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Abstract With the assumption that the optical variability timescalelominated by the cooling time of
the synchrotron process for BL Lac objects, we estimate tiegendent magnetic field strength of the
emission region for two BL Lac objects. The average magrfadid strengths are consistent with those
estimated from core shift measurement and spectral enésgibdtion modelling. Variation of magnetic
field strength in the dissipation region is discovered. afgitity of flux and magnetic field strength shows
no clear correlation, which indicates the variation of metgnfield is not the dominant reason of the
variability origin. The evolution of magnetic field strehgtan provide another approach to constrain the
energy dissipation mechanism in jets.
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1 INTRODUCTION According to the results of core shift measurementand
several theoretical arguments, magnetic field strength de-
creases along a jet, with oc »—!, wherer is the distance

Magnetic field and magnetization (characterized b)})etween jetand the cjer.nral engi@gullivan & Gabuzda
magnetization paramete} inside jets are important to un- 2009 Blandford & Konigl 1979 Chen & Zhang 2021

derstand acceleration and energy dissipation mechanisrﬁ?s?d gn this .relatlon, magnetic field Stfe”gth inside the
of relativistic jets [yubarsky 2010 Sikora & Begelman d|3$|p§t|9n region was suggested to constrain the location
2013 Blandford et al. 201P The flux variability of jets is of emission regionWu et al. 2018Yan et al. 2018

also suggested to be related to magnetic reconnection pro-

cess Giannios 2013Fan et al. 2018Shukla & Mannheim Similar to the electromagnetic radiation, the strength
2020. The methods to constrain magnetic field structureof magnetic field strength is also suggested as variable
in jets are usually based on the polarization measuresver time (e.g.Bonnoli et al. 2011 Thiersen et al. 2019
ments Hovatta et al. 201,2Hodge et al. 2018 Inside the  Polkas etal. 2021 The variation of magnetic field
emission zone of blazar, which is believed to be dominatedtrength could also be one possible origin of flux variapilit
by a pc-scale jet, magnetic field strength can be estimatenf blazars Paggietal. 2011 The results of core shift
from modelling of multi-wavelength spectral energy measurements showed that magnetic field strength was
distribution (SED) Zhang et al. 2014Chen 2018 and variable during the flux flares, which was possibly
core shift measurements (with equipartition assumptionielated to the new jet componetlévin et al. 2019 The
Pushkarev et al. 201Zamaninasab et al. 204 without  direction of magnetic field in jets is also found to be
equipartition assumptiozdziarski et al. 201p variable Hodge et al. 2018
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Table 1 The References for Historical Data

Objects Reference
S50716+714 Q02, RO3, G06, M06, G08, Z08, P09, C11, B13, H18, WEBT (V00, V08, O06)
BL Lac B98, B99, X99, F00, FO1, CO1, HO4, Z04, GO6, WEBT (VOQ9RR10)

