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Abstract With the assumption that the optical variability timescaleis dominated by the cooling time of
the synchrotron process for BL Lac objects, we estimate timedependent magnetic field strength of the
emission region for two BL Lac objects. The average magneticfield strengths are consistent with those
estimated from core shift measurement and spectral energy distribution modelling. Variation of magnetic
field strength in the dissipation region is discovered. Variability of flux and magnetic field strength shows
no clear correlation, which indicates the variation of magnetic field is not the dominant reason of the
variability origin. The evolution of magnetic field strength can provide another approach to constrain the
energy dissipation mechanism in jets.
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1 INTRODUCTION

Magnetic field and magnetization (characterized by
magnetization parameterσ) inside jets are important to un-
derstand acceleration and energy dissipation mechanisms
of relativistic jets (Lyubarsky 2010; Sikora & Begelman
2013; Blandford et al. 2019). The flux variability of jets is
also suggested to be related to magnetic reconnection pro-
cess (Giannios 2013; Fan et al. 2018; Shukla & Mannheim
2020). The methods to constrain magnetic field structure
in jets are usually based on the polarization measure-
ments (Hovatta et al. 2012; Hodge et al. 2018). Inside the
emission zone of blazar, which is believed to be dominated
by a pc-scale jet, magnetic field strength can be estimated
from modelling of multi-wavelength spectral energy
distribution (SED) (Zhang et al. 2014; Chen 2018) and
core shift measurements (with equipartition assumption,
Pushkarev et al. 2012; Zamaninasab et al. 2014or without
equipartition assumption,Zdziarski et al. 2015).

According to the results of core shift measurement and
several theoretical arguments, magnetic field strength de-
creases along a jet, withB ∝ r−1, wherer is the distance
between jet and the central engine (O’Sullivan & Gabuzda
2009; Blandford & Königl 1979; Chen & Zhang 2021).
Based on this relation, magnetic field strength inside the
dissipation region was suggested to constrain the location
of emission region (Wu et al. 2018; Yan et al. 2018).

Similar to the electromagnetic radiation, the strength
of magnetic field strength is also suggested as variable
over time (e.g.,Bonnoli et al. 2011; Thiersen et al. 2019;
Polkas et al. 2021). The variation of magnetic field
strength could also be one possible origin of flux variability
of blazars (Paggi et al. 2011). The results of core shift
measurements showed that magnetic field strength was
variable during the flux flares, which was possibly
related to the new jet component (Plavin et al. 2019). The
direction of magnetic field in jets is also found to be
variable (Hodge et al. 2018).
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Table 1 The References for Historical Data

Objects Reference

S5 0716+714 Q02, R03, G06, M06, G08, Z08, P09, C11, B13, H14, D15, WEBT (V00, V08, O06)
BL Lac B98, B99, X99, F00, F01, C01, H04, Z04, G06, WEBT (V09, R09, R10)

B98: Bai et al. (1998), B99: Bai et al. (1999), X99: Xie et al. (1999), F00: Fan & Lin (2000), V00: Villata et al.
(2000), C01: Clements & Carini(2001), F01: Fan et al.(2001), Q02: Qian et al. (2002), R03: Raiteri et al. (2003),
H04: Hagen-Thorn et al.(2004), Z04: Zhang et al. (2004), G06: Gu et al. (2006), M06: Montagni et al. (2006),
O06:Ostorero et al.(2006), G08:Gupta et al.(2008), V08:Villata et al.(2008), Z08:Zhang et al.(2008), P09:Poon et al.
(2009), R09: Raiteri et al. (2009), V09: Villata et al. (2009), R10: Raiteri et al. (2010), C11: Chandra et al.(2011),
B13: Bhatta et al.(2013), H14:Hu et al.(2014), D15:Dai et al.(2015).

