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✦Well-known TeV blazar 
✦High-frequency-peaked BL Lac object 

(HBL) 
✦Redshift z=0.048 
✦ Features challenging for simple one-

zone SSC* scenario 
‣ “orphan” flares 

• γ-ray flare without X-ray counterpart 


‣ hint of high-energy neutrino emission 
with AMANDA [Halzen & Hooper 05] 
• although not significant

[Krawczynski+ 04]

TeV BLAZAR 1ES 1959+650Extragalactic extinction reduces the flux above 10 TeV al-
ready by so much that it is not shown in the figure.

Adding a low-energy electron population (Fig. 12, left-hand
panel ) succeeds in producing an orphan !-ray flare and pre-
dicts an extremely steep !-ray energy spectrum. However, the
model needs careful fine-tuning, as the density of low-energy
electrons is constrained by the optical measurements. Studies
of the TeV !-ray energy spectrum during the flare are under-
way to test the prediction of a steep spectrum. A more natural
way to explain the flare is to postulate a second, dense electron
population within a small emission region (Fig. 12, right-hand
panel ); compared to the region where the quiescent emission
comes from, the 1200 times larger energy density of this
electron population and the 5400 times smaller emission
volume lead to a high inverse Compton–to-synchrotron lu-
minosity ratio and thus to a !-ray flare without a strong X-ray

Fig. 7.—Same as Fig. 6, but for epoch 4 of the campaign

Fig. 8.—Correlation between the X-ray flux and the Whipple and HEGRA
!-ray fluxes: epochs 1 ( filled circles), 2 (open circles), 3 (squares), and 4
(asterisks). Only points with a direct overlap of the !-ray and X-ray obser-
vations have been included.

Fig. 9.—Correlation between the X-ray flux and the 3–25 keV photon
index: epochs 1 ( filled circles), 2 (open circles), 3 (squares), and 4 (asterisks).

Fig. 10.—Radio to !-ray SEDs of the blazar 1ES 1959+650. The VLA data
were taken on 2002 May 7 (triangles) and June 7 ( filled circles). The optical
R-band data (crosses) show the minimum and maximum fluxes detected
during the full multiwavelength campaign. Four RXTE energy spectra are
given (results from the single–power-law fits): from top to bottom, (1) the
spectrum during a strong and spectrally hard flare observed on May 20; (2) an
estimate of the time-averaged spectrum corresponding to the HEGRA high-
state energy spectrum; (3) the spectrum measured during the orphan !-ray
flare on June 4; and (4) the spectrum of the RXTE pointing with the steepest
photon index (June 14). Open circles show the HEGRA high-state energy
spectrum measured during six nights with a greater than 2 TeV integral flux
above 1 Crab unit, and diamonds show the HEGRA low-state energy spectrum
acquired during all 2000–2002 nights with an integral flux of less than
0.5 Crab units. An SSC model of the high-state HEGRA data and the
corresponding high-state RXTE data is shown by the solid line; the dotted line
shows the model before correction for extragalactic absorption. The model
parameters are "j ¼ 20, B ¼ 0:04 G, R ¼ 5:8" 1015 cm, log E min=eVð Þ ¼
3:5, log E max=eVð Þ ¼ 12:3, log Eb=eVð Þ ¼ 11:8, p1 ¼ 2, p2 ¼ 3, and elec-
tron energy density of 0.22 ergs cm%3.
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explain the SED of PKS 2155!304 during and after the strong
TeV flare observed in 2006 July; however, in that case we found
less steep slopes for the electrons and a higher value of ! (see
Foschini et al. 2007). Once again, the physical parameters that
we derived assuming a one-zone SSCmodel are typical of HBL
objects. Finally, the historical SEDs of 1ES1959+650 show that
in this source the synchrotron emission is dominating above the
Compton one.
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Fig. 8.—SED of 1ES 1959+650 as measured at the end of 2006 May, together with other historical data. Optical-UV data are from on-ground (cyan triangle) and
UVOT/Swift (blue triangles). The average Suzaku spectrum (red) and the Swift spectra taken onMay 24 andMay 29 are reported. Green points ( filled circles) report the
observed MAGIC spectrum, while the red points (open triangles) have been corrected for the absorption by the IR background using the ‘‘lowmodel’’ of Kneiske et al.
(2004). Historical data are taken from Tagliaferri et al. (2003, radio-optical), Krawczynski et al. (2002, X-rays), Beckmann et al. (2002, X-rays), and Aharonian et al.
(2003, TeV, highest level). The line reports the synchrotron+SSC model (see text). The spectra reported for the X-ray and TeV bands correspond to the highest and
lowest flux so far recorded for this source in these bands.
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Figure 5. Broadband SED of 1ES 1959+650 with data from MJD 56064 (black) and MJD 56067 (red). The VHE spectrum for the low state is represented by the
average spectrum measured over the two dark runs, excluding the state on MJD 56067. These data are explored with an SSC representation, where the black line
corresponds to the low state and the red dashed and dotted lines correspond to the high gamma-ray state observed on MJD 56067. The dotted line is produced by
increasing the emission region size and low-energy cutoff, while the magnetic field is decreased. The dashed line representation is obtained by increasing the Doppler
factor and keeping the emission region size constant, in addition to increasing the low energy cutoff and decreasing the magnetic field. All parameter values used in
the modeling of each state are summarized in Table 5.
(A color version of this figure is available in the online journal.)

