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A B S T R A C T 

In 2022 the BL Lac object S4 0954 + 65 underwent a major variability phase, reaching its historical maximum brightness in the 
optical and γ -ray bands. We present optical photometric and polarimetric data acquired by the Whole Earth Blazar Telescope 
(WEBT) Collaboration from 2022 April 6 to July 6. Many episodes of unprecedented fast variability were detected, implying 

an upper limit to the size of the emitting region as low as 10 

−4 parsec. The WEBT data show rapid variability in both the degree 
and angle of polarization. We analyse different models to explain the polarization behaviour in the framework of a twisting 

jet model, which assumes that the long-term trend of the flux is produced by variations in the emitting region viewing angle. 
All the models can reproduce the average trend of the polarization degree, and can account for its general anticorrelation with 

the flux, but the dispersion of the data requires the presence of intrinsic mechanisms, such as turbulence, shocks, or magnetic 
reconnection. The WEBT optical data are compared to γ -ray data from the Fermi satellite. These are analysed with both fixed 

and adaptive binning procedures. We show that the strong correlation between optical and γ -ray data without measurable delay 

assumes different slopes in faint and high brightness states, and this is compatible with a scenario where in faint states we mainly 

see the imprint of the geometrical effects, while in bright states the synchrotron self-Compton process dominates. 

K ey words: galaxies: acti ve – BL Lacertae objects: general – BL Lacertae objects: individual: S4 0954 + 65 – galaxies: jets. 
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 I N T RO D U C T I O N  

ith the term ‘blazar’ we indicate a jetted active galactic nucleus
AGN) with one jet directed towards us. Leptons moving at rela-
ivistic speeds along the magnetic field lines inside the jet produce
ow-energy synchrotron radiation and high-energy radiation through
nverse-Compton scattering of soft photons. Processes involving
adrons may also be responsible for the high-energy emission (e.g.
 ̈ottcher et al. 2013 ). Because of the jet orientation, this radiation

s relativistically Doppler beamed (e.g. Urry & P ado vani 1995 ).
onsequences of the Doppler beaming are that the flux that we
 E-mail: claudia.raiteri@inaf.it 
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bserve is enhanced in comparison to what is emitted by the source,
nd the variability time-scales are shortened. This is why blazars
ften show extreme variability at all wavelengths, from the radio
o the γ rays, on time-scales ranging from years to minutes (e.g.

agner & Witzel 1995 ; Aharonian et al. 2007 ; Albert et al. 2007 ;
hukla & Mannheim 2020 ; Weaver et al. 2020 ). The origin of such
ultiscale flux changes is still debated, but it is clear that different

rocesses must intervene to account for the variety of observed
 ariability e vents. Flares suggest that particles get accelerated in
he jet. The two main acceleration mechanisms that are commonly
nvoked are shock waves propagating in the jet (e.g. Hughes, Aller &
ller 1985 ; Marscher & Gear 1985 ), and magnetic reconnection,
ossibly triggered by kink instabilities (e.g. Sironi, Petropoulou &
iannios 2015 ; Zhang et al. 2018 ; Bodo, Tavecchio & Sironi 2021 ;
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hang et al. 2022 ). Moreo v er, turbulence is likely to play an important
ole (Marscher 2014 ). But since Doppler beaming depends on the 
iewing angle, strong flux variations are expected if the jet emitting 
egions change their orientation with respect to the line of sight (e.g.
aiteri et al. 2017 ). This can happen because of jet precession, or

otation induced by orbital motion in a supermassive black hole (BH)
inary system, or jet twisting due to kink instabilities developing 
nside the jet. 

The jet physics is determined by the magnetic field, and this can
e studied by means of polarimetric observations. In blazars, both 
he polarization degree and the polarization angle are very variable 
e.g. Raiteri & Villata 2021 , and references therein). Their behaviour 
s often uncorrelated with the total flux density, which makes the 
nterpretation of the polarization observations very difficult. 

The abo v e variability features are common to both the blazar sub-
lasses, i.e. flat-spectrum radio quasars (FSRQs) and BL Lacertae- 
ype objects (BL Lacs). The two types have originally been distin-
uished on the basis of the strength of the emission lines in their
pectra (Stickel et al. 1991 ; Stocke et al. 1991 ), the former showing
road emission lines with equi v alent width greater than 5 Å in the
est frame, the latter exhibiting (nearly) featureless spectra. 

S4 0954 + 65 is a BL Lac-type blazar at redshift z = 0.3694
Becerra Gonz ́alez et al. 2021 ), which is well known for its strong
adio and optical flux variability, also on short time-scales (e.g. 

agner et al. 1993 ; Heidt & Wagner 1996 ; Raiteri et al. 1999 ;
apadakis et al. 2004 ; Marchili et al. 2012 ; Bachev 2015 ; Raiteri
t al. 2021 ). Heidt & Wagner ( 1996 ) noted several symmetric
ptical outbursts and suggested that geometrical effects may play 
n important role in explaining the source variability. 

Polarimetric observ ations sho w that the polarization degree un- 
ergoes rapid changes at both radio (Gabuzda et al. 2000 ) and
ptical wav elengths (Morozo va et al. 2014 ; Raiteri et al. 2021 ). Wide
otations of the polarization angle have been observed (Hagen-Thorn 
t al. 2015 ). 

The source was detected at GeV energies by the Compton Gamma 
ay Observatory (CGRO; Mukherjee et al. 1995 ) and at TeV energies
y the Major Atmospheric Gamma Imaging Cherenkov (MAGIC) 
elescopes during an exceptionally bright optical state in 2015 
MAGIC Collaboration 2018 ). 