B98: Bai etal. (1998, B99: Baietal. (1999, X99: Xie etal. (1999, FO00: Fan & Lin (2000, VO0O: Villata et al.
(2000, CO1: Clements & Carini(2001), FO1: Fan et al.(2001), Q02: Qian et al. (2002, RO03: Raiteri et al. (2003,
HO4: Hagen-Thorn et al.(2004), Z04: Zhang et al. (2004, GO06: Gu et al. (2006, M06: Montagni et al. (2006),
006:Ostorero et al(2006, G08:Gupta et al(2008), VO08: Villata et al.(2008, Z08: Zhang et al(2008, P09:Poon et al.
(2009, RO09: 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,emission is generally dominated by the synchrotron
discovering variation of magnetic field strength from coreradiation, combined with possible host starlight for ngarb
shift measurement is based on the flux measuremesources. Thus, by ignoring cooling from inverse Compton
t (Plavin et al. 2012 However, the magnetic field strength scattering, the typical variability timescale can be seen
estimated by these two methods can differ by a factoms the upper limit of the cooling time of synchrotron
of 3 (Nalewajko et al. 2014 There were also suggestions radiation.
that biases from core shift measurements can overestimate The cooling time of the synchrotron radiation can be
magnetic field strength in jetéshchenko et al. 200 estimated byTavecchio et al. 19980ttcher et al. 2003
Thus there needs an independent method to estimate
the magnetic field strength and its evolution inside the teool =
dissipation region. If the optical variability are mainly
dominated by the cooling from synchrotron radiation,whereup = B? /87 is the energy density of the magnetic
the lower limit of the magnetic field strength can befield, m. is the mass of electrom; is the cross section
constrained with the variability timescal8dticheretal. of Thomson scattering, and is the electron energy.
2003. In this paper, we constrain the optical variability Meanwhile, the observational frequency is related to the
timescale of two BL Lac objects (BL Lacs) with high electron energy with
sampling intra-day observations. Then we estimate the 4 5 5
magnetic field strength of their emission regions and v = -y y?—— =3.7x 10%?B—— Hz, (2)

. . . 3 142 142
explore its evolution at timescales of years. In Secfipn
we give the method to estimate magnetic field strengthwherev;, = 2.8 x 10°B is the Larmor frequency is the
based on the optical photometric data, and the result9oppler factor, and is redshift.
of estimated variability timescale and magnetic field  Considering the observational variability timescale as
strength. Comparison of magnetic field strength withthe upper limit oftcoor, i.€.,tvard /(1 4 2) > teoo1, ONE CAN
results derived from other methods and implications forget the lower limit of the magnetic field strength combined
evolution of magnetic field strength are discussed irEquations{) and @),
Section3. Sectiord summarizes the main conclusions.

2

3mec 6mTmec

(yup)~' = 1)

4 orc oryB?

B >1.31 x 1032371357314+ )13 G, (3)

2 METHOD AND RESULTS wheret,,, is in units of second and is in units of Hz.B
is in units of Gauss.

The SEDs of blazars are dominated by the non-thermal Based on Equatiors], if the observational variability
radiation of jet, which show two bumps on the — timescale is obtained for a blazar, one can estimate
vF, diagram fAbdoetal. 201D The low energy bump the lower limit of the magnetic field strength with a
is believed to be produced by synchrotron emissionspecial Doppler factor (taken as 10 throughout this paper).
Synchrotron self-Compton (SSC) is suggested as the don®ur purpose in this work is to estimate the magnetic
inant mechanism for the high energy bump of BL Lacs — &field strength with the intra-day variability timescale
subclasses of blazars with weak emission lines, especialynd explore its possible evolution. Therefore, we search
high energy peaked BL Lacs (HBLsAldo et al. 201 the literature between 1990 and 2016 for the historical

The intra-day or micro variability at the optical band lightcurve at theR band ¢ = 4.6769 x 10'4 Hz). There
is a characteristic property of BL Lacgvagner & Witzel are two sources (S5 0716+714 and BL Lacertae) with
1995. The timescale of the intra-day variability can relatively more data and higher data sampling to derive the
be as short as several minutes (eBaietal. 1998 variability timescale on days or even hours (the references
Fan et al. 2009Hu et al. 2013 For BL Lacs, the optical are listed in Tablel). The lightcurves of both sources are
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shown in Figurel. For both sources, the lightcurve is Anjum et al. (2020 modelled the SED of these two
divided into intra-day timescales according to the obsirve sources with the quasi-simultaneous multi-frequency.data
time (Julian day). If the time interval of two adjacent They derivedog B = —0.33 and —0.08 for S5 0716+714
data points is longer than two hours, we just divide themand BL Lacertae, respectivelghen(2018 also estimated
into two lightcurves. Otherwise they will be consideredthe parameter of radiation for a sample of Fermi blazars
to belong to a single lightcurve. This criterion is for the with approximate analytical expressions. The magnetic
relatively continuous lightcurve without large time gaps,field strengthdog B = —1.05 and 0.64 were derived for
and it will not divide the lightcurves across two Julian days S5 0716+714 and BL Lacertae, respectively.

