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ABSTRACT

OT 081 is a well-known, luminous blazar that is remarkably variable in many energy bands. We present the first broadband study
of the source, which includes very high energy (VHE, E > 100 GeV) y-ray data taken by the MAGIC (Major Atmospheric
Gamma-ray Imaging Cherenkov telescopes) and H.E.S.S. (High Energy Stereoscopic System) imaging Cherenkov telescopes.
The discovery of VHE y -ray emission happened during a high state of y-ray activity in July 2016, observed by many instruments
fromradio to VHE y-rays. We identify four states of activity of the source, one of which includes VHE y-ray emission. Variability
in the VHE domain is found on daily time-scales. The intrinsic VHE spectrum can be described by a power law with index
3.27 £ 0.4440 £ 0.155ys (MAGIC) and 3.39 &£ 0.58,,; £ 0.64y (H.E.S.S.) in the energy range of 55-300 and 120-500 GeV,
respectively. The broadband emission cannot be successfully reproduced by a simple one-zone synchrotron self-Compton model.
Instead, an additional external Compton component is required. We test a lepto-hadronic model that reproduces the data set
well and a proton-synchrotron-dominated model that requires an extreme proton luminosity. Emission models that are able to
successfully represent the data place the emitting region well outside of the broad-line region to a location at which the radiative
environment is dominated by the infrared thermal radiation field of the dusty torus. In the scenario described by this flaring
activity, the source appears to be a flat spectrum radio quasar (FSRQ), in contrast with past categorizations. This suggests that
the source can be considered to be a transitional blazar, intermediate between BL Lac and FSRQ objects.

Key words: radiation mechanisms: non-thermal —galaxies: active—galaxies: individual: OT 081 —galaxies: jets—quasars:

general — gamma-rays: galaxies.

1 INTRODUCTION

Blazars are radio-loud active galactic nuclei (AGNs) whose rela-
tivistic jets are aligned with the Earth’s line of sight. Within the wide
blazar category, BL Lacs are commonly identified as those sources
that show no or very weak emission lines in their optical spectra
(Stickel et al. 1991; Stocke et al. 1991; Falomo, Pian & Treves
2014). This is attributed to a weak or absent broad-line region (BLR)
with the relativistic jet emission dominating over the accretion disc
spectrum (Urry & Padovani 1995). BL Lac objects represent the
majority of the 84 blazars detected at very high energies (VHEs,
E > 100GeV).!

The broadband spectral energy distribution (SED) that is character-
istic of blazars (Ghisellini et al. 2017) has a double-bumped structure.
Regarding the underlying radiative processes, the low-energy bump
is universally attributed to synchrotron radiation, while the origin
of the high-energy (HE) bump is under debate with two possible
broad emission scenarios including also a combination of them.
Within the leptonic framework, the HE emission can be explained as
inverse-Compton (IC) scattering of low-energy target photons. On
the other hand, in hadronic models, hadrons can also be accelerated

Thttp://tevcat.uchicago.edu/, Wakely & Horan (2008).

within the blazar jet, and synchrotron radiation by protons and
secondary particles created in proton—photon interactions can also
be responsible for the y-ray emission. The broadband SED is used to
identify three different types of BL Lac objects: low-, intermediate-,
and high-frequency-peaked BL Lacs (see Padovani & Giommi 1995;
Bottcher 2007, and references therein). For low-frequency-peaked
BL Lacs (LBLs), the synchrotron emission peaks in the submillimetre
to infrared wavebands, whereas it peaks in the ultraviolet (UV) to
X-ray bands for high-frequency-peaked BL Lacs (HBLs). The peaks
in intermediate BL Lacs (IBLs) occur somewhere in between.

OT 081, also known as PKS 17494-096 and 4C 09.57, is a blazar
located at a redshift of z = 0.320 £ 0.005 (Stickel, Fried & Kuehr
1988). Initially classified as an HBL blazar by Kovalev et al. (1999)
and Dallacasa et al. (2000) because of its radio spectrum peaking
above 10 GHz, a few years later it was instead suggested to be
a flat spectrum radio quasar (FSRQ), presenting an inverted radio
spectrum during flares (Torniainen et al. 2005; Healey et al. 2007).
In contrast with BL Lac objects, FSRQs exhibit strong and broad
emission lines (with typical equivalent widths of [EW | > 5 Ain
the rest frame) in their optical spectra, indicating the presence of
BLRs. In the case of OT 081, measurements performed during low-
flux periods clearly identified the emission lines H 8 and [O 111] 5007
A with equivalent widths of EW ~ 10 A (JEW,eq| ~ 8 A) (Stickel
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et al. 1988). Emission lines are not always present in the available
spectra, and for this reason the source was categorized as a BL Lac
in several cases (Aller, Aller & Hodge 1981; Gregorini et al. 1984;
Ledden & O’Dell 1985; Burbidge & Hewitt 1987; Pica et al. 1988;
Stickel et al. 1991; Scarpa & Falomo 1997; Sambruna et al. 1999;
Pursimo et al. 2002; Abdo et al. 2010). Recently, Li et al. (2021)
claimed to have detected quasi-periodic oscillations with periods of
~850 d in the long-term radio (at frequencies of 4.8, 8, and 14.5 GHz)
light curves of OT 081. These oscillations are compatible with the
presence of a massive black hole (BH) binary system or with blobs
moving through helical structures inside the jet. The variability of
the light curve in the radio band is remarkable (i.e. flux density
changes by a factor of 8) as documented by University of Michigan
Radio Astronomy Observatory (UMRAO) observations (Iguchi et al.
2000)* and others (Reuter et al. 1997; Teraesranta et al. 1998). OT
081 has also shown strong variability in the optical (Clements et al.
1995) and X-ray (Urry et al. 1996) bands.

Blazars often show a high polarization degree (Miller, French &
Hawley 1978), and OT 081 has exhibited optical polarization up to
32 percent (Brindle et al. 1986). Emission in the HE y-ray range
(E > 100 MeV) was reported by Abdo et al. (2009). The source is
listed as 3FHL J1751.54+-0938 in the third catalogue of hard Fermi-
LAT sources (3FHL; Ajello et al. 2017). In the fourth catalogue of
AGNs detected by Fermi-LAT (4LAC; Ajello et al. 2020), OT 081 is
classified as a low-synchrotron-peaked blazar (LSP).

Emission in the VHE y-ray band was detected for the first time
by MAGIC (Major Atmospheric Gamma-ray Imaging Cherenkov
telescopes) and H.E.S.S. (High Energy Stereoscopic System) in July
2016 (Mirzoyan 2016; Schiissler et al. 2017) during a bright flare that
was also detected by Fermi-LAT (Becerra Gonzalez, Thompson &
Fermi-LAT Collaboration 2016; Ciprini et al. 2016; Kim et al. 2018)
and at other wavelengths (e.g. Balonek et al. 2016). The results of
the dedicated multiwavelength (MWL) campaign during that flare
are reported in this work.

Prior to the flaring activity reported in this paper, the MWL studies
of the source were conducted only up to the HE y-ray band using
Fermi-LAT data. The HE bump of the SED was therefore only
constrained by Fermi-LAT observations. As pointed out in Potter &
Cotter (2013), the broadband SED of OT 081 is not well described
by a synchrotron self-Compton (SSC) model (Konigl 1981; Band &
Grindlay 1985; Marscher & Gear 1985), in contrast with HBL
objects. Instead, external photon fields, more typically associated
with FSRQs, are required to explain the SED using a leptonic model.
From the works mentioned so far in this introduction, it emerges that
the source showed a behaviour of a BL Lac in many occasions, while
more recent studies instead noted more FSRQ characteristics. This
transitional nature is already visible in the above-mentioned presence
of emission lines in more recent observations, together with the need
of external photon fields in the modelling for the broadband SED.
From the study performed in this paper, the inclusion of VHE y-ray
data adds a piece to the puzzle in the understanding of this source
and supports more the FSRQ behaviour as it will be seen in Sections
4 and 5.

The paper is structured as follows. In Section 2, we report on the
details of the observations performed by the different instruments
involved and provide descriptions of the dedicated analyses. In
Section 3, the MWL light curves are discussed. In Section 4, the
broadband SEDs are discussed together with the theoretical inter-
pretation within the framework of different state-of-the-art emission

Zhttps://dept.astro.lsa.umich.edu/obs/radiotel/gif/ 1749_096.gif

MNRAS 540, 364-384 (2025)

models. In Section 4.3, we use the y-ray data to derive constraints on
the location of the emission region. Conclusions are drawn in Section
5. Details on the proton-synchrotron-dominated model are given in
Appendix B. The cosmological parameters used in this work are H
=70kms~! Mpc™!, Q, =0.3,and Q4 =0.7.

2 OBSERVATIONS AND ANALYSIS

2.1 VHE y-rays
2.1.1 MAGIC

MAGIC is a stereoscopic system consisting of two 17-m diameter
Imaging Atmospheric Cherenkov Telescopes (IACTs) located at the
Observatorio del Roque de los Muchachos on the Canary Island of
La Palma. The current sensitivity for low-zenith angle observations
(15° < zd < 30°) above 218 GeV is 0.83 +0.03 per cent of the
Crab Nebula’s flux in 50 h (Aleksi¢ et al. 2016).

