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A B S T R A C T 

TON 0599 ( z = 0.7247) belongs to the few flat spectrum radio quasars (FSRQs) det ect ed in the very high energy (VHE, E > 

100 GeV) g amma-ray band. Its r edshift makes it currently one of the farthest VHE gamma-ray sources. It was det ect ed 

for the first time with the MAGIC telescopes on 2017 December 15, and observed until December 29. The flux reached a 

maximum of about 50 per cent of the Crab Nebula flux above 80 GeV on the second night of observation, after which we 
witnessed a gradual decrease of the flux. The VHE gamma-ray spectrum connects smoothly to the one in the high energy 

( E > 100 MeV) band obtained from simultaneous observations with F ermi-LA T . It features a cut-off at energies around 

50 GeV, indicating the location of the gamma-ray emission zone beyond the broad line region. In addition, w e w ere able 
to follow the spectral evolution during the fading phase of the flare. Multiwavelength analysis based on observations in 

optical, near-infr ared, and r adio bands acquired by the Whole Earth Blazar Telescope Collabor ation fr om N ov ember t o 

March, as well as observations in X-ray and optical–UV bands with instruments on board the Swift sat ellit e, shows strong 

corr elation between differ ent bands. We model the br oadband emission with a simple one-zone leptonic model, where the 
high-energy peak is predominantly produced by external Compton scattering of photons from the dusty torus. 

Key wor ds: g alaxies: active – quasars: individual: TON 0599 – galaxies: jets – gamma-rays: galaxies. 
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 INTRODUCTION  

lazars are a subclass of active galactic nuclei (AGN) which eject
aterial through collimated jets of ultrarelativistic matter (C. M.
rry & P. Padvani 1995 ). They are known for significant and fast
ux variability, with time scales as short as order of minutes.
lazars are subdivided into BL Lacertae objects (BL Lacs) and
at spectrum radio quasars (FSRQs). Although BL Lacs generally
ave featureless optical spectra, FSRQs usually exhibit prominent
mission lines and strong continuum emission in the optical-UV
and (the so - called blue bump) associated with the emission from
he accretion disc. Although FSRQs generally have higher lumi-
osities than BL Lacs, their inverse Compton (IC) bumps peak
t lower energies, resulting in softer very high energy (VHE, E >

00 GeV) spectra. In addition, they are mostly located at higher
edshifts (M. Ackermann et al. 2011 ), with their VHE spectra
urther softened by absorption on e xtrag alactic back gr ound light
EBL). For these reasons, FSRQs are more difficult to detect in the
HE band, TON 0599 being one of the handful det ect ed so far. 
TON 0599 (other names: 4C + 29.45, B2 1156 + 29,

eV J1159 + 292, RGB J1159 + 292, RX J1159.5 + 2914) is located
t Right Ascension (J2000.0) 11h59m31.8s and Declination
 29d14m44s. At the redshift of z = 0 . 7247 (P. C. Hewett & V.
ild 2010 ) it is currently the sixth farthest source of VHE gamma

ays, and fifth farthest AGN. TON 0599 is a highly variable source
n all frequencies (B. J. Wills et al. 1983 , 1992 ; T. Hov at ta et al.
007 ; T. Savolainen & Y. Y. Kovalev 2008 ; B. R. Liu et al. 2013 ;
.- Y. W ang et al. 2014 ). H. S. Stockman ( 1978 ) and J. H. Fan et al.
 2006 ) classified it as an optically violently variable quasar based
n polarization and photometric measur ements, r espectively.
n addition, J. H. Fan et al. ( 2006 ) found possible periodicity in
he optical light curve with time scales of 1.58 and 3.55 yr. The
ux variability in near-infrared was followed in 2007–2013 at

he Campo Imperatore and Teide observat ories, monit ored by
he GLAS T-AGILE Support Pr ogramme (G ASP) of the Whole
NRAS 546, 1–16 (2026) 

f  
arth Blazar Telescope (WEB T) Collabor ation. The fr actional
ariability (see Section 3.2 ) in J band in that period was 0.73 (C.
. Raiteri et al. 2014 ). Also, intr anight v ariability at the level

f 22.3 per cent of the flux was observed with Sampurnanand
elescope, possibly caused by turbulence in the jet (A. Goyal et
l. 2013 ). 

The first detection of TON 0599 in gamma rays was reported
n the second EGRET catalogue (D . J . Thompson et al. 1995 ). It
as also listed in the First F ermi Large Area Telescope (LAT)

ource catalogue (A. A. Abdo et al. 2010 ). TON 0599 underwent
 particularly active flaring state in late 2017. Multiwavelength
MWL) studies analysing that period were published in S. R. Patel
t al. ( 2018 ); S. R. Patel & V. R. Chitnis ( 2019 ); R. Prince ( 2019 );
. K. Hallum et al. ( 2022 ). 
On 2017 December 15, TON 0599 was det ect ed for the first time

n the VHE band with the Major Atmospheric Gamma Imag-
ng Atmospheric (MAGIC) telescopes (R. Mirzoyan 2017 ). The
etails of the detection are reported in this work. In Section 2 ,
e describe the observations used in this study and lay out the
 esults. The MWL pictur e is presented in Section 3 , and the results
f the broadband modelling in Section 3.3 . We summarize our
esults in Section 4 . 

 DA  T  A  ANAL  Y S I S  AND  R E S U LT S  

.1 Gamma rays 

.1.1 MAGIC observation and analysis 

AGIC is a system of two 17 m mirror dish Imaging Atmospheric
herenkov Telescopes located in El Roque de los Muchachos
bservatory in Canary Island of La Palma ( 28 . 7 ◦ N, 17 . 9 ◦ W), at
he altitude of 2200 m a.s.l. (J. Aleksi ́c et al. 2016a ). MAGIC obser-
ations of TON 0599 started on 2017 December 15 (MJD 58102),
ollowing a hardening of the HE gamma-ray spectrum observed
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ith Fermi -LA T . The observations lasted until 2017 December 
9 (MJD 58116). During this time, 19.2 h of data were collected.
ll observations were performed in the so - called wobble mode 

V. P. Fomin et al. 1994 ; J. Aleksi ́c et al. 2016b ), under dark sky
onditions (J. Aleksi ́c et al. 2016a ). Based on measurements with
 pyrometer and an AllSky camera (M. Will 2017 ) and subjective
stimation by the observers, 1 the atmospheric transmission was 
stimat ed t o be abov e 85 per cent with respect t o clean atmo-
phere for all observations. The data were reduced and analysed 

sing MAGIC Analysis and Reconstruction Software (MARS, R. 
anin et al. 2013 ). For points whose relative uncertainties are 
reater than 0.5, the upper limits on the flux have been computed
ollowing W. A. Rolke, A. M. López & J. Conrad ( 2005 ) at the
onfidence level of 95 per cent. 

On the first night, after observing for 0.96 h with the MAGIC
elescopes, the signal was detected with a statistical significance 
f 10.4 σ (using equation 17 of T.-P. Li & Y.-Q. Ma 1983 ). The
ntegral flux above 80 GeV reached (2 . 6 ± 0 . 3) × 10 −10 cm 

−2 s −1 ,
orresponding to 42 per cent of flux from the Crab Nebula (0.42
.U.) in the same energy range, as reported in J. Aleksi ́c et al.
 2015 ). The second night showed a marginal increase in flux
although within uncertainties) to (3 . 1 ± 0 . 3) × 10 −10 cm 

−2 s −1 ,
hich corresponds to 0.51 C.U. above 80 GeV. After the second 

ight, the measured flux decreased until the end of the MAGIC 

bservation campaign. The light curv e abov e 80 GeV is shown in
ig. 1 , while in Fig. 6 it is put in the MWL context. 

.1.2 Fermi -LAT observation and analysis 

bservations of the TON 0599 VHE flare were triggered by ap- 
lying the iSRS clustering scheme (L. Pacciani 2018 ) on incom-

ng Fermi -LAT data (W. B. Atwood et al. 2009 ) for gamma-ray
nergies above 10 GeV. The triggering pr ocedur e runs on the
ntire sample of blazars within the third Fermi -LAT catalogue (F.
 cer o et al. 2015 ). For each sour ce, g amma rays ar e collected if 

ontained within a cir cular r egion centr ed on the sour ce and with
 radius R 

95 corresponding to the 95 per cent containment ( R 

95 
 The MA GIC LID AR syst em used for monit oring the atmospheric trans- 
ission (C. Fruck & M. Gaug 2015 ) was not functioning properly during 

he campaign. 

p  

s  

a  

t  

r  
epends on the energy and on the reconstruction category of the
ncoming gamma ray). The iSRS procedure was adopted to trigger 
bserv ations of sever al other flar es fr om the FSRQs and BL Lacs
L. Pacciani et al. 2014 ; M. L. Ahnen et al. 2015 ; S. Ansoldi et al.
018 ). 

Spectra and binned light curv es w er e pr oduced using the stan-
ard analysis methods for PASS8 data (Science-Tools v10r0p5 , 
rovided by the Fermi -LAT collaboration), and the Pass8R2 V6 
our ce instrument r esponse function, selecting events of class P8
OURCE. 

We e xtracted g amma-ray events within 20 ◦ from the source
osition and selected events of class P8 Source . Events from
he Earth limb wer e r ejected adopting a zenith angle cut of 
0 ◦. The source flux in the energy and temporal bins was
xtracted using the unbinned likelihood analysis (W. Cash 

979 ; A. A. Abdo et al. 2009 ). Likelihood analysis made use
f p8r2_source_v6__gll_iem_v06 galactic diffuse back- 
round model and of p8r2_source_v6__iso_source_v06 
sotropic diffuse background model. 

The Fermi -LAT light curve, obtained in the energy range 
00 MeV–500 GeV, is reported with 24 h time bins. Upper lim-
ts are shown for time bins with source test statistics (TS) < 9 .

e evaluated that the photon indices obtained by fitting the 
ata with a power -la w could be unreliable in the case of low
our ce statistics, r esulting in a soft er phot on inde x than e xpected.
imulating sources with the power -la w spectra of photon index
.2, the distribution of reconstructed photon index has a tail 
 oward soft-phot on indices. The reconstruct ed phot on index is
 3 in ∼19 per cent (8 per cent) of the cases for 6 (12) source

ounts (npr ed). The r econstructed sour ce photon inde x for the
4 h time bins and source TS > 9 is reported in Fig. 6 . The
ime bins with npred ≥ 12 are highlighted in red. We checked
he effect of applying an incorrect weight for the isotropic and
 alactic back gr ound. Assuming the total back gr ound contribu-
ion to be over estimated/under estimated by 20 per cent, the ef-
ect is negligible both in spectral shape and the flux estimate for
eriods A and B. For period C (period D), the back gr ound over-
stimation/under estimation would r esult in har dening/softening 
f the photon index of 0.014 (0.018), and to an underestima-
ion/overestimation of the flux by 2.2 per cent (4.2 per cent). 

The fastest variability in the HE flux was observed between 

JD 58052 and 58061. We fitted the flux with a Gaussian func-
ion. The mean of the Gaussian is located at MJD 58057 . 6 ± 0 . 2
ith a standard deviation of 2 . 7 ± 0 . 2 d. 