In order to estimate the variability timescale better, we  cgre shift measurement provides another method to
intend to choose the intra-day lightcurves with relativelyestimate magnetic field strength and electron number
better sampling, longer lasting observed time, as well agensity in jets. The standard method assumes equipartition
obvious variability. Thus, the lightcurves with observedpetween the energy of magnetic field and particle, and
time spanning longer than 0.5 hour, number of data pointgstimates the magnetic field strength at 1 pc from jet
larger than 20, and magnitude varying more than  vertex, which further infers thés strength of radio core
(where o is the observational error) are retained. Thenyith B o r—1 (O’Sullivan & Gabuzda 2009 This method

the lightcurves are inspected by eyes to exclude the ON@fives thatlog Bi,. = —0.31 and —1.05 for S5 0716+714

with random variations caused by the weather conditiongng BL Lacertae, respectivelgshkarev et al. 20)2For
or instrumental reasons. After these selection critehie, t the 15 GHz corelog B = —1.15 and —0.96 for S5

number of intra-day lightcurves is significantly reduced.0716+714 and BL Lacertae, respectiveBughkarev et al.
For the remaining lightcurves, we estimate the variabilitypg1 9.

timescale of each lightcurve withagner & Witzel 1995 The deviation of magnetic fields strengths estimated

B (F) : from different methods above can be as large as
- m ’ @ 17 dex.Nalewajko et al(2014 attempted to reconcile the
magnetic dominated jet and the high Compton dominance
where(F') is the average flux during the observational timefg; f|at spectrum radio quasars (FSRQs), as well as the
range of individual lightcurveA F" is the flux difference  higher magnetic field strengths estimated from core shift
between the maximum and minimum fluX is the time  pmeasurements. They suggested inhomogeneous magnetic
between the maximum and minimum flux. field structure in jets as a potential explanation. The
The variability imescales range froBu7 x 10°st0  emission region has lower local magnetic field strength
9.12 x 10° s for S5 0716+714, and from74 x 10*s 10 compared to the overall jet, due to magnetic reconnection
2.34 x 10°s for BL Lacertae. Based on the variability |ayers or jet spines. In fact, the magnetic field strengths
timescales, we estimate the lower limit of the magnetiGstimated from core shift measurement are not always
field strength for the selected time range with Equat®n (' higher than that from SED modelling, e.g., 0.9G given
(z is taken as 0.3 and 0.0686 for S5 0716+714 and BLby Pushkarev et al(2012 versus 1.56 G given bZhen
Lacertae, respectively). The variations of the magnetigo01g for FSRQs. In Figure, all magnetic field strengths
field over time for both sources are plotted in Figlire of S5 0716+714 and BL Lacertae listed above are plotted,
The maximum magnetic field strengthes for S535 well as the mean values of those estimated from
0716+714 and BL Lacertae akeg B = —0.09 and 0.08,  gptical variability in this work. Generally, magnetic field
respectively, while the minimum ones are —1.05 and -0.6&trengths estimated by this work are at the middle of the
respectively. The mean values and standard deviation @fther two methods. Considering the large uncertainty in

log B are —0.51 and 0.16 for S5 0716+714, which are ~arious methods, the magnetic field strength estimated
0.32 and 0.19 for BL Lacertae. Both S5 0716+714 andyith optical variability is consistent with the results of

BL Lacertae show obvious variations on magnetic fieldyther estimations.
strength AB > 303p).

T

In Section2, we estimate the lower limit of magnetic
field strength with a certain value of Doppler factor
(taken as 10). The value &g B 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
There are several methods to estimate magnetic fieldre still located at the middle region in Figur2
strength in jets. The most widely used method forAnother possibility is that Doppler factor is also variable
emission region of blazar is based on the SED modellingalong time. This scenario is suggested Ryiteri et al.