the SED), indicating that the SSC-inferred LAT flux in an
elevated state is still consistent with the observations. Therefore,
the broadband SEDs of 1ES 1959+650 on MJD 56064 and
MJD 56067 can be represented by a SSC emission model,
necessitating multiple parameter changes from the high states
relative to the low states in order to produce an elevated VHE
state with no change to the synchrotron peak.

3.2. Time-dependent Description (Reflected Emission)

In this section, we present a possible scenario to describe the
VHE variability detected during the contemporaneous multi-
wavelength observations of 1ES 1959+650. The main emphasis
of our discussion is to show that the scenario can explain the
data. Our choice in model is motivated, in part, by the evidence
for intervening gas within the blazar. We apply a similar reflected
emission model to that which was used to describe the “orphan”
flaring activity of 1ES 1959+650 (Böttcher 2005). This model
follows X-ray emission from a newly ejected component (blob)
in the jet as it is reflected off dilute gas and/or dust in the vicinity
of the jet. The reflected emission then re-enters the jet before
the blob, which is moving down the jet, and reaches the location
of the reflector. The application of this model is notably distinct
from that applied in Böttcher (2005), where, for this applica-
tion, the incident flux on the cloud is integrated over the time it
takes the blob to pass the reflecting cloud instead of taken from
a single short-lived X-ray flaring period. This integration over

the blob’s travel is necessary due to the assumed parsec-scale
proximity of the blob to the reflecting cloud.

We assume that at a distance Rm = 1 Rm,pc pc from the central
engine, moderately dense clouds of gas and dust (hereafter
referred to as the “mirror”) intercept the synchrotron emission
from portions of the jet located inside Rm, and reprocess part
of this flux back into the jet trajectory. Following Böttcher
(2005), the distance Rm can be related to the observed time delay
between the emergence of a new jet component from the core,
and the (observer’s frame) time at which the new component
intercepts the mirror. For a characteristic bulk Lorentz factor
of the new component of Γ = 10 Γ1, and a time delay of, for
example, ∆t ∼ 5 × 105 s:

∆t ∼ Rm

2 Γ2 c
∼ 5 × 105 Rm,pc Γ−2

1 s, (1)

according to which the new component would have emerged
around MJD 56062 for Γ ∼ 10 and Rm ∼ 1 pc.

The accumulated and reprocessed jet–synchrotron flux will
be intercepted by the blob within the time interval between
emitting the first photons at the time of emergence of the new
component, and intercepting the location of the cloud. This time
is also characteristic of the time during which the cloud receives
this flux, and can be estimated as is done in Böttcher (2005)

∆tfl ∼ Rm

8 Γ4 c
∼ 1.3 × 103 Rm,pc Γ−4

1 s. (2)
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● high-X/high-γ ● high-X/low-γ

● low-X/high-γ

Variety of 
flaring 

activities

* SSC: synchrotron self-Compton
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INSTRUMENTS

MAGIC • System of two Imaging 
Atmospheric Cherenkov Telescopes


• Located at La Palma, Spain

• 28°.7N, 2,200 m a.s.l.