Raiteri et al. ( 2021 ) analysed well-sampled optical light curves 
btained in 2019–2020 by the Whole Earth Blazar Telescope 1 

WEBT; e.g. Villata et al. 2002 , 2006 ; Raiteri et al. 2017 ; Larionov
t al. 2020 ; Jorstad et al. 2022 ; Raiteri et al. 2023 ) Collaboration,
ith the addition of 2-min cadence data acquired by the Transiting
xoplanet Survey Satellite ( TESS ) during three observing sectors 
f about 1 month each. They detected several characteristic time- 
cales of variability, ranging from 6 h in the TESS light curves, to
everal weeks in the whole data set. Moreo v er, the y identified quasi-
eriodic oscillations (QPOs) with period of about 1 month, which 
ere interpreted as produced by a rotating inhomogeneous helical 

et, whose pitch angle changes in time. 
A QPO of 1.52 d was detected in the TESS light curves by Kishore,

upta & Wiita ( 2023 ). They suggested that the QPO may originate
rom the orbital motion of some blob or flare in the innermost part
f the accretion disc, and estimated a BH mass of ∼ 2 × 10 8 M � or

10 9 M � for a Schwarzschild or Kerr BH, respectively. 
QPOs with periods of 66 and 210 d were recognized by Gong et al.

 2023 ) in the γ -ray light curves from the Fermi satellite. The most
 https:// www.oato.inaf.it/ blazars/ webt/ 
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lausible scenario was found to be a plasma blob following a helical
ath inside the jet. 
In 2022 April, S4 0954 + 65 was observed in very high optical

Bache v & Strigache v 2022 ; Vlasyuk et al. 2022a , b ) and γ -ray
Rani, Valverde & La Mura 2022 ) states. This triggered intensified
bservations by the WEBT (Marchini et al. 2022 ), whose members
av e been re gularly monitoring the source since 2007 through the
LAST-AGILE Support Program (GASP; e.g. Villata et al. 2008 , 
009 ). 
In this paper we present the results of the optical monitoring by

he WEBT in the period 2022 April 6 to July 6, together with the γ -
ay observations by the LAT instrument onboard the Fermi satellite. 

e explore the details of the flux variability at both low and high
nergies and analyse their correlation. We also investigate the optical 
olarization behaviour. 

 OPTI CAL  P H OTO M E T RY  

ptical observations were carried out in the framework of the WEBT
ollaboration at the observatories listed in Table 1 . 
The source magnitude was derived using the photometric sequence 

ublished by Raiteri et al. ( 1999 ). Data belonging to 31 data sets from
5 observatories in 16 countries around the northern hemisphere 
ere carefully assembled and processed to get a homogeneous and 
recise optical light curve in R band. No significant systematic 
ffset of the data points of individual data sets was found with
espect to the others. Particularly noisy data sets from the same
elescope were binned o v er time intervals of a few minutes and
lear outliers were eliminated. The final light curve is shown 
n Fig. 1 ; it includes 3628 data points acquired during 91 d,
rom 2022 April 6 to July 6 (JD = 2459676 . 0–2459767.0). In
his period, the source showed wide brightness variations, with 
 maximum amplitude of 3.28 mag, and reached its maximum 

rightness level R = 12.83 ± 0.01, exceeding the levels observed 
uring the 2015 outburst (Bachev 2015 ; MAGIC Collaboration 
018 ). 

 I N T R A DAY  VARI ABI LI TY  

s mentioned in the Introduction, S4 0954 + 65 has often shown
ntense intraday variability. One of the most extreme episodes 
as reported by Bachev ( 2015 ), who observed an almost 0.7 mag
rightness decrease in 5 h. In the period analysed here, we found
ven more dramatic fast variability. 

The brightness rise that brought the source to its historical 
aximum R = 12.83 ± 0.01 on May 9 (JD ≈ 2459708 . 61) involved
 variation of roughly 2.8 mag in less than 2 d (47 h). Three days
ater we observed a 0.73 mag brightness increase in 1.2 h. 

Another extreme IDV episode was detected on May 19–20 (JD 

459719), with a ∼ 0 . 92 mag fading in 4.8 h. Fig. 2 displays the
ource light curve in this period. 

On June 6–7 (JD 2459737) we observed a ∼ 1 . 4 mag brightness
ncrease in about 5.7 h, followed by a ∼ 0 . 67 mag brightness decrease
n about 1.4 h, which was part of a longer dimming phase of ∼
 . 2 mag in less than 10 h. This fading trend continued in the following
 d, with a total variability amplitude of about 2.5 mag in less than
 d (47 h). An enlargement of the optical light curve in this period is
hown in Fig. 3 . 

Overall, on 17 occasions we detected mag changes of more than
.5 mag in less than 12 h. 
MNRAS 526, 4502–4513 (2023) 
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Table 1. Details on the optical data sets contributing to this paper. 