The observations reported in this work were performed in wobble
mode, with the telescopes pointing 0.4° away from the source and
moving in four symmetrical positions w.r.t. the pointing position, in
order to simultaneously collect the signal and background (Fomin
et al. 1994). A total of 2.03 h of data were collected in the zenith
angle range from 15° to 30°, and the analysis was performed using
the standard MAGIC analysis framework MARS (MAGIC Analysis
and Reconstruction Software, Zanin et al. 2013; Aleksi¢ et al.
2016). After applying quality cuts based on weather conditions, the
remaining observing time amounts to 1.79 h. The energy range of
the MAGIC analysis performed in this work extends from 55 to
300 GeV. A full description of the MAGIC systematic uncertainties
can be found in Aleksic et al. (2016) and references therein.

MAGIC started to observe OT 081 on MJD 57591 (2016 July 22),
triggered by an optical flare and reports of HE photons detected by
the Fermi-LAT (Balonek et al. 2016; Becerra Gonzalez et al. 2016;
Ciprini et al. 2016). However, due to the strong moonlight and bad
weather conditions, the first observation surviving the quality cuts
took place on MJD 57593.9 (2016 July 24). These data were taken
under dark conditions, resulting in the detection of the source with a
significance of 9.60 in 1.64 h of observation. The flux on that night
was (9.8 £ 1.5) x 10~''phem~2s~! above 100 GeV (20 per cent of
the Crab Nebula flux). The observed spectrum is well described by a
power-law function, parametrized as dF /dE = fy (E/ Edec)’r. The
normalization constant fj, the spectral index I', and the decorrelation
energy Eg.. (the energy corresponding to the smallest error on the
flux) are reported in Table 1. The spectrum is shown in Fig. 1. The in-
trinsic spectrum after correcting for the absorption due to interaction
with the extragalactic background light (EBL) is estimated using the
model from Dominguez et al. (2011). The resulting intrinsic VHE
spectrum is also compatible with a power-law fit.

MAGIC followed the source for two more nights, MJD 57594
and MJD 57596 (2016 July 25 and 27). Data from MJD 57594
were discarded because of adverse weather conditions. The data
taken on MJD 57596 during 9 min of integration, assuming the
same spectral shape as measured by MAGIC (see Table 1), yield a
95 per cent confidence level (CL) flux upper limit (UL) of 15.7 x
10~"phcm=2s~! above 100 GeV including systematics.

2.1.2 HES.S.

H.E.S.S. is a stereoscopic system of five IACTs, located at approxi-
mately 1800 m above sea level in the Khomas Highland plateau of
Namibia (23°16'18” South, 16°30'00” East).
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Table 1. Parameters of the power-law fit to the VHE y-ray spectra observed by MAGIC and H.E.S.S. (this work). For both experiments, the observation time Ty, the effective observing time zefr, the minimum

energy for the extraction of spectral parameters Enin, the decorrelation energy Eqec, the flux fy at decorrelation energy, the photon index I', and the flux fa00 gev at 200 GeV are provided. The parameters are

obtained from the observations during the high-flux state in VHE y-rays, later defined as P3.

Egec

Emin

f200 Gev (em™2 571 TeV—1)

fo(em™2s~ 1 Tev—1)

(GeV)

tefr () (GeV)

Tobs (MJ D)

Exp.

3.67 £ 0.3850 £ 0.155y5 (2.08 £ 0.454 £ 0.224) x 10710

(117 £ 0.15 = 0.12455) x 1072

125
125
173
183

obs. 57
57
119
120

57593.9 1.6

MAGIC

3.27 £ 04450 £ 0.154y5 (3.13 £ 0.655a¢ & 0.344y5) x 10710

(1.46 £ 02055 & 0.164y) x 1077

intr.

4.42 £ 03845 £ 0.644ys (2.07 £ 0254 £ 0.41555) x 10710

(3.93 £ 0415 £ 0.78555) x 10710

obs.

3.1

57591.8-57593.9

H.E.S.S.

3.39 £ 0.58tar £ 0.645ys (3.33 £ 0465 £ 0.675y5) x 10710

(4.50 £ 0.584a £ 0.905y5) x 10710

intr.
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Figure 1. Observed differential energy spectra of the VHE y-ray emission:
MAGIC (orange band, black points corresponding to MJD 57593.9) and
H.E.S.S. (violet band from the forward folding technique, dark violet squares
for the unfolded spectrum corresponding to MJID 57591-57593). Parameters
are described in the text and listed in Table 1.

Inits current phase, H.E.S.S. includes four 12-m telescopes, as well
as a 28-m telescope in its centre that lowers the energy threshold. As
a whole, the system is sensitive to y-ray energies from ~30 GeV to
~30 TeV. The sensitivity to low-energy events provided by the larger
dish is particularly beneficial for the study of extragalactic sources
such as AGN, which show characteristic soft VHE y-ray spectra.
The analysis presented here only includes monoscopic data from the
28-m telescope.

Data were collected in the context of a Target of Opportu-
nity programme, developed in the H.E.S.S. collaboration, that
searches for intrinsic variability in blazars (Schiissler et al.
2017). This observation strategy allows for rapid reaction
to various triggers from MWL observations shared by other
experiments.

Following the Fermi-LAT trigger on a flaring state of OT 081
(Becerra Gonzalez et al. 2016) and the subsequent X-ray and UV
observations that showed correlated y -ray/X-ray/UV/optical activity
of the source, H.E.S.S started observations of the source on MJD
57591 (2016 July 22). Observations continued for six consecutive
nights, ending on MJD 57596 (2016 July 27). A total of 26
observation runs of 28 min each were obtained in the zenith angle
range from 33° to 47° with a mean zenith angle of 38°. All data pass
the standard data quality selection criteria (H.E.S.S. Collaboration
2017), which translate to a total of 11.7h of observations (10.1h
after acceptance correction due to the wobble offsets around the
nominal source position) available for analysis. Data presented here
are analysed using the Model Analysis adapted for H.E.S.S. phase
II (de Naurois & Rolland 2009; Holler et al. 2015). Standard cuts
from Model Analysis are applied to the data. A standard Reflected-
Region Background method (Berge, Funk & Hinton 2007) is used
to estimate the background in the region of interest (ROI) centred
on the source. Using the Li & Ma (1983) formalism, the source is
detected at a significance of 6.5¢ considering the full data set. Results
have been cross-checked with an independent analysis calibration
chain and procedure, using the Image Pixel-wise fit for Atmospheric
Cherenkov Telescopes (ImPACT) reconstruction method (Parsons &
Hinton 2014). The consistency of the independent results proves the
robustness of the conclusions.

A Bayesian Block analysis (Scargle et al. 2013) was applied to
the H.E.S.S. data set to assess time variability of the y-ray emission.

MNRAS 540, 364-384 (2025)
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This analysis reveals the identification of two flux states of the source
with a false alarm rate probability of 5 percent. In the following,
these are referred to as the high-flux state (MJD 57591.76-MJD
57593.86) and the low-flux state (MJD 57594.76-MJD 57596.89).
Limiting the analysis to the high-flux state yields 3.6 live hours
(3.1 live hours after correcting for acceptance) of data over the
three nights. The analysis of the high-flux data subset results in
an 8.80 detection, using the same background estimation method
in the ROI as for the whole data set. We used a forward folding
with maximum likelihood optimization (Piron et al. 2001), assuming
a power-law model. Results can be found in Table 1. We used an
unfolding technique to obtain the data points independently from the
spectral fit (Albert et al. 2007).

The spectrum of the source during its high state is obtained for
energies between 120 and 520 GeV. The minimum energy of the
high-state spectrum is determined by selecting the energy at which
the acceptance reaches 15 percent of its maximum value. This
minimum energy threshold arises due to the relatively large zenith
angle under which the observations were conducted. The maximum
energy is selected as the upper edge of the last significant 2o bin.
Systematic uncertainties for the spectral parameters f; and I', quoted
in Table 1, are estimated following the approach described in H. E. S.
S. Collaboration (2017) for a Reflected-Region Background method
and a H.E.S.S. II mono analysis. The low-flux state observations
include a total of 8.1h of observation during the three last nights
of the entire data set. No detection is reported for this period, as
significance only reached ~2¢ . For this reason, we follow Feldman &
Cousins (1998) to derive 99 percent CL differential ULs on the
emission between 110 GeV and 2 TeV for the low-flux period. While
the minimum value of this energy range is obtained following the
approach used for the high-flux state, the maximum energy for the
low-flux state is obtained as the maximum photon energy of the
distribution during that period.

The H.E.S.S. E > 100 GeV light curve for the six nights of data
(see Fig. 2) is obtained by fixing the spectral index found in the
spectral analysis of the high-state Bayesian Block (see Table 1), inte-
grated from 100 GeV up to 520 GeV. The flux obtained for the night
of MJD 57593 (2016 July 24), (1.39 £ 0.23) x 107" phem=2s7!,
represents the highest and best constrained flux value for the flare in
the H.E.S.S. data set, having the smallest error bar due to the high
detection significance that night. Complementarily, as no significant
signal is observed during the low-flux state, we compute a single
UL using data from MJD 57594.76 to MJD 57596.89 (2016 July
25-27), which we use to set constraints on the source emission. The
spectral index resulting from the analysis of the high state, quoted in
Table 1, is used to derive the flux UL, constraining a similar emission
as that observed in the high-flux state period. The 99 per cent CL UL
derived on the 100 GeV flux of the source is 8.76 x 10~ phcm=2s~!
(systematics not included).

