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Markarian 421 (Mrk 421) is the closest and one of the brightest high-frequency peaked blazars,
located at a redshift of z = 0.031. It is a strong source of gamma rays, and its broadband emission
has been extensively studied over the years through multi-wavelength observations. Mrk 421
has been the target of an observational campaign from January to May 2024, with 23 nights
of observation conducted by the SST-1M telescopes — two single-mirror, small-size Cherenkov
telescopes at the Ondfejov Observatory, Czech Republic. These telescopes operate in mono and
stereoscopic modes, utilizing the imaging atmospheric Cherenkov technique to detect very high-
energy gamma rays in the 1-300 TeV energy range. Using about 32.92 hours of data collected by
the telescopes in stereo mode, we find that the gamma-ray spectrum above 1 TeV is well described
by a power-law function with an index of 3.24 + 0.26. In this work, we present our recent SST-1M
stereo observations, data analysis, and the results of preliminary physical modeling of Mrk 421°s

emission mechanisms.
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1. Introduction

Observations of very high-energy (VHE) gamma rays can shed light on extreme particle
acceleration processes in the Universe. At these energies (E 2 0.1 TeV), gamma rays cannot
be directly detected by ground-based telescopes due to atmospheric absorption. While space-
based instruments such as Fermi-LAT can efficiently detect photons up to 300 GeV, gamma-ray
sources above this energy have fluxes too low for direct detection from space, which would require
instruments of impractically large size. Instead, VHE gamma rays are observed indirectly by
ground-based telescopes through Cherenkov radiation produced by charged particles in extensive
air showers, resulting from the interactions of gamma-ray photons with atmospheric nuclei.

Blazars are the most commonly detected class of VHE gamma-ray sources in the extragalactic
sky. They are a classification of radio-loud active galactic nuclei (AGN) characterized by ultra-
relativistic jets emanating from the supermassive black hole that are oriented along or very close to
the line of sight. Due to relativistic beaming, the jet pointing toward the observer appears highly
boosted and often dominates the observed emission across the entire electromagnetic spectrum,
while the counter-jet is typically undetectable. Their spectral energy distribution (SED) is charac-
terized by two energy peaks. The first peak at the low to medium energy range of Radio to X-rays
is produced by the synchrotron emission from relativistic electrons embedded in the magnetic field
of the jet, while the second peak at the high energies of gamma-rays is thought to be produced
by synchrotron self-Compton (SSC) emission [1]. Based on the position of the synchrotron peak,
these sources are subclassified as low synchrotron peaked (LSP) blazars if the peak frequency is
less than 10'4 Hz, or high synchrotron peaked (HSP) blazars if the frequency is larger than 10'4 Hz.

Markarian 421 (Mrk 421) is an HSP blazar and a strong gamma-ray emitter. It is the closest
and one of the brightest blazars, at a redshift z = 0.031. Mrk 421 is a highly variable source, and the
source is extensively studied to understand its broadband emission, yet the mechanisms underlying
blazar emission are still not firmly established. The main limitations arise from insufficient multi-
frequency coverage and the moderate sensitivity of previous gamma-ray measurements. Moreover,
the majority of prior observations have been concentrated on episodes of high activity or flaring
states, leaving quiescent phases underexplored. Enhanced sensitivity and detailed observations of

non-flaring states are thus crucial for closing existing gaps in the multi-wavelength characterization
of Mrk 421.

Figure 1: LEFT: SST-1M telescope 1 in the Ondfejov Observatory near Prague. RIGHT: An aerial view of
the two SST-1M telescopes located 155.2 m apart (C. Alispach et al., 2025).
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In this contribution, we present the first SST-1M observations of Mrk 421, conducted between
January and May 2024, and derive a preliminary model of emission using the averaged SED. The
SST-1M is a single-mirror small-size Cherenkov telescope designed by a consortium of institutes
from Poland, Switzerland, and the Czech Republic to detect VHE gamma-ray-induced atmospheric
showers in the 3-300 TeV range (see Fig. 1). Each telescope has a 4-m diameter, multi-segmented
mirror dish composed of 18 hexagonal facets, along with a high-performance SiPM-based camera
with a wide optical field of view of 9 degrees [2].