Data set Country Diameter (cm) N obs Symbol Colour 

Abastumani Georgia 70 888 � dark green 
ARIES India 130 87 � green 
Athens a Greece 40 177 + grey 
Belogradchik b Bulgaria 60 42 + cyan 
Burke-Gaffney Canada 61 18 � pink 
Calar Alto b Spain 220 2 ∗ red 
Catania (SLN) Italy 91 3 � blue 
Connecticut US 51 2 ∗ grey 
Crimean (ST-7) Crimea 70 1 + magenta 
Crimean (ST-7; pol) b Crimea 70 96 × dark green 
Hans Haffner Germany 50 194 ◦ red 
Lulin (SLT) Taiwan 40 38 ◦ black 
McDonald (LCO) US 40 1 × black 
Mt. Maidanak Uzbekistan 60 101 ◦ violet 
Osaka Kyoiku Japan 51 276 � orange 
Rozhen Bulgaria 200 6 � red 
Rozhen Bulgaria 50/70 10 × orange 
San Pedro Martir Mexico 84 8 � blue 
SAO RAS Russia 100 43 ◦ blue 
SAO RAS Russia 50 706 � red 
Siena Italy 30 438 � blue 
Skinakas (RoboPol) b Greece 130 16 × blue 
St. Petersburg b Russia 40 53 + orange 
Teide (IAC80) Spain 80 6 ∗ green 
Teide (LCO) Spain 100 1 ∗ black 
Teide (LCO) Spain 40 9 + black 
Tijarafe Spain 40 130 � green 
Valle d’Aosta Italy 80 10 + violet 
Vidojevica c Serbia 140 64 � black 
Vidojevica c Serbia 60 12 � black 
West Mountain US 91 190 ◦ dark green 

Notes. ‘LCO’ refers to telescopes belonging to the Las Cumbres Observatory global telescope 
network 
a University of Athens Observatory (UOAO) 
b Also polarimetry 
c Astronomical Station Vidojevica 
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 SIZE  O F  T H E  O P T I C A L  EMITTING  R E G I O N  

s detailed in the previous section, unprecedented intraday variabil-
ty was observed in the period analysed. From causality arguments
ased on light trav eltime, the observ ed minimum variability time-
cale � t min can put an upper limit to the size R of the emitting
egion: 

 < c �t min × δ/ (1 + z) , (1) 

here c is the speed of light, δ is the Doppler factor, and z the
ource redshift. The value of � t min can be obtained from the well-
ampled, extreme IDV episode on JD 2459737, which is shown in
ig. 4 . Flux densities have been obtained from magnitudes using

he calibrations by Bessell, Castelli & Plez ( 1998 ) and correcting
or Galactic absorption ( A V = 0 . 259 mag from the NASA/IPAC
xtragalactic Database 2 ). 
We modelled the flare according to Valtaoja et al. ( 1999 ): 

F = F 0 + Ae ( t−t peak ) /�t 1 if t < t peak 

F = F 0 + Ae ( t peak −t) /�t 2 if t ≥ t peak 

, (2) 
NRAS 526, 4502–4513 (2023) 
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here F 0 is the base level, A the flare amplitude, t peak the time of the
are peak, and � t 1 and � t 2 the time-scales before and after the peak,
espectively. 

The least-squares best-fitting model of the flare is obtained by the
ollowing parameters: F 0 = (9 . 5 ± 0 . 5) mJy, A = (8 . 6 ± 1 . 1) mJy,
 peak = (2459737.459 ± 0.003), �t 1 = (0 . 028 ± 0 . 007) d, and �t 2 =
0 . 012 ± 0 . 005) d. Setting �t min ≈ 17 min, and δ = 13.6 (see Sec-
ion 6 and Fig. 8 ) we found R < 3 × 10 14 cm, i.e. about 10 −4 parsec.
his upper limit to the emitting region size responsible for the flare

s in general smaller than the typical size assumed for the blazar jets,
nd in particular it is more than 66 times smaller than that assumed
y Raiteri et al. ( 1999 ) when applying the homogeneous model by
hisellini et al. ( 1998 ) to the SEDs of S4 0954 + 65 during a faint

tate observed in 1994–1998. This suggests that we may be seeing
ux fluctuations in a jet subregion. 
We note that blazar microvariability with as short as a few minutes

ime-scale was also detected at γ rays, in both GeV and TeV energy
omains. In the case of 3C 279 observed by the Fermi satellite, a
ery fast flare in 2018 was ascribed to magnetic reconnection in a
egion of about 8 × 10 14 cm (Shukla & Mannheim 2020 ). For the
icro variations observ ed by the High Energy Stereoscopic System

H.E.S.S.) in PKS 2155-304 (Aharonian et al. 2007 ), and by MAGIC
n Mkn 501 (Albert et al. 2007 ), the inferred sizes are likely more
han 10 times smaller, when typical values of δ ∼ 10 are assumed. 

https://ned.ipac.caltech.edu/
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Figure 1. The R -band optical light curve of S4 0954 + 65 in the 2022 flaring period analysed in this paper. The various data sets are distinguished by different 
colours and symbols as specified in Table 1 . Uncertainties are plotted in grey and are typically smaller than the symbol size. 

Figure 2. An enlargement of the R -band light curve during the extreme 
variability phase observed in 2022 May 6–20. 
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Figure 3. An enlargement of the R -band light curve during the extreme 
variability phase observed in 2022 June 6–8. 
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 O P T I C A L  POLARIMETRY  

ptical polarimetric data for this work were acquired at the 
elogradchik, Calar Alto, Crimean, Skinakas, and St. Petersburg 
bservatories. The degree of polarization P and the electric vector 
osition angle (EVPA) are shown in Fig. 5 together with the optical
ux densities. 
Both P and EVPA display a flickering behaviour. The values of P

ange from 0.03 per cent to 39.6 per cent, those of EVPA span a ∼87 ◦

nterval. A general anticorrelation between P and the flux density in R
and, F R , is recognizable, which is confirmed by the plot of P versus
 R shown in Fig. 6 . Values of P higher than 23 per cent are found
nly when F R < 8 mJy, and the two values greater than 39 per cent
orrespond to flux densities as low as ∼4 mJy. We note that values
f P of ∼ 40 per cent are close to the maximum values observed in
lazars. Here they are found just before and just after the very narrow
are on JD 2 459 737 that seems to conclude the preceding period of
trong activity. 

