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The high-peaked BL Lac object 1ES 0647+250 is one of the few distant blazars detected at very-
high-energy (VHE, � > 100 GeV) W rays during non-flaring activity. Its redshift is still uncertain,
with a recently proposed lower limit of I > 0.29. This blazar was first detected by the MAGIC
telescopes between 2009 and 2011 during its low state, displaying a flux of around 2% of the Crab
Nebula above 100 GeV, but it has shown several periods of high activity, where the VHE W-ray flux
increased by more than one order of magnitude. The VHE spectra of four observed periods are
characterized and the redshift of this source is estimated using the HE and VHE spectral shapes.
Themulti-wavelength data set collected from 2009 to 2020 introduced in this work will serve as the
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1. Introduction

Blazars are the most numerous sources in the extragalactic W-ray sky. They are active galactic
nuclei (AGNs) with a relativistically boosted jet pointing towards the Earth. Their emission extends
from radio to very-high-energy (VHE, E > 100 GeV) W rays. They show a characteristic double-
bump shape in their spectral energy distribution (SED). The low-energy bump is dominated by
non-thermal synchrotron emission of the relativistic electrons moving under the influence of a
magnetic field through the jet. The high-energy bump is typically explained by a leptonic scenario,
where low energy photons are scattered via inverse Compton (IC) by the same population of
electrons. The low-energy photons can be injected from outside the jet (external Compton, EC [1]),
or they can have their origin in the jet via synchrotron radiation (synchrotron self Compton, SSC [2]).
However, this is still under debate and more complex emission models or hadronic scenarios are
sometimes needed to explain the W-ray emission from these sources.

Among blazars, BL Lac type objects represent most of the sources detected in the VHE band.
They can be sub-classified into different types according to the frequency of the synchrotron peak
[3]: Low-energy peaked BL Lacs (LBLs, a?40: < 1014 Hz), intermediate-energy peaked BL Lacs
(IBLs, 1014 < a?40: < 1015 Hz), and high-energy peaked BL Lacs (HBLs, a?40: > 1015 Hz). In the
last years, a new category of extreme-high-energy peaked BL Lacs (EHBLs, a?40: > 1017 Hz) was
suggested [4].

1ES 0647+250 is a BL Lac type object classified as a HBL. Its redshift is still under debate.
Several estimations of its distance were made in the past (e.g. z = 0.41 based on the detection of
the underlying host galaxy in the near-infrared band, see [5]). However, the exact value is still
unknown. The most recent measurement led to a lower limit of z > 0.29 based on the minimum
equivalent width of absorption features expected from the host galaxy [6]. The source was first
detected by MAGIC between 2009 and 2011 during a low flux state [7]. Thus, it is one of the few
distant blazars detected in a non-flaring state. Later, it was observed on several occasions in an
enhanced activity state. In addition, it was also regularly observed in radio, optical and X-ray bands,
and at high-energy (HE) W rays by the Fermi-LAT telescope. Here, we introduce the results of the
MAGIC and multi-wavelength (MWL) analysis of more than ten years of data from this source.

2. MAGIC Observations

MAGIC is a stereoscopic pair of 17-meter ImagingAtmosphericCherenkovTelescopes (IACTs)
located on the Canary Island of La Palma, at the Roque de los Muchachos observatory (∼2200m
a.s.l.). They operate in the VHE W ray band of the electromagnetic spectrum, between ∼50 GeV up
to a few TeVs, with a sensitivity above 0.1 TeV of about 1.5% of the Crab Nebula flux after a 50-h
long observation (see Table A.5 in [8]).

1ES 0647+250was observed by theMAGIC telescopes betweenNovember 2009 andDecember
2020 for a total of ∼45 h, mainly under dark conditions and at a zenith angle below 35◦. The
observations performed between November 2009 and March 2011 correspond to its non-flaring
state. These observations led to the detection of 1ES 0647+250 between 2009 and 2011 with a
significance of 5.5f. Later, several observations of different high states of the source were carried
out following up on enhanced activities reported at optical and X-ray wavelengths in the years 2014,
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Figure 1: Theta-squared (\2) and normalized background distributions of 1ES 0647+250 for the different
analysis epochs. Top left: November 2009 to March 2011 (low state). Top right: November 2014 (high
state). Bottom left: December 2019 (high state). Bottom right: December 2020 (high state). Signal events
are represented by filled circles highlighted with crosses, and the background distributions are shown with
the filled area.

