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After the discovery of Crab, Vela, and Geminga pulsars at Very High Energies, the search for
new pulsars at tens of GeV has been gaining huge importance. However, their steep spectra
along with the sensitivity of the current generation of Imaging Atmospheric Cherenkov telescopes
(IACTs) are limiting the capability to detect more pulsars. The LST-1 is the first prototype of the
Large-Sized Telescope of the forthcoming CTA observatory with enhanced sensitivity at tens of
GeV. The LST-1 started its commissioning phase in 2018, and since then it has observed the Crab
pulsar regularly. Here, we show the first results of the analysis of the Crab and other pulsars taken
with the LST-1. The two characteristic emission peaks of the Crab pulsar, P1, and P2, are detected
with high significance showing a clear improvement in sensitivity over the previous generation
of IACTs. The spectrum is reconstructed up to 450 GeV for P1 and up to 700 GeV for P2. The
low energy threshold of LST-1 also allows us to measure the spectrum of the Crab pulsar in the
overlapping region with the Fermi-LAT and cross-calibrate both instruments. The results obtained
with the first pulsar observations with the LST-1 confirm the excellent potential of LST telescopes

to study and discover new pulsars in the near future.

38th International Cosmic Ray Conference (ICRC2023)
26 July - 3 August, 2023 % !5ERrICCm2 92«3?
Nagoya, Japan

/

The Astroparticle Physics Conference

*Speaker

© Copyright owned by the author(s) under the terms of the Creative Commons
Attribution-NonCommercial-NoDerivatives 4.0 International License (CC BY-NC-ND 4.0). https://pos.sissa.it/


mailto:alvmas@ucm.es
mailto:marcos@gae.ucm.es
mailto:rlopezcoto@iaa.es
mailto:giulia.brunelli6@studio.unibo.it
mailto:ceribell@mpp.mpg.de
https://pos.sissa.it/
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1. Introduction

Pulsars are highly magnetized neutron stars that show a very short period of rotation and emit
radiation in the form of fast pulses. They were detected for the first time in the radio and, since
then, many were found at other wavelengths. After the launch of Fermi-LAT in 2008, the number
of pulsars confirmed at high energies (>100 MeV) increased from seven to more than one hundred
in three years [1]. This supported the idea of pulsars as ubiquitous sources of GeV photons in the
Galaxy, making these extreme objects ideal laboratories to probe particle acceleration mechanisms
up to TeV energies. Most of the high-energy pulsars detected by Fermi-LAT exhibit Power Law
(PL) spectra suppressed by an exponential cutoff at a few GeVs. As emission models in the inner
magnetosphere generally predict steeper super-exponential cutoffs, an acceleration zone in the outer
magnetosphere was recognized as the most probable mechanism to produce gamma-rays in pulsars.
However, the detection with IACTs of three pulsars, Crab, Vela and Geminga, at a significance
above 50 hints to a PL extension beyond 50 GeV and even up to a few TeV [2]. This questions the
classical models invoked to explain the gamma-ray production in these sources [3], which are now
under debate.

The Very High Energy (VHE) emission of pulsars is concentrated at low energies due to its soft
spectral indexes. Three of the brightest pulsars in the GeV range are currently detected by IACTs but
the rest of the candidates are, in general, fainter. Therefore, the sensitivity of the current generation
of IACTs is not enough to detect them and we need to rely on more sensitive instruments to obtain
additional discoveries in the field. The Cherenkov Telescope Array will be the future gamma-ray
observatory composed of tens of ground-based telescopes observing simultaneously [4]. It will be
located in both the Southern and the Northern hemispheres and will combine telescopes of different
sizes, each one optimized for a particular energy range, covering the entire VHE spectrum and
aiming for a large variety of astronomical sources.

