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Abstract

In this work, we present 8523 pairs of R-band optical photometry observations for the quasar 3C 454.3 made
during the period of 2006 October—2018 February on the 70 cm meniscus telescope at Abastumani Observatory,
Georgia, to study its intraday variabilities (IDVs) and long-term variations, and we have come to the following
results. (1) We detected 10 outbursts, a AR = 3.825 mag variation, and some IDVs. The IDV timescales are from
4.1 to 285 minutes, with the corresponding variability amplitude being A = 2.9%—43.67%. The amplitude increases
with IDV timescale. (2) The largest variation over a 1 day timescale is AR = 1.38 mag. (3) The IDV timescales
suggest that the emission sizes are from 8.9 x 10'® cm to 6.20 x 10'° cm, and the magnetic field strengths
are B=0.18-0.79 G. (4) Period analysis results show three possible long-term periods, p =3.04 +0.02 yr,
p=1.66+0.06 yr, and p = 1.20 = 0.03 yr in the optical light curve. We adopted the accretion disk models and the
lighthouse models to period p = 3.04 + 0.02 yr: in the accretion disk models, the binary black holes have masses
M=1.17 x 10°M_.; in the lighthouse models, we used two boosted jet flux densities to fit the observational light
curve. (5) WWZ analysis gives some short-period (high-frequency) signals associated with strong bursts (JD
2,454,302 and JD 2,454,521) with variable frequencies and lasting for the entire observation time span (11.3 yr).

Unified Astronomy Thesaurus concepts: Active galactic nuclei (16); CCD photometry (208); Quasars (1319)
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1. Introduction

Blazars show very extreme observational properties, such as
violently optical variability, high and variable polarization,
superluminal motion, high energetic emissions, etc. These
properties are characterized by the jet along the line of our sight
(Blandford & Rees 1978; Angel & Stockman 1980; Urry &
Padovani 1995; Hartman et al. 2001; Ackermann et al. 2015;
Fan et al. 2016, 2017a, 2017b, 2018; Xiao et al. 2019). The
spectral energy distribution of blazars is characterized by a
double-bump structure, with the lower-energy bump being
from a synchrotron emission and the higher-energy bump being
still an open question (Fossati et al. 1998; Nieppola et al. 2006;
Abdo et al. 2010; Fan et al. 2016; Lin & Fan 2018).

Variability is the typical observational property for blazars,
which sheds some light on the nature and emission properties of
blazars. Based on the observations, the variations have been found
to have different timescales and divided into intraday variability
(IDV) with the timescales, Ty, being a few minutes to 1 day,
short-term variations with Ty, being a few days to months, and
long-term variations (LTVs) with Ty, being years (Fan 2005).
From work by Wagner & Witzel (1995), if a source shows
variations of a few percent to a few tenths in the magnitude over a
timescale of a day or less, then the source is said to show IDV, and
this kind of variation is called IDV, microvariability, or intranight

variability. The IDV is often nonperiodic, some theoretical models
were proposed to explain these variations, such as the shocks
propagating along the relativistic jets (Marscher & Gear 1985;
Qian et al. 1991; Wagner & Witzel 1995), hot spots or
disturbances on or above accretion disk surrounding the black
holes (Chakrabarti & Wiita 1993; Mangalam & Wiita 1993).
Although the latter mechanism is taken as the key reason for the
variability in nonblazars, it can provide initial fluctuations that will
be transfered into the blazar jet, resulting in Doppler boosting
(Rani et al. 2010). However, the long-term variation in some cases
is quasi-periodic (Jurkevich 1971; Sillanpii et al. 1988; Fan et al.
1998, 2002, 2007, 2018; Ciaramella et al. 2004; Qian et al.
2007, 2014; Ciprini et al. 2007; Valtonen et al. 2008; Rani et al.
2010; Donnarumma et al. 2011; Wiita 2011; Gupta 2014; Gaur
et al. 2015; Li et al. 2015; Tavani et al. 2018).