.1.3 Gamma-ray results 

he data were divided in four sub - sets according to the VHE
amma-ray flux level: the first two nights of observation are con-
idered to be the ‘high’ flux level nights, and are referred to as
eriod A and B, respectively; Period C contains ‘int ermediat e’ flux

evel nights December 19 and 20 (3rd and 4th point in the MAGIC
ight curve); Period D contains all other nights, i.e. December 21
o 29, and r epr esents the period of ‘low’ flux level. We calculated
he spectra for each of the four periods separately, combining 

AGIC data with simultaneous data from Fermi -LA T . The SED
lots for each period are shown in Fig. 2 . The MAGIC mea-
ured spectral points (represented with full black cir cles) wer e de-
bsorbed to account for absorption of gamma rays on EBL, using
he model from A. Domínguez et al. ( 2011 ). These points are
 epr esented with empty black circles. The Fermi -LAT data were
MNRAS 546, 1–16 (2026) 
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Figure 2. Spectral energy distributions in the gamma-ray band for periods A through D. Full black circles are MAGIC measurements. Only points with 
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LAT SEDs, with parameters given in Table 1 . Source intrinsic SEDs are represented with dashed red lines. The results of the fit are given in Table 2 . Solid 
red lines represent the intrinsic spectra att enuat ed by the EBL absorption. 

Table 1. Spectr al par ameters of the Fermi -LAT but terflies shown in Fig. 2 . Data given in 
columns is as follows: Sub - set ID; int egrat ed flux betw een 300 MeV and 500 GeV; decorrela- 
tion energy; photon index, SED at the decorrelation energy. 

Period F [cm 

−2 s −1 ] E dec [GeV] ph. index ν f ν (E dec ) 
( 0 . 3 < E < 500 GeV) α [erg cm 

-2 s -1 ] 

A (7 . 8 ± 1 . 3) × 10 −7 1.27 −1 . 81 ± 0 . 14 (4 . 0 ± 0 . 7) × 10 −10 

B (6 . 1 ± 0 . 8) × 10 −7 1.40 −1 . 75 ± 0 . 10 (3 . 2 ± 0 . 4) × 10 −10 

C (4 . 2 ± 0 . 5) × 10 −7 1.09 −1 . 94 ± 0 . 11 (2 . 0 ± 0 . 2) × 10 −10 

D (2 . 2 ± 0 . 2) × 10 −7 0.90 −2 . 14 ± 0 . 08 (1 . 05 ± 0 . 08) × 10 −10 
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nt egrat ed ov er 24 h for each day of a given period; e.g. Period B
 as integr ated from December 15 at 16:48 h until December 16

t 16:48 hours, while Period D was int egrat ed from December 20
t 16:48 h till December 29 at 16:48 h. Fermi -LAT photon index
hows a hardening trend between MJD 58100 and 58103 (see Fig.
 ). Ther efor e, we chose a shorter integration time for Period A.
ata were integrated over 12 h (December 14 at 22:48 h until De-

ember 15 at 10:48 h) in order to keep the uncertainties relatively
mall. In all four periods, the Fermi -LAT spectra were fitted with
 power law. The fitted Fermi -LAT spectra are represented with
lue butterflies in Fig. 2 , with the parameters given in Table 1 . 

We fitted the MAGIC de-absorbed spectral points, while using
he Fermi -LAT butterfly as a constraint. The number of degrees
f freedom (D.o.F) is calculated as the number of MAGIC spectral
ins that contain at least one event, decreased by the number
f parameters. Bins with upper limits are taken into consider-
tion when fitting, and counted towards the number of D.o.F.
NRAS 546, 1–16 (2026) 

u  
he Fermi -LAT butterfly is counted as one point. We tried fitting
ith power la w, power -la w with exponential cut-off, logparabola,

nd logparabola with exponential cut-off. The best fits in all four
eriods were obtained with a power law with exponential cut-off
EPWL) 

f (E ) = f 0 
(

E 

E 0 

)α

exp 

(
− E 

E c 

)
, (1) 

here E 0 is the normalization energy fixed here to 95 GeV, f 0 
he normalization flux, α the spectral slope, and E c the cut-off
nergy. The fitted SED is r epr esented by the dashed red line in
ig. 2 . The fit results are given in Table 2 , where we report on
tatistical uncertainties only. The systematic uncertainty on the

AGIC energy scale is 15 per cent (J. Aleksi ́c & others 2016c ). The
ystematic uncertainty on the spectral slope of the MAGIC spec-
ra in all four periods is estimated to be ±0 . 15 ; and the systematic
ncertainty on the cut-off energy is 15 per cent. For the Fermi -
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Table 2. MAGIC + Fermi -LAT SED fit results (shown by the dashed red line in Fig. 2 ). Columns represent as follows: Sub - set ID; 
observation dates included in the sub - set; int egrat ed flux above 80 GeV; spectra fitting parameters for EPWL as in ( 1 ); goodness of 
fit. Only statistical uncertainties are reported. For systematic uncertainties, please see the main text. 

Period Dates F [cm 

−2 s −1 ] Spectral fit parameters χ2 /D.o.F 

Dec. 2017 MJD ( E > 80 GeV) f 0 [TeV 

−1 cm 

−2 s −1 ] α E c [GeV] 

A 15 58102 (2 . 6 ± 0 . 3) × 10 −10 (6 . 4 ± 2 . 6) × 10 −8 −1 . 81 ± 0 . 10 47 ± 10 21 . 9 / 12 
B 16 58103 (3 . 1 ± 0 . 3) × 10 −10 (7 . 5 ± 2 . 3) × 10 −8 −1 . 72 ± 0 . 08 48 ± 8 25 . 2 / 17 
C 19–20 58106–7 (1 . 2 ± 0 . 1) × 10 −10 (2 . 3 ± 0 . 8) × 10 −8 −1 . 90 ± 0 . 08 54 ± 11 16 . 4 / 19 
D 21–29 58108–16 (2 . 6 ± 0 . 7) × 10 −11 (4 . 3 ± 1 . 7) × 10 −9 −2 . 11 ± 0 . 08 59 ± 17 17 . 4 / 19 
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AT data, the uncertainties were dominated by statistical ones, 
hich were taken into account when fitting the spectra. Given 

hat MAGIC systematics dominate over Fermi -LAT ones, we es- 
imated the resulting systematic uncertainty of the spectral slope 
f the joint fit at ±0 . 10 , making the total systematic uncertainty
n the slope ±0 . 18 . 

The full red line in Fig. 2 represents the SED on Earth and
as obtained by multiplying the intrinsic SED by the gamma-ray 

ttenuation induced by EBL. 
In all four periods, we see a smooth transition from the Fermi -

AT to the MAGIC energy band. The resulting fit parameters 
re consistent in periods A and B (see Table 2 ). Afterward, the
ermi -LAT spectrum softens with a simultaneous decrease of the 
AGIC flux. The cut-off in the spectrum occurs around 50 GeV. 

he lowest cut-off energy occurs during the periods of highest 
AGIC flux (periods A and B), and it moves towards higher

nergies (although remaining within uncertainties) as the flare 
ades out (periods C and D). The possible origins of the cut-off
re discussed in Section 3.3 . 

.2 Swift 

he sat ellit e N eil Gehr els Swift Observatory (her eafter Swift ) is
quipped with an X-ray Telescope (XRT; D. N. Burrows et al. 
005 ) and an UV/Optical Telescope (UVOT, P. W. A. Roming et al.
005 ). Her e we pr esent the analysis of observations performed
ith UVOT and XRT. We considered observations contempora- 
eous to the MAGIC observations ( Swift OBSIDs: 00036381035–
0036381047). We also considered an extended observation pe- 
iod and included data between October 30 ( Swift OBSID: 
0036381023) and December 31 ( Swift OBSID: 00036381048). 

.2.1 Swift /UV O T 

he Swift /UVOT telescope is a 30 cm diffraction-limited optical- 
V telescope equipped with six different filters that cover the 

70–650 nm wavelength range, in a 17 arcmin × 17 arcmin FoV. 
rom the High Energy Astrophysics Science Archive Research 

enter (HEAS AR C 

2 ) data base we downloaded the UVOT images
n which our target sources were observed. The analysis was 
erformed with the fappend , uvotimsum , and uvotsource 
asks. 3 We used a source region of 5 arcsec radius and the back-
round was extracted from a source-free circular region with ra- 
ius equal to 20 arcsec. The extracted magnitudes were corrected 

or Galactic extinction using the values of D. J. Schlegel, D. P.
inkbeiner & M. Davis ( 1998 ), A B = 0 . 072 , applying the formu-

ae by Y. C. Pei ( 1992 ) for the UV filters, and finally conv ert ed
 https://heasar c.gsfc.nasa.gov/docs/ar chive.html 
 ht tps://heasarc.gsfc.nasa.gov/docs/softw are/lheasoft/ 

4

u

nto fluxes following T. S. Poole et al. ( 2008 ). UVOT data are
resent for all four sub - sets defined from the VHE observation
periods A–D); Vega magnitudes together with statistical uncer- 
ainties 4 for each filter are reported in Table 3 . The UVOT data
 ere useful t o identify the low-energy peak of the spectral energy
istribution and t o monit or its trend during the VHE flare. In
act, as reported in Fig. 8 , the synchrotron component seems to
eak at ∼5 × 10 14 Hz for each period of the flare. The fact that
he synchr otr on peak fr equency r emains virtually constant while
he flux changes is in agreement with the blazar sequence (G.
hisellini et al. 2017 ). 

.2.2 Swift /XRT 

he Swift /XRT operates in the 0 . 3 –10 keV energy range. The XRT
pectra were obtained from the processed event files available 
hrough the UK Swift Science Data Centre online data products 
enerator (P. A. Evans et al. 2009 ). For each observing period,
ime-aver aged spectr a wer e e xtracted and analysed using the
easoft v6.20 software package. The spectral files were grouped 

sing the grppha task to ensure a minimum of 20 counts per
in, allowing the use of χ2 statistics. Spectr al fit ting w as per-
ormed with xspec v12.9.1 (B. Dorman & K. A. Arnaud 2001 ).
he spectra were modelled with an absorbed power -la w model.
hotoelectric absorption was taken into account using a fixed 

ydrogen column density corresponding to the Galactic value 
long the line of sight, N H 

= 1 . 77 × 10 20 cm 

−2 (R. Willingale et al.
013 ). For each period, the absorbed power -la w model provides a
ood description of the data. From the spectral fits, w e deriv ed the
hoton index α and the unabsorbed flux in the 0 . 3 –10 keV energy
and. The best-fit spectral parameters are reported in Table 4 . The
ux appears to be rather high, but constant at the beginning of the
xt ended observation period. Betw een MJD 58056 and 58076, the
verage flux value is about 20 per cent higher than the highest flux
bserved during the MAGIC flare. This coincides partially with 

he highest flux in Fermi -LAT, although because of the sparse X-
ay sampling and the lack of observations in other wavebands, it
s impossible to determine the origin of the high X-ray flux and
hether it follows the variability visible in the HE gamma-ray 
and. Later, during the MAGIC flare, the highest X-ray flux is

ower by some 25 per cent, compared to the highest flux overall,
nd it decays towards the end of the MAGIC flare. The X-ray
pectrum plays a fundamental role in constraining the emission 

odels, since the X-ray r egion corr esponds to the valley between
he synchr otr on and the high-energy bump. As can be seen in Fig.
 , the XRT flux contributes to the high-energy peak. 
MNRAS 546, 1–16 (2026) 

 Systematic uncertainties are never greater than 0.03 mag and the total 
ncertainties are therefore dominated by statistical ones. 
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Table 3. Swift /UVOT observed magnitudes. Statistical uncertainties only are reported: systematic error is always less than 0.03 mag. 