Similar to the method based on SED modelling,
discovering variation of magnetic field strength from core
shift measurement is based on the flux measuremen-
t (Plavin et al. 2019). However, the magnetic field strength
estimated by these two methods can differ by a factor
of 3 (Nalewajko et al. 2014). There were also suggestions
that biases from core shift measurements can overestimate
magnetic field strength in jets (Pashchenko et al. 2020).
Thus there needs an independent method to estimate
the magnetic field strength and its evolution inside the
dissipation region. If the optical variability are mainly
dominated by the cooling from synchrotron radiation,
the lower limit of the magnetic field strength can be
constrained with the variability timescale (Böttcher et al.
2003). In this paper, we constrain the optical variability
timescale of two BL Lac objects (BL Lacs) with high
sampling intra-day observations. Then we estimate the
magnetic field strength of their emission regions and
explore its evolution at timescales of years. In Section2,
we give the method to estimate magnetic field strength
based on the optical photometric data, and the results
of estimated variability timescale and magnetic field
strength. Comparison of magnetic field strength with
results derived from other methods and implications for
evolution of magnetic field strength are discussed in
Section3. Section4 summarizes the main conclusions.

2 METHOD AND RESULTS

The SEDs of blazars are dominated by the non-thermal
radiation of jet, which show two bumps on theν —
νFν diagram (Abdo et al. 2010). The low energy bump
is believed to be produced by synchrotron emission.
Synchrotron self-Compton (SSC) is suggested as the dom-
inant mechanism for the high energy bump of BL Lacs — a
subclasses of blazars with weak emission lines, especially
high energy peaked BL Lacs (HBLs) (Abdo et al. 2010).

The intra-day or micro variability at the optical band
is a characteristic property of BL Lacs (Wagner & Witzel
1995). The timescale of the intra-day variability can
be as short as several minutes (e.g.,Bai et al. 1998;
Fan et al. 2009; Hu et al. 2014). For BL Lacs, the optical

emission is generally dominated by the synchrotron
radiation, combined with possible host starlight for nearby
sources. Thus, by ignoring cooling from inverse Compton
scattering, the typical variability timescale can be seen
as the upper limit of the cooling time of synchrotron
radiation.

The cooling time of the synchrotron radiation can be
estimated by (Tavecchio et al. 1998; Böttcher et al. 2003)

tcool =
3

4

mec
2

σT c
(γuB)

−1 =
6πmec

σT γB2
s, (1)

whereuB = B2/8π is the energy density of the magnetic
field, me is the mass of electron,σT is the cross section
of Thomson scattering, andγ is the electron energy.
Meanwhile, the observational frequency is related to the
electron energyγ with

ν =
4

3
νLγ

2 δ

1 + z
= 3.7× 106γ2B

δ

1 + z
Hz, (2)

whereνL = 2.8× 106B is the Larmor frequency,δ is the
Doppler factor, andz is redshift.

Considering the observational variability timescale as
the upper limit oftcool, i.e.,tvarδ/(1 + z) ≥ tcool, one can
get the lower limit of the magnetic field strength combined
Equations (1) and (2),

B ≥ 1.31× 108t−2/3
var ν−1/3δ−1/3(1 + z)1/3 G, (3)

wheretvar is in units of second andν is in units of Hz.B
is in units of Gauss.

Based on Equation (3), if the observational variability
timescale is obtained for a blazar, one can estimate
the lower limit of the magnetic field strength with a
special Doppler factor (taken as 10 throughout this paper).
Our purpose in this work is to estimate the magnetic
field strength with the intra-day variability timescale
and explore its possible evolution. Therefore, we search
the literature between 1990 and 2016 for the historical
lightcurve at theR band (ν = 4.6769 × 1014 Hz). There
are two sources (S5 0716+714 and BL Lacertae) with
relatively more data and higher data sampling to derive the
variability timescale on days or even hours (the references
are listed in Table1). The lightcurves of both sources are
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shown in Figure1. For both sources, the lightcurve is
divided into intra-day timescales according to the observed
time (Julian day). If the time interval of two adjacent
data points is longer than two hours, we just divide them
into two lightcurves. Otherwise they will be considered
to belong to a single lightcurve. This criterion is for the
relatively continuous lightcurve without large time gaps,
and it will not divide the lightcurves across two Julian days.
In order to estimate the variability timescale better, we
intend to choose the intra-day lightcurves with relatively
better sampling, longer lasting observed time, as well as
obvious variability. Thus, the lightcurves with observed
time spanning longer than 0.5 hour, number of data points
larger than 20, and magnitude varying more than5σ

(whereσ is the observational error) are retained. Then
the lightcurves are inspected by eyes to exclude the ones
with random variations caused by the weather conditions
or instrumental reasons. After these selection criteria, the
number of intra-day lightcurves is significantly reduced.
For the remaining lightcurves, we estimate the variability
timescale of each lightcurve with (Wagner & Witzel 1995)

τ =
〈F 〉

| ∆F/∆t |
, (4)

where〈F 〉 is the average flux during the observational time
range of individual lightcurve,∆F is the flux difference
between the maximum and minimum flux,∆t is the time
between the maximum and minimum flux.