To check the reality of a variability, we adopt a variability
parameter, C, introduced by Romero et al. (1999) (see also

Cellone et al. 2000), which is expressed as C; = %, i=1
(51-52)
and 2. Here 0 _s, is the standard deviation of the difference of

the magnitudes between the target object and a comparison
star, and os,—s,) is the deviation of two comparison stars. If

C :M), the average value of C; and C,, is greater than

2.576, then the nominal confidence level of a variability is
greater than 99%.
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In 1996, Heidt & Wagner introduced a variability amplitude
parameter, A,,, for a variability,

Am = 100 x \/(mmax - 7nmin)2 - Umaxz - Uminz (%)’

where my;, and mp,, are the minimum and maximum
magnitudes and o, and o are the corresponding
uncertainties.

We also introduced the following method to constrain the
short-term optical variability. For any two pairs of observations
Sit, my), Silte, my) (j, k=1, 2, ...N), we calculated the following
three parameters: time interval Afy=|t;—1/, magnitude
difference Amy = |m; — my|, and the standard deviation oy =

o2 + a. If Amy > 30y, then we take Amy as a real variation
and the corresponding time interval At as the timescale. If there
are more cases with Amy > 30y, then we take the shortest Aty as
the timescales as we did in our previous works (Fan et al.
2009a, 2009b, 2014).

Later on, we tested the reality of the variation with F-test,
introduced by De Diego (2010) for the reality of a variation. An
F-test is a properly distributed statistics, which can be obtained

by F = % For two time series samples, if Szo is the variance of
the object(’s differential light-curve measurements and S%; is the
variance of the differential light-curvcza measurements of the
comparison stars, then we have F' = %

For astronomical observations, the Cnumbers of degrees of
freedom for each sample, v, and v, are the same and equal to
v=N—1, where N is the pair number of observations. To
check the variability reality of a source, one can compare the F-
value of the observations with the critical value, Fr (.. (),
where « is the significance level set for the test. The smaller the
«, the more improbable that the result is produced by chance. A
null hypothesis (no variability) is discarded if F is greater than
the critical value. F-tests can be performed at two significance
levels (1% and 0.1%), which correspond to 2.60 and 3o
detections, respectively (De Diego 2010; see also Gaur et al.
2012; Xiong et al. 2017). If a variability has a high probability,
then we calculate the corresponding variability amplitude A,,
introduced by Heidt & Wagner (1996) and take the corresp-
onding interval as the timescale, AT.

3C454.3 (PKS 2251+4158), located at z=0.859 (Jackson &
Browne 1991), is one of the most active blazars over the entire
electromagnetic bands (Bennett 1962; Bennett et al. 2003;
Worrall et al. 1987; Raiteri et al. 1998, 2007, 2008, 2011;
Tavecchio et al. 2002; Fuhrmann et al. 2006; Pian et al. 2006;
Villata et al. 2006, 2009; Qian et al. 2007, 2014; Giommi et al.
2006; Jorstad et al. 2010; Bachev et al. 2011; Wehrle et al. 2012;
Jorstad et al. 2013; Li et al. 2015; Britto et al. 2016; Gupta et al.
2017; Kushwaha et al. 2017; Weaver et al. 2019). The historical
maximum optical variation is Am=2.3 (Angel & Stockman
1980), and a variability of 0.5 mag over a timescale of 1 day
was reported by Lloyd (1984). During our monitoring period of
2000 October carried out on the 70 cm telescope at Abstumani
Observatory, Georgia, it did not show any clear variability (Fan
et al. 2004). 3C 454.3 began to brighten in 2001, reaching in
2005 the brightest ever observed value in the optical band with
R =12.0 mag (Fuhrmann et al. 2006; Villata et al. 2006).

Periodicity analyses were investigated for 3C 454.3. Lii &
Hunter (1969) reported a 340-day period; Webb et al. (1988)
claimed periods of 0.83, 2.97, and 6.39 yr in its optical B band;
while Su (2000) claimed a period of 12.4 yr. Ciaramella et al.
(2004) found a period of about 6 yr in the radio band, The
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~6 yr period was also found by Fan et al. (2007), who also
claimed periods of 4.6 +0.1 yr, 11.8 £ 1.1 yr, and 13.6 1.1
yr in its radio bands. Our recent observations show a period of
~100 minutes in its optical band (Fan et al. 2019).

