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PKS 2155-304 is a well-known high-frequency peaked BL Lac (HBL) at redshift z=0.116, which
has been extensively studied across the electromagnetic spectrum due to its rapid and large-
amplitude variability. Several violent outbursts in X-rays and y-rays have been observed in the
past, with intra-night variability in very-high-energy y-rays (VHE; E > 100 GeV) detected down to
the minute timescale. The alternation of quiescent and enhanced states, observed with a tentative
quasi-periodicity of 1.74 + 0.13 years in high-energy (HE; 100 MeV < E < 100 GeV) y-rays,
makes this source a key target also for ground-based y-ray instruments and in particular for the
Imaging Atmospheric Cherenkov Telescopes. Its brightness, proximity, and well-determined
redshift make this y-ray source a prime target for fundamental physics studies, including tests of
Lorentz Invariance Violation (LIV), searches for axion-like particles (ALPs), and constraints on
the distribution of the extragalactic background light (EBL). In the last two years, PKS 2155-304
has been independently monitored by the Major Atmospheric Gamma-ray Imaging Cherenkov
(MAGIC) telescopes and the first Large-Sized Telescope (LST-1) of the Cherenkov Telescope
Array Observatory (CTAO) located at the Roque de Los Muchachos Observatory (La Palma,
Spain). The observations were carried out at large zenith angles (LZA; ZA > 55°), and the VHE
data have been complemented with simultaneous observations in HE y-rays (Fermi-LAT), X-rays
(Swift-XRT) and optical wavelengths (ASAS-SN).
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1. Introduction

The active galactic nucleus (AGN) PKS 2155-304, located at a redshift of z = 0.116 [1], is
one of the most luminous and extensively studied blazars belonging to the high-frequency peaked
BL Lac (HBL), where the synchrotron peak frequency exceeds vpear > 10'5 Hz. These objects,
characterized by relativistic jets closely aligned with the observer’s line of sight, exhibit non-
thermal emission that spans the entire electromagnetic spectrum, from radio to very-high-energy
vy-rays (VHE; E > 100 GeV) [2]. Its variability across all wavelengths and on timescales ranging
from minutes to years makes it an interesting target for dedicated multi-wavelength (MWL) and
multi-messenger campaigns.

PKS 2155-304 was recognized as an X-ray emitter by the HEAO-1 satellite in 1977 [3]. The
VHE emission of this source was detected for the first time by the University of Durham Mark VI
Cherenkov telescope in 1997, making it the fourth X-ray-emitting BL Lac object confirmed as a
VHE source and, at the time, the most distant TeV emitter detected from Earth [4].

The current generation of Imaging Atmospheric Cherenkov Telescopes (IACTs) such as High
Energy Stereoscopic System (H.E.S.S.), the Major Atmospheric Gamma Imaging Cherenkov tele-
scopes (MAGIC), and the Very Energetic Radiation Imaging Telescope Array System (VERITAS),
along with continuous sky monitoring by the Large Area Telescope (LAT) on the Fermi Gamma-ray
Space Telescope (Fermi) in the GeV band, have improved our understanding of PKS 2155-304. The
source is known for its VHE variability, and perhaps the most significant example is the exceptional
flare observed by H.E.S.S. in July 2006. During that flare, at energies above 200 GeV, the flux
reached levels more than 10 times the quiescent emission (~ 7 times the Crab Nebula flux, in the
same energy range) and showed flux variations on timescales as short as 200 seconds [5]. Such
rapid variability implies extremely compact emission regions and high Doppler factors, challenging
simple one-zone emission models. The same flare has made PKS 2155-304 a benchmark for testing
CTAO’s ability to track rapid variability, and that event is used to simulate and compare different
emission scenarios [6]. Long-term monitoring campaigns by H.E.S.S. [7] and observations by
MAGIC [8] have provided extensive datasets, revealing complex flux and spectral changes, and
have been important in characterizing its typical emission states and duty cycle. Fermi-LAT ob-
servations have further covered its GeV emission, revealing periods of high activity and spectral
evolution [9].

The broadband spectral energy distribution (SED) of PKS 2155-304 is classically double-
humped. The low-energy hump, peaking in the UV/X-ray range, is attributed to synchrotron
radiation from relativistic electrons in the jet. The high-energy hump, extending to TeV energies,
is generally interpreted as inverse Compton scattering of these same electrons, either off their
own synchrotron photons (Synchrotron Self-Compton, SSC models) or off external photon fields
(External Compton, EC models) [10]. The precise shape and variability of these components
provide diagnostics of the underlying particle population and jet parameters. Coordinated MWL
campaigns are crucial for understanding emission processes and have shown correlated variability
between the X-ray and VHE bands, supporting leptonic models for many observed states, such as
quiescent and flaring periods, characterized by different flux levels and spectral properties [11].