• Mirror dish: D17 m

• Energy range: ≳50 GeV for low 

zenith angle
[Daniel Lopez/

IAC]

Fermi-LAT
• Onboard Fermi Gamma-ray Space 

Telescope

• Covering whole sky every 3 hr in 

standard survey mode

• Energy range:  

Tens of MeV—≳300 GeV

Swift

• Energy range:  
0.2—10 keV

XRT

[NASA]

• Waveband range:  
170—600 nm

UVOT

• Publicly available data of two 
instruments onboard Neil Gehrels 
Swift Observatory were used

[NASA]
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FLARES in 2016
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* VHE: very high energy; >100 GeV

✦ Remarkably bright flares in VHE* γ 
rays were observed on 13th, 14th 
June and 1st July 2016 
‣ flux reached ~3 Crab Unit (C.U.) 

✦ We focus on flares on 13th, 14th June 
‣ quasi-simultaneous data of 

MAGIC, Fermi-LAT and Swift-XRT/
UVOT

Preliminary
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OBSERVATIONS and DATA ANALYSIS

MAGIC • Energy threshold: ~100 GeV

‣ Spectra above ~100 GeV on both 

nights

‣ Light curve with 10-min binning

Fermi-LAT • Survey mode

‣ Spectral fit with power-law  

for 0.3—300 GeV

• Spectral fit with power-law 
and log-parabola for >0.5 KeVXRT

[NASA]
• Waveband filters


• 13th June: W1 and W2

• 14th June: W1, M1 and W2


• Flux for each filter

UVOT

MAGIC
Fermi-LAT

Swift-XRT

Swift-UVOT

13th June 14th JuneObservation periods
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OBSERVATIONS and DATA ANALYSIS

MAGIC • Energy threshold: ~100 GeV

‣ Spectra above ~100 GeV on both 

nights

‣ Light curve with 10-min binning

Fermi-LAT • Survey mode

‣ Spectral fit with power-law  

for 0.3—300 GeV

• Spectral fit with power-law 
and log-parabola for >0.5 KeVXRT

[NASA]
• Waveband filters


• 13th June: W1 and W2

• 14th June: W1, M1 and W2


• Flux for each filter

UVOT

MAGIC
Fermi-LAT

Swift-XRT

Swift-UVOT

13th June 14th June

Data sets 
for modeling 
flare on 13th

Keeping statistics

Observation periods
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OBSERVATIONS and DATA ANALYSIS

MAGIC • Energy threshold: ~100 GeV

‣ Spectra above ~100 GeV on both 

nights

‣ Light curve with 10-min binning

Fermi-LAT • Survey mode

‣ Spectral fit with power-law  

for 0.3—300 GeV

‣ Spectral fit with power-law 
and log-parabola for >0.5 KeVXRT

[NASA]
• Waveband filters


• 13th June: W1 and W2

• 14th June: W1, M1 and W2


‣ Flux for each filter

UVOT

MAGIC
Fermi-LAT

Swift-XRT

Swift-UVOT

13th June 14th June

Data sets 
for modeling 
flare on 14th

Keeping statistics

Observation periods
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✦ Deabsorbed† SEDs* are very  
flat and extend up to a few TeV 

✦ SEDs peak at 0.4—0.7 TeV 
✦ No decisive preference among fits by  

‣ log-parabola 

‣ power-law with exponential cutoff  

‣ log-parabola with exponential cutoff 

✦ Local power-law index <2 around 300 GeV 
✦ Spectrum is harder on 13th than on 14th

VHE γ-RAY SPECTRUM
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Unfolded SED of 1ES1959+650 on 13th June 2016
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Unfolded SED of 1ES1959+650 on 14th June 2016

Observed

Deabsorbed

* SED: spectral energy distribution

† Extragalactic-background-light absorption was corrected with [Franceschini+ 08]

[Daniel Lopez/
IAC]

13th June

14th June

TeV

TeV

Preliminary

Preliminary
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✦ Log-parabola does not 
improve goodness of fit 
compared to power-law 

✦ power-law index 
‣ 13th June: 1.81±0.01 

‣ 14th June: 1.82±0.01

HIGH-ENERGY γ-RAY and X-RAY SPECTRUM

✦ Power-law fit yielded index of 
1.56±0.20  
‣ for 0.3–300 GeV and single 1.5-day bin 