Period v b u w1 m2 w2 

A 14 . 56 ± 0 . 04 15 . 00 ± 0 . 03 14 . 22 ± 0 . 03 14 . 13 ± 0 . 03 14 . 15 ± 0 . 02 14 . 25 ± 0 . 03 
B 14 . 61 ± 0 . 04 15 . 05 ± 0 . 03 14 . 34 ± 0 . 03 14 . 24 ± 0 . 03 14 . 35 ± 0 . 03 14 . 47 ± 0 . 03 
C 15 . 02 ± 0 . 04 15 . 44 ± 0 . 03 14 . 69 ± 0 . 03 14 . 70 ± 0 . 03 14 . 76 ± 0 . 04 14 . 87 ± 0 . 03 
D 15 . 75 ± 0 . 06 16 . 23 ± 0 . 04 15 . 57 ± 0 . 04 15 . 71 ± 0 . 03 15 . 57 ± 0 . 04 15 . 68 ± 0 . 03 

Table 4. Results of the Swift /XRT data analysis. 

Period Exp. time α χ2 
red (d.o.f.) F 0 . 3 –10 keV 

[ks] [ 10 −12 erg cm 

−2 s −1 ] 

A 1.987 1.60 0.58/4 5.165 
B 0.981 1.44 1.66/1 7.057 
C 2.804 1.60 0.95/6 4.068 
D 4.428 1.56 0.50/5 2.662 
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Figur e 3. Fr om t op t o bott om: B , V , R , I light curv es (observ ed mag- 
nitudes) obtained with data from the WEB T collabor ation (red circles) 
and Steward Observatory (black squares). Vertical dashed lines mark the 
beginning and the end of the MAGIC observations, vertical full lines mark 
the Swift pointings of 2017 December 15 (period A) and 16 (period B). 
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.3 WEBT 

ON 0599 is one of the sources regularly monitored by the GASP
f the WEBT 

5 (e.g. M. Villata et al. 2002 , 2009 ; C. M. Raiteri
t al. 2013 , 2017 ; S. G. Jorstad et al. 2022 ). The optical data
rovided by the GASP-WEBT observers for this work were ac-
uired at the following observatories: Abastumani (Georgia),
rimean (Crimea), Lowell (USA; Perkins and DCT telescopes),
ulin (Taiwan), Mt. Maidanak (Uzbekistan; 60, 100, and 150 cm

elescopes), N ew Me xico Skies (USA), Roque de los Mucha-
hos (Spain; TNG, NOT, and Liverpool telescopes), Rozhen (Bul-
aria; 50/70 cm telescope), Sirio (Italy), St. Petersburg (Russia),
eide (Spain; IAC80 and STELLA-I telescopes), Tien Shan (Kaza-
hstan), Tijarafe (Spain), Vidojevica (Serbia). Further optical data
ere obtained through the t elescope netw ork of the Las Cumbres
bservatory at Cerro Tololo (Chile), Haleakala (USA), McDonald

USA), Teide (Spain). 
The source magnitude w as calibr ated using the photometric

equence by C. M. Raiteri et al. ( 1998 ) in the Johnson-Cousins
 , V , and R bands, and accor ding to J. N. González-Pér ez, M. R.
idger & F. Martín-Luis ( 2001 ) in the I band. 
NO T observations wer e performed in the Sloan Digital Sky

urv ey (SDSS) ugriz filt ers; they w ere conv ert ed int o Johnson-
Cousins values with the transformations by K. J or di, E. K. Gr ebel
 K. Ammon ( 2006 ). The Liverpool Telescope data were acquired
ith the ‘blue’ , ‘green’ , and ‘red’ cameras of the RINGO3 optical

maging polarimeter. They wer e r escaled to match the V , R , and I 
 ohnson–Cousins bands, r espectively, thr ough comparison with
he other data sets. 

The WEBT data sets were complemented by V and R band data
r om the gr ound-based observational support pr ogramme to the
ermi sat ellit e running at the Steward Observatory 6 (P. S. Smith
t al. 2009 ). 

The optical light curves from November 2017 to March 2018
re shown in Fig. 3 as observed magnitudes and in Fig. 6 the
est-sampled R band light curve is plotted as dereddened flux
ensities, after correction for a Galactic e xtinction of 0.043 mag .
ight curv es w er e pr ocessed in or der to identify and correct for
ffsets between different data sets and to remove bad points, i.e.
NRAS 546, 1–16 (2026) 
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l  

e  

7

trong outliers or points affected by large uncertainties (greater
han 0.2 mag). 

Optical polarimetric data were taken at the Crimean, Low-
ll (Perkins), Roque (Liverpool Telescope), St. Petersburg, and
tew ard observ atories. Fig. 6 shows the behaviour in time of the
olarization degree and electric v ect or polarization angle (EVPA).
Radio observations were collected as part of the WEBT cam-

aign. They were performed at the Noto and Medicina (Italy; M.
iroletti & S. Righini 2020 ), Metsähovi (Finland; H. Teraesranta

t al. 1998 ), Pico Veleta (Spain; IRAM 30 m telescope) observa-
ories and at the Submillimeter Array (SMA, Maunakea, USA).

easur ements fr om the IRAM 30 m Telescope wer e obtained as
art of the POLAMI (Polarimetric Monitoring of AGN at Mil-

imetr e Wavelengths) Pr ogramme 7 (C. Thum et al. 2018 ; I. Agudo
t al. 2018a , b ). The SMA data are from the SMA Calibrator Flux
 http://polami.iaa.es 

https://www.oato.inaf.it/blazars/webt/
https://james.as.arizona.edu/~psmith/Fermi/
http://polami.iaa.es
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Figure 4. Optical spectrum of TON 0599 acquired at TNG on 2018 
February 22 with the Dolores instrument. 
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Table 5. Properties of the optical emission lines det ect ed from the 
TON 0599 spectrum shown in Fig. 4 . 

Line ID Mg ii 2800 [O ii ] 3727 
EW ( Å) 10.2 1.0 
FWHM ( Å) 51 23 
FWHM (km s −1 ) 3170 1080 
Flux (erg/cm 

2 /sec) 1 . 6 × 10 −14 1 . 3 × 10 −15 

Luminosity (erg s −1 ) 3 . 8 × 10 43 3 . 1 × 10 42 

Table 6. Properties of the decay rates of fluxes in different bands during 
the MAGIC observation window. τ1 / 2 r epr esents the time needed for flux 
to decay to half of its starting value. D.o.F. stand for degree of freedom. 

Band τ1 / 2 [day] χ2 / D . o . F . 

VHE 3 . 9 ± 0 . 9 4.5 
HE 6 . 5 ± 0 . 5 0.78 
R band 7 . 0 ± 0 . 1 78 
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ensity data base 8 (M. A. Gurwell et al. 2007 ). The radio light
urves are shown in Fig. 6 . 

The flux in the R band shows the highest variability during
he extended observation period. It is more than 20 per cent more
ariable than the Fermi -LAT flux and more than 40 per cent more
ariable than the X-ray flux in the same period (see Section 3.2
or more details). How ev er, the period that contributes the most
o the flux variability is before the MAGIC observation window. 
n particular, there are three flares that occurred in the MJD
eriods 58073 . 5 –58074 . 5 , 58078 . 0 –58084 . 0 , and 58095 . 0 –58100 . 0 .
o determine the v ariability time-scale, we fit ted all three fea-
ures with a Gaussian. The fit results for the three flares are:

1 = 58074 . 11 ± 0 . 01 MJD, σ1 = 0 . 64 ± 0 . 02 d, μ2 = 58080 . 50 ±
 . 03 MJD, σ2 = 2 . 04 ± 0 . 04 d, and μ3 = 58098 . 14 ± 0 . 02 MJD,
3 = 1 . 47 ± 0 . 04 d. Observations with the Swift sat ellit e are not
ense enough to make any connections to the emission in UV
nd X-ray bands. How ev er, the light curv e in the HE gamma-ray
and shows no prominent flares, indicating that the flares in the R
and were not fully connected to the gamma-ray emission region. 

.4 Optical spectroscopy 

n optical spectrum of TON 0599 was acquired at the 3.6-m Tele-
copio Nazionale Galileo (TNG) on 2018 February 22 with the 
olores instrument. We used a 1.5 arcsec slit and the LR-B grism.
he e xposur e time was 1200 s. 
The spectrum of TON 0599 was flux calibrated with a spec-

rum of the spectr ophotometric standar d star Feige 66 using
RAF’s standard tasks (precisely, the tasks standard, sensfunc, 
nd calibrate in the onedspec package) and the extinction val- 
es for La Palma computed by D. L. King ( 1985 ). The calibrated
pectrum is shown in Fig. 4 . It shows a prominent Mg ii λ2800
road emission line, with a line flux of ∼1 . 6 × 10 −14 erg cm 

−2 s −1 

nd a FWHM ∼ 51 Å, which implies a velocity of ∼3200 km s −1 .
his result is consistent with the result of M. K. Hallum et al.
 2022 ) for the same period. Other visible featur es ar e the narrow
mission lines of [O ii ] λ3727 and [Ne iii ] λ3869 with fluxes of 
 . 3 × 10 −15 erg cm 

−2 s −1 and ∼1 . 0 × 10 −15 erg cm 

−2 s −1 , respec-
ively. From their FWHM ∼ 20 Å one can deriv e a v elocity of 
bout 1100 km s −1 . We notice that the flux ratios Mg ii /[O iii ]
 ht tp://sma1.sma.haw aii.edu/callist/callist.html 

a  

V
l

nd Mg ii /[Ne iii ] are about twice smaller than in quasars (D. E.
anden Berk et al. 2001 ). Full results are given in Table 5 . The

N e iii ] measur ements ar e v ery challenging due t o the quality of 
he spectrum. Ther efor e, these values ar e quoted as appr o ximate
nd omitted from the table. 