The variability timescales range from3.47 × 104 s to
9.12 × 105 s for S5 0716+714, and from1.74 × 104 s to
2.34 × 105 s for BL Lacertae. Based on the variability
timescales, we estimate the lower limit of the magnetic
field strength for the selected time range with Equation (3)
(z is taken as 0.3 and 0.0686 for S5 0716+714 and BL
Lacertae, respectively). The variations of the magnetic
field over time for both sources are plotted in Figure1.

The maximum magnetic field strengthes for S5
0716+714 and BL Lacertae arelogB = −0.09 and 0.08,
respectively, while the minimum ones are –1.05 and –0.68,
respectively. The mean values and standard deviation of
logB are –0.51 and 0.16 for S5 0716+714, which are –
0.32 and 0.19 for BL Lacertae. Both S5 0716+714 and
BL Lacertae show obvious variations on magnetic field
strength (∆B > 3σB).

3 DISCUSSION

3.1 The Strength of Magnetic Field Inside Emission
Region

There are several methods to estimate magnetic field
strength in jets. The most widely used method for
emission region of blazar is based on the SED modelling.

Anjum et al. (2020) modelled the SED of these two
sources with the quasi-simultaneous multi-frequency data.
They derivedlogB = −0.33 and –0.08 for S5 0716+714
and BL Lacertae, respectively.Chen(2018) also estimated
the parameter of radiation for a sample of Fermi blazars
with approximate analytical expressions. The magnetic
field strengthslogB = –1.05 and 0.64 were derived for
S5 0716+714 and BL Lacertae, respectively.

Core shift measurement provides another method to
estimate magnetic field strength and electron number
density in jets. The standard method assumes equipartition
between the energy of magnetic field and particle, and
estimates the magnetic field strength at 1 pc from jet
vertex, which further infers theB strength of radio core
with B ∝ r−1 (O’Sullivan & Gabuzda 2009). This method
gives thatlogB1pc = −0.31 and –1.05 for S5 0716+714
and BL Lacertae, respectively (Pushkarev et al. 2012). For
the 15 GHz core,logB = −1.15 and –0.96 for S5
0716+714 and BL Lacertae, respectively (Pushkarev et al.
2012).

The deviation of magnetic fields strengths estimated
from different methods above can be as large as
1.7 dex.Nalewajko et al.(2014) attempted to reconcile the
magnetic dominated jet and the high Compton dominance
for flat spectrum radio quasars (FSRQs), as well as the
higher magnetic field strengths estimated from core shift
measurements. They suggested inhomogeneous magnetic
field structure in jets as a potential explanation. The
emission region has lower local magnetic field strength
compared to the overall jet, due to magnetic reconnection
layers or jet spines. In fact, the magnetic field strengths
estimated from core shift measurement are not always
higher than that from SED modelling, e.g., 0.9 G given
by Pushkarev et al.(2012) versus 1.56 G given byChen
(2018) for FSRQs. In Figure2, all magnetic field strengths
of S5 0716+714 and BL Lacertae listed above are plotted,
as well as the mean values of those estimated from
optical variability in this work. Generally, magnetic field
strengths estimated by this work are at the middle of the
other two methods. Considering the large uncertainty in
various methods, the magnetic field strength estimated
with optical variability is consistent with the results of
other estimations.

In Section2, we estimate the lower limit of magnetic
field strength with a certain value of Doppler factor
(taken as 10). The value oflogB would increase by 0.10
and decrease by 0.23 when the Doppler factor taken as
5 and 50, respectively. Even the most extreme values
are considered, the estimated magnetic field strengths
are still located at the middle region in Figure2.
Another possibility is that Doppler factor is also variable
along time. This scenario is suggested byRaiteri et al.
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(2017) to explain the long-term variability of blazars
(also seeRaiteri et al. 2021). The varied Doppler factors
will result in varied observational variability timescale.
Then the estimated magnetic field strength will also vary
according to the variation of Doppler factor. Our results
show no obvious long-term trend on the variation of
magnetic field strength (Fig.1). However, the variation of
estimated magnetic field strength is caused by variation
of Doppler factor cannot be excluded. More investigations
and independent constraints for the variation of Doppler
factor are needed in the future.