2019 and 2020 [9–11]. The observations performed in 2014, 2019 and 2020 found the source
in an elevated state in VHE, and yielded detections with significances of 5.3f, 6.1f and 22.9f,
respectively (see Fig. 1). In all cases, the data were analyzed using the MAGIC analysis and
reconstruction software (MARS) [12], and the significance of the detection is calculated following
Eq. 17 in [13].

3. Multi-Wavelength Observations

The VHE observations were complemented with the HE W-ray analysis of the data provided
by the Large Area Telescope (LAT) on board the Fermi satellite [14]. The Fermi-LAT data
were analyzed using the standard Fermi analysis software tools (version v11r07p00), and the
P8R3_SOURCE_V2 response functions. We used events from 0.3 to 300 GeV selected within a 15◦

region of interest (ROI) centered on 1ES 0647+250, and having a zenith distance below 100◦ to
avoid contamination from the Earth’s limb. The diffuse Galactic and isotropic components were
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Figure 2: MWL light curves of 1ES 0647+250. From top to bottom: Fermi-LAT (0.3-300GeV, monthly
binned); optical R band; and OVRO (15GHz). All the optical data were taken with the KVA telescope of the
Tuorla blazar monitoring program except from the observations of the 2020 flare. The decrease in the error
bars of the OVRO light curve after 2016 is due to a major upgrade of the telescope.

modelled with the files gll_iem_v06.fits and iso_P8R3_SOURCE_V2.txt. respectively1. The
source was observed to be very weak in the HE regime. In order to have significant detections, the
HE W-ray light curve was generated using a 30-day binning.

We have collected simultaneous X-ray and ultraviolet (UV) data from the Neil Gehrels Swift
satellite and its instruments, the X-Ray Telescope (XRT) [15] and the Ultra-Violet and Optical
Telescope (UVOT, see [16]). 1ES 0647+250 was observed by Swift with both instruments for a
total of 70 times during the 11-year interval: 38 observations between 2010 and 2012; 5 during the
2014 flare; 9 during December 2020; and 18 during 2020 (8 out of 18 during December 2020).

This blazar has also been the target of several MWL and monitoring programs. It was
observed regularly by the Tuorla blazar monitoring program2 in the R-band from December 2002
to December 2019. This monitoring was performed with the 60cm Kungliga Vetenskapsakademien
(KVA) telescope, located in La Palma. Later in 2020, the last high state was followed by the
telescopes of Las Cumbres (LCOGT) [17], the PIRATE telescope and the Liverpool telescope.
Finally, radio data from the Owens Valley Radio Observatory (OVRO) blazar monitoring program3

were also included to cover radio wavelengths [18]. The HE W-ray, R-band optical and radio light
curves of 1ES 0647+250 used in this work are reported in Fig. 2.

4. Results

We present the characterization of the VHE gamma-ray emission of 1ES 0647+250 during
the different epochs, that correspond to different observed states. We estimated and compared the
VHE spectrum and SED of each period. The SEDs of the low state and the flaring states from
2014 and 2019 were modelled with a power-law function (3#/3� = 50 · (�/�0)U), while for the
spectrum of 2020, a 3f preference for a log-parabola function (3#/3� = 50 · (�/�0)U+V ·;>6 (�/�0) )

1https://fermi.gsfc.nasa.gov/ssc/data/access/lat/BackgroundModels.html

2http://users.utu.fi/kani/1m/

3https://www.astro.caltech.edu/ovroblazars/
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Period
� (� > 100 GeV)
[% Crab Flux]