2.2 HE y-rays

The pair conversion Large Area Telescope (LAT) onboard the Fermi
satellite monitors the y-ray sky in survey mode every 3 h in the
energy range from 20 MeV to >300 GeV (Atwood et al. 2009). For
this work, we used an ROI with a radius of 10° centred around
OT 081 (4FGL J1751.54-0938; Abdollahi et al. 2020). The data
sample was selected around the flare detected by LAT, MAGIC,
and H.E.S.S., from 2016 July 6 to July 31 (MJD 57575-57600).
We used the FERMITOOLS software package (v.2.0.0; Fermi Science
Support Development Team 2019) to analyse Pass8 source class
(P8R3) events in the energy range 0.1-300 GeV. To reduce Earth
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limb contamination, we applied a zenith angle cut of 90° to the
data. The unbinned likelihood fit of the data was performed using
the recommended Galactic diffuse emission model and isotropic
component for the Pass 8 source event class.’The likelihood model
included all the 4FGL (Abdollahi et al. 2020) sources located within
20° of the position of OT 081. For the likelihood minimization, the
spectral parameters of sources located within 10° of the ROI centre
were left free to vary, as were the parameters for the Galactic diffuse
and isotropic emission models. Parameters for sources outside of this
region were fixed to their catalogue values. The unbinned likelihood
fit was carried out in two steps. After a first fit, sources with TS < 5
were removed from the model. After that cut, a final likelihood fit was
carried out, assuming a power-law model for OT 081. The resulting
model was used for the calculation of a daily and 3-d light curves. For
these calculations, the spectral parameters of all sources were frozen
to their overall fit values except for the diffuse components and the
source of interest. OT 081 was modelled as a power law. Moreover,
the flux normalization was also left free to vary for the only other
variable source within the ROI, 4FGL J1818.6+0903 (variability
index of ~52), which is located 6.7° from OT 081.

For the analysis of the data for the time period that we designate
as P3, the data were integrated for a time period of 1 d centred
around at MJD 57593.9 (2016 July 24). During this period in
coincidence with the VHE detection, the Fermi-LAT detected the
source with a TS = 76.5. Evidence for curvature was investigated
using a likelihood ratio test to compare a power-law model with a log-
parabola, resulting in only 1.5¢ CL preference for the latter model.
Therefore, no significant curvature is found, and the spectrum can be
well described by a power-law model with index I' = 1.98 £ 0.16.
The measured integral flux was (8.58 £2.14) x 107 phem2s~!
above 100 MeV.

2.3 X-rays

The Neil Gehrels Swift Observatory satellite (Gehrels et al. 2004)
carried out nine observations of OT 081 between 11 July 2016
(MJD 57580) and 28 July 2016 (MJD 57597). The observations were
performed with all three instruments onboard — the X-ray Telescope
(XRT; Burrows et al. 2005, 0.2-10.0 keV), the Ultraviolet/Optical
Telescope (UVOT; Roming et al. 2005, 170-600 nm), and the Burst
Alert Telescope (BAT; Barthelmy et al. 2005, 15-150 keV). The hard
X-ray flux of this source turned out to be below the sensitivity of the
BAT instrument for such short exposures and therefore the data from
this instrument will not be used.

XRT observations were performed in photon counting mode.
The XRT spectra were generated with the Swift XRT data product
generator tool at the UK Swift Science Data Centre* (for details,
see Evans et al. 2009). Spectra having count rates higher than 0.5
counts s~ may be affected by pile-up. To correct for this effect, the
central region of the image was excluded, and the source image was
extracted with an annular extraction region with an inner radius,
which depends on the level of pile-up (see e.g. Moretti et al.
2005). Ancillary response files were generated with xrtmkarf
and accounted for different extraction regions as well as corrections
for vignetting and the point spread function. We used the spectral
redistribution matrices in the Calibration data base maintained by
HEASARC. The spectra were rebinned such that there were at least
20 counts per bin, and we used the x? statistics. The X-ray spectral

3https://fermi.gsfc.nasa.gov/ssc/data/access/lat/BackgroundModels.html
“http://www.swift.ac.uk/user_objects
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Figure 2. MWL light curves of OT 081 during the period from MJD 57575 to MJD 57602 (2016 July 6-August 2). Vertical dashed lines P1 (MJD 57585.5 —
2016 July 16), P2 (MJD 57589.5 — 2016 July 20), P3 (MJD 57593.9 — 2016 July 24), and P4 (MJD 57595 — 2016 July 26) indicate the four states of the source,
which were identified. The empty circle and empty squares in the top panel correspond to flux points derived for the low-significance data set, compatible with
the background-only hypothesis. In the panel corresponding to Fermi-LAT light curve (second panel from the top), the downward-facing triangle corresponds
toa UL.
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analysis was performed using the XSPEC 12.13.0C software package
(Arnaud 1996). We fit the spectrum with an absorbed power law
using the photoelectric absorption model tbabs (Wilms, Allen &
McCray 2000) with a neutral hydrogen column density fixed to the
Galactic value (9.99 x10%° cm™2; HI4PI Collaboration 2016). We
also modelled the spectra with a log-parabola model with a pivot
energy fixed at 1 keV. We found that there is no significant statistical
preference for a log-parabola model in any of the observations.

The 0.3-10 keV flux (corrected for Galactic absorption) varied
by a factor of 2.5 in less than 3 weeks with values between 7.32
and 19.53 x107'2 ergem™2s~!. The peak flux was observed on
2016 July 20 (MJD 57590), 4 d before the highest VHE y-ray flux
observed. However, the X-ray flux was also high on 2016 July 17
(MIJD 57587), the Swift observation nearest to the VHE peak. The
X-ray photon index was hard (<1.6) for all periods. The hardest
spectra (I'y ~ 1.2) were observed on MJD 57587 and MJD 57590.

2.4 Optical band and polarimetry

The UVOT onboard the Swift satellite observes simultaneously with
the XRT instrument. In this work, we considered the Swift pointings
mentioned in Section 2.3 for the standard processing of UVOT data
(see for instance, Furniss et al. 2015) based on the photometry recipes
reported in Poole et al. (2008), and performed on the total exposures
of each observation. We applied the aperture photometry analysis
with the task included in the official software within the HEASOFT
package (v6.23), selecting an aperture of radius 5 arcsec to extract
source counts and an annular aperture of internal radius 26 arcsec and
size 7 arcsec to extract the background counts in all observations.
Then, the count rate was converted to dereddened flux according
to the official calibrations — the standard Galactic E(B — V) value
for the source (Schlafly & Finkbeiner 2011) and a mean interstellar
extinction curve (Fitzpatrick 1999).

The Automated Telescope for Optical Monitoring (ATOM; Hauser
et al. 2004) is a 75-cm altazimuth telescope, which is part of
the H.E.S.S. project and serves as an automatic optical monitor
of variable y-ray sources and as a transmission monitor to help
calibrate the Cherenkov shower image analysis. The data collected
with the ATOM telescope from MJD 57591 (2016 July 22) to MID
57595 (2016 July 26) are strictly simultaneous with the H.E.S.S.
observations and were taken with R and B filters.

The Tuorla blazar monitoring program’ collects blazar optical light
curves in the R band from several observatories. This work shows
data from the 35-cm telescope at the Kungliga Vetenskapsakademien
observatory on La Palma, Canary Islands, Spain. The data are
analysed using the semi-automatic pipeline described by Nilsson
et al. (2018).

Optical images of OT 081 were also obtained with the Katzman
Automatic Imaging Telescope (KAIT; Filippenko et al. 2001) at the
Lick Observatory. All images were reduced using a custom pipeline
(Ganeshalingam et al. 2010) before carrying out the photometry.
We applied a 9-pixel aperture (corresponding to 7.2 arcsec) for
photometry. Several nearby stars were chosen from the Panoramic
Survey Telescope and Rapid Response System (Pan-STARRS1)®
catalogue for calibration with magnitudes transformed into Landolt
magnitudes using the empirical prescription provided by equation (6)
of Tonry et al. (2012). All of the KAIT images were taken in the c/lear
band (i.e. without using a filter), which is most similar to using an R

Shttp://users.utu.fi/kani/1m/
Ohttp://archive.stsci.edu/panstarrs/search.php
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filter (see Tonry et al. 2012). We therefore calibrated all of the clear
band results to the Pan-STARRS1 R-band magnitude.

Optical photometric and polarimetric data provided by St. Pe-
tersburg University are from the 70-cm AZT-8 telescope of the
Crimean Astrophysical Observatory.”Polarimetric observations were
performed using two Savart plates rotated by 45° relative to each
other (see Larionov et al. 2008). Instrumental polarization was
estimated using stars located near the object under the assumption
that their radiation is unpolarized.