Among the different types of telescopes, the Large-Sized Telescopes (LSTs) are designed to
operate at the lowest energies. Their large 23-metre diameter enables a reduction of the energy
threshold down to a few tens of GeV. This results in a significant improvement of sensitivity with
respect to the previous generation of IACTs for energies below 50 GeV, even when considering
stereoscopic systems such as MAGIC’s Sum-Trigger-II [6]. The LST-1 is the first prototype of its
kind and was inaugurated in 2018 [5]. Since then, it has been in commissioning phase, including
an extensive Crab Nebula and Pulsar observation campaign. Some first results of the performance
of the LST-1 are reported in [7]. More recently, the LST-1 observed the Geminga pulsar already
detected by the MAGIC telescopes [8]. The analysis of the first data of Crab and Geminga pulsars
allowed us to characterize the potential of this telescope to detect new pulsars in the near future.

2. LST-1 observations of the Crab Pulsar

PSR J0534+220, also known as the Crab pulsar, is a young and energetic pulsar located at the
center of the Crab Nebula. It shows a fast spin with a period of P~ 33 ms and E ~ 4.6 - 10%8erg s~!.
It was first detected in radio [9], and progressively observed at higher energies. It was discovered at
VHEs by MAGIC [10] and VERITAS [11], and it has been an object of study in the following years
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Figure 1: Distribution of azimuth and cosine of zenith angle of the LST-1 observations of the Crab Pulsar.

[12-14]. Its emission was detected up to the TeV range by the MAGIC telescopes [2], challenging
the proposed models of emission. It is thus a perfect candidate to study the VHE pulsar emission.

The LST-1 observed the Crab pulsar from September 2020 to January 2023 and collected a
total of 103 hours at zenith angle (Zd) below 50 degrees. From those, 76 hours were taken below 35
degrees with an energy threshold lower than 30 GeV. The distribution of the Zd of the observations
is depicted in Fig.1, peaking at Zd < 15 degrees.

3. LST-1 analysis of the Crab Pulsar

To analyze the data a dedicated Montecarlo (MC) simulation was produced using the python
package Istmcpipe [15]. These MC data were created with a spectral index of I'=-2 and simulated
on a declination of ~22.76 degrees, very near to the one of the Crab Nebula. They were also tuned
to show a Night Sky Background (NSB) similar to the real one, estimated from the observations (see
[7] for more details). These MC data were used to train dedicated Random Forest algorithms (RF)
with some source-dependent parameters that depend on the real position of the source to enhance
the performance at low energies.

For the DL1 to DL3 analysis of the data, we used the standard software for the LST-1 analysis
cta-1stchain [16]. After the calibration and cleaning of the shower images in the camera, the
RF were applied to the images so the reconstructed energy and incoming direction of the original
particle can be estimated. An additional parameter called Gammaness describes also how probable
is that the shower originated by a real gamma particle (Gammaness=1) or a hadron (Gammaness=0).

To remove the hadronic background some cuts were applied to the data. A cut on intensity
above 80 photoelectrons was made for the data collected before August 2021, and a softer cut of 50
photoelectrons for data taken afterwards. The different cuts are due to different trigger thresholds
before and after that date. Energy-dependent cuts on the angular direction (angle between the
direction of the major axis of the shower image and the direction from the center of gravity of
the ellipse to the source position) and Gammaness were also applied. Those cuts were computed
using the 70% quantile of the MC distribution of the parameters. To compute the observed flux,
the instrument response functions of the telescope (IRFs) need to be derived. Several IRFs were
produced in different sky positions using particular test MC along the declination line. Therefore,
the data were convoluted using the nearest IRF node in the sky position, and the dependence of the
response with the zenith angle was taken into consideration.
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Figure 2: Phaseogram of the Crab Pulsar detected by LST-1. The two peaks are detected above 10 ¢ and the
bridge emission is also significantly detected. The time evolution of the significance is plotted in the lower
panels.

Finally, to analyze the pulsar, we used the arrival time of each event to interpolate the phase of
the rotation of the star in which they were emitted. To achieve that, the publicly-available ephemeris
provided by the Jodrell Bank observatory (http://www.jb.man.ac.uk/~pulsar/crab.html)
[17] were employed to model the rotation of the star. This interpolation was performed using the
PINT software package [18] for the pulsar analysis.

