted rela-
tive root mean squared error of 46% for P1 and 22% for
P2. For comparison, we calculated the integral flux using the
joint MAGIC and Fermi/LAT spectral energy distribution (SED)
reported in Ansoldi et al. (2016) above 30GeV. For Pl, we
obtained a value of f..sp; =(3.8+0.6)- 100" em=2 57! compat-
ible with the LST-1 integral flux. In the case of P2, we found a
value of frerpr=(4.0+0.4)-10"" ' cm=2 57!, lower than for the
LST-1 sample. This could be a result of the different energy
thresholds for MAGIC and for the LST-1, also reflected in the
distinct spectral fits obtained for both.

4.3. Spectral energy distribution of the peaks

In addition to the phaseogram and long-term light curve, the
SED for P1 and P2 is shown in Fig. 7. Both peaks are well
described by a PWL model (d¢/dE = ¢o(E/Ey)™") between
20 GeV and 700 GeV. The fit results are summarized in Table 3.
The reference energy E, was set to the de-correlation energy for
each peak, defined as the energy that minimizes the correlation
between the normalization flux ¢y and the rest of the parame-
ters of the model (see Eq. (1) in Abdo et al. 2009b). The spectral
index of P2 (I'; = 3.03 + 0.09) is considerably harder than the one
for P1 (I'y =3.44 £ 0.15), while the flux for P1 is slightly larger
below 30 GeV. These results are consistent with the most recent
results from MAGIC (Ansoldi et al. 2016; Ceribella 2021) and
VERITAS (Aliu et al. 2011; Nguyen 2016). Moreover, we con-
firm the PWL extension of P2 found by MAGIC and VERITAS
above 500 GeV.

Pulsar analysis does not suffer from the systematic uncertain-
ties in the background estimation that dominated the study of the
Crab Nebula performance (Abe et al. 2023b). Thus, it is possible
to quantify additional systematic uncertainties of the telescope
with the pulsar signal. We tested different parameters in the anal-
ysis such as the cut efficiencies or the zenith angle and intensity

cuts. We also shifted the true energy of the MC (up to 10%),
and computed the modified IRFs and spectra to test for a possi-
ble bias in the energy reconstruction. Additionally, we compared
the SED of different subsamples in the analysis. Adding all the
contributions, the systematic uncertainties in the reconstruction
of the spectral index for P1 and P2 is ~0.34 and ~0.21, while the
uncertainties in the fluxes rise to ~45% and ~20%, respectively.
These numbers are compatible with the ones found in the Crab
Nebula study with the LST-1 above 60 GeV.

To estimate the analysis energy threshold we used the MC
simulations, weighing their spectrum by the one found in the
Crab pulsar. These simulations were analyzed using the same
analysis chain as for the observations. The peak of the true
energy distribution of the MC events gives the energy thresh-
old (Ey) of the analysis, which depends on the Zd. For the
LST-1 at Zd=10deg, the threshold estimated from the MC
energy distribution is Ey, = (18 +1) GeV, while at Zd =23 deg
it is Epy=(22+1)GeV and at Zd=32deg it increases to
Emn =29 £2)GeV. We estimate that for a spectrum similar to
that of the Crab pulsar, with the same zenith distribution as for
the LST-1 observations, the energy threshold below 35 degrees
is =20 GeV.

4.4. Joint Fermi/LAT and LST-1 SED of the peaks

Precise measurements at tens of GeV, in the energy range over-
lapping between Fermi/LAT and IACT, are needed to study
the existence of spectral cuts or other spectral components. In
this work, a joint fit with both LST-1 and Fermi/LAT data was
performed between 100 MeV and 450 GeV for P1 and up to
700 GeV for P2. Two models were tested. The first model is a
smooth broken PWL (SmoothBPWL, Eq. (1)), and the second
one is a typical PWL with a sub-exponential cutoff (ExpCut-
PWL, Eq. (2)):

LT\ ™Y
dp  (E\" E\ 7
E_%(E_o) [1+(E_b) ] (SmoothBPWL) (1)
d E\™
d—z =¢0(E—0) exp(~(1EY’) (ExpCutPWL). 2)

Both models were fit using a forward folding algorithm. The
results of the fits together with the spectral points for P1 and
P2 are shown in Fig. 8 and summarized in Table 4. MAGIC
spectral points are also shown for comparison. A smooth tran-
sition between the instruments is clear and the spectral points of
the LST-1 are compatible with the Fermi/LAT and the MAGIC
points. The low statistical uncertainties of the LST-1 spectral
points show that the telescope can fill the region between 20 GeV
and 50GeV with higher statistics than previous works from
MAGIC (~60 hours analyzed in Aleksi¢ et al. 2011).