Additional optical polarization data were taken with the 2-m
Liverpool Telescope (Steele et al. 2004) located on the Canary
Island of La Palma. The RINGO3 polarimeter consists of a rotating
polaroid (one rotation every 4 s), which captures eight images of
the source at successive 45° rotations of the polaroid. These eight
exposures could be combined according to the equations in Clarke &
Neumayer (2002) to determine the degree and angle of polarization.
The RINGO3 polarimeter acquires polarimetric measurements in
three different passbands recorded in the so-called Red, Green, and
Blue cameras.® The optical data were all corrected for Galactic
extinction as in Schlafly & Finkbeiner (2011). The contribution of
the host galaxy is negligible.

2.5 Radio band

The Atacama Large Millimeter/submillimeter Array (ALMA),’ lo-
cated on the Chajnantor plateau of the Chilean Andes at 5000-m
altitude, observed OT 081 in the 250, 320, and 450 GHz bands.
ALMA consists of a giant array of 12-m antennas (the 12-m array
with baselines up to 16km), and an additional compact array of
7- and 12-m antennas to greatly enhance ALMA’s ability to image
extended targets.

The 15 GHz data of OT 081 were obtained from the Owens Valley
Radio Observatory (OVRO) 40-m Telescope blazar monitoring
program (Richards et al. 2011). The OVRO 40-m radio telescope
uses off-axis dual-beam optics and a cryogenic pseudo-correlation
receiver with a 15 GHz centre frequency and 3 GHz bandwidth.
Calibration is achieved using a temperature-stable diode noise source
to remove receiver gain drifts, and the flux density scale is derived
from observations of 3C 286 assuming the Baars et al. (1977) value
of 3.44 Jy at 15.0 GHz. The systematic uncertainty of about 5 per cent
in the flux density scale is not included in the error bars. Complete
details of the reduction and calibration procedure can be found in
Richards et al. (2011).

Very Long Baseline Array (VLBA) observations of OT 081 were
obtained at 43 GHz for 23 epochs from June 2015 to June 2017 as part
of the VLBA-BU-Blazar program'® (Weaver et al. 2022). The data
reduction was performed using the Astronomical Image Processing
System (AIPS) and DIFMAP software packages as described in Jorstad
etal. (2017). In order to study the jet kinematics, the source structure
was modelled using a number of emission components consisting of
Gaussian brightness distributions. This allowed us to determine the
number of components needed to represent each image based on the
x? statistic. Each component (knot) is characterized by the following

7In 1991, Ukraine, including the Crimean peninsula, became an independent
state. While the Crimean Astrophysical Observatory became Ukrainian, the
AZT-8 telescope located there continued to be operated jointly by the Crimean
Observatory and by St. Petersburg group.

8See the RINGO3 specifications at http://telescope.livjm.ac.uk/TelInst/Inst/
RINGO3/.

https://www.eso.org/public/teles-instr/alma/

10y ww.bu.edu/blazars/VLBAproject.html
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parameters: flux density, S, distance from the core, r, position angle
with respect to the core, ®, and size of the component, a [full width at
half-maximum (FWHM) of the Gaussian]. The uncertainties of these
parameters depend on the brightness temperature of the knot and are
calculated using the relationships given in Jorstad et al. (2017). The
detailed VLBA analysis is presented in Appendix A.

3 MULTIWAVELENGTH LIGHT CURVES

In Fig. 2, the collected MWL light curves are presented in order of
decreasing energy starting from the top panel. The best time coverage
comes from the Fermi-LAT, and a double peak structure can be
identified with compatible values of the flux at the peaks. This flare
corresponds to the strongest activity detected from OT 081 during
the entire Fermi mission.!! Unfortunately, due to moon and weather
constraints, the VHE observations could only be performed once the
flare was already in the decay phase of the LAT flux evolution.

The four vertical dashed lines (P1, P2, P3, and P4) shown in
Fig. 2 indicate four different states of activity. P1, MJD 57585.5
(2016 July 16), corresponds to the first peak of the flare observed by
Fermi-LAT. No simultaneous MWL data are available, so we do not
consider them for further modelling of the SED. P2 marks enhanced
activity from Fermi-LAT and Swift-XRT on the same night, MJD
57589 (2016 July 20). P3, occurring on MJD 57593.9 (2016 July
24), is the period during which VHE y-ray emission was detected
by MAGIC and H.E.S.S. (Mirzoyan 2016; Schiissler et al. 2017).
Finally, P4 (MJD 57595.5 — 2016 July 26) is considered the post-
VHE y -ray detection state and is coincident with a peak in the optical
polarization. The broadband SEDs corresponding to P2, P3, and P4
are discussed within the framework of theoretical emission models
in Section 4.

In the top panel of Fig. 2, we plot the VHE y-ray light curves
above 100 GeV from MAGIC and H.E.S.S. The six-night sampling
of H.E.S.S. results in the detection of two different states of 3 d each,
identified by a Bayesian Blocks algorithm. For detailed description
of the analysis results, refer to Section 2.1.2. The H.E.S.S. data
show that the source is no longer detected after the night of
the 24th. The high-flux state corresponds to the three first nights
of the per-night binned light curve, while the low-flux state is
represented by the last three points. The derived UL for the three
following nights, quoted in Section 2.1.2, constrains the source flux
during this period to at most two-thirds of its flux during P3. The
MAGIC observations were obtained during the high-flux period.
The H.E.S.S. and MAGIC observations are complementary in terms
of temporal coverage of the source during the night of 2016 July
24 (MJD 57593.9). We note a slight decrease in flux, although
compatible within systematic uncertainties. The detection of VHE
y-rays took place during the decay phase of the HE flare. The
double-peaked HE flare reached flux peaks of (3.90 £ 0.35) x 107°
and (4.21 £ 0.23) x 10~°phem™2 57!, respectively, for P1 and P2,
around 30 times the average flux reported in the fourth Fermi-
LAT point source catalogue (4FGL; Ballet et al. 2020). The photon
indices measured by the Fermi-LAT were 'yg = 2.02 £ 0.06 for
P1 and I'yg = 1.89 £ 0.03 for P2. Kim et al. (2018) also reported
the HE light curve in 3-d and weekly time bins with a peak flux of
2.9 x 107 phcm™2s7! centred at MJD 57588. Unfortunately, the
sparse MWL data simultaneous to the most active period in the HE
band do not allow a detailed study of the double structured flare. We
have calculated the fractional variability (F,) as in equation (3) of

https://fermi.gsfc.nasa.gov/ssc/data/access/lat/msl_lc/
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Table 2. Fy,r measurements for the light curves in Fig. 2.

Instrument Fyar ErFya
Fermi-LAT 0.86 0.03
Swift-XRT 0.52 0.01
Swift-UVOT 1.12 0.01
KAIT 0.565 0.003
KAIT 0.670 0.003
ALMA (250 GHz) 0.28 0.01
ALMA (250 GHz) 0.336 0.004
OVRO 0.150 0.002

Vaughan et al. (2003) for the light curves shown in Fig. 2. The results
are reported in Table 2.

The Fermi-LAT light curve has an F,, of 0.86 £ 0.03. Over the
10 yr of OT 081 data observed by Fermi and reported in the 4FGL
catalogue, the highest activity in HE y-rays for this source was reg-
istered in the P1-P4 time range. The highest value of the X-ray flux
in the period of time considered in Fig. 2 is observed on MJD 57590
(2016 July 20), quasi-simultaneously to P2. The corresponding X-
ray flux (Fy310 kev) Was (19.53 £ 1.90) x 107!2 ergem™2s~!, and
the photon index was I'y = 1.23 £ 0.11. The lowest X-ray flux is
simultaneous to P3 and the VHE y-ray detection. The Fy,. of this
light curve is 0.52 4+ 0.01.

The highest activity detected in the UV-optical band is reached
during the VHE y-ray flaring state centred on P3 and corresponds
to 3.94 &+ 0.11 mJy in the V band. The F, of the Swift-UVOT light
curve is the highest among the light curves presented in Fig. 2 with
a value of 1.12 + 0.01.

The highest flux is reported by KAIT and corresponds to a value of
5.43 + 0.09 mJy. The F\, of the optical light curve of KAIT (which
is the better sampled one among the optical light curves collected
for this work) corresponds to a value of 0.565 % 0.003 for the time
frame reported in Fig. 2.

The radio light curve at high frequencies (ALMA, mm-radio band)
typically shows strong variability for this source (Reuter et al. 1997;
Teraesranta et al. 1998). For the period of time considered in Fig. 2,
we calculated an F,, of 0.28 £ 0.01 for the ALMA light curve
at 250 GHz. The optical polarization data show an increase of the
percentage of polarization around the time of the detection in the
VHE y-ray band (between P3 and P4). The maximum value of
the polarization percentage is 30 per cent in the RINGO3 red filter,
which is consistent with the highest polarization percentage for this
source reported in the literature (Brindle et al. 1986). The highest
polarization measurement is coincident with the radio flux decay.
The F\, of the polarization percentage has a value of 0.348 4 0.006.
The electric vector position angle is stable apart from a minor smooth
decrease of a few degrees (from ~—10° to —47°) after P3. This small
rotation lasted about 2 d, starting from P3.