4. Phaseogram of the Crab Pulsar

The phaseogram of the Crab Pulsar from the observations performed at Zd < 50 degrees is
shown in Fig.2. The two well-known peaks of the pulsar are detected with the LST-1, both of them
at a statistical significance above 10 0. We followed the same definitions as previous results from
MAGIC [2]: P1=[-0.017, 0.026] and P2= [0.377, 0.422]. The high significance of the softer P1
emission, at a similar level to the P2, confirms the low energy threshold of the telescope and its
great performance at low energies. The bridge emission, roughly estimated as the emission between
both peaks, is almost detected at 6 o.

In the same plot, the evolution of the significance with the time of observations is plotted.
The smooth distributions are fitted to the expected functions. The figure of merit is o /VTyhs =


http://www.jb.man.ac.uk/~pulsar/crab.html
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Figure 3: Spectral Energy Distribution (SED) of the overall pulsed emission (P1+P2) of the Crab Pulsar
detected by the LST-1. The LST-1 flux points (in black) are represented together with the MAGIC flux (in
red). The MAGIC flux was obtained by summing the best-fit models of P1 and P2 described in [2].

(0.92+0.02) h~/2 and o /VTops = (1.13 £0.01) h~'/2 for P1 and P2 respectively. Those numbers
indicate an excellent performance of the telescope in mono observations, comparable to that obtained
in stereoscopic observations by the two MAGIC telescopes [19], once the different zenith angle

thresholds of each analysis are taken into consideration.

5. LST-1 Crab Pulsar SED

The SED of each peak was computed using a forward-folding likelihood method with Gammapy
[20]. The results for the total pulsed emission are shown in Fig.3. It can be described by a PL with
a spectral index of —3.37 + 0.10. The PL extension beyond 500 GeVs confirms the results found
by previous studies from MAGIC [2]. The individual SED for each peak can also be described by
PL models that can be extended up to 450 GeV for P1 and 700 GeV for P2. The spectral indexes
obtained are —3.69+0.19 and —3.16+0.10 for P1 and P2 respectively. Hence, the P1 SED decreases
much faster than the P2 spectrum, and both cross at E~30 GeV. The spectral indexes found indicate
a steeper spectrum than the ones reported in [14] and more similar to the Fermi-LAT + MAGIC
results shown in [2]. This may indicate a smooth transition between LST-1 and Fermi-LAT.

Given the steep nature of the pulsar spectra, we performed a detailed study of the systematic
uncertainties and repeated the analysis with different parameters to constrain their impact. Particu-
larly, some of the energy-dependent cuts were changed to see the effect on the SED. A shift in the
true energy of the MC was also introduced to study the effect of a systematic error in the energy
reconstruction. Lastly, the results obtained using different versions of the analysis software and
different subsamples of the data were compared. The maximum effect on the spectral indexes is
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found to be ~ 10% for P1 and ~ 5% for P2, mostly associated with the selection of the cuts used to
remove the hadronic background.

6. Fermi-LAT and LST-1 joint-fit and cross-calibration

With the aim of studying the overall high energy emission of the Crab Pulsar, a new analysis
of Fermi-LAT data using ~13 years was done. We also performed some joint-fits to the LST-1 and
Fermi-LAT data at E>100 MeV for both P1 and P2, using two models: a PL. model suppressed
with a sub-exponential cutoff (dN/dE = fo (E/Eg)~“ exp (—(/IE)ﬁ ), and a smoothly-broken PL

@-a

-
model (dN/dE = fy (E/E)y) (1 +(E/Ep) 7 : ) ). All the fits converge successfully. Still, the
sub-exponential cutoff one shows a higher deviation with respect to the flux points at E>100 GeV.