Gaur et al. (2012) analyzed its observations during 2009 and
2010 and found IDVs in four nights. Based on a multiwavelength
spectral model, Bonnoli et al. (2011) estimated its Doppler factors
0~ 25 during an outburst. 3C 454.3 is a potential binary black
hole (e.g., Qian et al. 2007, 2014; Britzen et al. 2013). To explain
the ~12.8 yr quasi-periodicity with a double-bump structure and
fit the radio light curves during the period of 19662006, Qian
et al. (2007) proposed a rotating double-jet model. Their
theoretical results for the Doppler factor, §, are from ~2.5 to
~5 for one jet and from ~10 to ~35 for another jet.

3C 454.3 is also the target in our monitoring programs at
Shanghai Astronomical Observatory and Abastumani Obser-
vatory (Tao et al. 2008; Kurtanidze et al. 2009; Fan et al.
2014, 2017a) and at Xinglong Station of National Astronomical
Observatories of China (NAOC) using the 1.26 m National
Astronomical Observatory—Guangzhou University Infrared/
Optical Telescope (NGT). In 2009 December, 3C 454.3 was
detected as an extraordinary outburst at the ~-ray band by
Fermi/LAT, which makes it the brightest source in the ~-ray
sky (Ackermann et al. 2010; Britto et al. 2016). Weaver et al.
(2019) analyzed its optical and ~-ray variabilities during its
2016 June outbursts and found that it reached maximum
Sopt=18.91 mJy on 2016 June 24 and then showed a
precipitous flux decay by a factor of 4 over 24 hr. A minimum
timescale of 2 hr was also detected from 3C 454.3.

In the present work, we mainly search for the IDVs from our
monitoring results obtained during the period of 2006 October—
2018 February with the 70cm telescope at Abstumani
Observatory, Georgia. Then, we make periodicity analysis by
combining the historic optical data and our own observations.
This paper is arranged as follows: in Section 2, we present the
observations and data reductions; in Sections 3 and 4, we show
the analysis results and provide a discussion and conclusions.

2. Observations and Data Reductions
2.1. Photometry Process

Abastumani Observatory is at the top of Mount Kanobili,
which is ~1700 m above sea level with a latitude of 4128051
and a longitude of 42°8254. The weather and seeing conditions
are good, with about 1 in 3 clear nights per year and seeing of
<1”. The mean values of the night-sky brightness are B =22.0
mag, V=21.2 mag, R=20.6 mag, and / = 19.8 mag.

All our measurements were made on a 70 cm meniscus
telescope (f/3), and an Apogee Ap6E CCD camera (1024 x
1024, 24 x 24 ym, quantum efficiencies are 0.40 and 0.72 at
400 and 560 nm, respectively) was attached to a primary focus.
The readout, digitizing, downloading time is 1 s. We used only
the central portion of 350 x 350 pixels® (15 x 15 arcmin?),
while the entire field of view is 40 x 40 arcmin®.

2.2. Data Reductions

All the observations are obtained using the R passband filter
(Kurtanidze & Nikolashvili 1999), and the exposure times are
60-300 s. The processing of image frames (bias correction, flat-
fielding, cosmic-ray removal, etc.) and the photometry of the
calibrated image frames are carried out by the standard routines
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Table 1
R-band Observational Data for 3C 454.3

JD 42,454,028 mg Omp

(mag) (mag)
Y] 2 (3)
0.21441 15.703 0.017
0.21790 15.719 0.017
0.22140 15.683 0.017
0.23341 15.709 0.017
0.23552 15.691 0.017
0.23763 15.725 0.017
0.23973 15.733 0.017
0.24759 15.751 0.017
0.24970 15.705 0.017
0.25181 15.696 0.017

(This table is available in its entirety in machine-readable form.)

in Daophot II. For Daophot II, as we described in our previous
work (Fan et al. 2014), the aperture has a fixed diameter of 10”.

First, we choose the comparison stars. For all the comparison
stars, if m; and m; are the magnitudes of comparison stars, S;
and §;, respectively, we calculate the differential magnitudes,
Amy; (=m; —m)), and their standard deviation, OAmy» of any
two comparison stars in the field. Then, we choose the two stars
that show the minimum deviation for all the observations as our
comparison stars, S; and S5.