4 MODELLING THE BROADBAND SPECTRAL
ENERGY DISTRIBUTION

4.1 Leptonic emission model

The simplest emission model for blazars is the one-zone leptonic SSC
model (SSC; Konigl 1981; Band & Grindlay 1985; Marscher & Gear
1985). In this framework, the emission in the radio to the UV or X-ray
bands (depending on the type of blazar) is produced by a population
of relativistic electrons via synchrotron radiation. This low-energy
photon field provides the seed photons for IC scattering by the same

MNRAS 540, 364-384 (2025)
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Table 3. Log-parabola parameters for the combined HE-VHE SED (P3). The VHE spectra were corrected for EBL absorption. The
significance CL reported in the last column is derived from a likelihood ratio test comparing a log-parabola fit to that of a power law.

o B Eo (TeV) Fy (erg cm~2s7h) o
Fermi-LAT-MAGIC 1.3+0.2 0.20 £ 0.06 1 (1.240.6) x 10712 32
Fermi-LAT-H.E.S.S. 1.6 £0.3 0.28 £ 0.07 1 (1.54+1.2) x 10712 39

population of leptons. The emission region is characterized as a
homogeneous sphere with a radius R and a bulk Lorentz factor
" that results in relativistic Doppler boosting by a Doppler factor
8 = [I'(1 — Br cosBups)]~'. In this region, the magnetic field B is
also uniform.

Tavecchio, Maraschi & Ghisellini (1998) demonstrated that the
SSC model parameters are constrained by the peaks of the syn-
chrotron [Es.peaks UL(V)S, peak] and IC [EIC,peak, VL(V)IC.peak] bumps-
In our case, the synchrotron peak was estimated by fitting the data
points with a second-order polynomial function in log-log space
as in Lin & Fan (2018), yielding E peax = 9.5 X 1072 eV and
VL(V)s peak = 9.2 X 10% ergs~!. In the y-ray band, we fit the Fermi-
LAT and TeV data points by minimizing x 2. We assumed the Fermi-
LAT data points to not be correlated, and the H.E.S.S. and MAGIC
data points (and their associated covariance matrix) were computed
using an unfolding algorithm. The correction for EBL absorption
was applied using the Dominguez et al. (2011) model. The data
points were fitted using a power law and a log-parabola, and the
minimization was performed with the Markov chain Monte Carlo
(MCMC) method implemented in the EMCEE PYTHON package.!?In
both cases, the preferred fit was a log-parabola with significances of
3.20 for Fermi-LAT-MAGIC and 3.9¢ for Fermi-LAT-H.E.S.S. The
respective parameters are listed in Table 3. The significance CL is
derived from a likelihood ratio test comparing the log-parabola fit to
the power law. Jointly fitting the Fermi-LAT, MAGIC, and H.E.S.S.
data sets (see Appendix C) yields Eic, peax = 2.5 X 1072 GeV and
VL(W)ic, peak = 7.1 x 1046 erg s7L. Following Tavecchio et al. (1998),
using their equations (4) and (11), the B-field and the Doppler factor
8 are constrained to BS ~ 107 G and B$* ~ 15 G. This leads to
values of 8 &~ 122 and B ~ 8.2 x 10~° G, which are hard to reconcile
with typical values found in the literature for blazars. In fact, the
value of B for BL Lacs is usually found to be in the range 0.1-1 G
(see e.g. Ghisellini et al. 2010), and values of § are typically in the
range of 5-25 (Jorstad et al. 2017; Liodakis et al. 2018). Moreover,
OT 081 is characterized by a high degree of Compton dominance
(CD, defined as the ratio between the IC peak and the synchrotron
peak fluxes) of the order of ~20 during P3, which is more typical of
FSRQs than of BL Lacs (see e.g. Finke 2013). Therefore, a standard
one-zone SSC model, which is the one typically used for BL Lacs,
cannot properly account for the MWL emission of OT 081 during the
P3 state. As with FSRQs, reproducing such high CD values requires
an additional contribution from external photon fields.

The detection of a relatively intense broad Hp line in the optical
spectrum (Stickel et al. 1988) suggests the presence of a well-
developed BLR in the core of OT 081. If the active region of the jet lies
within the BLR, the UV—-optical photons from the clouds provide an
intense field of target photons for the IC processes. However, in this
case y-ray photons with energies above ~20 GeV will be efficiently
absorbed by interacting with the same radiation field through the
yy — et + e~ process. In light of the limits on the location of
the emitting region from this data set, described in Section 4.3, we

2https://emcee.readthedocs.io/en/stable/
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assume for the modelling that the emitting region is either at the edge
or beyond the BLR.

As for the few FSRQs detected in the VHE y-ray band (3C279,
PKS 1510—089, 4C+21.35, S3 0218435, PKS 1441425, PKS
07364017, TON 0599, B2 1420+32, and PKS 1413+135; MAGIC
Collaboration 2008; Aleksi¢ et al. 2011; H.E.S.S. Collaboration
2013, 2020; Abeysekara et al. 2015; Ahnen et al. 2015, 2016; Mir-
zoyan 2017, 2020; Blanch, Sitarek & Striskovic 2022), a plausible
scenario places the emission region outside of the BLR to a location
at which the radiative environment is dominated by the thermal IR
radiation field from the dusty torus. The same leptonic framework
can be applied in the case of OT 081, including the contributions of
both synchrotron and torus photons.

For the fully leptonic scenarios considered in this work, we use
the model described in Maraschi & Tavecchio (2003). The emission
region is modelled as a sphere with comoving radius R’,'3 which is
moving with bulk Lorentz factor I" at a viewing angle 6, with respect
to the observer’s line of sight. The region carries a tangled magnetic
field with field strength B’ and relativistic electrons following a
smoothly broken power-law energy distribution with slopes # and n/
below and above the break at a Lorentz factor y,. The energy density
of the external field is modelled with a blackbody spectral shape with
temperature 7 = 10* K, total luminosity Lg, and diluted within a
radius Rig.'* The total luminosity can be fixed to the intercepted
fraction feovy, of the disc luminosity Lgis, with a typical covering
factor in the range feov;, = 0.4-0.6.

Lgisc can be derived from the Hg luminosity. In addition to the his-
torical optical observations, more recent spectra are available in the
Steward observatory data base.' In particular, we use the spectrum
taken on 2016 August 30 (MJD 57630) that confirms the detection of
the emission lines with EWy, ~ 3 Aand EW(om) s007 =5 A.The Hg
line luminosity measured from this spectrum is ~5 x 10*! ergs™!.
Using equation (6) of Vestergaard & Peterson (2006), we obtain a
value of the mass of the BH, M, = 107 x M. The measured Hp
luminosity can be used to infer the total luminosity of the BLR using
standard templates of BLR spectra (Celotti, Padovani & Ghisellini
1997). Adopting the standard covering factor for the BLR, feovy, =
0.1, one then derives a disc luminosity L ~ 1.3 x 10% ergs™!.
We follow the simplified prescription of Ghisellini & Tavecchio
(2009) to estimate the torus size Rz from the derived disc lumi-
nosity. We find Rig &~ 2.5 x 10" [Lgi./(10¥ ergs=")]"2cm ~ 9 x
10" cm. The IR luminosity can be estimated as L = Seovig Ldise =
6.5 X 10% ( fooue /0.5) ergs™!. These values are taken as indicative
starting values, which are then fine-tuned to provide a good fit to
the SED. In Fig. 3, we present a possible model based on the
scheme described above and the following parameters for the P3
source state: feov, = 0.4, Rir = 2.0 x 10% cem, I = 15,6, = 2.7°,
R'=12.5x 10" cm, B’ = 0.065 G, ¥/ i = 50, ¥, preax = 7 % 10°,
=8x105,n, =19,n, =4.5,and K’ = 1.2 x 10*cm™>. K’

’
Ve, max

13We use the 7 symbol to indicate quantities in the comoving frame.
14T, R, and L are given in the galaxy frame.
5http://james.as.arizona.edu/~psmith/Fermi/DATA/Objects/pks1749.html
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Figure 3. Broadband SED of OT 081 (P3) together with the leptonic model.
The filled markers are the simultaneous broadband data collected in P3 (MJD
57593.9 — 2016 July 24). The solid black line represents the leptonic model.
Grey circles are archival data from ASI/SSDC (https://www.ssdc.asi.it/).

Table 4. Parameters of the leptonic model for periods P2
(MJD 57589.5 —2016 July 20), P3 (MJD 57593.9-2016
July 24), and P4 (MJD 57595 — 2016 July 26). Parameters
are described in the text. The quantities flagged with stars
are derived quantities and not model parameters.

P2 P3 P4
B 20 20 20
R’ (x10' cm) 35 2.5 35
B (x1072G) 438 6.5 13
*Up (x1075 ergem™) 9.2 17 67
Yé min 50 50 50
ye,,break (X 10%) 6 7 3

Ve max (x10%) 8 8 8

n 1.7 1.9 1.9
n 4.7 4.5 4.5
K. (x10%cm™) 5 12 6

is a normalization factor for the particle distributions (electrons or
protons) as in Maraschi & Tavecchio (2003), and Uy, is the energy
density due to the magnetic field B'. The parameters of the model,
including those for the P2 and P4 cases, are listed in Table 4.

