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1ES 1959+650 is a bright TeV high-frequency peaked BL Lac object exhibiting interesting fea-
tures like broad high energy peak in the spectral energy distribution (SED) and "orphan" TeV
flares, that are difficult to interpret using a conventional one-zone synchrotron self-Compton
(SSC) scenario. We report the results from MAGIC observations in 2016 along with the multi-
wavelength data from Fermi-LAT and Swift instruments. An exceptionally high very-high-energy
(VHE) flux reaching ~ 3 times the Crab Nebula flux was measured by MAGIC on 13th, 14th
June and Ist July 2016. It is the highest flux level observed since 2002. During these flares, the
second SED peak lies in the VHE domain, and the spectrum extends up to several TeV energies.
The LAT and X-ray spectra are also hard with index < 2.0n 13th June, the source showed fast
variabilities in the VHE flux with timescales less than an hour. A simple one-zone SSC model can
satisfactorily describe the data during the high VHE states requiring a Doppler factor & < 30-60.
Alternatively, the SED can be explained by synchrotron radiation of relativistic protons with a
reasonable jet power L, ~ 10* erg - s~! under the requirement of high magnetic fields B ~ 100
G and maximum proton energy ~ few EeV. The theoretical models imply that detecting neutrino
emission from the source during a similar flare with the extreme VHE flaring period of 2016 is
difficult.
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1. Introduction

1ES 1959+650 is a well-known high-frequency peaked BL-Lac (HBL) object located at red-
shift z = 0.048 [1]. [2] reported an “orphan flare” on June 4 2002, a bright burst in the very-high-
energy (VHE; E > 100 GeV) y-ray band without a simultaneous counterpart at longer wavelengths.
In general, flux in the X-ray and y-ray are correlated, which is usually explained by standard lep-
tonic emission models. The exception are “orphan flares” (such as the one observed on June 4
2002 [2], bright bursts in the very-high-energy (VHE; E > 100 GeV) y-ray band without a simulta-
neous counterpart at longer wavelengths. The lack of such a correlation challenges the synchrotron
self-Compton (SSC) interpretation of the VHE emission. On the other hand, X-ray flares with low
Y-ray states [3] and simultaneous flaring in the VHE and X-ray [2] are also observed.

The first potential association between a high-energy neutrino event and the flaring blazar TXS
0506+056 ([4]) has inaugurated a new era in multi-messenger astronomy. 1ES 1959+650 is also
an interesting candidate for neutrino point-source search by the IceCube Neutrino Observatory. A
hint of high-energy neutrinos spatially and temporally coincident with flares of 1ES 1959+650 was
reported with the Antarctic Muon And Neutrino Detector Array although the detections were not
statistically significant [5]. A recent IceCube analysis for 8 years of data, is however consistent
with the background-only hypothesis. Since 2015 the source became active across several energy
bands, remarkably in optical [6], X-rays [7, 8] and also y rays [9, 10, 11]. The lack of correlation
between X-ray and VHE 7 rays during flares as well as the possible detection of neutrino emission
challenges the standard SSC model of blazar emission.

In this contribution, we focus on two flaring nights of 1ES 1959+650 observed by multi-
wavelenghth (MWL) instruments in 2016 when the source was in an active state. The Major At-
mospheric Gamma Imaging Cherenkov (MAGIC) telescopes detected two major VHE 7y-ray flares
on 13th and 14th June 2016. The flares of 1ES 1950+650 are particularly interesting since the
proximity and brightness of the source enable us to perform detailed spectral measurements up to
TeV energies, study the flux variability, test emission models related to the origin of the VHE y
rays and inspect their connection to cosmic-ray and neutrino production.

2. Observation and data analysis

2.1 MAGIC Telescopes

MAGIC is a system of two Imaging Atmospheric Cherenkov Telescopes (IACTs) [12]. The
standard trigger energy threshold for low zenith angle observations is ~ 50 GeV [12]. In June 2016,
intensive observations were triggered by high flux states of the source. Remarkably, the VHE flux
was highest on the 13th and 14th of this month reaching ~ 3 Crab Unit (C.U.)!. We used two
data sets from 13th and 14th June 2016 with effective time of about 137 minutes and 81 minutes,
respectively, for MWL SED modeling. The zenith angle of the source is about 40°, and the energy
threshold is ~ 100 GeV for such an angle [12].