Currently, two SST-1M telescopes are installed at the Ondfejov Observatory in the Czech
Republic, where they can operate in mono mode or, taking advantage of their relative distance of
155.2 m, detect air showers stereoscopically (see right panel of Fig. 1) [3]. Their timestamps are
synchronized to nanosecond precision using the White Rabbit timing network [4]. The geometrical
and timing properties of the detected signals are used to find the physical properties of the primary
particle. The raw signals are calibrated and processed up to the photon list with reconstructed
energies and arrival directions (see [3], for the details of the analysis and reconstruction) using the
standard data processing and analysis tool developed for SST-1M, sst1mpipe' [5]. The telescopes
are also designed for remote operation. This work focuses on observations of Mrk 421 in the VHE
gamma-ray domain with the newly developed SST-1M stereoscopic system, with the objective of
providing enhanced results to complement existing studies.

2. Data Acquisition and Analysis

For observation and data taking, we follow the wobble technique, which allows us to determine
the background from the same data set as the signal events [6]. During this period, the telescopes
collected raw data over 23 nights, corresponding to an effective exposure of 51.10h in stereoscopic
mode. When the gamma-ray shower triggers the SST-1M telescope, the entire waveform of 50
samples with 4 ns binning is stored. During data analysis in sst1lmpipe, the waveform in each
camera pixel is calibrated, integrated, and cleaned from background noise to obtain the image
parameters. For these cleaned images, Random Forests trained on the Monte Carlo simulations are
applied to each event to get the final parameters of the primary particles, including the so-called
gammaness, describing how gamma-like a given shower image is. An energy-dependent cut on
gammaness is applied to obtain the final photon list. In the current work, we use the energy-
dependent gammaness cut on 50% gamma efficiency in all energy bins to get the final sample.
From the final photon list, we can derive the fluxes and energies to construct SEDs and skymaps.
Since the atmospheric conditions at Ondiejov are highly variable, we apply data quality cuts to
obtain a high-quality data set. Data affected by bad atmospheric conditions, such as highly variable
night sky background (NSB), clouds, auroras, and technical issues, is removed. After the data
selection, the final data set used for our analysis consists of about 32.92 hours of stereo data.

The significance map in the left panel of Figure 2 quantifies the statistical probability of
observing the signal at a particular location in the sky. The excess map in the middle panel of
Figure 2 shows the difference between the observed gamma-ray counts and the expected background
counts. The maps are produced using the 'ring background method’ in the Python package gammapy

1https ://github.com/SST-1M-collaboration/sstlmpipe
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[7]. Here, a ring with radius 0.7° and width 0.3° was used to estimate background events, and
a region of 0.3° around Mrk 421 was excluded from the background estimation. The source
was detected during the observations of 32.9 hours with a total significance of 16.62 and excess
counts of 142. The distribution of local significance in the right panel of Figure 2 shows that the
background/off-region can be described by a Gaussian function, and the excess counts show the
presence of the source. The background distribution is fitted by a Gaussian with a mean of —0.14
and a standard deviation of 1.03, which is consistent with theoretical expectations for an unbiased
background.
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Figure 2: LEFT: Significance map. MIDDLE: Excess map of Mrk 421 in stereo mode. RIGHT: 1D
distribution of significance in stereo mode.

We also used gammapy to perform 1D spectral analysis using the reflected background method.
The forward folding method is used to reconstruct the gamma-ray spectrum observed by the
telescope. For every night, we reconstruct the spectrum using a Power Law (PL) spectral model
dN/dE = A(E/3TeV)~?, where a stands for spectral index and A for the flux normalization at
3 TeV. In Figure 3 we show the light curve of Mrk 421 using the function LightCurveEstimator
from gammapy. We obtain an average flux for energies above 1 TeV of F = (8.01 + 2.54) x 1014
TeV~'cm~2s~!. In the figure, flux data points are represented by orange markers, and the black
line represents the average flux. Note that no flares are detected in this observation period > (see
however, [8]).

The preliminary spectrum of Mrk 421, reconstructed from the final stereo-mode dataset, is
shown in Figure 4. The figure displays the observed and intrinsic spectra, both fitted with a PL
model, in blue and green, respectively. The shaded bands represent the statistical uncertainties of
the fits, while the flux points and upper limits are overlaid in matching colors. As the VHE gamma
rays from distant sources do not reach Earth unaltered, the observed spectrum must be corrected for
absorption processes occurring during their propagation. In particular, gamma rays interact with
the low-energy photons of the Extragalactic Background Light (EBL), producing electron—positron
pairs and effectively dimming the signal, thereby reducing the number of gamma rays that actually
reach our telescopes and making the observed spectrum appear softer than the true emission of
the source. The intrinsic spectrum of Mrk 421 was therefore reconstructed using the EBL. model

2Typically, for a flare, the peak flux should be more than three times the standard deviation of the average flux in a
band.
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Figure 3: SST-1M Light Curve of Mrk 421 in stereo mode. In the figure, the black line represents the
average flux above 1 TeV, and the orange flux data points and upper limits.

proposed by Franceschini (2007) [9], which estimates this absorption effect. The best-fit parameters
of intrinsic spectra are shown in Table 1.
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Figure 4: Energy spectrum of Mrk 421 in stereo mode, showing both observed (blue) and intrinsic (green)
spectra fitted with a PL. model.