Second, we get the magnitudes of the target object using S
and S,. We first calculate the differential magnitudes O — S
and O — S, and then obtain the magnitudes, mg, and mg,, and

take the average value, mgp = %(mg1 + mg,), as the target
magnitude at a time and the deviation of differential magnitude
S1 — S, of a certain night as the corresponding uncertainty for
the whole observation night.

For 3C 454.3, there are nine field stars (https://www.lsw.uni-
heidelberg.de/projects/extragalactic /charts /2251+158.html), for
which we chose star D and star H as our comparison stars based
on our observations. After the data process is adopted to our
~11.3 yr of observations made at Abastumani Observatory,
the target R magnitude and the corresponding uncertainty are
obtained and listed in Table 1, in which Column (1) gives JD
(+2,454,028); Column (2), R mag; and Column (3), uncertainty
ormag. The corresponding light curve is shown in Figure 1.

3. Results
3.1. Variation

From Figure 1, we can see 10 peaks that are located at JD
2,454,302.31 (R =12.348 £ 0.012 mag, here a Galactic extinction
of Ag=0.286 is adopted), JD 2,454,502.15 (R=13.077+
0.017 mag), JD 2,454,65746 (R=13.511=+0.005mag), JD
245507149 (R=14.073 £0.017mag), JD 2455,172.27
(R=13.157+0.020 mag), JD 2455521.15 (R=12.447+
0.013mag), JD 2,456,566.52 (R=14.131=+0.013 mag), JD
2,456,833.49 (R=13.705 £ 0.006 mag), JD 2,457,564.47 (R=
12.955 £0.006 mag), and JD 245532452 (R=13.887+
0.018 mag). From Table 1, we can get that the magnitudes at
the brightest and the faintest states are R = 12.348 + 0.002 mag at
JD 2,454,302.31 and R = 16.173 £ 0.006 mag at JD 2,456,090.5,
corresponding to a maximum variation amplitude of AR=
3.825 £ 0.013 mag.

Fan et al.

The IDV can be taken as true when a light curve obeys the
following requirements: (1) the optical variabilities (Am) are
not smaller than three times o, AM >3 x o (Fan et al
2009a, 2009b, 2014), (2) the variability parameter C > 2.576
(Romero et al. 2000), or (3) the F-test (De Diego 2010; see also
Gaur et al. 2012).

Our observations clearly show IDVs as listed in Table 2 and
Figure 2. In Table 2, Column (1) gives the observing time
(IJD); Column (2), magnitude at the variability occurring point
(my); Column (3), magnitude at the variability ending point (m,);
Column (4), uncertainty of the corresponding night (¢); Column
(5), pairs of observations (V). Column (6), variability index (C;)
from the difference magnitude of target and comparison star
(O — S)); Column (7), variability index (C,) from the difference
magnitude of target and comparison star (O — S,); Column (8),
F-test value (F;) from target and comparison star (O — Sy);
Column (9), F-test value (F,) from target and comparison star
(O — S3); Column (10), critical value for the corresponding N at
99% level; Column (11), critical value for the corresponding N at
99.9% level; Column (12), variability amplitude (A%); Column
(13), corresponding timescale in the units of minutes; and
Column (14), variability (Y: have a variation; P: a possible
variation; COM: see comments in the text).

We can see that the IDV timescales are in the range from
AT=4.1 to 285 minutes (4.75 hr), and the corresponding
variability amplitudes are in the range of A =2.9%—43.67%.

On JD 2,454,301, it brightens from R=12.817 to
12.616 mag (namely, AR = —0.201 mag) over 98.69 minutes
and then dims to R =12.849 (AR =0.233 mag) over 130.09
minutes as shown in Figure 2(a). In each individual panel of
Figure 2, there are two subpanels. The upper subpanel stands
for the light curve, while the lower subpanel stands for the
differential light curve of the two comparison stars plus a
constant.

On JD 2,454,303, it shows a brightness decrease from
R=12.949 to R=13.386, corresponding to a variability of
AR = 0.437 mag over 283.6 minutes; see Figure 2(b).