 M U LT I WAVE L E N G T H  PICTURE  

.1 Multiwavelength light curve 

e constructed a MWL light curve in Fig . 6 , pr esenting the flux
bove 80 GeV measured with the MAGIC telescopes (also shown 

n Fig. 1 ); flux and photon index in the 0.3–500 GeV energy range
easured with Fermi -LAT, X-ray and optical–UV flux measured 

y XRT and UVO T instruments (r espectively) on board the Swift
at ellit e; optical flux densities in R band corrected for Galactic
xtinction, obtained by the WEB T collabor ation and Stew ard Ob-
ervatory; degree and angle of optical polarization; and radio flux 
ensities measured at 4.8, 8.5, 24, 37, 86, and 229 GHz. In order
o study the evolution of the flux, we extended the time period
eyond the MAGIC observations and studied flux es fr om 2017
ctober 25 (MJD 58051) to 2018 March 2 (MJD 58179). 
There is some noticeable similarity between the light curves in 

ifferent wavelengths, particularly during the MAGIC observa- 
ion window. A change of flux simultaneous to MAGIC is evident
n all wavelengths e x cept the radio bands, wher e we see no sig-
ificant change of flux. In order to compare the decay time of the
uxes in different bands, we fit fluxes in VHE, HE, and R bands
uring the MAGIC observation window with a decay exponential 
unction 

f (t ) = f 0 exp ( −(t − t 0 ) /τ ) , (2) 

here the parameter t 0 was fixed to the beginning of the MAGIC
bservations (MJD 58102.23). The light curves in the other bands 
ere not considered because of a hole in the data set of almost 3 d
ithin the given period. In Table 6 , we give the flux halving time

1 / 2 = τ ln (2) , and the reduced χ2 value. The MWL light curve
or this period is shown in Fig. 5 . The VHE band experiences the
astest decay with a halving time of 3 . 9 ± 0 . 9 d, whereas the HE
nd R -band fluxes decay at a comparable rat e, slow er than the
HE flux. The R -band points have much smaller uncertainties, 

eading to a much worse χ2 for the fit. 
MNRAS 546, 1–16 (2026) 

http://sma1.sma.hawaii.edu/callist/callist.html


8 K. Abe et. al. 

M

Figure 5. MWL light curve around the MAGIC observations fitted with 
exponential function. 
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On the other hand, there are some obvious differences between
he light curves in different wavebands. The HE flare happen-
ng around MJD 58057.6 does not have an obvious counterpart.
dmittedly, the same time period was covered only in X-rays
nd only sparsely, where the flux is highest in the whole ob-
ervation window but appar ently constant. Another e xample of 
utstanding featur es ar e r elatively sharp peaks in the R band
efore the MAGIC observation window. Again, we miss the data
or the same time period in most of the bands; how ev er, there
ere simultaneous observations with Fermi -LAT that show no
rominent simultaneous flares. 
In order to further inv estigat e the connection between dif-

erent bands, we calculated the Spearman’s rank coefficient of 
orrelation between them. Using the code matchLCs 9 , we
atched closest measurements in different bands by requiring

hat two measurements in different bands were performed within
 certain time window. Observations with MAGIC, Fermi -LAT,
r Swift /UVO T wer e performed with a ∼1 day cadence. There-
ore, when one of these bands was considered, the simultane-
ty window was set to ±12 h. In other cases, the sampling was
enser than one measurement per day, so we requested the time
ifference of up to ±6 h in order for a pair to be considered
imultaneous. When calculating correlation with the Fermi -LAT
hoton index, only points with npred ≥ 12 (red points in the third
anel in Fig. 6 ) were considered. 
Flux measurement uncertainties were taken into account by

imulating 10 6 points for each measured point, assuming a Gaus-
ian distribution with the standard deviation corresponding to
he measurement uncertainty and no correlation between bands
r measurements in a given band. Then the Spearman’s rank cor-
elation coefficient was calculated for each of the 10 6 simulated
ata sets. In Table 7 , we give the mean correlation coefficient, the
tandard deviation on the last digit in round brackets, and the
NRAS 546, 1–16 (2026) 

 ht tps://github.com/t t erzic/mat chLCs 
N  

e  
umber of pairs between bands in square brackets. One should
ote that simulating points while assuming no correlation is re-
ected on their distributions and, consequently, on the individ-
al, as well as the mean correlation coefficient, which results in
omewhat underestimated values of correlation. 

The Spearman’s rank correlation coefficient between fluxes in
he VHE and HE bands was found to be expectedly strong: 0.7,
ased on 12 pairs. Visual inspection shows very similar trends

n the VHE and X-ray or UV bands. Indeed, the correlation co-
fficients are 0.98 and 0.8, respectiv ely, how ev er, in both cases,
her e wer e only five pairs of measur ements between MAGIC and
wift . It is interesting to note that the correlation of the VHE
ux with the optical R band is 0.81 on 12 pairs. The flux in the
 band shows quite some variability in the period prior to the
AGIC observations. Comparing the Fermi -LAT and the R band

ight curves on the whole period presented in Fig. 6 results in
 correlation coefficient of 0.78 based on 86 simultaneous ob-
ervations. Such simultaneous variations of fluxes over a longer
ime period indicate the same emission region for these bands.
here is a significant correlation between X-ray and UV with
orrelation coefficients of 0.74, based on 19 pairs. The degree of 
he optical polarization shows a strong correlation with X-ray and
V fluxes, but based on six pairs only. Other bands do not seem

o be correlated with the degree of polarization. As we will see
n Section 3.2 , the variability of polarization is not negligible,
ow ev er, it varies with a different pattern compared to flux in
ifferent bands (see Fig. 6 ). It is curious t o not e that although the
ux in the gamma rays and optical band stays rather low after

he flare observed by MAGIC (past MJD ∼ 58120 ) until the end
f the extended observation period, there is a substantial increase
n the degree of polarization, which reaches 40 per cent (within
ncertainties) at the end of the extended period. Unfortunately,
olarization data are rather sparse, hindering a more detailed

nv estigation. In radio, w e inspect ed the 37 GHz band because it is
he most densely sampled one, how ev er, the number of matching
bservations with some bands is still rather small. Nevertheless, it
s int eresting t o point out that all bands show a moderat e negativ e
orrelation with the radio band. Exceptions are the degree of op-
ical polarization and the Fermi -LAT photon index, both of which
how low degrees of positive or negative correlation, respectively.

.2 F r actional v ariability 

n order to compare the variability in different bands, we calculate
he fractional variability ( F var ) for all the data shown in Fig. 6 . F var 
s defined as the relative root mean square of the intrinsic vari-
bility corrected for the effect of random errors (P. M. Rodríguez-
ascual et al. 1997 ): 

 var = 

√ 

S 

2 − 〈 σ 2 
err 〉 

〈 F γ 〉 2 , (3) 

here S is the standard deviation of N measurements, 〈 σ 2 
err 〉 is the

ean squar ed err or, and 〈 F γ 〉 is the average measurement value.
n case the v ariation of v alues is dominated by the measurement
ncertainties, the fractional variability is calculated as 

 var = −
√ 

〈 σ 2 
err 〉 − S 

2 

〈 F γ 〉 2 . (4) 

ote that in this case F var is defined as negative. The uncertainty is
stimated following the recipe from J. Poutanen, A. A. Zdziarski

https://github.com/tterzic/matchLCs
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Figure 6. MWL light curve. Data shown in pads from top to bottom: (i) Flux above 80 GeV measured by MAGIC (same data as in Fig. 1 ), blue triangles 
r epr esent upper limits for fluxes whose relative uncertainty is greater than 0.5. (ii) Flux above 300 MeV measured by Fermi -LA T . (iii) Spectral photon 
inde x for Fermi -LAT measur ements. Fermi -LAT points ar e based on 24 h integration. Points with npred ≥ 12 are shown in red. (iv) X-ray photon flux 
measured with Swift /XRT. (v) UV fluxes with w1 , m2 , and w2 filters measured with Swift /UVOT. (vi) Optical flux densities in the R band. They have been 
corrected for the Galactic extinction. (vii) Optical polarization degree. (viii) Optical polarization angle. (ix) Radio fluxes at 4.8 GHz from Noto (green plus 
signs), 8.5 GHz from Medicina (cyan crosses), 24 GHz from Medicina (magenta triangles), 37 GHz from Metsähovi (red circles), 86 GHz from Pico Veleta 
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Table 7. Spearman’s correlation coefficient between different bands based on 10 6 simulations per band pair. The numbers in round 
brackets give standard deviation on the last digit, while the number of pairs on which the correlation was calculated is given in 
square brackets. 

Band Spearman’s rank correlation coefficient 

P % 0 . 2(2) [13] 
R band −0 . 43(7) [36] −0 . 127(8) [127] 
UVw1 −0 . 5(2) [7] 0 . 99(2) [6] 0 . 961(9) [16] 
XRT −0 . 6(3) [4] 0 . 9(1) [6] 0 . 71(7) [16] 0 . 74(6) [19] 
LAT index −0 . 3(1) [44] −0 . 3(1) [32] 0 . 25(9) [69] −0 . 2(2) [18] −0 . 1(2) [21] 
LAT flux −0 . 42(7) [53] 0 . 07(5) [43] 0 . 78(2) [86] 0 . 66(8) [19] 0 . 67(7) [22] 0 . 24(8) [114] 
MAGIC −0 . 4(3) [6] 0 . 1(1) [7] 0 . 81(8) [12] 0 . 98(5) [5] 0 . 8(2) [5] 0 . 3(2) [12] 0 . 7(1) [12] 

37 GHz P % R band UVw1 XRT LAT index LAT flux 

Figure 7. F r actional v ariability of T ON 0599 in differ ent bands. Cir cles 
r epr esent measur ements during the MAGIC observation window (MJD 

58102–58116), while results marked with crosses were obtained for the 
whole period presented in Fig. 6 (MJD 58051–58180). Horizontal error 
bars r epr esent the r espective energy bands. 
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 A. Ibragimov ( 2008 ): 

F var = 

√ 

F 2 var + err (σ 2 
NXS ) − F var , (5) 

her e the err or on the normalized e x cess variance (S. Vaughan
t al. 2003 ) is given as 

rr 
(
σ 2 

NXS 
) = 

√ √ √ √ 

( √ 

2 
N 

· 〈 σ 2 
err 〉 

〈 F γ 〉 2 
) 2 

+ 

( √ 

〈 σ 2 
err 〉 
N 

· 2 F var 

〈 F γ 〉 

) 2 

. (6) 

e calculated F var for (i) the whole period presented in Fig. 6 ,
nd (ii) the MAGIC observation window. Results are shown in
ig. 7 . 10 As in the correlation study, only Fermi -LAT photon

ndices with npred ≥ 12 wer e used. Since the X-ray r egion cor-
esponds to the valley between the synchr otr on peak and the
igh energy bump (see Section 3.3 ), its fractional variability is
omewhat smaller than the variability in optical and UV bands,
hich correspond to the synchrotron peak frequency. Optical and
-r ay v ariabilities for the whole observ ation period are double
NRAS 546, 1–16 (2026) 

0 Strong variability of EVPA is apparent from Fig. 6 . How ev er, showing 
ts F var w ould complet ely dominat e Fig. 7 . In addition, the calculation of 
 var would not be clear because of the 180 deg EVPA ambiguity. For these 
easons we omitted F var for EVPA. 

f  

a
(  

m  

c  

t

han the respective values during the MAGIC observation win-
ow, because of large differences between the high flux before
nd the low flux after the MAGIC observations. It is interesting
o notice how in gamma rays the variability is much higher for

A GIC data, than for F ermi -LA T . Looking at the gamma-ray
pectral evolution in Fig. 2 , one can see how a small change of 
pectral slope below 10 GeV can induce a large change of flux
bove a few tens of GeV even without the change in the position
f the cut-off. In almost all cases, the variability is greater for
he longer period than for the duration of the MAGIC flare. An
 x ception is the Fermi -LAT photon index. Its low F var results from
arge measurement uncertainties, which are comparable to the
pread of the data. As expected from the MWL light curve, almost
o variability is seen at 37 GHz. 
B. Schleicher & others ( 2019 ) discussed how the completeness

f data sets affects fr actional v ariability and found that the rel-
tiv e syst ematic uncertainties due t o sampling can be as large
s 10 per cent. This could particularly influence the comparison
etween the variabilities in the two time int ervals. How ev er, in
ur case, the higher variability for the longer period is most likely
ue to large differences in fluxes over a longer time interval.
or eover, as B . Schleicher et al. ( 2019 ) themselves argue, the

ystematic uncertainties are too small to affect the conclusions
n the general trends. 