4.2 Lepto-hadronic emission model

Given the recent interest in multimessenger photon and neutrino
emission from blazars, we tested the effect of adding a hadronic
component to the external IC (EIC) solution. This test was also
driven by the intention of comparing such a model with the results
obtained in Aartsen et al. (2020), where the number of astrophysical
neutrino events 7, are presented for many blazars in the 4FGL
catalogue, including OT 081. The y and neutrino emission from
TXS 0506+056 during its 2017 flare was extensively studied as
the first opportunity to constrain blazar hadronic models using
multimessenger information (Ansoldi et al. 2018; Keivani et al.
2018; Cerruti et al. 2019; Gao et al. 2019). The current consensus is
that proton-synchrotron emission is not compatible with the 2017
event, producing a neutrino flux that would be too low to be
compatible with the IceCube detection. The most likely scenario
is a Compton-dominated model (SSC or EIC) with a subdominant
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hadronic component that emerges in the X-ray and VHE band. The
high proton power usually required by such a model can be alleviated
if the target photons for the proton—photon interactions arise from
an external photon field (Reimer, Bottcher & Buson 2019). With this
result in mind, a potential hadronic contribution to the EIC emission
model for OT 081 described above was estimated using the hadronic
code described in Cerruti et al. (2015). The numerical code simulates
photon and neutrino emission from a spherical plasmoid (with radius
R’) in the jet with a homogeneous magnetic field B’ that is moving
towards the observer with Lorentz factor I". The plasmoid is filled
with stationary populations of electrons and protons that are both
parametrized with broken power-law functions (with indices n;,, |
and n,,, ,) with exponential cut-offs. For P3, the same parameters as
in the leptonic model were used for the electron distribution, the soft
photon field, and the emitting region. For the proton distribution, we
set the index equation to n}, and the maximum proton Lorentz factor
1S ¥p max = 9.6 X 107. The proton normalization is fixed in order to
not overshoot the VHE and X-ray fluxes via pair-cascade emission.
The result is shown in Fig. 4, and the parameters are provided in
Table 5 for the periods P2, P3, and P4.

The equipartition factor U, /Uy, reaches the value of 13.5 x 10*.
The lepto-hadronic model describes a particle-dominated scenario
with an energy density ratio far from equipartition. As discussed
in Tavecchio & Ghisellini (2016), the magnetic field and particle
energy densities are expected to be more closely balanced in BL
Lacs; however, it is common to find a particle energy density that
dominates the magnetic field energy density by one or two orders of
magnitude. On the other hand, the high CD of FSRQs could reflect
a physical scenario that significantly departs from equipartition as
in the lepto-hadronic model we tested. As discussed in Nalewajko,
Sikora & Begelman (2014), such a situation can arise from either the
geometries of the external radiation sources (BLR, hot-dust torus)
being quasi-spherical rather than flat or most of the y-ray radiation
being produced in jet regions of low magnetization. The proton
power for the lepto-hadronic scenario is L, = 6 x 10" ergs™' for
P3, which is super-Eddington as long as M, >~ 10% M,. If instead the
BH mass is M, = 10° M, the proton power becomes of the order of
the Eddington luminosity. The neutrino emission is peaking around
10 PeV. For the lepto-hadronic model, the expected neutrino flux is
much lower than the sensitivity of IceCube (Aartsen et al. 2019)
or ANTARES (Astronomy with a Neutrino Telescope and Abyss
environmental RESearch, Albert et al. 2020), consistent with the non-
detection of any neutrinos from this source. The best-fitting number
of astrophysical neutrino events reported in Aartsen et al. (2020) for
OT 081 corresponds to a value of 7i; = 12.2 [local pre-trial p-value
—log 10(pioca) = 0.7] assuming an astrophysical power-law spectral
index of y = 3.2. This value is compatible with the one we obtain
from the lepto-hadronic model. From the lepto-hadronic models of
the three source states, shown in Fig. 4, we estimate CD values of
30, 21, and 3 for P2, P3, and P4, respectively. For comparison, we
infer a CD of ~1 for the low state of the source, based on a simple
polynomial fit to the archival data by Lin & Fan (2018). The position
of both the low and HE SED peaks show a clear shift to higher
energies with respect to the archival data. In particular, a major shift
is found for P3 — the synchrotron peak is shifted by a factor of ~8
towards higher frequencies, and the IC peak is shifted by more than
two orders of magnitude with respect to the archival data.

A proton-synchrotron-dominated model has also been attempted.
Such a model can almost reproduce the MWL SEDs for the different
source states, but extreme physical parameters would be required.
The proton luminosity would reach extreme values, L, = 5.6 x 10%
ergs™!, a factor of ~40 larger than the Eddington luminosity
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Figure 4. SEDs for the various states of OT 081 plotted with the best-fitting lepto-hadronic models (black solid line, parameters shown in Table 5). The three
states P2, P3, and P4 are shown in panels (a), (b), and (c), respectively. The green dashed lines represent models of the synchrotron emission. The blue dashed
lines are SSC components, the red dashed lines represent the EIC, the violet dotted curves are the Bethe-Heitler cascades, the blue and green dotted curves are
respective cascades initiated by 77°-decay photons and 7 *-decay, and the teal third bumps to the right of the SEDs correspond to the calculated neutrino fluxes.
Downward-facing arrows represent ULs. The IceCube sensitivity curve from Aartsen et al. (2019) is shown as a black dashed line. Grey circles are archival data

from ASI/SSDC.

of a supermassive BH with mass M, = 108 Mg (see details in
Appendix B).

4.3 Constraints on the location of the emitting region

The best joint fit to the HE and the intrinsic VHE spectra for P3 is
described by a log-parabola function (see Section 4.1) for which the
fit parameters are given in Table 3. The intrinsic curvature implied by
a log-parabola function can be attributed to different reasons, such as
the energy-dependent Klein—Nishina cross-section and/or intrinsic
curvature in the particle distribution (e.g. acceleration/cooling pro-
cesses; e.g. Massaro et al. 2004, 2006). Given the fact that OT 081 has
a developed BLR, another cause of the curvature could be intrinsic
absorption if the emitting region is located within the BLR photon
field. We carried out a simple test to determine the maximum amount
of absorption due to interactions with the BLR that is consistent with
the P3 data set. Note that for this test, we only considered absorption
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due to the BLR, so the result should be interpreted only as a UL on
the opacity (7, ) that is allowed by the observations.

The first step is to calculate the theoretical estimation of t,, for
different energies and locations with respect to the BLR. These cal-
culations are carried out using the AGNPY code (revision 0113497b;
Nigro et al. 2022). The implementation of the yy absorption is
based on Finke, Dermer & Bottcher (2008) and Dermer et al. (2009).
For the calculations, we used the same parameters as in the leptonic
modelling in Section 4.1. The BLR is assumed to be a shell located at
adistance Rgrr &~ 10" [Lygis./(10% ergs™)]"/?cm ~ 3.6 x 10" cm
(Ghisellini & Tavecchio 2009). With this configuration, we checked
whether yy absorption within the BLR affects the y-ray emission
for energies higher than ~20 GeV.

In order to derive constraints from the observations, we consider
the HE spectrum in the context of the VHE observations (after
EBL correction). The maximum effective energy involved in the
analysis of the Fermi-LAT spectrum is a photon with an energy
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Table 5. Parameters of lepto-hadronic model for periods P2
(MJID 57589.5 — 2016 July 20), P3 (MJD 57593.9 — 2016
July 24), and P4 (MJD 57595 — 2016 July 26). Parameters
are described in the text. The quantities flagged with stars are
derived quantities and not model parameters.

P2 P3 P4
B 20 20 20
R’ (x10'6 cm) 3.5 25 35
B’ (x1072G) 4.8 6.5 13
*Up (x1075 ergem™3) 9.2 17 67
yc/,min 50 50 50
Ve prea (X10%) 6 7 3
Ve max (x10%) 8 8
n 1.7 1.9 1.9
n 4.7 4.5 4.5
K. (x103cm™3) 5 12 6
y[;,min 1 1 1
Voomax (x107) 5.6 5.6 5.6
Ky 3 180 40
*Uy (ergem™) 5.9 22.6 5.0
YU, /U (x10%) 6.4 13.5 0.8
*L (x10%7 ergs™!) 1.7 6.0 1.4
*Vrate (S_]) 0.32 0.22 0.13

of 5.5GeV with a probability of 99.97 percent of coming from
OT 081. Therefore, the HE spectrum is not affected by the BLR
absorption. Hence, we assume that the difference between the HE
observed spectrum, which is compatible with a power-law function
as described in Section 2.2, extrapolated to the VHE band and the
actual VHE measurements might be due to BLR absorption. We
would also like to note that as the y-ray absorption within the BLR
is starting to affect around 20 GeV, this also does not affect the
simple test on the BLR y-ray absorption. In order to perform the
calculations, the HE spectrum is extrapolated to the VHE band, and
the difference between the extrapolated spectrum (Fey,) and the EBL-
corrected measurement ( Fyps) is computed, obtaining an optical depth
T,y (E) = In[Fex(E)/ Fobs(E)]. The HE spectral fit parameters are
randomized assuming a normal distribution including the statistical
uncertainty. For the VHE spectra observed with MAGIC, in addition
to the statistical errors, 20 and 15 per cent systematic uncertainties
are included for the flux and energy scale, respectively. In the case of
the spectrum derived from the H.E.S.S. observations, the statistical
uncertainty together with 20 and 19 per cent systematic uncertainties
for the flux and energy scale is included. For each energy (associated
with the centre of each spectral point), the limit on 7,,,, (E) is estimated
as the 95th percentile of the distribution for 10* realizations. By
comparing our derived limits on t,,(E) at different energies to
theoretical estimates of the absorption, we can place a limit on the
distance to the BLR. Such limits depend on the energy, and the most
restrictive value comes from the energy bin centred at ~82 GeV,
as shown in Fig. 5. Thus, we conclude that in the conservative
scenario in which all the observed curvature in the intrinsic VHE
spectra is caused by absorption within BLR, the location of the
emitting region would be located at a distance of >0.8 X Rp|g.
Therefore, in a more realistic scenario, the modelling assumption
of the emitting region being located outside of the BLR is justified
as well as consistent with similar scenarios for VHE-detected
FSRQ:s.
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Figure 5. Optical depth due to y—y absorption on the BLR radiation field
as a function of distance from the central BH, normalized to the BLR radius,
for each energy bin centre reported in the VHE y-ray SEDs observed with
MAGIC (dots) and H.E.S.S. (squares). For comparison, estimates of the
absorption from theoretical models are plotted as coloured lines. The vertical
solid line denotes the BLR radius, while the dotted vertical line shows the
lower limit on the distance of the emitting region allowed by the data.