Spectral parameters
�0 [GeV] Spectral index

2009-2011 2.0 ± 0.5 190 U = -3.1 ± 0.4
2014 3.4 ± 1.6 100 U = -3.3 ± 0.7
2019 8.0 ± 1.8 100 U = -3.7 ± 0.6

2020 15.0 ± 1.0 100
U = -3.2 ± 0.2
V = -1.9 ± 0.7

Table 1: Integrated fluxes above 100GeV in Crab Units and spectral parameters for each observed period.

was observed. We also estimated the VHE gamma-ray integral flux above 100 GeV considering
the spectral shapes already commented. The source was first detected during its non-flaring state
between 2009 and 2011. The integral flux above 100GeV during this period was estimated to be
(9.7 ± 2.4) · 10−12 cm−2 s−1. The first enhanced flux state, detected in November 2014, showed a
flux increase of a factor ∼1.7, with an average flux of (1.6 ± 0.8) · 10−11 cm−2 s−1. Later in 2019, the
source displayed a brightening of almost a factor 4 w.r.t. the low state, and an average emission of
(3.8 ± 0.9) · 10−11 cm−2 s−1. Finally, 2020 corresponds to the brightest state of this blazar at VHE.
During this enhanced state, the source increased its emission by a factor ∼7.5 w.r.t. its non-flaring
state. The average flux during this flare was estimated to be (7.1 ± 0.5) · 10−11 cm−2 s−1. The flux
values and spectral parameters of the individual flux states are reported in Table 1.

The observed spectrum is affected by the interaction with the extragalactic background light
(EBL) depending on the energy of the gamma rays detected and the distance to the source. Based
on the HE and VHE spectral shapes, we performed an estimation of the redshift for this blazar
following the method proposed by [19], taking advantage of the fact that the observed spectral
shape changes with the distance to the object. First, iterating over fine steps of redshift, a limit
value, I∗, is calculated under the assumption that the intrinsic VHE spectrum cannot be harder than
the HE spectrum. With this premise, I∗ is determined as the redshift at which both spectral slopes
are equal. For sources with well-known distances, an empirical linear relation between I∗ and the
true redshift is derived. Therefore, the reconstructed redshift Irec is obtained by using this relation
and the I∗ previously estimated. We applied this method to the spectrum of 1ES 0647+250 from
2020 (see Table 1) due to its smaller errors compared to the other periods. The Fermi-LAT spectral
index derived using simultaneous data to the MAGIC observations from 2020 is −1.58 ± 0.17.

Alternatively, following the method presented in [20], a 95% confidence level (CL) upper limit
(UL) to the redshift was also obtained through the joint fit of the Fermi-LAT and MAGIC spectra
iterating over small redshift steps. The absorption by the EBL model described in [21] was taken
into account. The spectrum in the GeV-TeV energy range was forced to be concave assuming that
the MAGIC spectrum is modelled with a log-parabola function. Considering a 15% systematic
uncertainty in the absolute energy and flux normalization scale based on the study performed in
[8], the 95% CL UL to the redshift is 0.81.

The results from the redshift estimation described above are shown in Table 2. The recon-
structed redshift is compatible with previous measurements (e.g. I = 0.41 by [5] based on the host
galaxy measurements).
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Irec I∗ 95% CL UL
0.45 ± 0.05 0.75 ± 0.11 0.81

Table 2: Estimated redshift and redshift upper limit of 1ES 0647+250 based on HE and VHE data.

5. Conclusions

We have introduced the MAGIC and MWL analysis of the BL Lac type object 1ES 0647+250.
We reported the detection of this distant source during a non-flaring activity, and after, during three
different enhanced states with increasing flux. We have characterized the VHE spectrum of the
source in both its low and high activity levels. An estimation of the redshift was performed, and
the reconstructed distance was found to be in agreement with previous measurements. Moreover,
11 years of MWL data were collected in order to study the long-term evolution of this blazar.

More details on the results of the 11-year data set MAGIC andMWL analysis of 1ES 0647+250
will be published soon in a dedicated paper by the MAGIC Collaboration [22].
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