‣ cf. 1.82±0.01 (for 50 MeV—1 TeV; 
4FGL catalog)

[NASA]
[NASA]

Fermi-LAT
Swift
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✦ VHE flux exhibited fast variability on 13th 
June 2016 

✦ Doubling time scale: 36 ± 14 min  
‣ based on steepest step in the VHE flux 

between two consecutive light curve bins 
[Zhang+ 99] 

‣ fitting substructure in light curves leads to 
similar results 
• during middle part 


• with exponential-like functions 


✦ Emission region size ≲ 1015 cm for Doppler 
factor δ=20

FAST VARIABILITY in VHE γ RAYS

V. A. Acciari et al.: Broadband characterization of the very intense TeV flares of the blazar 1ES 1959+650 in 2016

Fig. 4. VHE SEDs during the highest-flux nights, 13th, 14th June and
1st July 2016 from top to bottom. The black circle and red square mark-
ers represent the observed and the EBL-deabsorbed spectra, respec-
tively. These have been unfolded with the instrument response function
of MAGIC. The absorption by the EBL has been corrected with the
model of Franceschini et al. (2008).
(A coloured version of this figure is available in the online journal.)

3.5. Intra-night variability

The investigation of intra-night variability in the VHE band is
not only essential to constrain the size of the emission region
but also plays an important role to replicate the physical condi-
tions inside the source leading to the origin of the second SED
peak. The observed VHE �-ray flux exhibited fast variations for
some nights in 2016, particularly for the nights with the high-
est VHE flux levels. We analysed the light curves with a fixed
time-binning of 10 minutes and found that the light curves above
300 GeV for 13th June and 1st July 2016 show significant intra-
night variability over short timescales, as shown in Fig. 5. The

flux level above 300 GeV of our standard candle, the Crab Neb-
ula is also shown for comparison purpose with a red dotted line.
No significant intra-night variability was observed on 14th June
2016. A common method to quantify the mean variability of the
source is given by the fractional variability amplitude (Vaughan
et al. 2003). For a set of N flux points xi with corresponding
errors �i,err, having mean flux xmean and mean squared error
�2

mean,err
, the fractional variability is defined with the following

formula

Fvar =

s
S 2 � �2

mean,err

x2
mean

(1)

where S
2 denotes the sample variance. The error in Fvar is cal-

culated following Eqn. B2 in Vaughan et al. (2003). The frac-
tional variability amplitude for 13th June, 14th June and 1st July
2016 are 0.20 ± 0.02, 0.06 ± 0.05 and 0.16 ± 0.02 respectively.
Another approach to give a quantitative measure of the variabil-
ity is to calculate the power of variability from power spectral
density (PSD; Vaughan et al. 2003). The analysis of our data
points shows that the power law index obtained from a fit to the
PSD has the hardest value for 13th June 2016, followed by 1st
July. 14th June 2016 has the softest index amongst all 3 nights,
which is a result similar to the one obtained from the fractional
variability amplitude. However, due to limited number of data
points, determining the slope of the PSD is not very meaning-
ful and the fractional variability amplitude gives a more reliable
measure of the flux variations.

An estimate of the fastest variability timescale can be obtained
from the doubling time which is defined using the following for-
mulae from Zhang et al. (1999)

tvar,i =
Fi + Fi+1

2
ti+1 � ti

|Fi+1 � Fi|
(2)

where Fi, Fi+1 and ti, ti+1 denote the fluxes and corresponding
observation times for two consecutive data points in the light
curve respectively. The errors of the doubling timescale are prop-
agated through the errors in the flux measurement. For the night
of 13th June 2016, pair-wise shortest variability timescale was
found between the 8th and the 9th data points having value
tvar = 36± 14 min. The same quantity calculated for the night of
1st July was found to have the minimum value between the 2nd
and the 3rd data points with flux doubling time tvar = 36 ± 15
min.