Another way of assessing the general anticorrelation between P 

nd F R is through the discrete correlation function (DCF; Edelson &
rolik 1988 ; Hufnagel & Bregman 1992 ). A strong correlation

esults in a positive DCF peak with value close to one, while an
nticorrelation giv es ne gativ e DCF values. As visible in Fig. 7 , the
CF between F R and P assumes ne gativ e values for time lags around

ero and in general does not show positive peaks greater than 0.25. 
It is interesting to compare the source polarization behaviour in 

022 with that observed in 2019–2020 and described by Raiteri et al.
 2021 ). At that time, the source flux density was lower, oscillating
etween F R ∼ 1 mJy and ∼ 10 mJy, while P was ranging from about
 per cent to 29 per cent. The authors commented that P did not
MNRAS 526, 4502–4513 (2023) 
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Figure 4. The rapid flare on JD = 2459737 fitted by the model in equation 
( 2 ). 

Figure 5. Top: De-reddened optical flux densities in the R band. Middle: 
Polarization degree. Bottom: Polarization angle. Different symbols and 
colours distinguish different contributions, as listed in Table 1 . 
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Figure 6. Polarization de gree v ersus optical flux density in the R band. The 
blue dots refer to data taken in the period co v ered by this paper; grey plus 
signs to those acquired in 2019–2020 and published in Raiteri et al. ( 2021 ). 

Figure 7. DCF between the optical flux densities F R and the polarization 
degree P . 
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eem to correlate with flux, thus the general anticorrelation seen in
he current data set was previously not detected. We plotted these
arlier data in Fig. 6 . We first note that in the common range of flux
ensities, the values of P in 2019–2020 were in average lower than
n 2022, which could be due to a more turbulent magnetic field in
hat period. Then we infer that the anticorrelation was not detected at
NRAS 526, 4502–4513 (2023) 
hat time because it shows up clearly only when the source exceeds
he brightness values that were observed in 2019–2020. 

 I NTERPRETATI ON  O F  T H E  FLUX  A N D  

OLARI ZATI ON  B E H AV I O U R  

n several papers by the WEBT Collaboration, we have proposed that
he long-term flux variability at a given frequency is due to orientation
hanges of the corresponding jet emitting region, which produce a
ariation of the Doppler beaming. In contrast, the fast variability
uperimposed on the long-term trend is likely produced by intrinsic
rocesses, such as turbulence, shocks, or magnetic reconnection. 
We can obtain the optical long-term trend by performing a cubic

pline interpolation through the light curve shown in Fig. 5 , after
inning it o v er v ariable time interv als that decrease with increasing
rightness in order to take into account the effect of Doppler beaming
n time-scales (see discussion in Raiteri et al. 2017 ). The long-term
rend derived in this way is shown in Fig. 8 , and in our view it
epresents the amount of variability that can be ascribed to changes
f the viewing angle. Because the flux density depends on the Doppler
actor δ as F ν ∝ δn + α , where n = 2 for a continuous jet (Urry &
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Figure 8. Top: R -band flux densities corrected for Galactic extinction (grey 
dots); the red line represents the long-term trend obtained as a cubic spline 
interpolation through the light curve binned over time intervals depending on 
brightness. Middle: Behaviour of the Doppler factor δ (red line) and viewing 
angle θ (blue line) in time derived from the long-term trend. Bottom: Observed 
degree of polarization (grey diamonds); the blue, red, and green thick lines 
represent predictions by the models in equation ( 3 ) with P max = 25 per cent , 
equation ( 4 ) with 	 = 7, and equation ( 5 ) with η = 1.4, respectively. The 
yellow area is delimited by the models in equation ( 3 ) with P max between 7 
per cent and 43 per cent, which are very similar to those by equation ( 4 ) with 
	 = 5.4–9.7, and to those by equation ( 5 ) with η = 1.10–1.85. 
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 ado vani 1995 ) and α = 1.8 is the source mean optical spectral
ndex (Raiteri et al. 2021 ), from the long-term trend of the flux (i.e.
he spline) we can derive the behaviour in time of δ, which is shown in
ig. 8 . Moreo v er, we know that δ depends on the viewing angle θ as:
= [ � (1 − β cos θ )] −1 , where � = (1 − β2 ) −1/2 is the bulk Lorentz

actor and β is the plasma bulk velocity in units of the speed of light.
herefore, we can also infer the trend of θ in time, once reasonable
ssumptions are made on the values of the other parameters. The 
rends of δ and θ shown in Fig. 8 were obtained by fixing � = 10
nd θmin = 1.5 ◦. The first value is the same adopted by Raiteri et al.
 2021 ) and is comparable with that obtained by Jorstad et al. ( 2017 );
n contrast, θmin was halved with respect to that in Raiteri et al.
 2021 ) because the brightness levels in the current data set are much
igher. Indeed, at this minimum viewing angle, the Doppler factor 
eaches its maximum value δ ≈ 18.7, and consequently we observe 
he maximum brightness level of the long-term trend. In contrast, the 
o west v alue of δ ≈ 10.6 corresponds to the largest value of θ ≈ 5.4 ◦

nd to the faintest long-term flux level. 
What is the prediction of this geometrical scenario for the be- 

aviour of the polarization? We investigated different possibilities. 
yutiko v, P ariev & Gabuzda ( 2005 ) analysed different models of
elativistic jets characterized by helical magnetic fields. The authors 
ssume a cylindrical shape for the jet, with the emitting plasma
oving parallel to the jet axis. They do not consider bulk rotation

f the jet. In cases where the number density of relativistic particles
cales with the square of the intrinsic magnetic field, it is possible to
nfer (see also Raiteri et al. 2013 ) that 