Beyond its role in blazar astrophysics, PKS 2155-304’s bright VHE emission and well-
determined redshift have made it a valuable source for recent studies of fundamental physics.
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The absorption of TeV photons by extragalactic background light (EBL) imprints a characteris-
tic cutoff in its observed spectrum, allowing constraints on the EBL density [12]. Furthermore,
rapid flares have been used to set limits on Lorentz Invariance Violation (LIV) by searching for
energy-dependent photon propagation delays [13].

The MAGIC telescopes are located at the Observatorio del Roque de los Muchachos on La
Palma (Canary Islands, Spain) at 2200 m altitude. MAGIC consists of two 17 m diameter IACTs
separated by 85 m, operating in stereoscopic mode to detect VHE y-rays in the energy range from
50 GeV up to 50 TeV [14]. The Cherenkov Telescope Array Observatory (CTAO) represents the next
generation in ground-based VHE y-ray astronomy, promising significantly improved sensitivity,
angular resolution, and wider energy coverage compared to current instruments [15]. The first
Large-Sized Telescope (LST-1) of the CTAO is situated about 100 m away from MAGIC at the
same site. LST-1 has a 23 m diameter reflector and is optimized for detecting y-rays from 20 GeV
to 200 GeV, representing the first of four LSTs planned for the CTAO Northern array that are
currently under construction. LST-1 has been operational since 2018 and is performing regular
observations of various astrophysical sources, offering new opportunities to study objects like PKS
2155-304, particularly for capturing its low-energy VHE spectral features and rapid variability with
high precision. Despite PKS 2155-304 having better visibility from the Southern Hemisphere,
it is observable at large zenith angles (LZA; ZA > 55°) also from the MAGIC and LST-1 sites,
and both collaborations have developed adequate analysis techniques to effectively perform LZA
observations [16].

This contribution focuses on recent observations of PKS 2155-304 conducted with the MAGIC
telescopes and the LST-1. By combining the capabilities of MAGIC and LST-1, particularly
their higher sensitivity at lower energies, we aim to provide additional insights into the source’s
VHE emission characteristics. These observations are placed within a broader MWL context,
incorporating data from other observatories, such as Fermi-LAT, Swift’s X-ray Telescope (XRT)
and Ultraviolet/Optical Telescope (UVOT), and All-Sky Automated Survey for Supernovae (ASAS-
SN). We present preliminary results, and discuss their implications for a better understanding of
PKS 2155-304.

2. Multi-wavelength Observations

We are considering MWL observations of PKS 2155-304 between MJD 60000 and MJD 60700
(from February 25, 2023 to January 25, 2025) from optical to VHE energy band. The observational
details for each instrument are summarized in Table 1. In the VHE band, LST-1 covers two different
periods that are referred to in this work as P1 and P2.

During VHE y-ray observations, weather conditions were monitored with the MAGIC LIDAR
[17] and LST-1 weather station, respectively. MAGIC data were analyzed using dedicated MAGIC
software MARS [v3.2.0] [18] and LST-1 data were analyzed using 1stchain [v0.10.17] [19] and
Gammapy [v1.3] [20]. The light curve (LC) was computed using night-wise binning for each. In the
HE vy-ray band we used data taken by Fermi-LAT [21]. The analysis was done using easyFermi
[v2.0.13] [22] software and LC was computed for the whole period using five day binning. X-ray
observations were performed using Swift/XRT [23]. The reduced XRT data were downloaded from
the UK Swift Science Data Center [24], and the spectral analysis was performed using the XSPEC



PKS 2155-304 with MAGIC and LST-1

L. Nikoli¢

Table 1: Multi-wavelength observations of PKS 2155-304 in the period under study.