.3 SED modelling 

e model the emission from TON 0599 using the simple one-
one leptonic model fully described in L. Maraschi & F. Tavec-
hio ( 2003 ). In this scheme, the low-energy peak is modelled as
ynchr otr on emission fr om r elativistic electr ons carried by the jet.
he high-energy peak is attribut ed t o IC from the same electrons

G. Ghisellini et al. 1998 ). In FSRQs the dominant target photon
opulation is generally assumed to be external, i.e. the radiation
r om the br oad line r egion (BLR) and/or the dusty torus (e.g. G.
hisellini & F. Tavecchio 2009 ). We consider a homogeneous blob
f r elativistic electr ons moving down the jet with bulk Lorentz
actor �b and carrying a tangled magnetic field with (comoving)
trength B 

′ . In the frame of the emission region, the electrons fol-
ow a smoothed brok en power -la w energy distribution extending
rom γ ′ 

min to γ ′ 
max . Spectral indices below and above the break

t γ ′ 
brk are p 1 and p 2 , respectively, and the normalization is K 

′ 

all primed quantities are expressed in the source frame). We
odel emission in each period separately and independently. We

onsider the emission in each period as static, i.e. we do not model
ransition from one period to the next. 
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Table 8. Parameters of the SED models shown in Fig. 8 . 

Parameter Symbol Period 
A/B C D 

Minimum Electron Lorentz Factor γ ′ 
min 1.5 3.0 3.0 

Br eak Electr on Lor entz Factor γ ′ 
brk 7 . 5 × 10 3 7 . 5 × 10 3 7 . 5 × 10 3 

Maximum Electron Lorentz Factor γ ′ 
max 5 . 0 × 10 4 5 . 0 × 10 4 5 . 0 × 10 4 

Low-Energy Electron Spectral Index p 1 2.0 2.0 2.0 
High-Energy Electron Spectral Index p 2 4.8 4.8 4.8 
Magnetic Field [G] B 

′ 0.20 0.18 0.18 
Electron normalization [cm 

−3 ] K 

′ 3 . 0 × 10 3 3 . 9 × 10 3 3 . 7 × 10 3 
Comoving Radius of the Blob [cm] R 

′ 
b 5.8 ×10 16 6.0 ×10 16 6.0 ×10 16 

Distance [cm] d 5.8 ×10 17 6.0 ×10 17 6.0 ×10 17 

Doppler Factor δD 23.0 20.9 17.6 
Bulk Lorentz Factor �b 15 12 10 
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A ccor ding to G. Ghisellini & F. Tavecchio ( 2009 ) the radii of the
LR and dust torus ar e pr oportional to the square root of total
mission of the accretion disc. The disc luminosity is estimated 

rom the BLR emission lines luminosity based on a recipe from
. Ghisellini & F. Tavecchio ( 2015 ) to be 3 . 6 × 10 45 erg s −1 , which

s similar, although below the lower limit used in S. R. Patel et al.
 2018 ). This gives 1 . 9 × 10 17 cm and 4 . 7 × 10 18 cm for the radii
f the BLR and dust t orus, respectiv ely. Giv en the prominent
road line emission, a strong absorption of gamma rays would 

e expected if the gamma-ray emission zone was within the BLR
one (see e.g. A.-C. Donea & R. J. Pr other oe 2003 ; J. Sitar ek &
. Bednarek 2008 ; F. Tavecchio & D. Mazin 2009 ; J. Poutanen &
. Stern 2010 ; L. Costamante et al. 2018 ). Indeed we do detect
 cut-off in the spectra between Fermi -LAT and MAGIC bands 
see Table 2 ), how ev er at energies significantly higher than the
xpected ∼20 GeV, and the ∼12 GeV reported by S. R. Patel & V.
. Chitnis ( 2019 ). Ther efor e, as suggested for the case of other
SRQ showing the same behaviour (see e.g. J. Aleksi ́c et al. 2011 ,
014 ; M. L. Ahnen et al. 2015 , 2016 ), we place the emission region
utside of the BLR, setting a lower limit on the emission zone
istance from the black hole (BH) d > 1 . 9 × 10 17 cm. This esti-
ate of the BLR radius is consistent with the values previously

eported in S. R. Patel et al. [ 2018 , (2 . 11 − 2 . 45) × 10 17 cm] or R.
rince [ 2019 , (2 . 4 − 2 . 98) × 10 17 cm]. Assuming the jet aperture
ngle θ j = 0 . 1 rad, one obtains a lower limit on the radius of the
mission zone of R > 1 . 9 × 10 16 cm. We set the upper limits on
he gamma-ray emission zone based on the causality argument 

 ≤ ct var 
δ

1 + z 
, (7) 

here c is the speed of light, δ is the relativistic Doppler factor,
nd z redshift of the source. For the variability time-scale t var , we
ake the flux halving time from Table 6 . Using t var = 3 . 9 d and δ =
0 (int ermediat e value fr om our modelling r eported in Table 8 ),
e obtain R ≤ 1 . 2 × 10 17 cm. The final emission zone radius is
btained from the model fit, and the distance from the BH is
xed at 10 times the value. By construction, the only important
xternal radiation field is the one produced by the torus (see e.g.
. Ghisellini & F. Tavecchio 2009 ), modelled as a blackbody at
000 K. 

The results of the modelling are shown in Fig. 8 , and the in-
erred model parameters are reported in Table 8 . The parameters
re found by judging ‘by eye’ the agreement between the model 
utput and the observational data points. Moreov er, w e tried to
inimize the variations of the parameters between the different 

tat es, and the tw o slopes of the electron energy distribution hav e
een fixed. Since the models corresponding to states A and B are
ery similar, in Fig. 8 and Table 8 we only report the model and
he parameters corresponding to state A. The values that we got
or some of the parameters are substantially different from the 
nes reported in S. R. Patel et al. ( 2018 ) (e.g. we got a factor of 
10 –30 larger emission zone radius, while a factor of ∼30 –80
eaker magnetic field); however, S. R. Patel et al. ( 2018 ) base their

stimates on data in X-ray and lower energy bands and fit the SED
ith a second degree polynomial, while our results are based on
r oadband modelling acr oss the whole electr omagnetic spectrum 

nd using a physical scenario. In our model synchr otr on radiation
ccounts for the low-energy bump, up to the ‘valley’ between 

he two bumps. synchr otr on self-Compton (SSC) contributes sub- 
tantially (about 50 per cent) only in the X-ray band (see Fig.
 , where w e separat ely r eport the contributions of the differ ent
mission components for state D). Above the X-ray band, the 
mission is dominated by external Compton (EC) scattering on 

he t orus phot ons. The different stat es ar e r epr oduced with slight
ariations of some of the model parameters, while the main dif-
erence between states is a result of the variation of the bulk
orentz factor, which decreases with time. How ev er, in view of 

he degener acies char acterizing the emission model, it is possi-
le that other combinations of the parameters can satisfactorily 
 epr oduce the data. 

We remark that in addition to the distance to the BH (which
ith the standard assumption θ j = 0 . 1 also determines the size

f the emission region), we also constrain the level of the external
adiation field (albeit by using a standard scaling relation between 

adius and luminosity). This is enough to fix the magnetic field
nd, in turn, the energy of the particles emitting at the peak of 
he SED. We also stress that the degeneracy between some of the
arameters, coupled with the quality and the spectr al cover age
f the data, imply non-negligible uncertainties for the inferred 

arameters. 
Considering �b ≥ 10 (as we get from our emission modelling 

onsistently with standard modelling, e.g. G. Ghisellini & F. 
avecchio 2009 ), one would expect that the blob would travel for

arge distances on a time-scale of 10 d. How ev er, a presence of a
tationary (in observer’s frame) shock, in which the plasma flows 
t relativistic speed (see e.g. G. Bodo & F. Tavecchio 2018 ) could
xplain high bulk Lorentz factors without the emission region 

overing large distances. The same scenario would explain lower 
ux levels corresponding to lower values of �b . 
This scenario does not e x clude some degree of dynamical be-

aviour. For instance, G. Bodo & F. Tavecchio ( 2018 ) studied the
ffect of a density perturbation on the structure of the recollima-
MNRAS 546, 1–16 (2026) 
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Figure 8. Spectral energy distribution for TON 0599. Data from each period and respective models are colour coded as follows: Period A – blue, Period 
B – light blue, Period C – red, Period D – purple. Black dashed curve represents the dust torus. Grey points are historical measurements. For state D, we 
also separately report the contribution from the different emission components: synchrotron – long-dashed, SSC – short-dashed and EC – dotted. 
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ion shock and found that the structure of the shock (that, in turn,
nfluences the value of physical quantities in the downstream
 egion, wher e the emission occurs) shows important variations.
n particular, the change of the shock shape (and ther efor e of 
he inclination of the upstream velocity with respect to the shock
ront) determines strong variations of the downstream velocity
attern (both in direction and intensity) that can strongly affect
he inferred effective Lorentz factor and size used in our simpli-
ed one-zone model. A detailed study of the feasibility of the
roposed scenario is beyond the scope of the present article. 
The cut-off present in the F ermi -LAT–MA GIC spectrum can be

xplained by the combination of the maximum energy of rela-
ivistic electrons and the decline of the IC scattering efficiency in
he Klein–Nishina r egime, wher e the latter effect is the dominant
ne. 

In the simple framew ork adopt ed here (one-zone, tangled
agnetic field), the temporal modelling of the polarization is

ot included. A proper modelling of the highly structured vari-
bility of optical polarization (degree and angle) displayed in
ig. 6 seems how ev er a quite difficult task for current standard
odels. 
NRAS 546, 1–16 (2026) 

n  
 CONCLUSIONS  

AGIC t elescopes det ect ed a VHE gamma-ray signal from
ON 0599 on 2017 December 15, following a hardening of the HE
amma-ray spectrum observed with F ermi-LA T . With a redshift
f 0.7247, TON 0599 is currently the sixth farthest VHE gamma-
ay source, filling a gap in the redshift distribution of the VHE
amma r ay emit ters (see, e.g . V. A. A cciari et al. 2019 ). The
AGIC t elescopes observ ed TON 0599 until 2017 December 29,
itnessing a gradual fade out of the flare. Simultaneous obser-

ations with Fermi -LAT showed a smooth transition from HE to
HE gamma-r ay spectr a, best fit ted with an EPWL. The cut-off
ccurs at energies above 20 GeV, indicating that the gamma-ray
mission region is beyond the BLR, while the dominant reason
or the cut-off is most probably the effect of the Klein–Nishina
egime. MWL behaviour was inv estigat ed both for the MAGIC
bservation window (15 d) and a longer time period of 130 d,
entred on the MAGIC observations. Inspection of the correla-
ion between simultaneous flux measurements in different wave-
engths det ect ed strong positiv e corr elation in differ ent bands.
he variability of the radio flux, unlike other bands, is almost
on-existent, both for short and long time periods. The correla-
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ion study naturally leads to the assumption that a single-zone 
odel in general describes well the long-term data collected. 
ow ev er, the lack of correlation between radio and other bands

nd the presence of isolated flares (e.g. in the R band) indicate the
xistence of additional processes not included in the model. 