 = P max sin 2 θ ′ , (3) 

here sin θ ′ = δsin θ . The values of P max can be derived from the
omparison with the observational data. In Fig. 8 we report the results
btained with P max = 7, 25, and 43 per cent. The case with P max =
5 per cent fairly reproduces the average observed polarization level. 
o we ver, the data points show stronger variability. There are phases
here the observed P is lower than predicted, suggesting that the
agnetic field was less ordered. This occurs in particular during the
rst stage of activity, before the flare at JD ≈ 2459690, and also
efore the flare at JD ≈ 2459730. In contrast, there are other phases
here P reaches quite high values, as just after these two flares. In this

ase, something must have happened in the jet to order the magnetic
eld. We note that the observed values of P are roughly included
etween the models with P max = 7 per cent and P 0 = 43 per cent . 

We next considered the model of a rotating relativistic jet with
elical magnetic field by Pariev, Istomin & Beresnyak ( 2003 ). The
et is cylindrical and the magnetic field has a uniform poloidal
omponent, while the toroidal component decreases from the centre 
utwards, until it disappears at the jet boundary. When assuming a
alue ζ = 3 for the index of the power-law energy distribution of the
mitting particles, the authors could derive an analytical solution: 

 = 

3 

4 

(
	2 

24 − 1 
)

sin 2 θ ′ 

sin 2 θ ′ + 

	2 

12 

(
1 − 1 

2 sin 2 θ ′ ) , (4) 

here 	 is a dimensionless parameter defining the angular rotational 
elocity of the magnetic field lines. Again, we derive the values of

from the data. As shown in Fig. 8 , values of 	 = 5.4, 7, and
.7 produce a trend of P that is almost equal to that obtained with
quation ( 3 ) and P max = 7, 25, and 43 per cent. The variation of 	
an come either from an ef fecti ve change in the angular rotational
elocity of the jet or possibly in its radial dependence inside the jet. 

Finally, we tried the shock-in-jet model (Hughes, Aller & Aller 
985 , see also Larionov et al. 2013 and Raiteri et al. 2013 ), where
 random magnetic field is compressed by the passage of a shock
ave. In this case: 

 ≈ P 0 

(
1 − η−2 

)
sin 2 θ ′ 

2 − (
1 − η−2 

)
sin 2 θ ′ , (5) 

here P 0 = ( α + 1)/( α + 5/3) is the degree of linear polarization
or particles with a power-law energy distribution with index p =
 α + 1, and the parameter η represents the degree of compression
f the magnetic field by the shock wave. As in the previous cases,
is set by comparison with the data. If we set η = 1.4, we find the

ame a verage beha viour as in the two previous models (see Fig. 8 ),
hile by setting η = 1.10 and 1.85 we can reproduce fairly well the

ower and upper bounds, respectively. 
In summary, the three models considered abo v e lead to the same

esults for reasonable choices of their parameters. They all imply a
ependence of the polarization degree on the viewing angle, which 
nticorrelates with the Doppler factor and thus with the flux, and
herefore can explain the general anticorrelation between P and F R 

een in Section 5 . 
MNRAS 526, 4502–4513 (2023) 
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Figure 9. The historical γ -ray light curve of S4 0954 + 65 with 1-week 
binning retrieved from the Fermi LAT Light Curve Repository. 
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 γ -RAY  OBSERVATIONS  

he Fermi satellite has been monitoring the γ -ray sky since 2008.
ight curves produced with data from its Large Area Telescope

LAT) instrument (Atwood et al. 2009 ) with 3-d, 1-week, and 1-
onth binning can be retrieved from the Fermi LAT Light Curve
epository 3 (Abdollahi et al. 2023 ). We show the complete 1-week
inned light curve of S4 0954 + 65 in Fig. 9 to put our analysis into
ontext. With this time resolution, the source γ -ray flux exceeded
he 10 −6 ph cm 

−2 s −1 level only twice, at the beginning of 2015 and
n 2022, and in the latter period it reached the historical maximum.
his is the period we are considering in this paper. Given the high
umber of γ -ray photons detected, we expect to be able to obtain a
-ray light curve with a time resolution better than those available in

he Repository, for an optimal comparison with the densely sampled
ptical light curve. Therefore, we first built γ -ray light curves with
x ed inte gration time intervals, starting from 5 d and then decreasing

he time bin down to 1 h. By combining the data from these light
urves, we could build a composite light curve, with better sampling
uring the source high states. We checked for spectral variations,
hich were found to be negligible. Then we adopted an adaptive
inning method with constant spectral shape, which showed to be
uperior than the fixed binning method from the sampling point of
iew. Details on the two methods are given below. We believe that
he comparison between their results can be instructive. 