On JD 2,454,306, it shows a brightness decrease from
R=13.50 to R=13.733, corresponding to a variability of
AR =0.233 mag over 283.5 minutes as shown in Figure 2(c).

On JD 2,454,431, its brightness decreases from R = 13.944 to
R=14.061, corresponding to a variability of AR=0.117 mag
over 36 minutes. The source also shows a flare with a fast
brightness increase of 0.1 mag over 3 minutes and a fast decrease
of 0.1 mag over 3 minutes; see Figure 2(d).

On JD 2,455,520, it shows a brightness increase of
AR=12909 — 12.696 = —0.213 (mag) over 211.7 minutes,
while on JD 2,455,521, we detected a brightness decrease of
AR =12.688 — 12.437 = —0.251 (mag) over 154.4 minutes; see
Figures 2(e) and ().

On JD 2,455,705, its brightness decreases from R = 15.506 to
R =15.348, corresponding to a variability of AR = —0.158 (mag)
over 12.9 minutes as shown in Figure 2(g).

On JD 2,457,564, its brightness increases by AR = 0.203 mag
over 13.4 minutes and then decreases. Afterward, its brightness
increases by AR =0.105mag over 6.2 minutes and decreases
again by AR =0.112 mag over 13.4 minutes. See Figure 2(h).

On JD 2,457,700, its brightness increases by AR = 0.332 mag
over 285 minutes. See Figure 2(i).

On JD 2,457,994, it shows a brightness increase of
AR =0.076 mag over 8.12 minutes; see Figure 2(j).
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Figure 1. R light curve of our observations. The red dots represent the peaks of the light curve. The gray wave filled area above the figure represents the density of the
time of observations, and the gray wave filled area on the right is the density distribution of the optical R magnitude.

Figure 1 and Table 1 indicate that, during the period from JD
2,454,060 to JD 2,454,120, the source shows a AR = 0.22 mag
brightening over 43.7 hr, shows a AR =0.52 mag brightening
over 17 nights, and has a nearly constant brightness over 7
nights, and then it brightens from R=15.915 to R=15.634
(AR = —0.28 mag) over 3 days. See Figure 3(a).

For the JD 2,454,302 peak, its brightness increases from
R=14.139 (JD 2,454,290.516) to R = 12.393 (JD 2,454,302.324)
and then decreases to R=12.993 (JD 2,454,308.542), and the
corresponding variabilities are AR = —1.746 mag over 12 days
and AR =1.60 mag over 6 days as shown in Figure 3(b).

For the JD 2,454,502 peak, it consists of three peaks at JD
2,454,435 (R=13.231), JD 2,454,468 (R=13.287), and JD
2,454,502 (R =13.079). The corresponding intervals between
the two neighbor peaks are 33 days (from JD 2,454,435 to JD
2,454,468) and 34 days (from JD 2,454,468 to JD 2,454,502),
respectively, as shown in Figure 3(c).

For the JD 2,454,657 peak, it brightens from R = 15.206 (JD
2,454,578) to R=13.51 (JD 2,454,657), corresponding to
AR~ —1.7mag over 79 days, and then gradually dims to
R=15.89 (JD 2,454,856), corresponding to AR ~ 2.38 mag
over 199 days. See Figure 3(d).

For the JD 2,455,172 peak, its brightness increases from
R=14.91 to R=13.158, corresponding to AR ~ —1.752 mag
over 15 days, and then decreases to R = 14.863, corresponding
to AR ~ 1.705 mag over 58 days. See Figure 3(e).

For the JD 2,455,324 peak, its brightness decreases from
R=13.874 to R=15.084, corresponding to AR~ 1.21 mag
over 22 days as shown in Figure 3(f).

For the JD 2,455,521 peak, it increases in brightness from
R=14.70 to R=12.487, corresponding to AR = —2.21 mag
over 26 days, and then decreases to R = 14.537, corresponding
to AR =2.05 mag over 15 days as shown in Figure 3(g).

