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The BL Lac type object 1ES 2344+51.4 (redshift z = 0.044) was one of the first sources to be
included in the extreme high-peaked BL Lac (EHBL) family. EHBLs are characterised by a
broadband spectral energy distribution (SED) featuring the synchrotron peak above ∼ 1017 Hz.
From previous studies of 1ES 2344+51.4 in the very-high-energy (VHE, >100 GeV) gamma-
ray range, its inverse Compton (IC) peak is expected around 200 GeV. 1ES 2344+51.4 was first
detected in the VHE range by Whipple in 1995 during a very bright outburst showing around
60% of the flux of the Crab Nebula above 350 GeV. In 1996, during another flare in the X-ray
band, observations with Beppo-SAX revealed a large 0.1-10 keV flux variability on timescales
of a few hours and an impressive frequency shift of the synchrotron peak to above 1018 Hz.
Later on, this extreme behaviour of the source motivated several multiwavelength campaigns,
during most of which the source appeared to be in a low state and showing no clear signs of
“extremeness”. In August 2016, FACT detected 1ES 2344+51.4 in a high state and triggered
multiwavelength observations. The VHE observations show a flux level similar to the historical
maximum of 1995. The combination of MAGIC, FACT, and Fermi-LAT spectra provides an
unprecedented characterisation of the IC peak. It is the first time that simultaneous HE and VHE
data are presented for this object during a flaring episode. We find an atypically hard spectrum in
the VHE γ-rays as well as a hard X-ray spectrum, revealing a renewed extreme behaviour.
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1. Introduction

Blazars constitute a prominent class of sources in the extragalactic very-high-energy (VHE,
>100 GeV) sky1. Belonging to the group of active galactic nuclei (AGN), they are characterized by
a relativistic plasma jet pointing toward the observer. Blazars are commonly divided into two wide
categories, flat spectrum radio quasar (FSRQ) and BL Lac type objects, according to the properties
of their optical spectrum. FSRQs are identified by strong optical emission lines, while BL Lac type
objects exhibit spectra with none or a very weak presence of such spectral features.

The spectral energy distribution (SED) of BL Lacs typically displays a two-hump structure.
While the low-energy hump is generally attributed to synchrotron radiation emitted by highly rel-
ativistic electrons, the origin of the higher energy hump is still under debate. Most of the time,
the latter component is successfully explained by synchrotron self-Compton (SSC) models, where
the electron population responsible for the synchrotron radiation up-scatters the same synchrotron
photons to GeV-TeV energies via the inverse-Compton process [1]. However, other scenarios such
as hadronic or lepto-hadronic models have been proposed [1]. BL Lacs can further be divided
into three subcategories depending on the location of the synchrotron peak νsynch,peak: low-energy
peaked BL Lacs (LBL; νsynch,peak < 1014 Hz ), intermediate-energy peaked BL Lacs (IBL; 1014

Hz < νsynch,peak < 1015), and high-energy peaked BL Lacs (HBL; 1015 Hz < νsynch,peak < 1017).
During the past decade, however, X-ray observations have revealed that a small set of BL Lacs
show a νsynch,peak that is shifted to unusually high frequencies, above 1017 Hz. Based on this ex-
tremeness, [2] suggested the existence of an additional class of BL Lac objects, dubbed as extreme
high-energy BL Lacs (EHBLs). Having a synchrotron peak located at higher energies, one expects
the inverse-Compton bump to be also moved to higher energies, peaking at VHE. Consequently,
EHBLs typically exhibit a hard spectrum with a photon index Γ . 2 both in the soft X-rays and in
VHE.

These extreme conditions render the modeling of EHBL challenging. For instance, within an
SSC scenario, the electron energy distribution (EED) must extend to the ∼TeV energies. Addi-
tionally, a hard TeV spectrum suggests a high minimum electron Lorentz factor for the electron
population [3]. Finally, the model parameters describing the SED often require a very low magne-
tization in the jet, suggesting that the energy budget in the emission region is far from equipartition
between matter and magnetic field.