The rise and decay time of the individual substructures in the
light curves can be obtained by fitting the peaks with an expo-
nential or sum of two exponential functions represented by the
following formulae

F(t) = A0e
�|t�t0 |/tr (3)

F(t) = A0/(e
t0�t

tr + e

t�t0
t f ) (4)

where A0 is defined as the flux or two times the flux at t0 for
Eqn. 3 and 4, respectively, tr, t f are the rise and decay times
of the flare all of which are left as free parameters and the
flux doubling time in this formalism is defined as trise/ f all =
tr/ f ⇥ ln(2). For 13th June and 1st July 2016, the results of the
double-exponential fit (solid red curves in Fig. 5) and the single-
exponential fit (green dashed curve in Fig. 5) are summarised
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13th June

Preliminary

trise = tr ln2 = 22±12 min

tfall = tf ln2 = 32±20 min

trise = tr ln2 = 91±16 min



�11

✦ One-zone SSC model 
‣ Electron spectrum: broken power-law 

‣ difference between indices below/above break is fixed at 1 

✦ Large Doppler factor (>40 for 13th) is required by hard and 
flat VHE SED 

✦ Extreme γ-ray state is interpreted to be caused by: 
‣ high Compton dominance related to small emission region 

‣ strong relativistic boost because of large Doppler factor

LEPTONIC MODEL

Parameters 13th June 14th June

Doppler factor δ 40—60 30—50
Emission region size R [cm] 7×1014—1015 8×1014—1015

Magnetic field strength B [G] 0.10—0.25 0.2—1.4
Electron break Lorentz factor γe,brk 4×105—106 105—5×105

Low-energy electron index n1 2.2—3.2 2.2—3.2
Jet luminosity [erg/s] (1—5)×1043 (1—3)×1043

13th June

14th June

Preliminary

Preliminary
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✦ One-zone proton-synchrotron model 
‣ Proton spectrum: power-law with exponential cutoff 

‣ low-energy peak is attributed to electron synchrotron 

✦ Doppler factor is mild (δ~25) 

✦ Max proton energy: ≳EeV 

✦ Very strong magnetic field B≳150 G is required by fast 
variability in flux 
‣ electrons are in fast-cooling regime

HADRONIC MODEL

Parameters 13th June 14th June

Doppler factor δ 25 25
Emission region size R [cm] 2.1×1014 2.1×1014

Magnetic field strength B [G] 150 150
Proton max Lorentz factor γp,max 7×109 5×109

Proton index np 2.23 2.23
Jet luminosity [erg/s] 1.5×1046 1046

13th June

14th June

Preliminary

Preliminary
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✦ p-γ cascade component in addition to SSC for high-
energy peak 

✦ Extremely large jet power Lj≳1048 erg/s is required 

‣ more than two orders of magnitude larger than 
Eddington luminosity 

✦ Predicted neutrino flux is comparable with IceCube 
upper limit for 8-year data [IceCube Collaboration+ 18] 
‣ consistent with  null detection

LEPTO-HADRONIC MODEL

Parameters 13th June
Doppler factor δ 45
Emission region size R [cm] 4×1014

Magnetic field strength B [G] 0.6
Proton max Lorentz factor γp,max 6×107

Proton index np 2.2
Jet luminosity [erg/s] 8×1048

13th June

IceCube 
sensitivity

Model

Preliminary

Preliminary



�14

HBL 1ES 1959+650 showed historically 
bright VHE flares (~3 C.U.) in 2016

SUMMARY

High flux and hard spectrum were 
observed in both γ-ray and X-ray during 
those flares

VHE SEDs are very flat and extends up 
to multi-TeV

Fast variability in VHE flux with time scale 
of ~40 min was observed

Spectra and fast variability can be 
reproduced by either leptonic, hadronic 
or lepto-hadronic model

Leptonic (one-zone SSC) model requires 
large Doppler factor δ≳40 

Hadronic (p-synchrotron) model requires 
extreme magnetic field B≳150 G

Lepto-hadronic (SSC + p-γ) model implies 
producing detectable neutrino emission 
during similar flares is difficult 
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�16OBSERVATIONS AND DATA ANALYSIS

MAGIC • Observation time

• 13th June: 137 min

• 14th June: 81 min


• Energy threshold: ~100 GeV

‣ Spectral fit with some functions for 

100 GeV—9 TeV on both nights

‣ Light curve with 10-min binning

[Daniel Lopez/
IAC]

Fermi-LAT
• Survey mode

• Data of 1.5 days are combined


• for statistics

• Covering both MAGIC 

observation periods

‣ Spectral fit with power-law  

for 0.3—300 GeV

• Observation time

• 13th June: 70 min

• 14th June: 15 min


• Spectral fit with power-law 
and log-parabola for >0.5 KeV

XRT

[NASA]

[NASA]

• Observation time

• 13th June: 314 min

• 14th June: 138—275 min


• Waveband filters

• 13th June: W1 and W2

• 14th June: W1, M1 and W2


• Flux for each filter

UVOT

Contained 
in MAGIC 

observation 
periods



�17FITTING PARAMETERS of VHE SPECTRA on 
13th and 14th June 2016
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Table 1. Fitting parameters of the VHE spectra during the highest-flux nights in 2016.