The goodness of the fit for the two models was compared
using two statistics. The first one is the Akaike information cri-
terion (AIC), defined as AIC = 2k—2log L where k is the number
of free parameters and L is the likelihood of the model. The sec-
ond one is the Bayesian information criterion (BIC) defined as
BIC = klnn — 2log L where n is the size of the sample. Both are
information criteria that do not allow us to compute a p-value but
to recognize in a qualitative way which model agrees better with
the data. The smooth broken PWL shows, in general, a lower
AIC and BIC value. For P1 this difference is A(AIC)p; = 8.4
and A(BIC)p; = 7.0; in the case of P2 the differences raise
up to A(AIC)p; = 22.0 and A(BIC)p, = 20.6. This points to
the smooth broken PWL as the preferred model to describe the
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Fig. 6. Long-term light curve of P1 and P2 Crab emission above 30 GeV. Each variable time bin contains 1500 excess events in the combined
phase regions P1 and P2. This value was chosen to reach at least ~3¢ for the entire pulsed emission (P14+P2) in each bin. The horizontal bars
indicate the time range of each bin. The flux was fit to a constant function, shown by the green line. The dashed green area represents the statistical
uncertainties of the fitted flux. The reference integrated flux above 30 GeV using the MAGIC+Fermi/LAT SED reported in Ansoldi et al. (2016) is
included in gray. The regions where the Crab pulsar was not observable are shown in blue, namely two summer periods and the volcano eruption

that took place from September to December 2021 in La Palma.
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Fig. 7. LST-1 SED of P1 and P2 of the Crab pulsar from 20 GeV to
700 GeV. The Crab Nebula spectrum obtained with the same sample is
represented in black.

observed fluxes. This is also observed in Fig. 8, where although
both fits seem to fit well in the low-energy spectrum, the VHE
spectral points agree better with the smooth broken PWL.

4.5. SED of the bridge emission

The SED of the Crab pulsar bridge emission for each of the
bridge regions defined in Sect. 4.1.1 is shown in Fig. 9. The
LST-1 SED was fitted to a PWL between 20 GeV and 200 GeV.
The results are shown in Table 3, the spectral indexes are
I'y=03.5+04) and Tg=(3.3+0.6). The LST-1 flux points
are compatible with those reported by the MAGIC collabora-
tion (Aleksic et al. 2014), which extend up to 200 GeV. Above
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Table 3. Fitted parameters of the spectral model, with their statistical
uncertainties, for each region.

Region  Ey(GeV) ¢ (cm™2s™' TeV™!) r

P1 30 3.7+£0.4)-107° 3.44+£0.15
P2 40 (156+0.14)-10°  3.03+0.09
P1+P2 40 (2.96 +0.20)- 10~ 3.20+0.08
Bridgey, 30 (8.1+1.4)-107 35404
Bridger 40 (9.3+2.5)-10710 3.3+0.6

Notes. The reference energy, E, was set to the de-correlation energy in
each case.

100 GeV for the LST-1 the significance of the flux points is lower
than for MAGIC and only upper limits can be calculated.

In addition, we did a joint fit using Fermi/LAT data and
LST-1 from 200 MeV to 200 GeV. Data below 200 MeV were
excluded from the fit because the analysis at the lowest energies
led to unreliable flux estimation as indicated in Fig. 9. In this
case, since the signal above 100 GeV drops fast, we could only
fit successfully the sub-exponential cutoff PWL model (shown
in the solid line in Fig. 9). The results are shown in Table 3.
Although there is a hint of a PWL extension for both definitions,
the lack of statistics prevents us from confirming or rejecting the
existence of a cutoff in the bridge spectra.

5. Discussion and conclusions

In this work we have reported a detailed analysis of the first VHE
gamma-ray pulsar detected with the LST-1. The results show that
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Table 4. Results of the best fits to the LST-1 and Fermi/LAT data for each peak and model.

SmoothBPWL ¢ (cm™2s™! TeV™!) I I E, (GeV) 0% —2logL. AIC BIC
P1 (1.27+0.06)-107*  1.811+£0.013 4.09+020 6.8+1.5 3.0+04 25.5 355 428
P2 (3.21+£0.20)- 1073 1.97 £0.03 3.15+0.11 49+0.9 1.1+£0.3 33.2 432 50.5
ExpCutPWL ¢ (cm™2s™! TeV™) r A(Gev'h  p@ao™h —2logl. AIC BIC
P1 4.5+04)-10™ 1.562 +0.015 6.0+0.9 3.58 £0.08 359 439 49.8
P2 (2.8+0.7)-10™* 1.58 £0.03 29+ 16 2.56+0.12 57.2 652 71.1
Bridgey, (2.1+04)-10™ 1.42 +0.05 1.3+0.5 45+0.3 344 424 47.1
Bridgeg (2.1+£0.6)-107° 1.16 £0.09 0.8+0.5 5.1+0.6 31.2 39.2 439