Instrument | Energy Band | Obs. Period (MJD) | Obs. Period (ISO 8601) | Obs. Time
MAGIC VHE 60197-60259 2023-09-09 to 2023-11-11 9.4h¢
LST-1 (P1) VHE 60196-60208 2023-09-08 to 2023-09-21 3.2h
LST-1 (P2) VHE 60460-60563 2024-05-30 to 2024-09-10 13.5h
Fermi-LAT HE 60000-60700 2023-02-25 to 2025-01-25 _b
Swift/XRT X-rays 60000-60700 2023-02-25 to 2025-01-25 -
Swift/UVOT | UV/optical 60000-60700 2023-02-25 to 2025-01-25 -
ASAS-SN Optical 60000-60700 2023-02-25 to 2025-01-25 -

¢ One night discarded after quality cuts

b« »

indicates no discrete observing nights

[v12.13.1] package through PyXspec. Ultraviolet (UV) observations were taken using Swift/UVOT
[25]. The analysis of UVOT data was carried out using the uvotimsum and uvotsource tasks
within the HEAsoft [6.32] package, along with the Swift/UVOT Calibration Database (CALDB)
files [v20240201]. In the optical band, we used data collected by the ASAS-SN program [26].
It provided us with optical Sloan g photometry data down to ~17 mag over the whole period.
ASAS-SN, Swift/XRT, and Swift/UVOT light curves are binned per observation.

3. Multi-wavelength Results

In Fig. 1 we show preliminary MWL light curves of PKS 2155-304 between MJD 60000 and
MIJD 60700, combining data from MAGIC (VHE y-rays), LST-1 (VHE y-rays), Fermi-LAT (HE
y-rays), Swift/XRT (X-rays), Swift/UVOT (UV/optical), and ASAS-SN (optical g-band). MAGIC
detected a prominent VHE flare in the period from September to November 2023. To put this
flare in context, we added a horizontal reference line to the figure showing typical quiescent flux
levels measured by H.E.S.S. [27]. The preliminary results of LST-1 suggest elevated VHE y-ray
states during both observation periods in 2023 and 2024, although the detailed analysis is still
being finalized. Fermi-LAT shows no significant HE y-ray flares throughout the entire observation
period, maintaining relatively stable emission even during the VHE enhancement detected by
MAGIC. Swift/XRT and UVOT observations hint at enhanced activity in X-ray and UV/optical
bands. During the VHE flare period, we see some X-ray activity, but the timing and amplitude
relationships are more complicated than simple correlated variability would suggest. The UVOT
data does not show clear extraordinary behavior during the X-ray peaks, and the Fermi flux was
actually rather low during both the initial LST-1 period (P1) and the peak of XRT emission. ASAS-
SN monitoring shows long-term optical variability throughout the observation period, but these
data require further detailed study to understand their link with the higher energy activity.

We have to emphasize that the apparent correlation is based on qualitative inspection of the light
curves; a quantitative statistical correlation analysis is planned to better characterize the inter-band
relationships and determine whether we are seeing correlated variability or more complex emission
scenarios.
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Figure 1: MWL Light Curves of the blazar PKS 2155-304 in the time range MJD 60000 and MJD 60700
(from February 25, 2023 to January 25, 2025). From top to bottom: MAGIC and LST-1, Fermi-LAT,
Swift/XRT, Swift/UVOT, and ASAS-SN).

4. Discussion And Summary

Recent observations of PKS 2155-304 with the MAGIC and LST-1 telescopes, supported by
comprehensive MWL data, provide new insights into the variability and emission mechanisms of
this HBL. The qualitative simultaneity of flares in VHE, X-ray, and optical bands is suggestive
of correlated variability and supports leptonic emission models. The persistent HE emission and
the complexity of inter-band correlations suggest that a scenario beyond the simple one-zone SSC
models may be required, including the possibility that the HE y-ray emission originates from
a separate emitting region This scenario would be supported if the HE y-ray variability shows
different temporal behavior compared to the VHE, X-ray, and optical bands, indicating spatially
distinct emission zones within the jet. These results stress the value of joint observational campaigns
and lay a solid foundation for future studies with CTAO and other next-generation instruments.

At this stage, we presented only preliminary temporal results. Spectral studies, including
detailed modeling of the SED and cross-band correlations, are ongoing and will be discussed in

future publications.
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The presence of LST-1 alongside the MAGIC telescopes already enhances our observational
capabilities, particularly in the lower end of the VHE range where LST-1 has increased sensitivity
and lower energy threshold. While the observations presented here were taken independently by
the two instruments, future joint observations will provide a more complete and simultaneous
coverage of the VHE emission, enabling time-resolved spectral analyses better than the ones made
with single-instrument datasets. Such coordinated efforts will improve cross-calibration, reduce
systematic uncertainties, and allow for a deeper investigation of spectral features and variability of
PKS 2155-304. These joint observations will be especially valuable for studying transitions between
flux states and probing the underlying particle acceleration mechanisms with greater accuracy.

Looking ahead, completion of the four LSTs at the CTAO-North site will enable more sensitive
and temporally resolved studies of sources like PKS 2155-304, especially during flaring states and
at the low end of the VHE range.
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