Time Fluxa Fit model F0 � or ↵ Ecut � Epeak
b �2/d.o. f

(10�10 cm�2 · s�1) (10�9 TeV�1 · cm�2 · s�1) (TeV) (TeV)
13th June (1) PL 1.81+0.05

�0.05 2.00+0.02
�0.02

. . . . . . . . . 34.0/10
02:15–04:37 (2) PL w/ cuto↵ 1.93+0.06

�0.06 1.81+0.05
�0.05 5.4+1.7

�1.1
. . . . . . 14.1/9

(MJD 57552.094 4.06 ± 0.13 (3) LogP 1.89+0.05
�0.05 1.83+0.04

�0.04
. . . 0.24+0.05

�0.05 0.67+0.09
�0.07 11.4/9

–57552.192) (4) LogP w/ cuto↵ 1.89+0.05
�0.05 1.83+0.04

�0.04 +1c 0.24+0.05
�0.05 0.67+0.002

�0.002 11.4/8
14th June (1) PL 1.46+0.05

�0.04 2.07+0.03
�0.03

. . . . . . . . . 35.3/10
02:07–03:35 (2) PL w/ cuto↵ 1.67+0.07

�0.07 1.77+0.07
�0.07 2.9+0.8

�0.5
. . . . . . 5.9/9

(MJD 57553.088 3.28 ± 0.13 (3) LogP 1.58+0.05
�0.05 1.86+0.05

�0.05
. . . 0.36+0.07

�0.07 0.47+0.05
�0.05 6.0/9

–57553.149) (4) LogP w/ cuto↵ 1.63+0.09
�0.08 1.81+0.07

�0.07 5.7+6.2
�6.2 0.18+0.21

�0.20 1.0+1.8
�1.8 5.3/8

23:59 30th June (1) PL 1.77+0.03
�0.03 2.10+0.02

�0.02
. . . . . . . . . 85.4/10

–04:58 1st July (2) PL w/ cuto↵ 1.95+0.04
�0.04 1.86+0.03

�0.03 3.8+0.6
�0.4

. . . . . . 11.7/9
(MJD 57569.999 3.76 ± 0.08 (3) LogP 1.87+0.03

�0.03 1.93+0.03
�0.03

. . . 0.26+0.03
�0.03 0.41+0.03

�0.04 22.5/9
–57570.207) (4) LogP w/ cuto↵ 1.96+0.05

�0.05 1.85+0.04
�0.04 3.3+1.5

�0.8 �0.05+0.10
�0.10 +1c 11.5/8

Notes. The functions of PL, PL w/ cuto↵, LogP, and LogP w/ cuto↵ are defined in Appendix B as Eqn. B.1, B.2, B.3 and B.4, respectively. The normalization energy E0 is 0.3 TeV. The EBL
absorption has been corrected with the model of Franceschini et al. (2008).

(a) For an energy range E > 300 GeV. (b) Separate from the other parameters, only Epeak is determined by another fitting process by expressions with Epeak, namely,
Eqn. B.30 and B.40. (c) Here +1 means that the energy is higher than the fitting range and reaches the upper limit of the parameter.
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✦ Fit range: 0.1—9 TeV
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Appendix B: Spectral fitting functions

The functions which were used for the spectral fitting are defined
as follows: a simple power law (PL)

dF

dE
= F0

 
E

E0

!��
, (B.1)

a PL with an exponential cuto↵

dF

dE
= F0

 
E

E0

!��
exp

 
� E

Ecut

!
, (B.2)

a log-parabola (LogP)

dF

dE
= F0

 
E

E0

!�↵��[log10(E/E0)]