Notes. The fit was performed in the energy range from 100 MeV to 450 GeV (for P1) and 700 GeV (for P2). The statistical tests used to compare
the models (i.e., AIC and BIC) are also shown. The reference energy was fixed to £y = 1 GeV for all the cases. The fits for the bridge region were
done between 200 MeV and 200 GeV (see the main text). Only the sub-exponential cutoff model was successfully fit.
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Fig. 8. SED and joint fit using Fermi/LAT and LST-1 data from
100 MeV to 700 GeV for both P1 and P2 of the Crab pulsar. The points
from MAGIC working in stereo are shown as well.

the LST-1 can detect the signal of the Crab pulsar at a high signif-
icance level and reconstruct its SED from 20 GeV up to 450 GeV
for P1 and 700 GeV for P2. Both P1 and P2 are significantly
detected (>100) in this analysis. The VHE gamma-ray SED of
each peak is well reproduced by a PWL that is compatible with
previous results from the literature. P1 shows a softer spectrum
Ty = 3.44+0.15) than P2 (I, = 3.03 +0.09). The two peaks
show similar fluxes (~3.5- 10 cm™2s™! TeV™') at E = 30 GeV.
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Fig. 9. LST-1 SED from 20 GeV to 200 GeV for the two definitions of
the bridge emission of the Crab pulsar. The Fermi/LAT + LST-1 joint fit
to the sub-exponential cutoff PWL model is shown as a solid line. The
points from MAGIC working in stereo are shown as well.

The bridge emission is also significantly detected, and the result-
ing spectra, for both definitions, are well described by PWLs
with spectral indices I'g 33+06and I'yy = 3.5 + 04 for
Bridgeg and Bridgey, respectively. We also studied the long-
term light curve of the Crab pulsar using the LST-1 data over
three different years, finding a value of x> = 12.8/10 when the
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pulsed integral flux is fit to a constant, demonstrating the stabil-
ity of the overall energy released in the pulsed signal over time
within our statistical uncertainties.

The consistency of the LST-1 results in the region overlap-
ping with Fermi/L AT proves its performance at E < 50 GeV. The
results are also consistent with those at the higher energies mea-
sured by MAGIC. We performed joint Fermi/LAT and LST-1 fits
to study the overall gamma-ray emission of the Crab pulsar over
four decades of energy. For both P1 and P2, there is a smooth
transition in the SED measured by the two instruments, with-
out even a hint of additional spectral components in the overlap-
ping energy range. We find that both spectra are well described
by smooth broken PWLs. For the bridge emission, the lack of
statistics above 100 GeV makes it difficult to statistically reject
the sub-exponential cutoff.

The results presented in this paper confirm the Crab pul-
sar as a TeV lepton accelerator. As described in Ansoldi et al.
(2016), the radiation produced by the most energetic electrons
and positrons cannot originate via synchro-curvature processes,
and even the lower-energy ones could have a different origin.
Although some current models predict that the emission could be
generated by multiple particle populations (Harding et al. 2021),
we see a smooth transition between Fermi/LAT and LST-1 data
that points toward the measured emission being produced by a
single population of electrons. Thus, a plausible origin of the
gamma-ray emission remains the IC scattering of ambient pho-
ton fields or the synchrotron self-Compton from pairs. The exact
acceleration site for the electrons and positrons remains unclear,
and locations such as the outer gap (Hirotani 2013), the slot gap
(Harding 2007), the pulsar striped wind (Pétri 2012), or narrow
zones outside the light cylinder (Aharonian et al. 2012) continue
to be plausible. Variability studies performed in X-rays (Ge et al.
2016) indicate a time evolution in the pulse profile at those ener-
gies. To the extent detectable by current sensitivity, the long-term
light curve of the Crab pulsar does not show signs of variabil-
ity in the LST-1 data, nor does that of its accompanying nebula
(Abe et al. 2023b).

Being able to study the Crab pulsar in such detail with the
first LST telescope marks a significant improvement in sensitiv-
ity over the previous generation of IACTs. This points to the pos-
sible detection of more pulsars above 20 GeV in the near future
(although some work predicts low fluxes above 50 GeV; McCann
2015), especially when the next three LSTs, currently under con-
struction in La Palma, become available. The four LSTs operat-
ing as a stereoscopic system, as part of the future CTAO northern
array, will therefore show an optimal performance at 20 GeV,
improving the current sensitivity below 100 GeV by about an
order of magnitude. The discovery of VHE emission from other
pulsars would open new possibilities for the study of gamma-ray
emission from these objects.
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