Best fit parameters | Power law index | Amplitude (TeV~'cm™2s7!)
Intrinsic Spectrum 3.24 +£0.26 (1.06 £ 0.12) x 10712

Table 1: Best fit parameters for the intrinsic spectra of Mrk 421 obtained using a PL. model.
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3. Data Modeling

HSP blazars are low-luminosity sources characterized by their first SED peak in the UV-X-
ray band, where most of their power is emitted. As a result, the synchrotron hump is shifted to
higher frequencies compared to other blazar types. In these systems, the seed photons available
for inverse-Compton scattering at VHE are synchrotron photons, making the SSC framework the
standard model for describing the high-energy part of the SED. Previous studies show a good fit
for the low-energy component from radio to X-rays and high-energy component in the GeV range
of gamma-rays, but a poor fit for the high-energy tail in the TeV regime, usually due to a lack of
sufficient data (see e.g.,[1] and [10]). In this study, we aim to improve the fitting of the high-energy
tail of Mrk 421 with the addition of new data observed by SST-1M at photon energies greater than
2 TeV to the existing dataset from the literature.

Following [1], we use the Python package agnpy with gammapy as the wrapper to model the
broad-band SED of the blazar Mrk 421, assuming the emission is produced by synchrotron and SSC
emission [11]. We consider a broken power law for the distribution of relativistic electrons with
a minimum energy of 500m,.c>. The data consists of observed data from SST-1M combined with
the time-averaged SED of Mrk 421 from Abdo et al (2011a) [12], which contains multi-frequency
data from several instruments covering the energy range from radio to gamma rays, observed during
the time period of January 19 to June 1, 2009. In their study, the data were corrected for host
galaxy emission subtraction, galactic extinction correction for optical/x-ray data, and TeV data were
corrected for absorption in EBL using the model in [9]. The best fit corresponds to a Doppler factor
of 6p = 24.29 + 0.01, giving the value of radius emission zone as R = 6.1 x 10'6 cm using values
of redshift as z = 0.031 and the variability time scale of 1 day. In our model, we use an electron
distribution that follows a broken power law with energy break of E, = 59.08 = 0.51 GeV and
spectral indexes before and after the break of p; = 2.11 £ 0.01 and p, = 3.38 + 0.10, respectively.
The maximum electron energy of the best fit is given by Enax = 557.47 + 0.58 GeV. The magnetic
field results in a value of B = 24.58 + 1.01 mG. In Figure 5, we show the multi-frequency SED of
Mrk 421 (data points) and the best SSC model (black line). Table 2 shows a summary of the best-fit
parameters, which are in good agreement with previous results [1].

Parameter Symbol Mrk 421
Doppler factor op 24.29 +0.01
Magnetic field B [mG] 24.58 +1.01

Spectral index before break | 2.11 +£0.01
Spectral index after break ar 3.38+£0.10

Energy break Ep [GeV] 59.08 £ 0.51
Maximum electron energy | Emax [GeV] | 557.47 = 0.58

Table 2: Best fit parameters for the SSC model of Mrk 421 using agnpy.

4. Conclusions

We present the preliminary results of the first set of observations of Mrk 421 taken by SST-
IM telescopes in stereo mode from January to May 2024, with about 33 high-quality hours of
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Figure 5: LEFT: SED of Mrk 421 with best fit SSC model using agnpy package. RIGHT: Zoomed figure
showing the VHE part of the SED in the TeV energy range with data from points from Fermi (in blue),
MAGIC (in red), and SST-1M (in brown).

observation. We obtain an intrinsic energy spectrum of Mrk 421 by fitting a PL model with an
index of 3.24 + 0.26 and an amplitude of (1.06 +0.12) x 107!2 TeV~! cm~2 s~!, at a reference
energy of 3 TeV. The significance and excess maps produced using the ‘ring background method’
show that the source was clearly detected during the observations with a total significance of 16.62
o and excess counts of 142. The best-fit parameters of the SED modeling of Mrk 421, including
our stereo data, are in good agreement with previous results when the standard blazar scenario of
synchrotron self-Compton emission is considered. In a further study, we will focus on improving
the SED by adding the data from HAWC [1], and more simultaneous data from other instruments
at different energies to build a time-averaged SED model of Mrk 421.
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