Recent observations suggest very different temporal behaviours among the EHBL family.
Some of them, such as the classical EHBL 1ES 0229+200, seem to constantly display an extreme
behaviour. On the other hand, several sources behave as EHBL only on a temporary basis and/or
during flaring episodes (e.g., Mrk 501, see [4]). 1ES 2344+51.4 belongs to the latter group. In this
work, we report multiwavelength observations of 1ES 2344+51.4 during an intense flaring state
that occurred in August 2016. The flare is characterized by hard VHE and X-ray spectra that we
interpret as a renewal of extreme behaviour in these two energy bands.

2. 1ES 2344+51.4

1ES 2344+51.4 is a nearby blazar located at a redshift of z= 0.044 [5], and it is among the first

1http://tevcat2.uchicago.edu/
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extragalactic sources detected in the VHE band. Its discovery in the VHE γ-ray range was reported
by the Whipple collaboration in 1995 [6] during a flare, where the flux above 350 GeV reached
∼ 0.6 Crab Units (C.U.)2, and the spectrum could be well described by a power law with an index
of 2.54± 0.17 [7]. Later on, BeppoSAX observations performed during another high X-ray state
in 1996 showed strong 0.1-10 keV flux variability on ∼hour timescale, together with impressive
spectral variability [8]. A lower limit to the synchrotron peak frequency was set to 3× 1018 Hz,
implying a frequency shift of the synchrotron peak by a factor ∼ 30 or more with respect to low
states, which connotated this source for the first time as EHBL [8]. Interestingly, most recent
multiwavelength campaigns probed the source mostly during quiescent states and not displaying
the similar extremeness in the X-ray band seen during the 1996 flare, which suggests that extreme
behaviours occur only during flaring states.

3. Observations

The First G-APD Cherenkov Telescope (FACT) is located at La Palma, Spain (altitude 2200 m)
and measures photons at VHE using the imaging air Cherenkov technique [9, 10]. Thanks to the
excellent performance stability of its silicon photomultiplier camera, FACT is an ideal monitoring
instrument for bright TeV blazars. FACT continuously monitors 1ES 2344+51.4 and collected
more than 1700 hr of observation time for this object after almost 8 years of operations [11].

On MJD 57610 (August 10 20163), the FACT Quick Look Analysis [12], a low-latency on-site
analysis, detected the source in an enhanced state. Based on this, the FACT collaboration issued an
alert to the community. The flux of that night obtained from an off-site analysis was consistent with
∼ 0.5 C.U. above & 810 GeV. Follow-up observations were performed by several other instruments
such as the Major Atmospheric Gamma Imaging Cherenkov (MAGIC) telescopes [13].

MAGIC is a system of two 17-m imaging atmospheric Cherenkov telescopes located at La
Palma, Spain, very close to FACT, and measures γ-rays above E & 50 GeV. MAGIC observed
1ES 2344+51.4 for two consecutive nights, MJD 57611 & MJD 57612 (August 11 and August
12 2016), for a total of ∼ 1.1 hr, after quality cuts. A strong detection, significant at the ∼ 12σ

level, was obtained. In Figure 1, we show the distribution of the θ 2 variable when combining
the two observation nights. The θ 2 variable denotes the angular distance (in [deg2]) between the
reconstructed direction and the expected source position of the gamma candidate events. The
detection significance is calculated using eq. 17 in [14].

We complement VHE data with high-energy γ-ray (HE; E > 100 MeV) observations provided
by the Large Area Telescope (LAT) installed on the Fermi satellite [15]. For this work, we con-
sidered all Fermi-LAT data taken between MJD 57567 & MJD 57644 (June 28 & September 13
2016). We then built the light curve between 300 MeV and 300 GeV and used a 7-day binning
because of the faintness of the source in this band, typical of EHBLs. For this source, it is the
first time that contemporaneous HE data are combined with VHE observations during a flare event,
providing the best depiction of the IC peak so far.