, (B.3)

and a LogP with an exponential cuto↵

dF

dE
= F0

 
E

E0

!�↵��[log10(E/E0)]

exp
 
� E

Ecut

!
, (B.4)

where dF/dE is the di↵erential �-ray flux as a function of the
energy E. The value of the normalization energy E0 is fixed at
300 GeV. The expressions of the LogP and the LogP with a cuto↵
with Epeak are

dF

dE
= F0

 
E

Epeak

!�2

10��[log(E/Epeak)]2
(B.30)

and

dF

dE
= F0

 
E

Epeak

!�2

10��[log10(E/Epeak)]2
exp

 
� E

Ecut

!
, (B.40)

respectively. The parameter Epeak corresponds to the peak energy
of a SED.
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where dF/dE is the di↵erential �-ray flux as a function of the
energy E. The value of the normalization energy E0 is fixed at
300 GeV. The expressions of the LogP and the LogP with a cuto↵
with Epeak are
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respectively. The parameter Epeak corresponds to the peak energy
of a SED.
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where dF/dE is the di↵erential �-ray flux as a function of the
energy E. The value of the normalization energy E0 is fixed at
300 GeV. The expressions of the LogP and the LogP with a cuto↵
with Epeak are
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respectively. The parameter Epeak corresponds to the peak energy
of a SED.
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where dF/dE is the di↵erential �-ray flux as a function of the
energy E. The value of the normalization energy E0 is fixed at
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respectively. The parameter Epeak corresponds to the peak energy
of a SED.
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PARAMETERS for MODELINGA&A proofs: manuscript no. output

Table 4. Parameters for the SSC, hadronic and lepto-hadronic modelling of the 13th and 14th June flares of 1ES 1959+650.

13th June 14th June
Parameters SSC Hadronic Lepto-hadronic SSC Hadronic
� 40–60 25 45 30–50 25

B (G) 0.1–0.25 150 0.6 0.2–0.4 150
R (cm) 7 ⇥ 1014–1015 2.1 ⇥ 1014 4 ⇥ 1014 8 ⇥ 1014– 1015 2.1 ⇥ 1014

n1 2.2–2.3 2.3 2.3 2.2–2.3 2.28
n2 3.2–3.3 . . . 3.3 3.2–3.3 . . .
�e,min 7 ⇥ 102 5 8 ⇥ 102 3–7 ⇥ 102 5
�e,max 106–7 ⇥ 106 5 ⇥ 104 7 ⇥ 106 106–7 ⇥ 106 5 ⇥ 104

�e,brk 4 ⇥ 105–106 . . . 2 ⇥ 105 105–5 ⇥ 105 . . .
np . . . 2.23 2.2 . . . 2.23
�p,min . . . 1 1 . . . 1
�p,max . . . 7 ⇥ 109 6 ⇥ 107 . . . 5 ⇥ 109

Lj (erg/s) 1043–5 ⇥ 1043 1.5 ⇥ 1046 8 ⇥ 1048 1043–3 ⇥ 1043 1046

Fig. 6. One-zone SSC models applied to 13th June (left panel) and 14th June (right panel) 2016. The symbols corresponding to datasets from
di↵erent instruments are given in the legend. The historical data are taken from Tagliaferri et al. (2008). The black (solid), brown (dot-dashed)
and blue (dashed) curves represent the summed emission component in increasing order of doppler factor �. We found satisfactory explanation of
the MWL data with high values of � > 45 for 13th June 2016. The data from 14th June 2016 do not strictly require such high values and can be
modelled with moderate values of � > 30. For more details see the discussion in Sec. 4 and the parameters in Table 4.
(A coloured version of this figure is available in the online journal.)

peak strongly depends on the maximum energy of the protons
which in our model is determined by a balance of the accelera-
tion and cooling timescales (proton-synchrotron, escape, photo-
meson). Compared to the SSC models, the proton-synchrotron
solutions require smaller values of Doppler factor (� ⇠ 25). We
have also investigated mixed lepto-hadronic models where the
high-energy SED peak is a combination of the SSC and proton-
induced cascade emission. The required jet power for the proton-
synchrotron solutions is comparable to the Eddington luminos-
ity of the source (⇠ 1046 erg/s) and that for the lepto-hadronic
solutions exceeds LEdd by about 2 orders of magnitude. How-
ever, super-Eddington values of jet power in blazars have been
predicted by various other authors (e.g. Barkov et al. 2012, Ba-
sumallick & Gupta 2017 etc. and the references therein). We also
note that the jet power can be significantly reduced by assuming
external photon fields inside the emission region as in the struc-
tured jet scenario discussed in Tavecchio et al. (2014) (see also
Righi et al. 2017).