We modelled the broadband emission independently for each 

f the four periods of the MAGIC observations. The first two 
eriods are described with the same sets of model parameters, 
hile the last two r equir ed a differ ent bulk Lor entz fact or t o fit

he measurements. A simple one-zone leptonic model is used, 
here the low-energy peak is modelled as synchr otr on emis-

ion from relativistic electrons, whereas the high-energy peak is 
r edominantly pr oduced by EC scatt ering of phot ons from the
usty torus. The emission region is placed outside of the BLR at
 distance consistent with the values previously reported in the 
it erature. How ev er, some paramet er values, such as the emission
one radius and magnetic field, are substantially different from 

hose used in studies that did not include measurements in the
HE gamma-ray band. 

UT H OR  CON T R I B U T I O N S  

. Terzi ́c project leadership, paper organisation, drafting, and 

diting; A. Stamerra triggering MWL observations; T. Terzi ́c and 

 . Hirako MA GIC data analysis, L. Pacciani F ermi -LAT data anal-
sis and paper drafting, C. Righi Swift data analysis. F. Tavecchio 
nd C. Righi emission modelling and paper drafting. C.M. Raiteri 
nd M. Villata for the WEBT campaign management, WEBT data 
nalysis and paper drafting. T. Terzi ́c light curve variability and 

orrelation analysis. The rest of the authors have contributed in 

ne or several of the following ways: design, construction, main- 
enance and operation of the instrument(s) used to acquire the 
ata; prepar ation and/or ev aluation of the observ ation proposals;
ata acquisition, processing, calibration and/or reduction; pro- 
uction of analysis tools and/or related Monte Carlo simulations; 
iscussion and approval of the contents of the draft. 

C KNOWLEDGEMENTS  

e would like to thank the Instituto de Astrofísica de Canarias 
or the e x cellent working conditions at the Observatorio del 
oque de los Muchachos in La Palma. The financial support 
f the German BMBF, MPG, and HGF; the Italian INFN and 

NAF; the S wiss N ational Fund SNF; the grants PID2019- 
04114RB -C31, PID2019-104114RB -C32, PID2019-104114RB - 
33, PID2019-105510GB- C31, PID2019-107847RB- C41, 
ID2019-107847RB -C42, PID2019-107847RB -C44, PID2019- 
07988GB -C22, PID2022-136828NB -C41, PID2022-137810NB - 
22, PID2022-138172NB- C41, PID2022-138172NB- C42, 
ID2022-138172NB -C43, PID2022-139117NB -C41, PID2022- 
39117NB -C42, PID2022-139117NB -C43, PID2022-139117NB - 
44 funded by the Spanish MCIN/AEI/10.13039/501100011033 
nd “ERDF A way of making E ur ope”; the Indian Department
f Atomic Energy; the Japanese ICRR, the University of Tok yo ,
SPS, and MEXT; the Bulgarian Ministry of Education and 

cience, National RI Roadmap Project DO1-400/18.12.2020 
nd the Academy of Finland grant nr. 320045 is gratefully 
cknowledged. This work was also been supported by Centros 
e Ex celencia “Sever o Ochoa” y Unidades “María de Maeztu”
rogramme of the Spanish MCIN/AEI/10.13039/501100011033 
CEX2019-000920-S, CEX2019-000918-M, CEX2021-001131-S) 
nd by the CERCA institution and grants 2021SGR00426 and 
021SGR00773 of the Generalitat de Catalunya; by the Croatian 

cience Foundation (HrZZ) Project IP-2022-10-4595 and the 
niversity of Rijeka Project uniri-prirod-18-48; by the Deutsche 
orschungsgemeinschaft (SFB1491) and by the Lamarr-Institute 

or Machine Learning and Artificial Intelligence; by the Polish 

inistry Of Education and Science grant no. 2021/WK/08; and 

y the Brazilian MCTIC, CNPq, and FAPERJ. TT acknowledges 
he financial support from the University of Rijeka Project 
niri-iskusni-prirod-23-24. 
Partly based on data taken and assembled by the WEBT col-

aboration and stored in the WEBT archive at the Osservatorio 
strofisico di T orino-INAF ( https://www .oato.inaf.it/blazars/w 

bt/ ). Partly based on observations made with the N or dic Optical
elescope, owned in collaboration by the University of Turku and 

arhus University, and operated jointly by Aarhus University, 
he University of Turku and the University of Oslo, r epr esent-
ng Denmark, Finland and Norway, the University of Iceland 

nd Stockholm University at the Observatorio del Roque de los 
uchachos, La Palma, Spain, of the Instituto de Astrofísica de 
anarias. Partly based on observations made with the IAC80 op- 
rated on the island of Tenerife by the Instituto de Astrofísica de
anarias in the Spanish Observatorio del Teide. Many thanks are 
ue to the IAC support astronomers and telescope operators for 
upporting the observations at the IAC80 telescope. Partly based 

n data obtained with the S TELLA r obotic telescopes in Tenerife,
n AIP facility jointly operated by AIP and IAC. The Liverpool
elescope is operated on the island of La Palma by Liverpool
 ohn Moor es Univ ersity in the Spanish Observat orio del Roque
e los Muchachos of the Instituto de Astrofísica de Canarias with
nancial support from the UK Science and Technology Facilities 
ouncil. The Submillimeter Array is a joint project between the 
mithsonian Astrophysical Observatory and the Academia Sinica 
nstitute of Astronomy and Astrophysics and is funded by the 
mithsonian Institution and the Academia Sinica. We recognize 
hat Maunakea is a culturally important site for the indigenous 
awaiian people; we are privileged to study the cosmos from its

ummit. The Medicina and Noto radio telescopes are funded by 
he Ministry of University and Research (MUR) and are operated 

s National Facility by the National Institute for Astrophysics 
IN AF). The POLAMI observ ations were carried out at the IRAM
0m Telescope. IRAM is supported by INSU/CNRS (F r ance), 
PG (Germany) and IGN (Spain). 
We acknowledge financial contribution from the agreement 

SI-INAF no. 2017-14-H.0 and from the contract PRIN-SKA- 
TA-INAF 2016. This r esear ch was partially supported by the
ulg arian N ational Science Fund of the Ministry of Education
nd Science under grant KP-06-H68/4 (2022). GD, MDJ, and OV
cknowledge support by the Astronomical Station Vidojevica and 

he Ministry of Science, Technological Development and Innova- 
ion of the Republic of Serbia (MS TDIRS) thr ough contract no.
51-03-66/2024-03/200002 made with Astronomical Observatory 
Belgrade), by the EC through project BELISSIMA (call FP7- 
EGPO T-2010-5, N o. 256772), the observing and financial grant 

upport from the Institute of Astronomy and Rozhen NAO BAS 
hrough the bilateral S ANU-B AN joint research project “GAIA 

strometry and fast variable astronomical objects”, and support 
y the SANU project F-187. Also, this r esear ch was supported by
he Science Fund of the Republic of Serbia, grant no. 6775, Urban
bserv atory of Belgr ade – UrbObsBel. We acknowledge support 
y Bulg arian N ational Science Fund under grant DN18-10/2017 
nd Bulgarian National Roadmap for Research Infrastructure 
roject D01-326/04.12.2023 of the Ministry of Education and 
MNRAS 546, 1–16 (2026) 

https://www.oato.inaf.it/blazars/webt/


14 K. Abe et. al. 

M

S  

t  

c  

s  

g  

8  

c  

i  

T  

O  

t  

w  

g  

N  

S  

o
“  

l  

fi  

d

D

T  

r

R

A
A
A
A
A
A  

A
A
A
A
A
A
A
A
A
A
A
B
B
C
C  

D
D
D  

 

E
F
F  

F  

G
G

G  

G  

G
G
G  

G  

 

 

H
H
H  

J
J
K
L
L  

M
M
P
P  

P
P  

P
P
P
P
P
R  

R
R
R
R
R  

R
S
S
S
S
S  

S  

 

T
T
T
T  

U  

 

V
V  

V
V
W
W  

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/546/4/stag032/8425355 by guest on 19 M
arch 2026
cience of the Republic of Bulgaria. We thank iTelescope for
he use of their telescopes that made it possible for us to
arry out optical observations. The r esear ch at Boston Univer-
ity was supported in part by the National Science Foundation
rant AST-2108622, and NASA Fermi Guest Inv estigat or grant
0NSSC23K1507. This study was based in part on observations
onducted using the 1.8m Perkins Telescope Observatory (PTO)
n Arizona, which is owned and operated by Boston University.
his publication makes use of data obtained at Metsähovi Radio
bserv atory, oper ated by Aalto University in Finland. Data from

he Steward Observatory spectropolarimetric monitoring project
ere used. This programme is supported by Fermi Guest Investi-

ator grants NNX08AW56G, NNX09AU10G, NNX12AO93G, and
NX15AU81G. Inna R ev a acknowledges financial support by the

cience Committee of the Ministry of Education and Science
f the Republic of Kazakhstan under project no. BR24992759 –
Development of the concept for the first Kazakhstan orbital cis-
unar telescope – Phase I”. The Abastumani team acknowledges
nancial support by the Shota Rustaveli National Science Foun-
ation of Georgia under contract FR-24-515. 

A  T  A  AVA I L A B I L I T Y  

he data underlying this article will be shared on reasonable
equest to the corresponding authors. 

E F E R E N C E S  

bdo A. A. et al., 2009, ApJS , 183, 46 
bdo A. A. et al., 2010, ApJS , 188, 405 
cciari V. A. et al., 2019, MNRAS , 486, 4233 
 cer o F. et al., 2015, ApJS , 218, 23 
ckermann M. et al., 2011, ApJ , 743, 171 
gudo I. , Thum C., Ramakrishnan V., Molina S. N., Casadio C., Gómez J.

L., 2018a, MNRAS , 473, 1850 
gudo I. et al., 2018b, MNRAS , 474, 1427 
hnen M. L. et al., 2015, ApJ , 815, L23 
hnen M. L. et al., 2016, A&A , 595, A98 
leksi ́c J. et al., 2011, A&A , 530, A4 
leksi ́c J. et al., 2014, A&A , 567, A41 
leksi ́c J. et al., 2015, J. High Energy Astrophys. , 5, 30 
leksi ́c J. et al., 2016a, Astropart. Phys. , 72, 61 
leksi ́c J. et al., 2016b, Astropart. Phys. , 72, 76 
leksi ́c J. et al., 2016c, Astropart. Phys. , 72, 76 
nsoldi S. et al., 2018, MNRAS , 480, 879 
twood W. B. et al., 2009, ApJ , 697, 1071 
odo G. , Tavecchio F., 2018, A&A , 609, A122 
urrows D. N. et al., 2005, Space Sci. Rev. , 120, 165 
ash W. , 1979, ApJ , 228, 939 
ostamante L. , Cutini S., Tosti G., Antolini E., Tramacere A., 2018,

MNRAS , 477, 4749 
omínguez A. et al., 2011, MNRAS , 410, 2556 
onea A.-C. , Pr other oe R. J., 2003, Astropart. Phys. , 18, 377 
orman B. , Arnaud K. A., 2001, in Harnden F. R.J., Primini F. A., Payne H.