X-ray observations were performed by the X-ray Telescope (XRT) onboard the Neil Gehrels
Swift Observatory (Swift) [16]. In total, five observations took place close to the MAGIC obser-

2For a given energy threshold, C.U. is defined as the integral flux of the Crab Nebula above the threshold energy.
3All dates herein are in UT.
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vations (MJD 57613, MJD 57620, MJD 57623, MJD 57626, and MJD 57629 – August 13, 20,
23, 26, and 29 2016). Additionally to XRT data, we analysed UV data provided by the Ultravio-
let/Optical Telescope (UVOT), also onboard the Swift satellite. All UVOT observations are strictly
simultaneous to the XRT ones, and we considered the following three filters: UVW1, UVM2 &
UVW2.

1ES 2344+51.4 was also observed in the infrared (IR) and optical bands by several instru-
ments: KVA, NOT (Tuorla blazar monitoring program4), Stella, IAC80, AZT-8, and LX-200
(Whole Earth Blazar Telescope community5) in the R-band. We also add observations from the
KAIT telescope [17] that were performed without filter (i.e., in clear band), which have an effec-
tive color close to the R band. In the IR, we use data from the Telescopio Carlos Sánchez (TCS)
telescope in the J, H, and K-short filters. For the IR/optical range, we applied a host-galaxy correc-
tion following [18], since in these bands the host galaxy significantly contributes to the observed
flux.

Finally, at the lowest energies, we use radio measurements at a frequency of 15 GHz, which
were obtained by the OVRO 40-m telescope blazar monitoring program [19].
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Figure 1: Distribution of the θ 2

variable obtained from the overall
MAGIC observation time. Dark
points represent the θ 2 values com-
puted in the signal region, while the
gray shaded area comes from the
background region. The significance
is calculated based on eq. 17 in [14],
by considering all events on the left
side of the dashed vertical line.

4. Results

We present the multiwavelength light curves from radio to VHE in Figure 2. All fluxes are
computed in daily bins, except for the two monitoring instruments FACT & Fermi-LAT, where we
use 7-day binning. Additionally, the last time bin of FACT is integrated over 1 month since the
source faded and the measurements are consistent with no signal.

Between MJD 57603 and MJD 57615, the FACT light curve displays a weekly averaged flux
of ∼ 10−11cm−2 s−1 above & 810 GeV, which is around 0.2 C.U.

In the second panel from the top, we show the MAGIC light curve computed above 300 GeV.
During the first night, the measured flux is F(> 300 GeV) = (7.2± 0.9)× 1011cm−2 s−1, cor-
responding to ∼ 0.55 C.U. The flux is therefore similar to the historical maximum measured by

4http://users.utu.fi/kani/1m/
5http://www.oato.inaf.it/blazars/webt/
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Figure 2: Multiwavelength light curve of 1ES 2344+51.4 from MJD 57567 (28 June 2016) to MJD 57645
(14 September 2016). Light curves are obtained using (from top to bottom) FACT (&810 GeV), MAGIC
(>300 GeV), Fermi-LAT (0.3-300 GeV), Swift-XRT (2-10 keV), Swift-UVOT (W1, M2, and W2 filters),
KVA, Stella, IAC80, AZT-8, LX-200, NOT (R band), KAIT (clear filter), TCS (J, H, K-short filters), and
OVRO (15 GHz). In the Fermi-LAT light curve, we quote an upper limit at 95% C.L. for time bins with
TS<3.
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Whipple in 1995 [6]. On the second night, MJD 57612, the flux diminished by a factor of ∼ 3.4.
Such a strong decrease brings clear evidence for a ∼daily scale variability at VHE energies. So far,
no intranight variability has been observed at VHE in 1ES 2344+51.4.