The neutrino spectra predicted from the proton-synchrotron
models peak at very high neutrino energies (i.e. > 1018 eV in the
observer frame, which is a consequence of the requirement of the
high maximum proton energy in such solutions). It provides low
neutrino flux in the range 0.1–100 PeV. The neutrino flux in this

range can be boosted by choosing a lower value of the maximum
proton energy as shown in the lepto-hadronic solutions. How-
ever, such a scenario is also energetically less favoured due to
the requirement of high values of jet power as discussed above.
Our predicted neutrino spectra during the brightest 2016 flare
does not significantly exceed the IceCube sensitivity limit (cal-
culated using 8 years of IceCube livetime) in all cases. The
model-predicted integrated neutrino flux in the range 600 GeV–
100 TeV (90% energy confidence interval) is comparable to the
flux upper limit in the location of 1ES 1959+650 derived from 8
years of IceCube data. Our conclusions are in agreement with the
non-detection of significant neutrino excess in the IceCube data
analysis following the 2016 �-ray flares (Kintscher et al. 2018).

In this work a comparative study was done for di↵erent classes
of SED models to demonstrate the multiple possibilities, which
naturally leads to some degeneracy in the parameter space. Fu-
ture multi-messenger and multi-wavelength observations can
play a very crucial role to disentangle between the hadronic and
leptonic scenarios and constrain the model parameters. For ex-
ample, a multi-year multi-waveband monitoring campaign can
help to follow the transition between high and low emission
states. Such a long-term data set is of paramount importance
to understand nature of the emitting particles, follow the evo-
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ACCELERATION/COOLING TIME SCALES

V. A. Acciari et al.: Broadband characterization of the very intense TeV flares of the blazar 1ES 1959+650 in 2016

Fig. 7. One-zone hadronic models applied to 13th June (left panel) and 14th June (right panel) 2016. The symbols corresponding to dataset
from di↵erent instruments are given in the legend. Solid-black line: summed; dashed-blue line: electron-synchrotron; dotted-green line: SSC;
dot-dashed-sea-green line: proton-synchrotron; dot-dot-dashed-orange line: p � � cascade. The higher energy peak in the SED is dominated by
synchrotron radiation by relativistic protons which can be achieved with B ⇠ 100 G and Ep,max > 1018 eV and jet power Lj ⇠ 1046 erg/s (⇠ LEdd).
For more details see the discussion in Sect. 4 and the parameters in Table 4.
(A coloured version of this figure is available in the online journal.)

Fig. 8. One-zone lepto-hadronic models (left panel) and the predicted neutrino flux (right panel) for 13th June 2016. The definition of symbols
and lines in the SED model on the left panel is same as Fig. 7. The higher energy peak in the SED in this case is a combination of the SSC and
photo-meson cascade component which can be achieved with B ⇠ 1 G, Ep,max > 1016 eV at the cost of high jet power Lj > 1048 erg/s (>> LEdd).
The meaning of the di↵erent curves in the neutrino spectra (right panel) is mentioned in the legend. The IceCube sensitivity curve is taken from
IceCube Collaboration et al. (2018b) corresponding to declination 60�. Neutrino spectra predicted in the proton-synchrotron solutions of Fig. 7
peak at very high energies and provides low neutrino flux in the range 0.1–100 PeV. The neutrino peak is shifted to lower energies in the lepto-
hadronic solutions providing slightly higher flux at the cost of very high values of the jet luminosity. For more details see the discussion in Sect. 4
and the parameters in Table 4.
(A coloured version of this figure is available in the online journal.)

Fig. 9. Comparison between acceleration timescale (solid blackline with acceleration e�ciency ⌘acc = 1) and di↵erent cooling timescales
(tesc, tpsync, tp�) for the hadronic (left panel) and lepto-hadronic (right panel) scenarios of 13th June 2016. Also shown is the energy at which
the proton gyro-radius becomes equal to the radius of the emission region (dot-dashed-red line).
(A coloured version of this figure is available in the online journal.)
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