The statistical results suggest that the smoothly-broken PL shows a better agreement with the
experimental data for both, P1 and P2. This confirms a smooth transition between both instruments
and reaffirms the PL extension at VHE found with the single LST-1 analysis.

Additionally, a systematic error in the reconstruction of the energy between Fermi-LAT and
LST-1 was estimated. The joint fit was systematically repeated after multiplying the reconstructed
energy of Fermi-LAT flux points by a factor that varied from 0.9 to 1.1. This way, a systematic
error in the energy reconstruction of the Fermi-LAT flux points was introduced. The y? statistic
was computed for each fit to find the minimum among them. The y? increased evenly as we used
higher or lower factors, being the minimum at <3% for P1 and P2. Hence, the systematic error in
the energy reconstruction between these instruments should be low enough to perform joint studies.

7. LST-1 observations and analysis of the Geminga Pulsar

PSR J0633+1746, or Geminga, is a classical example of a radio-quiet middle-aged gamma-ray
pulsar. It has been known to be a gamma-ray emitter since 1972 [21] but, due to the absence of
a radio-pulsed emission, it was not classified as a pulsar until 1992, when combined results in the
gamma-ray [22] and soft X-ray [23] bands led to the discovery of pulsed emission with a period of
P=237 ms. A surprising result on Geminga came in 2020 with the detection of pulsed emission
above 15 GeV by the MAGIC Collaboration [8] since it was not thought that a middle-aged pulsar
could reach such high energies. As for the Crab Pulsar, the MAGIC results suggested that the
observed emission cannot be easily explained with the usual outer-gap pulsar emission models.

Geminga was also the second VHE pulsar detected by the LST-1. It was observed from
December 2022 to March 2023, accumulating a total of 21 hours below Zd < 25 deg. For the
analysis of the data sample, we adopted a source-dependent approach similar to the one for the Crab
Pulsar. The same MC production simulated at declination ~22.76° and with tuned NSB was used to
train the RF models, and then the standard cta-1stchain software was used for the data reduction
chain from DL1 to DL3. We applied a 50 p.e. cut in intensity and energy-dependent cuts on the
Gammaness and angular direction based on the 70% quantile of the MC parameter distribution.
Also in this case, the dependence of the response of the instrument with the zenith angle was taken
into account for the IRF production. We used Fermi-LAT data to construct a timing solution for
the Geminga pulsar and applied it to the LST-1 data’.

IThe Geminga ephemeris is available at https://www.mpp.mpg.de/~ceribell/geminga/index.php
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Figure 4: Phaseogram of the Geminga Pulsar detected by LST-1. P2 is detected at a statistical significance
of 80, while P1 is below the 50 threshold for detection. In the bottom plot, the time evolution of the
significance is reported.

8. Phaseogram of the Geminga Pulsar

The phaseogram of the Geminga Pulsar obtained for the observations at Zd < 25 deg is shown
in Fig.4. In accordance with those used by MAGIC [8], the definition of the phase region for the first
peak is P1=[0.056, 0.16], while for the second peak it is P2=[0.550, 0.642]. P2 has been detected
with a significance of about 80, while the signal from P1 only reaches a significance of about 2.

The bottom part of Fig.4 shows the evolution of the significance in time for P1, P2, and
for both of them together, along with the respective fit functions. The figure of merit for P1 is
0 /VTops = (0.54 +0.02) h~'/2, while for P2 it is 0/ VTops = (1.71 + 0.02) 2~'/2. These results,
even if preliminary, provide further evidence of the outstanding performance of LST-1 at the lowest
energies: with only one telescope and around 20 hours of observations, the significance of both
peaks was higher than the one obtained by MAGIC, which consists of two telescopes and observed
Geminga for a total of 80 hours of good-quality data.

The trend for P1 is not as smooth as for P2 and this is mainly due to the influence of the mean
zenith angle of some observations. However, on average, the P1 trend is increasing and, with future
observations, LST-1 may be able to detect P1 for the first time with an IACT.
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