.1 Fixed binning method 

he γ -ray data in the time period considered in this paper were
nalysed in the 0.1–300 GeV energy range using the FermiTools
ackage version 2.2 installed with Conda , 4 with instrument response
unction P8R3 V3 , Galactic diffuse emission model gll iem v07 ,
nd isotropic background model iso P8R3 SOURCE V3 v1 . We
erformed a binned likelihood analysis, adopting a region of interest
f radius 30 ◦, a maximum zenith angle of 90 ◦, and only ‘Source’
lass e vents (e vclass = 128, e vtype = 3). Fluxes of the sources within
 10 ◦ radius were set as free parameters of the model, whereas fluxes
f more distant sources were fixed to their mean values according
o the 4FGL catalogue. As in the 4FGL catalogue, for S4 0954 + 65
NRAS 526, 4502–4513 (2023) 

 https:// fermi.gsfc.nasa.gov/ ssc/ data/ access/ lat/ LightCurveRepository/ 
bout.html 
 https:// github.com/ fermi-lat/ Fermitools-conda/ 

c  

5

6

4FGL J0958.7 + 6534) we used a log-parabola model of the type: 

 N/ d E = N 0 ( E/E b ) 
−[ α+ β log ( E/E b )] , (6) 

ith a ‘break’ energy E b = 674 . 472 MeV and normalization N 0 .
hen integrating over the whole period, the maximum likelihood

ives a test statistic TS = 4426 . 11, with an integrated average flux
f (2 . 78 ± 0 . 025) × 10 −7 ph cm 

−2 s −1 and spectral parameters αwp =
.033 and βwp = 0.060, very close to their catalogue values. We
alculated light curves with fixed integration time bins of 5, 4, 3, 2,
 d and 12, 6, 3, 1 h and spectral parameters fixed to αwp and βwp .
he source was assumed to be detected if the TS exceeded 25. Then
e merged the data to get a densely sampled composite light curve,

hown in Fig. 10 , starting from the 1-h binned light curve and filling
he time gaps by adding data from light curves with progressively
arger bins, ho we ver respecting a time distance between the data
oints that depends on their light curve bin. 
In order to investigate possible spectral changes that are known to

ccur in blazars, we repeated the whole procedure letting the spectral
arameters free to vary. The corresponding composite light curve is
hown in Fig. 10 and is very close to the previous one. The behaviour
n time of the spectral parameters is displayed in Fig. 11 . They show
 large dispersion, sometimes reaching the boundaries set by the
rocedure (0 and 5 for α, −5 and 10 for β). We conserv ati vely set
S = 80 as the limit abo v e which the values of the parameters can be

rusted. By plotting these versus flux, we see that they are mostly in
greement with αwp and βwp , and we cannot recognize any spectral
rend. 

.2 Adapti v e binning method 

he adaptive binning γ -ray light curve was computed using the
tandard Fermitools software 5 version 2.2.0 packaged within a
ermiBottle container. 6 During the analysis we used the same

nstrument response function, Galactic diffuse emission model, and
sotropic background model as in the fixed binning method described
bo v e. The computations were performed in the unbinned likelihood
egime in the 0.1–200 GeV energy range. 

The background model includes all the sources from the 4FGL
atalogue that fall within 15 ◦ radius around the target location.
he fluxes of the background objects within 10 ◦ radius were set
s free parameters of the model if their significance is higher than
.0 according to the 4FGL catalogue. The fluxes of more distant or
ess significant sources were fixed to their mean values according
o the 4FGL catalogue. The flux of the target itself was modelled
sing a log-parabolic spectral energy distribution (equation 6 ), with
he spectral parameters fixed to their catalogue values ( αcat = 2.125,

cat = 0.052, E b = 674 . 472 MeV), and only the normalization factor
 0 was set as a free parameter to compute the flux. 
In order to obtain the highest possible temporal resolution of the

ight curve, we used an adaptive temporal binning strategy such that
he periods of active state are covered with shorter time bins to obtain
 fine structure of the time variability, while quieter states with low
ux are co v ered with wider bins to obtain a signal-to-noise ratio not

ower than some predefined value. In order to do so, we start the
ntegration with a time bin as short as 1 h and increase it gradually by
5 min until we reach the test statistic value TS = 25 (which roughly
orresponds to σ = 5). When the desired TS value is reached, we
 https:// fermi.gsfc.nasa.gov/ ssc/ data/ analysis/ software/ 
 https:// github.com/ fermi-lat/ FermiBottle 

https://fermi.gsfc.nasa.gov/ssc/data/access/lat/LightCurveRepository/about.html
https://github.com/fermi-lat/Fermitools-conda/
https://fermi.gsfc.nasa.gov/ssc/data/analysis/software/
https://github.com/fermi-lat/FermiBottle
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Figure 10. Top: Optical flux densities (mJy). The grey horizontal line marks the level log νF ν = −10.5 mentioned in Section 8 . Middle: Composite γ -ray light 
curves; green circles refer to the case with the values of the spectral parameters fixed to αwp and βwp ; black plus signs to the case where they were left free to 
vary inside default boundaries. Bottom: γ -ray fluxes obtained with the adaptive binning method. 
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top the inte gration, sav e the current flux parameters and start a new
in until the whole time range is co v ered. 
The adaptive binning γ -ray light curve is shown in Fig. 10 ; the

ime bins range from 1 h to about 6 d. The number of epochs is 163,
hile the composite light curve includes 102 epochs in the case 
f fixed parameters and 108 in the case of the variable parameters.
herefore, for the following analysis we will use the adaptive binning 

ight curve. 