We performed a detailed spectral analysis of the data during the highest VHE flux states. In
addition to it, the intra-night variability was inspected. We made light curves above 300 GeV and
evaluated a characteristic time scale of the flux variations.

'flux level of the Crab Nebula under dark conditions measured above the same energy threshold [13]
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2.2 Fermi Large Area Telescope

The LAT is an instrument on board the Fermi Gamma-ray Space Telescope [14, 15]. It covers
an energy range from a few tens of MeV to more than 300 GeV. It observes the whole sky every
three hours during its standard survey mode. We focused on the data for 1.5 days from 12th June
21:00 to 14th June 9:00 in 2016, which are quasi-simultaneous with the MAGIC data on 13th and
14th June 2016. In order to keep statistics, we used the LAT data of this period for modeling both
flares on 13th and 14th June 2016.

2.3 Neil Gehrels Swift Observatory

We used the public data of two instruments onboard Neil Gehrels Swift Observatory (hereafter
Swift), namely, the X-ray telescope (XRT) and the UV/Optical Telescope (UVOT). For the spectral
analysis at the major flares, we found observations in 13th and in 14th June 2016, for ~ 70 min and
for ~ 15 min, respectively. These times are subsets of the MAGIC observation time.

The XRT is sensitive for 0.2-10 keV [16]. The data were reduced and analyzed with the
standard software xrtpipeline and XSPEC, respectively. We derived the differential energy
flux from 0.6 keV to 7.5 keV for them.

The UVOT has six filters which have a narrow sensitive waveband from 170 nm to 600 nm
[17, 18]. For the simultaneous multi-waveband analysis on 13th and 14th June 2016, the data of
the filters [W1, W2: centred at 192.8 nm] and [W1, M1: centred at 224.6 nm, W2] were available,
respectively.

3. Results

3.1 Spectra during the highest flux nights
3.1.1 Very-high-energy y ray

A spectrum in the VHE 7 rays is quite important for this study because the high-energy peak
of the SED is well spanned by the MAGIC observations. The y-ray flux with energies above 300
GeV of ~ 3.0 C.U. and ~ 2.8 C.U. was observed on 13th and 14th June 2016, respectively. It is
the highest level since 2002 and more than one order of magnitude higher than that during a typical
low state. The SEDs in the VHE band on 13th and 14th June 2016 are very flat and extend beyond
a few TeV. In both nights the EBL-corrected VHE spectra are better described with a curvature
in the spectra rather than a simple power-law with no decisive preference among a log-parabola, a
power-law with an exponential cutoff and a log-parabola with an exponential cutoff. Regarding any
curved fit function amongst them, the local power-law index at 300 GeV is harder than 2 around
300 GeV. These data and analysis enabled us to constrain the cutoff and peak energies with ~ 10%
and ~ 20% statistical uncertainty, respectively. The SEDs peak at ~ 0.4-0.7 TeV, and they have a
cutoff above a few TeV when fitted with a power-law with a cutoff-type function.

3.1.2 Other wavebands

The fit of the LAT spectrum in the considered interval shows the power law index 1.56 £ 0.20.
The index is marginally harder than the values reported in the 3FGL and the 4FGL catalogue,
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1.88 +£0.02 [23] and 1.82 4+0.01 [24], respectively, by less than 20, although the fit ranges are
different.

The spectra above 0.5 keV extracted from the XRT data are well fitted by both a power-law
and a log-parabola function. Fitting with a log-parabola does not improve the fit. The power law
index is 1.81 +0.01 on 13th June and 1.824+0.01 on 14th June 2016.

3.2 Intra-night variability

The investigation of intra-night variability in the VHE band is important to constrain the size
of the emission region and to reproduce the physical conditions inside the source responsible for
the second SED peak.

The VHE y-ray flux exhibited fast variations for some nights in 2016, particularly for one of
the nights with the highest VHE flux 13th June 2016. Based on a step in the VHE flux between
two consecutive light curve bins, we quantised the shortest variability time scale as 36 + 14 min
for 13th June 2016. Fitting individual substructures in the light curves with parametrized functions
lead to similar results. The fast flux variability in the VHE band helped us to constrain the size of
the emission region to be R < 10'> cm.

