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High-energy Pulsars

Pulsars are highly magnetized neutron stars in rapid rotation.
They emit pulses of radiation from radio up to gamma-rays.

e Pulsars discovered in radio in
1967. Most of them emit in radio.

e A bunch of them detected in visible
(~10) and X-rays (~100)

e |n gamma-rays, almost 300 pulsars
have been detected by Fermi-LAT
since 2008!

e In VHE gamma-rays, only 3+1 pulsars
detected

No gamma rays A Millisecond u RQ Young
PSC MSPs ® RL Young

Third Fermi Large Area Telescope catalog of gamma-ray pulsars

Abdo, A .et al.. (2013). The Astrophysical Journal Supplement Series,
208(2), 17.



High-energy Pulsars

Fermi-LAT pulsar features 100 MeV < E < 10 GeV

1)

Fermi-LAT Crab pulsar light curve from Thir

Light curves typically exhibit two peaks
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2) Energy spectra described by power laws
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High-energy Pulsars

Gamma-ray classical models:
Cylinder

e The MeV-GeV gamma-ray emission is due to
synchro-curvature radiation

e Their spectra usually follow a power law (PL)
with exponential cutoff at a few GeV.
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e Very weak emission expected above 50 GeV
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H.E.S.S telescopes

Observing pulsars with IACTs - MSRsy
Up to what energies do pulsars emit? e h
e Fermi-LAT limited by statistics above ~50 GeV - _—
o Pulsars detected with IACTs (E>20 GeV) g 1f° 150° -120° -90° -60° 30° 0° 30° 60° ¥0° 120° 1:‘50°’.‘
o Crab by MAGIC, VERITAS - s i i
o Vela by HESS »
o Geminga by MAGIC e
o PSR B1706-44 by HESS (4.70) Credits: M.Lopez-Moya

5 GeV 100 GeV

e Power-law spectral tails extending beyond the \
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e The first two detected up to TeV energies Satellites Cherenkov
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Observing pulsars at TeV

Vela Pulsar | TeV emission up to 20 TeV.

Crab Pulsar | p2 detected up to 1.5 TeV 2 components: 1) E <100 GeV 2) E > TeV
1 single continuous component
H.E.S.S. mono
. T . T . T . — . .I.Ml‘w 52 H.E.S.S. stereo
4 Fermi-LAT

Ll gw-c—«»w _ S.Ansoldi et al. (MAGIC e The H.E.S.S.

oro—oroOroroof ollaboration) A&A N Collaboration et al.
10" = A £ Nat Astron 7,

- > o 1341-1350 (2023).
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e Impossible to emit TeV photons via synchro-curvature radiation
e Possibility: Inverse Compton on soft photon fields (outside or inside magnetosphere?)



E? x Flux Sensitivity (erg cm? s

The Cherenkov Telescope Array Observatory (CTAO)

Increase sensitivity needed to detect more pulsars!

e Two different sites: La Palma (Spain), Chile
e Three kinds of telescopes of different sizes:

CTAO: New generation of IACTs
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The First Large-Sized Telescope (LST-1)

Prototype of the CTAO LSTs
Comissioning since 2019. Taken more than 2000
hours of data
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Ideal to study gamma-ray pulsars:

1) Optimized for lowest energies
2) Threshold about 20 GeV

3) Good energy overlap with Fermi-LAT
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Crab pulsar study with the LST-1

Tobs =103 h (Zd < 50 deg)

Azimuth-Zenith projection
90°

180°

270°

Number of hours

1) Observations performed:
Crab pulsar observed during the LST-1
commissioning (Sept 2020 to Jan 2023).

2) Motivations for the pulsar study:

a) Prove the potential of LSTs to study
gamma-ray pulsars

b) Phenomenological study of its
gamma-ray emission

LST-1 results published: “A detailed study of the
very-high-energy Crab pulsar emission with the
LST-1": doi.org/10.48550/arXiv.2407.02343



https://doi.org/10.48550/arXiv.2407.02343

Crab pulsar study with the LST-1

Tobs =103 h (Zd < 50 deg)

Azimuth-Zenith projection
90°

180°

Number of hours

3) Data sample for the analysis:
e Include data up to Zd = 50 deg (~25 h
at Zd > 35 deg)
e Strong quality selection of the data to
reduce the energy threshold
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Crab Pulsar results: Phaseogram

P1+ P2 detected at>15 0 in 100 h

Similar to best former MAGIC results but with only one telescope!
MAGIC Sumtrigger-II: Ceribella, Giovanni et al. PoS ICRC2019 (2021) 645
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Crab Pulsar results: peaks morphology

Note: New Fermi-LAT analysis of ~14 yrs.

Peak widths:

Energy (GeV) 11 FWHM,; (-107%) 1 FWHM, (-107%)
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+0.8
55-92 0.994 + 0.005 40=+1.1 0.388 + 0.006 55+1.3
92 -153 1.0020 + 0.0022 1.5+0.5 0.402 + 0.004 3.6+1.0

153 - 253 1.015 + 0.009 3.1+22 0.3981 + 0.0017 1.9 +0.7
e Peak location does not change
significantly

e P1 width drops until 10 GeV. No
significant variation beyond (limited
by statistics due softer spectrum)

e P2 width decreases above 2 GeV
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Crab Pulsar results: peaks morphology

Note: New Fermi-LAT analysis of ~14 yrs.