E., eds, ASP Conf. Ser. Vol. 238, Astronomical Data Analysis Software
and Systems X. Astron. Soc. Pac., San F r ancisco, p. 415 

vans P. A. et al., 2009, MNRAS , 397, 1177 
an J. H. et al., 2006, PASJ , 58, 797 
omin V. P. , Stepanian A. A., Lamb R. C., Lewis D. A., Punch M., Weekes

T. C., 1994, Astropart. Phys., 2, 137 
ruck C. , Gaug M., 2015, E ur opean Physical Journal Web of Conferences ,

89, 02003 
hisellini G. , Tavecchio F., 2009, MNRAS , 397, 985 
hisellini G. , Tavecchio F., 2015, MNRAS , 448, 1060 
NRAS 546, 1–16 (2026) 
hisellini G. , Celotti A., Fossati G., Maraschi L., Comastri A., 1998,
MNRAS , 301, 451 

hisellini G. , Righi C., Costamante L., Tavecchio F., 2017, MNRAS , 469,
255 

iroletti M. , Righini S., 2020, MNRAS , 492, 2807 
onzález-Pérez J. N. , Kidger M. R., Martín-Luis F., 2001, AJ , 122, 2055 
oyal A. , Gopal-Krishna Wiita P. J., Stalin C. S., Sagar R., 2013, MNRAS ,

435, 1300 
urwell M. A. , Peck A. B., Hostler S. R., Darrah M. R., Katz C. A., 2007,

in Baker A. J., Glenn J., Harris A. I., Mangum J. G., Yun M. S., eds,
ASP Conf. Ser . V ol. 375, From Z-Machines to ALMA: (Sub)Millimeter
Spectroscopy of Galaxies. Astron. Soc. Pac., San F r ancisco, p. 234 

allum M. K. et al., 2022, ApJ , 926, 180 
ewett P. C. , Wild V., 2010, MNRAS , 405, 2302 
ov at ta T. , Tornikoski M., Lainela M., Lehto H. J., Valtaoja E., Torniainen

I., Aller M. F., Aller H. D., 2007, A&A , 469, 899 
 or di K. , Grebel E. K., Ammon K., 2006, A&A , 460, 339 
orstad S. G. et al., 2022, Nature , 609, 265 
ing D. L. , 1985, RGO/La Palma technical note no 31 
i T.-P. , Ma Y.-Q., 1983, ApJS, 272, 317 
iu B. R. , Liu X., Marchili N., Liu J., Mi L. G., Krichbaum T. P., Fuhrmann

L., Zensus J. A., 2013, A&A , 555, A134 
araschi L. , Tavecchio F., 2003, ApJ , 593, 667 
irzoyan R. , 2017, Astron. Telegram, 11061, 1 

acciani L. , 2018, A&A , 615, A56 
 acciani L. , Ta vecchio F., Donnarumma I., Stamerra A., Carrasco L., Re-

cillas E., Porras A., Uemura M., 2014, ApJ , 790, 45 
atel S. R. , Chitnis V. R., 2019, MNRAS , 492, 72 
atel S. R. , Chitnis V. R., Shukla A., Rao A. R., N ag ar e B . J., 2018, ApJ ,

866, 102 
ei Y. C. , 1992, ApJ , 395, 130 
oole T. S. et al., 2008, MNRAS , 383, 627 
outanen J. , Stern B., 2010, ApJ , 717, L118 
outanen J. , Zdziarski A. A., Ibragimov A., 2008, MNRAS , 389, 1427 
rince R. , 2019, ApJ , 871, 101 
aiteri C. M. , Villata M., Lanteri L., Cavallone M., Sobrito G., 1998, A&AS,

130, 495 
aiteri C. M. et al., 2013, MNRAS , 436, 1530 
aiteri C. M. et al., 2014, MNRAS , 442, 629 
aiteri C. M. et al., 2017, N atur e , 552, 374 
odríguez-Pascual P. M. et al., 1997, ApJS , 110, 9 
olke W. A. , López A. M., Conrad J., 2005, Nucl. Instrum. Methods Phys.

Res. A , 551, 493 
oming P. W. A. et al., 2005, Space Sci. Rev. , 120, 95 
avolainen T. , Kovalev Y. Y., 2008, A&A , 489, L33 
chlegel D. J. , Finkbeiner D. P., Davis M., 1998, ApJ , 500, 525 
chleicher B. et al., 2019, Galaxies , 7, 62 
itarek J. , Bednarek W., 2008, MNRAS , 391, 624 
mith P. S. , Montiel E., Rightley S., Turner J., Schmidt G. D., Jannuzi B.

T., 2009, 2009 Fermi Symposium, eConf Proceedings C091122 
tockman H. S. , 1978, in Wolfe A. M., ed., Proceedings of the Pittsburgh

Conference on BL Lac Objects. Univ. Pit tsburgh, Pit tsburgh, Pennsyl-
vania, p. 149 

 avecchio F . , Mazin D., 2009, MNRAS , 392, L40 
er aesr anta H. et al., 1998, A&AS , 132, 305 
hompson D. J. et al., 1995, ApJS , 101, 259 
hum C. , Agudo I., Molina S. N., Casadio C., Gómez J. L., Morris D.,

Ramakrishnan V., Sievers A., 2018, MNRAS , 473, 2506 
rry C. M. , Padovani P., 1995, ASP Conf. Ser. Vol. 107, Unified Schemes

for Radio-loud Active Galactic Nuclei. Astron. Soc. Pac., San F r an-
cisco , p . 803 

anden Berk D. E. et al., 2001, AJ , 122, 549 
aughan S. , Edelson R., Warwick R. S., Uttley P., 2003, MNRAS , 345, 1271
illata M. et al., 2002, A&A , 390, 407 
illata M. et al., 2009, A&A , 504, L9 
 ang J.- Y. , An T ., Baan W. A., Lu X.-L., 2014, MNRAS , 443, 58 
ill M. , 2017, E ur opean Physical J ournal Web of Confer ences,

p. 01002 

http://dx.doi.org/10.1088/0067-0049/183/1/46
http://dx.doi.org/10.1088/0067-0049/188/2/405
http://dx.doi.org/10.1093/mnras/stz943
http://dx.doi.org/10.1088/0067-0049/218/2/23
http://dx.doi.org/10.1088/0004-637X/743/2/171
http://dx.doi.org/10.1093/mnras/stx2437
http://dx.doi.org/10.1093/mnras/stx2435
http://dx.doi.org/10.1088/2041-8205/815/2/L23
http://dx.doi.org/10.1051/0004-6361/201629461
http://dx.doi.org/10.1051/0004-6361/201116497
http://dx.doi.org/10.1051/0004-6361/201323036
http://dx.doi.org/10.1016/j.jheap.2015.01.002
http://dx.doi.org/10.1016/j.astropartphys.2015.04.004
http://dx.doi.org/10.1016/j.astropartphys.2015.02.005
http://dx.doi.org/10.1016/j.astropartphys.2015.02.005
http://dx.doi.org/10.1093/mnras/sty1753
http://dx.doi.org/10.1088/0004-637X/697/2/1071
http://dx.doi.org/10.1051/0004-6361/201732000
http://dx.doi.org/10.1007/s11214-005-5097-2
http://dx.doi.org/10.1086/156922
http://dx.doi.org/10.1093/mnras/sty887
http://dx.doi.org/10.1111/j.1365-2966.2010.17631.x
http://dx.doi.org/10.1016/S0927-6505(02)00155-X
http://dx.doi.org/10.1111/j.1365-2966.2009.14913.x
http://dx.doi.org/10.1093/pasj/58.5.797
http://dx.doi.org/10.1051/epjconf/20158902003
http://dx.doi.org/10.1111/j.1365-2966.2009.15007.x
http://dx.doi.org/10.1093/mnras/stv055
http://dx.doi.org/10.1046/j.1365-8711.1998.02032.x
http://dx.doi.org/10.1093/mnras/stx806
http://dx.doi.org/10.1093/mnras/staa042
http://dx.doi.org/10.1086/322129
http://dx.doi.org/10.1093/mnras/stt1373
http://dx.doi.org/10.3847/1538-4357/ac4710
http://dx.doi.org/10.1111/j.1365-2966.2010.16648.x
http://dx.doi.org/10.1051/0004-6361:20077529
http://dx.doi.org/10.1051/0004-6361:20066082
http://dx.doi.org/10.1038/s41586-022-05038-9
http://dx.doi.org/10.1051/0004-6361/201220850
http://dx.doi.org/10.1086/342118
http://dx.doi.org/10.1051/0004-6361/201732115
http://dx.doi.org/10.1088/0004-637X/790/1/45
http://dx.doi.org/10.1093/mnras/stz3490
http://dx.doi.org/10.3847/1538-4357/aae1fc
http://dx.doi.org/10.1086/171637
http://dx.doi.org/10.1111/j.1365-2966.2007.12563.x
http://dx.doi.org/10.1088/2041-8205/717/2/L118
http://dx.doi.org/10.1111/j.1365-2966.2008.13666.x
http://dx.doi.org/10.3847/1538-4357/aaf475
http://dx.doi.org/10.1093/mnras/stt1672
http://dx.doi.org/10.1093/mnras/stu886
http://dx.doi.org/10.1038/nature24623
http://dx.doi.org/10.1086/312996
http://dx.doi.org/10.1016/j.nima.2005.05.068
http://dx.doi.org/10.1007/s11214-005-5095-4
http://dx.doi.org/10.1051/0004-6361:200810423
http://dx.doi.org/10.1086/305772
http://dx.doi.org/10.3390/galaxies7020062
http://dx.doi.org/10.1111/j.1365-2966.2008.13771.x
http://dx.doi.org/10.48550/arXiv.0912.3621
http://dx.doi.org/10.1111/j.1745-3933.2008.00584.x
http://dx.doi.org/10.1051/aas:1998297
http://dx.doi.org/10.1086/192240
http://dx.doi.org/10.1093/mnras/stx2436
http://dx.doi.org/10.1086/321167
http://dx.doi.org/10.1046/j.1365-2966.2003.07042.x
http://dx.doi.org/10.1051/0004-6361:20020662
http://dx.doi.org/10.1051/0004-6361/200912732
http://dx.doi.org/10.1093/mnras/stu1135
http://dx.doi.org/10.1051/epjconf/201714401002


TON 0599 MAGIC detection 15 

W  

W
W  

Z  

 

1

s
2

U
3
4
5

 

e
6
7

 

E
8
9
1

I
1
1
1

 

n
1

 

J
1

 

d
1

m
1

E
1

B
1
2

n
2

d
2

d
2
2

d
2

(
2

 

R
2
2
2

S
J
3
3
3

 

n  

S
3

7
3

 