3.3 Broadband emission modeling

We have modelled the MWL SEDs during the flares on 13th and 14th June 2016 with three dif-
ferent theoretical frameworks considering one-zone leptonic, hadronic and lepto-hadronic models.
A modified version of the code described in [19] was used for this.

3.3.1 Leptonic model

First we investigated a one-zone SSC model for the SEDs. The primary electron distribution is
assumed to follow a broken power law described by two slopes. The break energy was determined
by balancing the synchrotron cooling and the electron escape timescale. Under the assumption
of spectral break due to radiative cooling, the electron spectral index after break was assumed to
become softer by unity after the break.

The EBL-corrected VHE spectrum is very flat and extends up to several TeV, especially for
the 13th June flare. At such high energies, the inverse Compton component is generally suppressed
because of fast radiative electron cooling and the Klein-Nishina effect. These constraints lead us to
a conclusion that high values of Doppler factor and weak magnetic field is required for the simple
SSC solutions. The MWL SED of 13th June 2016 can be explained with 0 >45-50, whereas that
of 14th June requires relatively smaller values of 0 >30. It can be interpreted that a decrease in the
jet Doppler factor lowered the spectral cutoff energy in the VHE data measured for 13th and 14th
June 2016.

3.3.2 Hadronic model

As an alternative scenario, we investigated a model with relativistic protons injected into the
emission region in addition to the primary leptons. The proton distribution is assumed to be a
power law with exponential cutoff function. In the hadronic scenario, direct synchrotron radiation
by protons can satisfactorily reproduce the SED peak located at few hundreds of GeV. The lower
energy peak is described by synchrotron radiation from the primary leptons.
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In this solution, the protons have to be accelerated up to few EeV energies. This is possible
if the source has very high acceleration efficiency under magnetically dense environments. Strong
magnetic fields of the order of 100 G are required in the purely hadronic solutions to ensure fast
radiative cooling of the protons in compliance with the rapid flux variability timescales measured
from the source during 2016. The Doppler factors required for the hadronic solutions is smaller
(0 ~25) than the values required for the leptonic models and represents more or less typical values
for this class of sources.

3.3.3 Lepto-hadronic model and implications for neutrino emission

Generally the proton-synchrotron models predict neutrino fluxes lower than the sensitivity of
present neutrino telescopes. For further investigations of possible neutrino emission, we studied a
lepto-hadronic model for the flare on 13th June 2016 (since 14th June has a similar VHE flux level,
the constraints on the level of neutrino emission would be same for this night as well). We assume
an additional proton population with a power law spectrum defined by the same functional form
as described in the hadronic modelling subsection, along with the relativistic electrons inside the
emission region. In the lepto-hadronic solutions the second SED peak is explained by contributions
from both the SSC component and the p — ¥ cascade component (arising from synchrotron emission
of secondary e™ /e~ pairs generated in photo-meson interations). The first SED peak is attributed
to electron synchrotron, and the electron spectral indices and break Lorentz factors are comparable
to those of the leptonic model. The magnetic field strength is 0.6 G, and an extremely strong
field like the hadronic model is not required. In this case the required maximum proton energy is
Yp,max ~ 6 X 107. The neutrino spectrum peak is mainly determined by the maximum proton energy.
In the proton-synchrotron solutions, the inferred neutrino spectrum peaks at energies above few
EeV in the observer frame and the flux at 0.1-100 PeV is quite low. In case of the lepto-hadronic
solution, the neutrino spectra peak about two orders of magnitude lower in energy because a much
smaller value of the maximum proton energy is required.

From the lepto-hadronic solution, the integrated neutrino flux for 600 GeV-100 TeV is ~
5.5x 10713 TeVem=2s~!. It is comparable to the upper limit flux for 1ES 1959+650 obtained by
IceCube [20]. Moreover, the lepto-hadronic solutions need very high values of jet power (L; > 1048
erg/s) exceeding the Eddington luminosity by more than 2 orders of magnitude and hence are
energetically less favourable (see however [21]). These results imply that producing detectable
neutrino emission during the 2016 and similar flares of 1ES 1959+650 is difficult.
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