P1/P2 ratio:
P1/P2 ratio declines up to 100 GeV

Constant (P1/P2 ~ 0.5) at > 100 GeV

3.0

P1/P2 ratio
=] = = N N
w o w o w

o
<)

Differential P1/P2 ratio

[+

++++

+
+

¢« Fermi-LAT
¥« LST-1

+4+4

10°

10!
Energy (GeV)

10?

0.06

0.05

0.04

FWHM

0.02

0.01

0.16
0.14
0.12

s 0.10

=

= 0.08

w
0.06
0.04
0.02

0.00

P1 FWHM vs Reconstructed Energy

o
°
°
P1 LST-1 °
P1 Fermi-LAT
10° 10! 10?
P2 FWHM vs Reconstructed Energy
@ o
°
@
P2 LST-1
P2 Fermi-LAT ¢
10° 10? 10?
Energy (GeV) 13



Crab Pulsar results: LST-1 SED

LAY g N e
P1 SED follows power-law i
models up to 450 GeV (P1) and =
700 GeV (P2) e
e P2 harder than P1 (known 3 e
T 10712 R T
feature) 2 R S S
- —-— PWL P2 Best-fit ] Sy ;\"{‘\—\
--- z\r,\:a:':\llesjls:;.test—fit lb'— ;}:—\——<
e Confirms MAGIC results above | wsm» 7—
500 GeV -;- Crab Nebula
20 50 100 200 300 400 500 1000
Energy (GeV)

Systematic uncertainties in I of ~10% for P1 and ~5% for P2. Accurate characterization

of the pulsar at low energies!
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Crab Pulsar results: LST-1 + Fermi SED

E2dN/dE (erg - cm~2s71)

Model 1: dN E\ ¢ 5
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Crab Pulsar results: light curve

e No hint of variability in the sample
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Crab Pulsar results: LST-1 + Fermi SED

Bridgem SED
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Bridge SED
® Defined as region between peaks
® Detected up to 100 GeV. Beyond
the signal is very weak (< 1.5 o)
® Power-Law withlF=3.5 * 0.4
® Lack of statistics to reject the

existence of strong cutoff
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Credit: CTAO (CC BY-NC-ND 2.0)

era in th S are be,'n .
— '€ VHE pyisj, Searchg,':g#' A new
iving:

= The CTAO will explore VHE pulsar population:

e VHE pulsar gamma-ray emission requires new
models involving Inverse Compton processes. CTAND . coron
e The LSTs' low-energy threshold improves
sensitivity to study pulsars.

== T o < e S

Crab Pulsar detected at 15 ¢ in ~ 100 h.
1 e P1, P2 SED from 20 GeV to hundreds of GeV.
e Pulse peak morphologies from 100 MeV to 200 GeV.
e LST-1SED bridges completely with Fermi-LAT.
()

Excellent performance at low energies for pulsar
observations.

M, g Vs

Another pulsar already detected with LST-1! See next presentation by P.K. Yeung S
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Observing pulsars with IACTs

Crab Pulsar _
e Pulsation detected above 400 GeV

P1 detected up to 0.6 TeV
P2 detected up to 1.5 TeV

e Power Law extension for both peaks.

— T T T R
e 10 S.Ansoldi et al. (MAGIC j_
I it s SO Collaboration) A& ] e Detection of TeV photons impossible to reach
L 101 585, A133 (2016) a _ :
zZ2  E E via synchro-curvature mechanism
L = —
ctf 1012 E
10k N 3 T e Synchrotron-curvature ruled out: IC on
uf e remaares \ ks = soft photon fields
E —*— MAGIC P1 = |
E —e— MAGIC P2 \\ \\ E
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Counts

Observing pulsars with IACTs

Vela Pulsar H. Abdalla et al. (H.E.S.S. collaboration) A&A 620,
A66 (2018)
108 : : :
|PSR B0833-45 (P2)| ; B HES.S. I error box
- : Energy scale syst.
! : , 4 Fermi ECPL
80000 109 : : :
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,;"’ j (1L TER—
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g’ T, — 4 Fermi PL > 10 GeV ||
TR . .
z
iy ol N
102 ;__
e Curvature of P2 favoured at >3¢ level I oromssmnesemanmonansonl
e Clear hint of TeV emission: hint of a second 1 |
= A D T TN NSO ., \ SRS
componente ! ; to? ;
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Counts

Observing pulsars with IACTs

Vela Pulsar

80000 -

B H.ES.S.