Magnetic field strength measurement is important to
clarify the radiation mechanism of blazars, as strong
magnetic field (about three orders of magnitude higher
than that of leptonic model) is required for hadron-
ic model, especially for proton synchrotron emission
(e.g.,Hovatta & Lindfors 2019; Cerruti 2020). The mag-
netic field. 1 G estimated by all three methods above
disfavors proton synchrotron emission for high energy
emission, while leptonic or lepto-hadronic model can be
compatible with it (Cerruti 2020).

Yan et al. (2018) proposed a method to locate the
emission region with the estimation of magnetic field
strength. If the magnetic field strength estimated from
optical variability and core shift are both correct, combined
with the relationB ∝ r−1, one can constrain the location
of emission zone. This method requires a precondition
that magnetic field strength and location of emission
region should be stable along time. OnceB strength
in the emission region can be variable, simultaneous
measurements are needed for the application of the relation
of decreasingB strength with distance.

3.2 The Evolution of Magnetic Field Strength

As discussed above, under the assumption that theB

strength is stable at special location in a jet, the strengthof
B can be used to constrain the location of the dissipation
region. If this assumption is true at the timescale of
years, the observational evolution ofB strength means the
variation of the emission region in jets. As the expectation
of adiabatic expansion of jet, the blob would move outward
from jet base, which results in decrease ofB strength along
time. No such continuous behaviours are found in Figure1.

On the opposite, variable magnetic field along time
can also cause the flux variability. Figure1 shows the
variation of magnetic field strength of two BL Lacs, as
well as their flux variability. No clear trend is found
between variability of flux andB strength. This indicates
that variation of magnetic field strength in the emission
region is not the dominant reason of flux variability.
The variability origin is not only related to the variation
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Fig. 1 The variations of lower limit of magnetic field
strength andR band magnitude for S5 0716+714 (upper
panel) and BL Lacertae (lower panel). The orange solid
lines show the mean values of magnetic field strength.
The dashed anddotted lines represent 1σ and 3σ for the
distribution oflogB, respectively.
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Fig. 2 Comparison of the estimated magnetic field strength
with different methods. Theblue circles with arrows
represent the mean values of the lower limit of magnetic
field strength estimated in this work. See the text for
details.

of magnetic field strength, but also other factors. The
variation of magnetic field strength can be caused by new
jet components as suggested byPlavin et al.(2019), or by
turbulence components (Marscher & Jorstad 2021).

Polarization observation is an important tool
to constrain structure of magnetic field in jets
(Hovatta & Lindfors 2019). Intra-night variability of
polarization degree and position angle was also found
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for S5 0716+714 and BL Lacertae (Bhatta et al. 2016;
Weaver et al. 2020; Marscher & Jorstad 2021). The results
of polarization behaviors indicated superposition of
different turbulent regions or magnetic reconnection.
Marscher & Jorstad (2021) demonstrated results of
their multi-band flux and polarization monitoring for
several blazars (including S5 0716+714 and BL Lacertae
in this work). They compared the observed results
with the predictions of Turbulent Extreme Multi-Zone
model, and concluded that disordered magnetic field is
important to produce the observed polarization behaviors.
To distinguish different energy dissipation processes,
combined the polarization variability with the variation of
magnetic field strength before and after the flares could
be useful. The magnetic field strength is expected to
increase before and after shock regions, while it would
decrease at the downstream of magnetic reconnection due
to conversion from magnetic energy to kinetic energy of
radiative particles (e.g.,Yamada et al. 2010; Sironi et al.
2015). Our method provides an approach to estimate
magnetic field strength with continuous, high cadence
optical observations.

4 CONCLUSIONS

In this paper, we estimate the optical variability timescale
of two BL Lacs with high sampling intra-day lightcurve.
Under the assumption that the cooling timescale is
dominated by the synchrotron radiation for BL Lacs,
we estimate the lower limit of magnetic field strength
inside the emission zone. The similar results compared
with other methods prove the validity of this method.
More importantly, this method can constrain the evolution
of magnetic field strength along time. Our results give
independent evidence that the magnetic field strength is
variable in the dissipation region of jets. Works with better
sampling data and combining polarization observations
should give more constraints on the variability origin and
energy dissipation mechanisms.
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