5 DISCUSSION AND CONCLUSIONS

In this work, we present the first detection of OT 081 (z = 0.32) at
VHE y-rays with the MAGIC and H.E.S.S. Cherenkov telescopes.
The VHE observations followed the flare in the HE band observed
by Fermi-LAT in July 2016. Due to moon and weather constraints,
the VHE observations could be performed only a few days after the
HE flare when the source was in a decay phase. An MWL study
from radio to VHE y-rays is carried out, and four different periods
(named P1, P2, P3, and P4) were chosen for their MWL coverage.
P1 and P2 correspond to the two peaks in the HE band, P3 represents
the source state during the VHE detection, and P4 corresponds to the
lower flux state after the flare, which is coincident with a high degree
of polarization. Both the observed and EBL-corrected VHE spectra
from OT 081 are well described by a power-law fit, and no sign of
curvature was found. On the other hand, the joint HE-VHE spectra
is best explained as a log-parabola with a peak located around 1 GeV.

In the VLBA study of the source, reported in Appendix A, events
in the innermost region of the jet could explain the activity in HE
y-rays, which appears enhanced before (P1, MJD 57585.5/57856.9
—2016 July 16/17, and P2, MID 57589 — 2016 July 20), rather than
simultaneous with the VHE detection (P3, MJD 57593.9 — 2016 July
27). However, because in this work we focus on the first detection of
VHE y-ray data from the source, we select simultaneous broadband
data with a short time window (periods P2, P3, and P4), which
do not allow us to establish a robust link to the VLBA analysis
maps because of their larger time uncertainties with respect to the
VHE y-ray variability. In a separate work, we will consider more
complex alternative scenarios, which could establish a link between
VLBA and the broadband data set here presented. Possible future
flaring activity will certainly benefit from contemporaneous VLBA
observation to shed light on the link between the observed features
and VHE y-ray flares. The common categorization of blazars is based
on the presence or absence of strong emission lines in their optical
spectra. Sources presenting weak or absent emission lines are BL
Lacs, while strong lines are characteristic of FSRQs. The separation
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between the two categories is usually defined by an equivalent
width of the emission line (|JEW | > 5 A). The development of
y-ray telescopes and the many y-ray detections of blazars brought
attention to the broadband SEDs of such sources and to possible
other categorizations of blazars not based solely on their optical
spectra. The broadband SEDs of blazars, presenting a common
double-bumped structure, have been used to further categorize this
class of AGNs, depending on the positions of the synchrotron and
IC peaks. The ratio between the IC and synchrotron peak fluxes, the
so-called CD, has been found to be higher for FSRQs than for BL
Lacs, making the modelling of the former sources more complex with
respect to pure SSC leptonic models. Although OT 081 was classified
as a BL Lac object and as LSP in the 4LAC (Ajello et al. 2020), it
displays some characteristics more common of FSRQs. In particular,
broad lines have been measured in its optical spectrum while in
its low state (Stickel et al. 1988). BL Lacertae, the prototypical
source for the BL Lac categorization, also displays strong emission
optical lines during low-flux states (see e.g. Vermeulen et al.
1995).

Using a spectrum of OT 081 taken on 2016 August 30 (MJD
57630), we estimated an Hg line luminosity of ~5 x 10* ergs~!
(equation 6 of Vestergaard & Peterson 2006), which provides a
value of the mass of the BH of M, = 107° x Mg, In addition to
the characteristics of the optical spectrum, the high CD of ~30 (P2)
reached by OT 081 during the flaring activity presented in this work
is unusual for BL Lac objects. Moreover, the SED peaks are strongly
shifted to higher energies during this period (the synchrotron peak by
afactor of ~8 and the IC peak by more than two orders of magnitude),
especially during P3 where the VHE detection allows us to constrain
the IC peak.

The MWL data collected around the selected three source states are
studied within the framework of state-of-the-art theoretical emission
models. As previously argued by Potter & Cotter (2013), in addition
to the SSC emission, an external photon field can be considered as
in the case of FSRQs. Guided by the presence of emission lines
in the optical, we assume a well-developed BLR and dusty torus.
The HE and VHE data are used to test the location of the emitting
region for which a lower limit of >0.8 R g is found. This indicates
that the emitting region should be either at the BLR edge or outside
to avoid y-ray absorption. For the broadband SED modelling, the
location of the emitting region is assumed to be outside of the
BLR. A similar approach was taken in MAGIC Collaboration (2018)
where during a 2015 flare, the object S4 0954465, which was
classified in the literature as a BL Lac object, exhibited characteristics
typically associated with FSRQs or transitional blazars rather than
BL Lacs, including reaching a CD of ~7. In this case, the model that
successfully describes the data is based on the assumption of a dusty
torus as the source of external photons.

The emitting region in the model is assumed to be much closer to
the torus than the location of interactions with K15 and K16, which
is farther away (10 pc from the BH). If the scenario described by the
VLBA analysis could be confirmed, the lepto-hadronic model would
still work, though interactions with the knots would replace the torus
as the source of the target photon field.

Given the recent interest in multimessenger photon and neutrino
emission from blazars, we tested the effect of adding a hadronic
component to the leptonic EIC solution. This lepto-hadronic model
successfully fits the data. We also tested a proton-synchrotron-
dominated solution based on the hadronic code of Cerruti et al.
(2015), which is described in Appendix B. The proton-synchrotron-
dominated model we adopted fits the data well, but it requires a very
high proton power of L, = 5.6 x 10*® ergs~!, which is about a factor
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of 400 times as large as the Eddington luminosity of a supermassive
BH with mass M, = 103 M.

The first LBL detected at VHE was AP Librae (H.E.S.S. Collabora-
tion 2015). The broadband SED of AP Librae challenged single-zone
leptonic models due to the extreme broadness of the HE component
(Hervet, Boisson & Sol 2015; Sanchez et al. 2015). A notable feature
of both AP Librae and OT 081 is the hard X-ray spectrum, which has
been interpreted as the onset of the HE component of the SED. In the
case of AP Librae, an extended X-ray jet was detected (Kaufmann,
Wagner & Tibolla 2013 and references mentioned above), which
would explain the peculiar SED (Sanchez et al. 2015; Zacharias &
Wagner 2016; Roychowdhury et al. 2022) by providing a source
of external photons. A multizone SSC model (Hervet et al. 2015)
as well as hadronic models (Petropoulou, Vasilopoulos & Giannios
2017) have been used to explain the electromagnetic emission of
the source, providing in this case a satisfactory representation of the
source’s SED without the need for external photon fields.

In this work, we find that a single-zone SSC model is not sufficient
to describe the broadband SEDs measured for OT 081 during the
periods of activity we identified. Rather, an EIC contribution is
required to describe the MWL data set. In agreement with the
presence of emission lines in the optical spectrum of the source,
we model the source by assuming the presence of a well-developed
BLR in the core as well as a dusty torus. We find that both a leptonic
model and a lepto-hadronic model can successfully reproduce the
data set. Additionally, a pure hadronic model could be considered, but
it would require relatively extreme values of the proton luminosity.
The VLBA analysis suggests another possible source of seed photons
—the superluminal knot K15 that was ejected after a prolonged period
of low-level non-thermal activity. Even if not the scope of this work, a
future study, possibly including new data when available, could also
explore two-zone modellings as another possible interpretation of
the MWL emission. This first detection of VHE y -rays from OT 081
brings new insight into its MWL characterization as well as widening
our understanding of the emission mechanisms of high-CD blazars.
The characteristics of the source’s optical spectrum as well as the
MWL observations and SED modelling suggest that this source is a
transitional blazar, on the border between BL Lacs and FSRQs.
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APPENDIX A: VLBA STUDY: JET EVOLUTION

The parsec-scale jet of OT 081 is strongly core-dominated at 43 GHz.
Fig. Al shows the total and polarized intensity VLBA images of
the blazar from April 2016 to June 2017. The very compact VLBI
(Very Large Baseline Interferometry) core, AO, is located at the
southern end of the jet, and it likely is a stationary physical structure
in the jet. A quasi-stationary feature located 0.14 £ 0.04 mas'®
downstream of the core is detected at all 23 epochs. This knot is
identified as feature A1 reported by Jorstad et al. (2017) that is located
0.11 £ 0.04 mas from the core, although its position angle varies
significantly throughout the epochs. During the period analysed here,
two superluminal knots, K15 and K16, were detected. Their positions
according to the modelling are marked on the images presented in
Fig. Al. Table A1l gives the kinematic properties of K15 and K16,
while Table A2 lists the average parameters of the main features
shown in Fig. Al. Extrapolating the motions of the knots suggests
that K15 and K16 coincided with the VLBI core on MJD 57346 +
55 (~2015 November 20) and MJD 57565 % 58 (~2016 June 26),
respectively.