79000f  collaboration) A&A 620

H. AbdalFa et al. (H.E.S.
A66 (201

Curvature of P2 favoured at >3¢ level
Clear hint of TeV emission: hint of a second
componente

A. Djannati-Atai, Texas Symp. 2017
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Observing pulsars with IACTs

Spir-Jacob et al. (for the H.E.S.S. collaboration) arXiv e-prints,
PSR B1706-44 arXiv:1908.06464
: y VAVAVAVAAAVAN ‘ 1079
50 1./ \/\J ON 'i' Fermi-LAT > 15 GeVI + X OEPX >
e PSR B1706-44
" 10 [0.25-0.55]
§ 30 : 1010 4
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Detected at 4.70. Not possible to reject or accept/reject a cut-off or Power Law extension



Observing pulsars with IACTs

(c) MAGIC > 15 GeV

Geminga Pulsar

Counts
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22800 4

22600 1
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22200
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MAGIC Collaboration, V. A. Acciari, et al. A&A 643 L14 (2020)

107°
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3 E
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..... PL Exp Fit (3 =1) ‘ \‘\
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o Transition between CR radiation by

positrons to IC radiation by electrons

accelerated towards the star.
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Data analysis: MC data and software

MC production: al

We used MC production at dec 22.76

NSB tuned for the sky region

Produced with spectral index F~-2

Different MC test nodes for each run (based on
nearest distance)

e Ephemeris from the Jodrell Bank Observatory

180°

J ¥
Y Testing nodes zd=43.20 deg
% Testing nodes 2d=32.06 deg
% Testing nodes zd=23.63 deg
% Testing nodes zd=10.00 deg
magnetic North-South

Software versions of the analysis:

315°

o PINT v0.9.7 o
o Istchain v0.10
o Gammapy v0.20.1 For more details see:

H. Abe et al 2023 ApJ 956 80
(10.3847/1538-4357/ace89d)
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Crab Pulsar results: Phaseogram vs Energy

E(GeV): 20-33 E(GeV): 33-55
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Data analysis: quality cuts

Quality cuts:

- Cut on pedestal charge standard deviation (removes moon data)

4.5
Moon below horizon
- Moon above horizon .
34'0' ----- Pedestal charge standard deviation cut : A L.
- Exclusion region : c
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Data analysis: quality cuts

Quality cuts:

- Cuts based on the cosmic rates,
pixel rates, etc.

- Hadronic rejection: energy
dependent gammannes and
alpha cuts (MC eff 70%)

- Intensity > 80 p.e. (bef Aug2021),
intensity > 50 p.e (afterwards)

Rate / cos(zd) (s71)

Cosmic rate
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Data analysis: source-dependent analysis

Used source-dependent approach:

Include source-dependent parameters in the Random Forests
e Improve performance of pulsar analysis at low energies.
Source position needs to be known a priori

reco_disp_norm_difT

=== LST-1 (src-dependent)
reco_disp_sign_correctn

- = = “=== LST-1 (src-independent)
it Preliminary

#47% LST-1 (src-dependent) - without 5% background
w@ae | ST-1 (src-independent) - without 5% background
- MAGIC (Stereo) [Aleksic et al. 2016]

time_gradient_from_source

=
o
~

Differential Sensitivity [% C.U.]

width
length
log_reco_energy -

- CTA-LST Project et al. 2023, arXiv.
A 2306.12960

log_intensity |

kurtosis 4
alt_tel o —— 10
i b
skewness_from_source §____ CTA-LST Project et al. 2023, arXiv,
leakage_intensity_width_2 2306.12960 BN class S
az_telt B energy Preliminary
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Energy [TeV]

29



Energy threshold for the Crab pulsar spectrum

e Distribution of true energy of the MC that survives the cuts
e Assumed SED of spectral index ~ (-3)
e Lower for steeper spectra (e.g. Geminga pulsar)

zd = 10 deg zd = 23 deg zd = 32 deg
T T T
~—— Landau fit —— Landau fit —— Landau fit
=== Peak location === Peak location 0.01757 === Peak location
0.025 A 0.020 A
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S 0.0125
0.015 4 0.0100 A
00107 0.0075 -
0.010 A
0.0050 A
0.005 1
0.005 A
Eth = (15 + 0) GeV | ) 0.0025 A
0.000 T T T T T 0.000 T T T T T 0.0000 i T T T T
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e2dnde [erg / (cm2 s)]

Systematic uncertainties of the analysis

Tests:

Study of the SED of two different subsamples

Study the effect of the MC cut efficiency on the SED
Study the effect of shifting the true energy of the MC by a factor

Study the effect of using an slightly different RF

10711 4

10712 4

10—14 4

— Best fit model
Statistical uncertainty
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Systematic uncertainties of the analysis

Tests:
Study of the SED of two different subsamples

Study the effect of the MC cut efficiency on the SED
Study the effect of shifting the true energy of the MC by a factor
Study the effect of using an slightly different RF

Peak | Trigger threshold | Even selection cuts | Energy bias | Software versions
Maximum error in the spectral index
P1 8.0 % 22 % 1.7 % 0.5%
P2 2.2 % 5.9% 0.5% 2.6 %
Maximum error in the flux
P1 30% 10 % 17 % 0.1%
P2 8% 5% 13 % 1.3 %
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