 C O M PA R I S O N  BETWEEN  T H E  O P T I C A L  

N D  γ -RAY  FLUXES  

he correlation between the blazar flux variations at γ -ray and optical 
requencies has been e xtensiv ely inv estigated, especially after the 
aunch of Fermi , which is scanning the sky every ∼3 h. The topic
s of great interest, since it can provide clues on the origin of the
-ray radiation, i.e. whether a leptonic or hadronic mechanism is 
ore plausible (de Jaeger et al. 2023 ) and, in the first case, what is
he nature of the soft seed photons (Cohen et al. 2014 ). Ho we ver, the
esults are not al w ays in compliance with the theoretical predictions,
nd can vary from source to source, and even for the same source
bserved in different periods (Raiteri et al. 2012 ). In most cases,
 strong correlation is found, with (nearly) simultaneous variations 
n the two bands, as predicted by leptonic models (e.g. Raiteri et al.
011 , 2013 ; Hovatta et al. 2014 ; Larionov et al. 2016 ; Carnerero et al.
017 ; D’Ammando et al. 2019 ). Ho we ver, in se veral cases the γ -ray
ariations were observed to lead those in the optical band, especially
n FSRQs (Hayashida et al. 2012 ; Cohen et al. 2014 ; Carnerero et al.
015 ; Larionov et al. 2020 ), but there were also cases where the γ -ray
hanges appeared delayed (Jorstad et al. 2011 ; Cohen et al. 2014 ). 

A visual comparison between the optical and γ -ray fluxes of 
4 0954 + 65 in Fig. 10 shows a general good agreement, with

he exception of the first optical flaring phase at JD ∼ 2459680–
459699, which has only a minor γ -ray counterpart. 
MNRAS 526, 4502–4513 (2023) 
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Figure 11. From top to bottom: Composite γ -ray light curve in the case of 
variable spectral parameters, the behaviour in time of α, β and TS, α and 
β versus flux. The blue horizontal lines indicate the values of αwp and βwp ; 
the red line marks the limit TS = 80 o v er which the values of α and β are 
assumed to be reliable (red filled symbols in the α and β versus time plots). In 
the bottom panel, only the α (green) and β (magenta) values corresponding 
to cases with TS > 80 are shown. 

Figure 12. DCF between the adaptive binning γ -ray light curve and the 
R -band flux densities. 
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Figure 13. Gamma-ray fluxes at 1 GeV versus the R -band fluxes. The 
red/blue data points correspond to optical data lower/higher than log νF ν = 

−10.5. Cyan-filled symbols represent data before JD = 2459699. The grey, 
blue, red, and cyan lines are linear regressions to: all the data points, the 
brightest data points, the faintest data points, and the data points up to 
JD = 2459699, respectively. The green line shows a cubic fit to all the data 
points. The vertical grey bars represent errors on the γ -ray fluxes; horizontal 
bars indicate standard deviations on the mean of the optical fluxes paired with 
the γ -ray ones. 
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We investigate the γ -optical correlation with the DCF. The result
s shown in Fig. 12 , where the optical data have previously been
v eraged o v er 1 h and the DCF is calculated o v er 1 d bins. The main
eak at r ∼ 0 . 7 indicates fair correlation with no time delay (time lag
= 0 d). This suggests that γ -ray photons can indeed be produced by

nverse-Compton scattering of soft photons off the same relativistic
NRAS 526, 4502–4513 (2023) 
lectrons that are responsible for the optical synchrotron photons, as
redicted by leptonic models. 
A deeper analysis can reveal further details on the source variabil-

ty and on the nature of the soft photons seeds. We transformed the
-ray fluxes from counts to physical units taking into account that 

F ν = 1 . 602 × 10 −3 E 

2 d N/ d E 

[
erg cm 

−2 s −1 
]
, (7) 

here d N /d E is given in equation ( 6 ). The γ -ray fluxes at 1 GeV
log ν = 23.383) were then compared to the optical fluxes in the
 band (log ν = 14.670). We paired each γ -ray data point of the
daptive binning light curve with the mean of the optical fluxes
ncluded in the same bin interval. In this way we obtained 97 γ -
ptical pairs, where for each γ -ray data point we averaged from
 to 470 optical points. The result is shown in Fig. 13 . The linear
egression line on all pairs has a slope of 1.48 ± 0.05, but the scatter
s rather large. This is actually expected, as two different mechanisms
re likely acting. One is the geometrical effect due to the variation of
he viewing angle discussed in Section 6 , which would give a slope
qual to 1. The other is the synchrotron self-Compton (SSC) process,
here the soft photons that are inverse-Compton scattered up to γ -

ay energies are the same optical photons (Maraschi, Ghisellini &
elotti 1992 ; Bloom & Marscher 1996 ). This would yield a slope of
. Because of the presence of these two mechanisms, the distribution
f data points would approximately lie within a parallelogram, as
hown by Larionov et al. ( 2016 ). Therefore, a cubic regression (see
ig. 13 ) is a more suitable fit, since it can follow the different slopes
t the various brightness states. 

To check for the double nature of the γ -optical correlation, we
onsidered high and low brightness states separately. The slope
f the linear regression on the data points corresponding to the
rightest optical states only (log νF ν > −10.5, see Fig. 10 ) is
.98 ± 0.12, while in the case of the faintest states the slope decreases
o 1.05 ± 0.19. This matches well the trend of the cubic fit and can
e understood as follows. In faint states, longer integration intervals
re required to get significant γ -ray signals, and also the optical
ata to be paired with them are consequently averaged on long time
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ins. This is highlighted by the large horizontal bars in Fig. 13 ,
hich represent the standard deviations of the optical data averaged 

n the time bin of the corresponding γ -ray data point. Therefore, the
ast, intrinsic flux changes are smoothed out, and the slope becomes 
lose to 1, in agreement with a geometrical origin of the long-term
ux variations (Raiteri et al. 2017 ). We note that a similar slope

s found during the first optical active phase, which has only a
inor γ -ray counterpart, which smooths the variability. Indeed, the 

ptical- γ correlation before JD = 2459699 has a power-law index 
.97 ± 0.18 (see Fig. 13 ). In contrast, during the brightest phases, the
ime bins become shorter and it is possible to appreciate the squared
ependence of the γ -ray fluxes on the optical ones due to the SSC
rocess, whose signature pre v ails o v er the geometric effect. 