According to Tables A1 and A2, knots K15 and K16 have very sim-
ilar properties. The derived ejection times of both knots are associated
with periods of significant brightening of the core and an increase
in its degree of polarization. In the Turbulent Extreme Multi-Zone
model proposed by Marscher (2014), rapid VHE y-ray flares result
from a temporary alignment of the turbulent magnetic field with a
direction relative to a shock front that is most favourable to extremely
efficient particle acceleration (e.g. Baring, Bottcher & Summerlin
2017). In the magnetic reconnection model of Giannios, Uzdensky &
Begelman (2009), plasma zones with oppositely directed magnetic
fields come into contact (perhaps also driven by turbulence), creating
‘mini-jets’ of VHE particles that stream at velocities near ¢ relative
to the ambient jet plasma. Although the above interpretations appear
to be a viable explanation for the y-ray activity of OT 081 during
the 2016 outburst, an unanswered question is why knot K15, with
properties similar to those of K16, did not trigger y-ray activity.
One explanation is that K15 was ejected after a prolonged period
with a low level of non-thermal activity, providing few potential
target photons for Compton scattering. Since K16 was ejected only
~200 d after K15, it is possible that K15 generated optical-infrared
seed photons (synchrotron or emission lines or dust from nearby
clouds heated by a UV flare from K15) that the electrons in K16 later
scattered to y-ray energies.

1%milliarcseconds: at the redshift z = 0.322, 1 mas corresponds to 4.675 pc
with the cosmological parameters adopted in this work (see Section 1).
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(a) Total intensity images shown by contours, with the global total intensity peak 4389 mJy/beam and levels of 0.15, 0.3, 0.6,..,76.8, and 98% of the peak; the black
horizontal line indicates the position of the core, A0, while the red, green, and blue circles mark the positions of knots A1, K15, and K16, respectively, according to model
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(b) Polarized intensity images plotted by color scale, with a 0.5% contour of the total intensity peak shown by black dotted curves and black line segments within each
image indicating the direction of the polarization electric vector.

Figure Al. Sequence of OT 081 VLBA images at 43 GHz, convolved with a beam of FWHM dimensions 0.34 x 0.14 mas? along the polarization angle
PA = —10°. Separated images/maps can be visible at https://www.bu.edu/blazars/VLBA_GLAST/1749.html.

Table Al. Kinematic properties of knots K15 and K16.

Kinematic parameters K15 K16

Proper motion (mas yr—!) 0.826 £ 0.068 0.918 £+ 0.079
Apparent speed (c) 16.83 £ 1.41 18.59 £ 1.59
Ejection time (MJD) 57346 £ 55 (2015 Nov 20) 57565 £ 58 (2016 June 26)
Ta1 MJD) 57408 £ 21(2016 Jan 20) 57620 £ 19 (2016 Aug 19)

Note. Ta is the time of the passage of moving knots through the stationary feature Al. The uncertainty in
Ta is calculated using the uncertainties in the position of Al and the proper motion of a component. The

uncertainty in the ejection time is not included in the calculation of the uncertainty in Ta;.

Table A2. Average parameters of the main features shown in Fig. Al.

Parameter A0 Al K15 K16
Number of epochs 23 23 9 7
Average flux (Jy) 2.62 +0.87 0.48 +0.45 0.087 £ 0.014 0.043 £0.013
Maximum flux (Jy) 4.32 + 0.06 1.85 + 0.06 0.10 £ 0.01 0.06 + 0.01
Average distance (mas) 0.14 £ 0.04 0.70 £ 0.18 0.60 + 0.14
Average PA (deg) 6+ 10 13+4 66
Average size (mas) 0.03 +0.01 0.06 + 0.03 0.33 £ 0.13 0.21 £0.12

APPENDIX B:
PROTON-SYNCHROTRON-DOMINATED MODEL

In Fig. B1, we show proton-synchrotron-dominated models of the
SED for the various states of activity for OT 081. These models were
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obtained using the hadronic code described in Cerruti et al. (2015).
In contrast with leptonic models in which the two SED components
are related, proton-synchrotron scenarios result in SED components
that are independent, resulting in a degenerate set of solutions. To
reduce the parameter space, we make two physical assumptions:
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(1) electrons and protons share the same acceleration mechanism,
resulting in the same injection index o, ; for their distributions;
(2) the maximum proton Lorentz factor y, ., is determined by the
balance between the acceleration time-scale 7. >~ 10 (myc/eB) yp/
(see e.g. Rieger, Bosch-Ramon & Duffy 2007) and the adiabatic
time-scale 7,g >~ R’/c, which is the shortest cooling time-scale for
protons. Even with these assumptions, we can only provide a sample
solution that describes the SED of OT 081 that uses typical values
for the Doppler factor § = 30 and the magnetic field B’ = 10 G.
The particle distribution spectra follow a power law with an expo-
nential cut-off. The complete list of parameter values is provided in
Table B1.

4.1e-8 4.le-3
-8

Energy [keV]
4.le+2 4
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In this hadronic scenario, the y-ray emission of OT 081 is
dominated by proton-synchrotron radiation in the GeV band while
the VHE emission is produced by pair cascades (from Bethe-Heitler
interactions and pion decays) and muon-synchrotron radiation. Ar-
guably, the most important drawback of hadronic blazar models is
the amount of power in protons needed to fit the data (Sikora et al.
2009; Zdziarski & Boettcher 2015). The model shown here is indeed
characterized by a large value of L, = 5.6 x 10* ergs™', which is
about a factor of 400 times as large as the Eddington luminosity of
a supermassive BH with mass M, = 108 M. The corresponding
calculated neutrino flux peaks in the EeV band with a flux of
107" ergcm™2 57!, at the level of the secondary photons from pion
decay.
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(b) P3: MJD 57593.9 (24 July 2016)
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Figure B1. SEDs for the various states of OT 081 plotted with the best-fitting proton-synchrotron models (black solid line). The states P2, P3, and P4 are
shown. The green dashed lines represent the synchrotron components. The blue dashed lines are SSC components, the purple dotted lines are the Bethe-Heitler
cascades, the blue and cyan dotted lines are the respective cascades from 7% and 7, the red dashed lines are the proton-synchrotron models, and the solid teal
lines represent the calculated neutrino fluxes. The parameters used for this model are listed in Table B1. The IceCube sensitivity curve from Aartsen et al. (2019)

is shown as a black dashed line. Grey circles are archival data from ASI/SSDC.
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Table B1. Parameters of the proton-synchrotron models for
periods P2 (MJD 57589.5 — 2016 July 20), P3 (MJD 57593.9 —
2016 July 24), and P4 (MJD 57595 — 2016 July 26). Parameters
are described in the text. The quantities flagged with stars are
derived quantities and not model parameters.

APPENDIX C: JOINT FIT OF THE HE AND VHE
DATA

We have performed joint fits of Fermi-LAT data points with those
from either H.E.S.S. or MAGIC (see Fig. C1). To perform the fit, we
use x? statistic, and the energy correlation between the VHE points

P2 P3 P4 is taken into account by using a covariance matrix. The Fermi-LAT
s 30 30 30 points are considered to not be correlated. For the minimization, we
R (x10'S em) 5 5 5 used an MCMC method that was implemented in the EMCEE PYTHON
*ops () 5 2 2 package. . .

, The VHE data points are corrected for EBL absorption, and the fit
B'(G) 10 10 10 is then performed in log-log space. We used three models in fitting
*U/, (ergem™3) 4.0 4.0 4.0 .

B ’ ’ ) the data — a power law, a log-parabola, and a power law with an
Ye.min 300 300 300 exponential cut-off. The best-fitting results are shown in Fig. C1.
ye,,break = Ye,min = Ve,min = VYe,min
Ve max 3000 3000 3000
O‘é,l = “;;,1 2.0 22 22
aé’z 39 39 3.9
K (em™3) 2300 8000 6000
*ul, (x 10~* ergem™?) 8.2 9.1 6.8
ylg,min 1 1 1
Ypmax(x10%) 12 1.3 0.8
K} (x10% em™) 759 720 1020
*U; (x10% ergem™) 23 53 75
*U}/Ug (x10%) 0.6 13 1.9
*L(x10* ergs™!) 2.5 5.6 8.0
Vrae (571 0.78 0.055 0.34
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Figure C1. The Fermi-LAT and VHE SEDs of OT 081. Plotted at left is the SED using H.E.S.S. data, and plotted at right is the SED using MAGIC data. The
red lines are the best-fitting models, and the orange areas are the corresponding 1o error contours.
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