3 DISCUSSION

3.1 The Strength of Magnetic Field Inside Emission
Region
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(2017 to explain the long-term variability of blazars

(qlso seeRgiteri gt al. 202)L The varied. D(.)pple.r factors ;; o~ psengty 507164714 |,
will result in varied observational variability timescale S

Then the estimated magnetic field strength will also vary 3, . 4 | ﬁ %,4!‘ i .
according to the variation of Doppler factor. Our results ¢ mﬁ ?i@ii X I o Y . 8
show no obvious long-term trend on the variation of Eusta, ’g’gﬂﬂ | 1 : 'l f o froes
magnetic field strength (Fid). However, the variation of = 100l . , v ’ r i } o
estimated magnetic field strength is caused by variatior i 4 D
of Doppler factor cannot be excluded. More investigations %0 2000 3000 4000 5000 6000 7000

and independent constraints for the variation of Doppler 10 2450000 (da)
factor are needed in the future. 120 04

Magnetic field strength measurement is important to 251 Bl.Lac
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 U2 |
(e.g.,Hovatta & Lindfors 2019 Cerruti 2020. The mag- 1551 ; i -6~ Bstrength [ 0.8
netic field < 1 G estimated by all three methods above 1804 - - i o 10
disfavors proton synchrotron emission for high energy JD - 2450000 (day)

emissio.n, Wh_”e _Ieptonic_or lepto-hadronic model can beFig. 1 The variations of lower limit of magnetic field
compatible with it Cerruti 2020. strength andk? band magnitude for S5 0716+71dpper

Yan et al. (201§ proposed a method to locate the panel) and BL Lacertaelower panel). The orange solid

emission region with the estimation of magnetic field!inés show the mean values of magnetic field strength.

strength. If the magnetic field strength estimated fromgig?r%ﬁgg g?lggdcj)gtter%lslggtgsglg/esent& and 3 for the

optical variability and core shift are both correct, condgaln
with the relationB o« r~!, one can constrain the location
of emission zone. This method requires a preconditiol
that magnetic field strength and location of emission
region should be stable along time. Onék strength
in the emission region can be variable, simultaneou:
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measurements are needed for the application of the relatic " * o
of decreasing3 strength with distance.
3.2 The Evolution of Magnetic Field Strength o7 . o™ Dt

Vv quasi-simul SED
1pc
®  15GHz core

*

As discussed above, under the assumption thatBhe
strength is stable at special location in a jet, the streafjth B s e " e o
B can be used to constrain the location of the dissipatiol log B (Gauss)

region. If this assumption is true at the timescale of . . . .
ears, the observational evolution Bfstrength means the F'-g' 2 (_Zomparlson of the estimated _magnetl_c field strength
y ! 9 with different methods. Theblue circles with arrows

variation of the emission region in jets. As the expectationepresent the mean values of the lower limit of magnetic
of adiabatic expansion of jet, the blob would move outwardield strength estimated in this work. See the text for
from jet base, which results in decreasd3gtrength along  details.

time. No such continuous behaviours are found in Fidure

On the opposite, variable magnetic field along timeof magnetic field strength, but also other factors. The
can also cause the flux variability. Figuleshows the variation of magnetic field strength can be caused by new
variation of magnetic field strength of two BL Lacs, asjet components as suggestedRigvin et al.(2019, or by
well as their flux variability. No clear trend is found turbulence componentdiarscher & Jorstad 2021
between variability of flux and3 strength. This indicates Polarization observation is an important tool
that variation of magnetic field strength in the emissionto constrain structure of magnetic field in jets
region is not the dominant reason of flux variability. (Hovatta & Lindfors 2019 Intra-night variability of
The variability origin is not only related to the variation polarization degree and position angle was also found
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