 DISCUSSION  A N D  C O N C L U S I O N S  

e have presented the photometric and polarimetric optical data 
btained by the WEBT Collaboration during a very active phase of
he BL Lac-type object S4 0954 + 65 in 2022, together with the γ -ray
ata from the Fermi satellite. In this period the source reached its
istorical brightness maxima in both optical and γ -ray band. 
Man y unprecedented, e xtreme episodes of optical intraday vari- 

bility were detected. A model fit to one of the fastest flares implies
 variability time-scale of about 17 min and thus a size of the optical
mitting region less than 3 × 10 14 cm (about 10 −4 parsec). This
eans that we are likely observing emission coming from jet sub-

egions, confirming earlier suggestions arising from the detection of 
inute-scale variability also at GeV (Shukla & Mannheim 2020 ) and 
eV energies (Aharonian et al. 2007 ; Albert et al. 2007 ). 
We have analysed the behaviour of the optical polarization, which 

hows large fluctuations in both the polarization degree P and angle, 
nd a general anticorrelation between P and the optical flux density 
 R . The presence of this defined trend together with strong dispersion
round it may indicate that we are seeing the combination of different
rocesses. 
We have shown that if the long-term trend of the optical flux

ensity is due to a variation of the Doppler factor δ caused by
rientation changes of the jet emitting region, then a simple helical 
agnetic field in a possibly rotating jet can well describe the observed
 verage beha viour of P . The same result can also be obtained in the
ramework of a shock-in-jet model. All the polarization models that 
e considered predict that the trend of P follows that of the viewing

ngle θ . Therefore, since θ anticorrelates with δ, which in our view 

etermines the long-term behaviour of the source brightness, these 
odels naturally explain the general anticorrelation between P and 
 R . 
Ho we ver, there are periods in which the observed P is lower

han the average trend predicted by the models, and periods where 
t is higher. One way to explain the whole range of P values is
o assume a variation of the model parameters, such as the jet
ngular rotational velocity or the strength of the shock waves. More
ealistically, when P becomes much lower than predicted, we can 
magine that some process is leading to a less ordered magnetic 
eld, most likely increasing its turbulent component. This would 
lso be consistent with our finding that the emission comes from jet
ub-regions, because turbulence can be seen as the o v erlapping of
ultiple stochastic contributions (e.g. Marscher 2014 ). In contrast, 

he observation of values of P higher than predicted suggests that 
omething has produced a more ordered field. This can occur when 
hock waves propagate in the jet, compressing the magnetic field 
ines (Hughes, Aller & Aller 1985 ; Marscher & Gear 1985 ), or in
ny other case when the field lines appear more parallel along the
ine of sight through the jet. 

An alternative mechanism that can produce flux and polarization 
ariability is magnetic reconnection. According to the simulations by 
hang et al. ( 2020 ), who explored the magnetic reconnection flux and
olarization signatures in relativistic jets, the outcome of magnetic 
econnection strongly depends on the model parameters, i.e. on the 
hysical conditions. In particular, the value of the polarization degree 
s v ery sensitiv e to the strength of the guide field, which represents
he component of the magnetic field which is perpendicular to the
econnecting magnetic field. This mechanism could also explain fast 
ux variability from small size emitting regions, since reconnection 
an lead to the formation of a large number of plasmoids (Giannios
013 ). 
The comparison between optical and γ -ray data leads to results that 

re consistent with our geometrical interpretation of the long-term 

rend. The optical and γ -ray flux variations are well correlated with
o appreciable time delay, which means that the observed optical 
nd γ -ray photons come from the same jet re gion. Moreo v er, the
ower-law dependence of the γ -ray fluxes on the optical ones has
n index ≈1 during faint states, where the variability is dominated
y the long-term trend because of the low γ -ray statistics. An index
ne is what is expected if the long-term trend is due to orientation
hanges. In contrast, the index becomes ≈2 in bright states, when the
igher statistics allow us to detect what is most likely the signature
f the intrinsic SSC process. We note that an SSC nature of the γ -
ay emission in S4 0954 + 65 is in agreement with previous results
hat fa v our an SSC mechanism for BL Lacs in general, and explains
he γ -optical correlation with no appreciable time delay (e.g. Cohen 
t al. 2014 ; Hovatta et al. 2014 , and references therein). 

In conclusion, we interpret the long-term optical flux and polariza- 
ion behaviour as the result of variations in the viewing angle of the
ptical emitting region. The short-term variability would instead be 
roduced by energetic processes occurring inside the jet. Polarimetry 
uggests that there are periods where turbulence dominates the 
ptical emitting region, while in other periods the magnetic field 
ecomes more ordered maybe because of the passage of a shock
ave. Magnetic reconnection could also be a viable explanation for 

he short-term photometric and polarimetric variability. The γ -ray 
mission, which comes from the same emitting region, seems to 
onfirm the geometric nature of the long-term trend, and during the
rightest states reveals its SSC nature. 
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