D

35 Finnish MAGIC Group: Finnish Centre for Astronomy with ESO, De- 
partment of Physics and Astronomy, University of Turku, FI-20014 Turku, 
Finland 
36 also at Dipartimento di Fisica, Università di Trieste, I-34127 Trieste, Italy 
37 University of Geneva, Chemin d’Ecogia 16, CH-1290 Versoix, Switzerland 
38 Saha Institute of Nuclear Physics, A CI of Homi Bhabha National Insti- 
tute, Kolkata 700064, West Bengal, India 
39 Inst. for Nucl. Research and Nucl. Energy, Bulg arian Ac ademy of Scienc es, 
BG-1784 Sofia, Bulgaria 
40 Max-Planck-Institut für Physik, D-85748 Garching, Germany 
41 Japanese MAGIC Group: Department of Physics, Yamagata University, 
Yamagata 990-8560, Japan 
42 Finnish MAGIC Gr oup: Spac e Physics and Astr onomy Resear ch Unit, 
University of Oulu, FI-90014 Oulu, Finland 
43 Japanese MAGIC Group: Institute for Space-Earth Environmental Re- 
sear ch and Kobayashi-Mask awa Institute for the Origin of Particles and the 
Universe, Nagoya University, 464-6801 Nagoya, Japan 
44 Japanese MAGIC Group: Chiba University, ICEHAP, 263-8522 Chiba, 
Japan 
45 Istituto di Astr ofisic a e Planetologia Spaziali - INAF, Via Fosso del Cava- 
liere, 100 - I-00133 Rome, Italy 
46 also at INAF Padova 
47 Japanese MAGIC Group: Department of Physics, Kyoto University, 606- 
8502 Kyoto, Japan 
48 INFN MAGIC Group: INFN Roma Tor Vergata, I-00133 Roma, Italy 
49 Japanese MAGIC Group: Institute for Cosmic Ray Research (ICRR), The 
University of Tokyo, Kashiwa, 277-8582 Chiba, Japan 
50 Japanese MAGIC Group: Department of Physics, Konan University, Kobe, 
Hyogo 658-8501, Japan 
51 Crimean Astr ophysic al Observatory RAS, P/O Nauchny 298409, Crimea 
52 Fundación Galileo Galilei - INAF (Telescopio Nazionale Galileo), Ram- 
bla José Ana Fernández Per ez 7, E-38712 Br eña Baja (La Palma), Canary 
Islands, Spain 
53 Department of Astronomy, Faculty of Physics, Sofia, Bulgaria 
54 University “St Kliment Ohridski”, 5 James Bourchier Blvd., BG-1164 Sofia, 
Bulgaria 
55 INAF – Osservatorio Astr ofisic o di Torino, via Osservatorio 20, I-10025 
Pino Torinese, Italy 
56 EPT Observatories, Tijarafe, La Palma, Spain 
57 Foundation for Research and Technology – Hellas, IESL & Institute of 
Astrophysics, Voutes, 7110, Heraklion, Greece; Department of Physics, Uni- 
versity of Crete, 70013 Heraklion, Greece 
58 Helmholtz c entr e Potsdam, GFZ German Resear ch Centr e for Geoscienc es, 
Germany 
59 National Central University, 300 Zhongda Road, Zhongli 32001, 
T aoyuan, T aiwan 
60 Astr onomic al Observatory, Volgina 7, 11060 Belgrade, Serbia 
61 Ulugh Beg Astr onomic al Institute, Astr onomy Str eet 33, Tashk ent 100052, 
Uzbekistan 
62 National University of Uzbekistan, Tashkent 100174, Uzbekistan 
63 INAF – Istituto di Radioastronomia, Via Gobetti 101, I-40129 Bologna, 
Italy 
64 Saint Petersburg State University, 7/9 Universitetskaya nab., St. Peters- 
burg 199034, Russia 
65 Center for Astr ophysics, Harvar d & Smithsonian, 60 Garden Street, Cam- 
bridge, MA 02138, USA 

66 Institute for Astr ophysic al Resear ch, Boston University, 725 Common- 
wealth Avenue, Boston, MA 02215, USA 

67 Department of Physics & Astronomy, Texas Tech University, Box 41051, 
Lubbock, TX, 79409-1051, USA 

68 Astr ophysics Resear ch Institute, Liverpool John Moores University, IC2, 
Liverpool Science Park, Liverpool L3 5RF, UK 

69 National Center of Spac e Resear ches and Technologies, Almaty, Kaza- 
khstan 
70 Al-Farabi Kazakh National University, Almaty, Kazakhstan 
71 Abastumani Observatory, Mt. Kanobili, 0301 Abastumani, Georgia 
72 Max-Planck-Institut für Radioastronomie, Auf dem Hügel 69, D-53121 
Bonn, Germany 

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/546/4/stag032/8425355 by guest on 19 M
arch 2026
illingale R. , Starling R. L. C., Beardmore A. P., Tanvir N. R., O’Brien P.
T., 2013, MNRAS , 431, 394 

ills B. J. et al., 1983, ApJ , 274, 62 
ills B. J. , Wills D., Breger M., Antonucci R. R. J., Barvainis R., 1992, ApJ ,

398, 454 
anin R. et al., 2013, Pr oc 33r d Int. Cosmic Ray Conference (ICRC2013).

Rio de J aneir o, Brazil, Saa Alberto, Springer, p. 0773, http://inspireh
ep.net/record/1412925/files/icrc2013-0773.pdf

 Japanese MAGIC Group: Department of Physics, Tokai University, Hirat- 
uka, 259-1292 Kanagawa, Japan 
 Japanese MAGIC Group: Institute for Cosmic Ray Research (ICRR), The 
niversity of Tokyo, Kashiwa, 277-8582 Chiba, Japan 
 ETH Zürich, CH-8093 Zürich, Switzerland 
 Università di Siena and INFN Pisa, I-53100 Siena, Italy 
 Institut de Física d’Altes Energies (IFAE), The Bar c elona Institute of Sci-
nce and Technology (BIST), E-08193 Bellaterra (Barcelona), Spain 
 Universitat de Bar c elona, ICCUB, IEEC-UB, E-08028 Bar c elona, Spain 
 Instituto de Astr ofísic a de Andalucía-CSIC, Glorieta de la Astronomía s/n,
-18008 Granada, Spain 
 National Institute for Astrophysics (INAF), I-00136 Rome, Italy 
 Università di Udine and INFN Trieste, I-33100 Udine, Italy 
0 also at International Center for Relativistic Astrophysics (ICRA), Rome, 
taly 
1 Max-Planck-Institut für Physik, D-85748 Garching, Germany 
2 Università di Padova and INFN, I-35131 Padova, Italy 
3 Cr oatian MAGIC Gr oup: University of Zagr eb, Faculty of Electric al Engi-
eering and Computing (FER), 10000 Zagreb, Croatia 

4 Centr o Brasileir o de Pesquisas Físic as ( CBPF), 22290-180 UR CA, Rio de
aneiro (RJ), Brazil 
5 Instituto de Astr ofísic a de Canarias and Dpto. de Astr ofísic a, Universidad
e La Laguna, E-38200 La Laguna, Tenerife, Spain 
6 University of Lodz, Faculty of Physics and Applied Informatics, Depart- 

ent of Astrophysics, 90-236 Lodz, Poland 
7 Centro de Investigaciones Energéticas, Medioambientales y Tecnológicas, 
-28040 Madrid, Spain 

8 Departament de Física, and CERES-IEEC, Universitat Autònoma de 
ar c elona, E-08193 Bellaterra, Spain 

9 Università di Pisa and INFN Pisa, I-56126 Pisa, Italy 
0 INFN MAGIC Group: INFN Sezione di Bari and Dipartimento Interate- 
eo di Fisica dell’Università e del Politecnico di Bari, I-70125 Bari, Italy 

1 IPARCOS Institute and EMFTEL Department, Universidad Complutense 
e Madrid, E-28040 Madrid, Spain 
2 also at Como Lake centre for AstroPhysics (CLAP), DiSAT, Università
ell?Insubria, via Valleggio 11, I-22100 Como, Italy 
3 Department for Physics and Technology, University of Bergen, Norway 
4 INFN MAGIC Group: INFN Sezione di Torino and Università degli Studi 
i Torino, I-10125 Torino, Italy 
5 also at Port d’Informació Científica (PIC), E-08193 Bellaterra 
Bar c elona), Spain 
6 Cr oatian MAGIC Gr oup: University of Rijek a, Faculty of Physics, 51000
ijek a, Cr oatia 

7 Universität Würzburg, D-97074 Würzburg, Germany 
8 Technische Universität Dortmund, D-44221 Dortmund, Germany 
9 Japanese MAGIC Group: Physics Progr am, Gr aduate School of Advanced 
cience and Engineering, Hiroshima University, 739-8526 Hiroshima, 
apan 
0 Deutsches Elektr onen-Synchr otr on (DESY), D-15738 Zeuthen, Germany 
1 Armenian MAGIC Group: ICRANet - Armenia, 0019 Yerevan, Armenia 
2 Cr oatian MAGIC Gr oup: University of Split, Faculty of Electric al Engi-
eering , Mechanic al Engineering and Naval Ar chitectur e (FESB), 21000
plit, Croatia 
3 now at Université Paris Cité, CNRS, Astroparticule et Cosmologie, F- 
5013 Paris, France 
4 Cr oatian MAGIC Gr oup: J osip Jur aj Strossmayer University of Osijek,
epartment of Physics, 31000 Osijek, Croatia 
MNRAS 546, 1–16 (2026) 

http://dx.doi.org/10.1093/mnras/stt175
http://dx.doi.org/10.1086/161426
http://dx.doi.org/10.1086/171869
http://inspirehep.net/record/1412925/files/icrc2013-0773.pdf


16 K. Abe et. al. 

MNRAS 546, 1–16 (2026) 

73 Landessternwarte, Zentrum fur Astronomie der Universität Heidelberg, 
Königstuhl 12, D-69117 Heidelberg, Germany 
74 Eng elhar dt Astr onomic al Observatory , Kazan F ederal University , 
Tatarstan, Russia 
75 Aalto University, Metsähovi Radio Observatory, Metsähovintie 114, FI- 
02540 Kylmälä, Finland 
76 Aalto University, Department of Electronics and Nanoengineering, P.O. 
BOX 15500, FI-00076 Aalto, Finland 
77 Pulkovo Observatory, St. Petersburg 196140, Russia 
78 Institute of Astronomy and National Astronomical Observatory, Bulgar- 
ian Academy of Sciences, 72 Tsarigradsko shosse Blvd., 1784 Sofia, Bulgaria 
79 Institut de Radiostronomie Milimétrique, Avenida Divina Pastora, 7, Lo- 
cal 20, E-18012 Granada, Spain 

80 Nor dic Optic al Telesc ope, Apartado 474, E-38700 Santa Cruz de La 
Palma, Santa Cruz de Tenerife, Spain 
81 Department of Physics and Astronomy, Aarhus University, Munk eg ade 
120, DK-8000 Aarhus C, Denmark 
82 Fesenk ov Astr ophysic al Institute, Observatory street 23, Almaty 050020, 
Kazakhstan 
83 Department of Physics, University of Colorado, Denver, USA 

84 Steward Observatory, University of Arizona, 933 N. Cherry Ave., Tucson, 
AZ 85721, USA 

This paper has been typeset from a T E 

X/L 

A T E 

X file prepared by the author. 

© The Author(s) 2026. 
Published by Oxford University Press on behalf of R oy al Astronomical Society. This is an Open Access article distributed under the terms of the Creative Commons A t tribution License 

( https://creativecommons.org/licenses/by/4.0/ ), which permits unrestricted reuse, distribution, and reproduction in any medium, provided the original work is properly cited. 

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/546/4/stag032/8425355 by guest on 19 M
arch 2026

https://creativecommons.org/licenses/by/4.0/

	1 INTRODUCTION
	2 DATA ANALYSIS AND RESULTS
	3 MULTIWAVELENGTH PICTURE
	4 CONCLUSIONS
	AUTHOR CONTRIBUTIONS
	ACKNOWLEDGEMENTS
	DATA AVAILABILITY
	REFERENCES