The Fermi-LAT light curve is shown in the third panel. As already mentioned, we present for
the first time contemporaneous HE observations together with VHE data collected during a flaring
episode. The source is relatively faint in this energy band, and was first detected after 5.5-months of
Fermi-LAT operations with a marginal test statistic TS ≈ 37 ([20]). Additionally, during previous
multiwavelength campaigns no detection was claimed on timescales of ∼ months. On the contrary,
over the considered period shown in the Figure 2, we report a strong detection with TS ≈ 110,
revealing an overall enhanced HE state. Between MJD 57567.5 (28 June 2016) and MJD 57644.5
(13 September 2016), the average flux was F(0.3-300 GeV)= (1.2± 0.2)× 10−8 cm−2 s−1. The
spectrum is best described with a power-law index of Γ = 1.9±0.1. On the restricted 1-100 GeV
band, the flux is F(1-100 GeV)=(4.0±0.9)×10−9 cm−2 s−1, which is about two times higher than
in the 3FGL catalog. Moreover, Figure 2 shows an indication of a higher flux that is temporarily
coincident with the flare seen in the VHE. The strong detection as seen by Fermi-LAT provides an
unprecedented constraint on the IC peak and will be exploited for the SED modelling.

The Swift-XRT light curve in the 2-10 keV energy band is plotted in the fourth panel. The flux
varies between ∼ 2× 10−11 erg cm−2 s−1 and ∼ 3× 10−11 erg cm−2 s−1, and a decreasing trend
is visible along the days. The VHE flare is therefore accompanied by elevated X-ray flux. Such
a state remains, however, moderately high since the maximum flux that has been observed in this
band is ∼ 6 erg cm−2 s−1 in December 2007 [21].

Given the well-known X-ray spectral variability that 1ES 2344+51.4 exhibited in the past
during high states, we studied the SED measured by Swift-XRT. Furthermore, the location of the
synchrotron peak is a crucial parameter, which defines the EHBL family. All Swift-XRT spectra are
well described with a power-law model. Additionally, we generally find hard spectra with a photon
index ΓXRT . 2. In Figure 3, we plot the simultaneous combined UVOT-XRT SEDs from the five
observations. Black data points represent the data taken on MJD 57613, which is one day after the
MAGIC observations. For this night, the photon index is the hardest among the five observations
and is equal to ΓXRT = 1.93± 0.06. Thus, Figure 3 and the hard photon index ΓXRT imply that
UVOT and XRT data are describing the rising edge of the synchrotron bump, and we observe a
shift of the synchrotron peak to & 1018 Hz (& 4 keV) for this day. During low states, [8] and [22]
derived a peak below or equal to ∼ 1017 Hz. Consequently, we report a significant frequency shift
of the low-energy hump by ∼1 order of magnitude. Such a behaviour is very similar to what was
observed during the December 1996 high state X-ray [8], and confirms the EHBL nature of the
source occurring during flaring events. Within a SSC model, such a large shift of the synchrotron
peak implies a displacement of the EED toward higher energies.

5. Conclusions

We report multiwavelength observations of a strong flaring episode of 1ES 2344+51.4. The
VHE flux was around ∼ 0.55 C.U. above 300 GeV, comparable to the historical maximum observed
by Whipple in 1995. A significant dimming is evident between the two MAGIC observations,
revealing at VHE variability at ∼daily scale. The VHE flare was further accompanied with an
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Figure 3: Strictly simultaneous com-
bined UVOT-XRT SEDs from the five
observations around the time of the
MAGIC observations. All these obser-
vations are in agreement with an ex-
treme synchrotron spectrum.

enhanced X-ray state. Spectral analysis of the XRT data reveals a power-law spectrum with an
index harder than 2, implying a frequency shift of the synchrotron peak to & 1018 Hz. Our results
confirm the EHBL behaviour already observed during flares. In an upcoming publication, a detailed
analysis of the VHE spectrum will be presented. Moreover, taking advantage of the unprecedented
constraint of the IC peak obtained when combining Fermi-LAT data with VHE data, a modeling of
the broadband emission will be presented and discussed.
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