For the JD 2,456,566 peak, its brightness increases from
R =15.532 to R =14.123, corresponding to AR ~ —1.41 mag
over 108 days, and then decreases to R = 15.402, corresp-
onding to AR ~ 1.28 mag over 47 days. See Figure 3(h).

For the JD 2,456,833 peak, its brightness increases from
R=14.619 to R=12.705, corresponding to AR ~ —1.91 mag
over 26 days, and then decreases to R = 14.558, corresponding
to AR ~ 1.84 mag over 17 days. See Figure 3(i).

For the JD 2,457,564 peak, its brightness increases from
R=14.886 to R=13.016, corresponding to AR ~ —1.87 mag
over 12 days, and then decreases to R = 14.393, corresponding
to AR ~ 1.38 mag over 1 days as shown in Figure 3(j).

For the JD 2,457,701 peak, its brightness increases from
R=15.007 to R = 14.094, corresponding to AR ~ —0.91 mag
over 1 days, and then decreases to R = 15.115, corresponding
to AR ~ 1.02 mag over 1 days. See Figure 3(k).

Our monitoring results suggest that there are a few very rapid
variabilities. On JD 2,455,577, a variation of AR =0.184 mag
over 14.2 minutes suggests a variability ratio of 0.013 mag
minutefl; on JD 2,455,582, it displays a variability of AR=
0.099 mag over 6.1 minutes, giving a ratio of 0.016 mag minute ';
on JD 2,455,705, a AR=0.158 mag over 12.9 minutes gives
0.012 mag minute”"; and on JD 2457620, a variability of
AR = —0.017 mag over 4.1 minutes gives 0.025 mag minute '
The ratios of the remaining IDVs are less than 0.01 mag minute .

Our detection of AR =0.437 mag brightness decrease over
283.6 minutes (4.71 hr) is the largest variation over this
timescale for the source. The AR=0.91 mag brightness
increase over l1day (JD 2,457,701) and AR=1.38 mag
brightness decrease over 1day (JD 2,457,564) are also the
largest variations detected over a 1-day timescale. We also
noticed that the source displays a nearly constant brightness
over seven nights from JD 2,454,077 to JD 2,454,084
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Table 2
IDV Results of FSRQ 3C 454.3

JD my my o Num C] C2 Fl Fz Fgg Fg‘gg A AT Var
2,450,000+ (%) (minutes)

@ @ 3 (C) ® 6) Q)] ®) ® 10) an 12) 13) 14)
4301.3728 12.8168 12.6162 0.0083 66 7.38 7.26 63.98 60.31 1.79 2.18 20.00 98.69 Y
4301.4413 12.6162 12.8489 0.0083 67 8.01 7.70 64.21 59.31 1.79 2.17 23.27 130.95 Y
4302.3149 12.3483 12.5113 0.0118 34 4.63 4.51 21.42 20.31 2.28 3.04 16.2 50 Y
4303.3338 12.9485 13.3855 0.0100 43 15.54 15.64 241.83 244.60 2.08 2.66 43.67 283.6 Y
4306.3327 13.5000 13.7330 0.0115 100 6.31 6.28 39.93 39.63 1.60 1.88 23.27 283.50 Y
4310.3447 13.2890 13.2196 0.0073 44 3.23 271 10.59 7.43 2.06 2.62 6.90 251.00 Y
4431.2040 13.9440 14.0605 0.0074 11 4.59 4.15 21.04 17.25 4.85 8.76 11.57 36.70 Y
4467.2085 13.1840 13.3120 0.0145 8 3.66 3.11 13.19 9.53 6.94 14.90 13.36 16.24 P
4468.1309 13.2750 13.4950 0.0092 36 7.31 7.25 53.60 52.80 223 293 22.93 73.00 Y
4478.5266 15.2230 15.1350 0.0091 15 3.24 2.76 10.56 7.66 3.70 5.93 8.68 33.20 Y
4600.4691 14.3688 14.2960 0.0066 14 4.38 4.09 19.17 16.70 3.89 6.37 7.20 91.70 Y
5510.3418 13.3100 13.1850 0.0056 11 9.21 9.32 84.98 86.89 4.85 8.76 12.50 90.20 Y
5515.1542 13.3050 13.4240 0.0116 21 3.61 3.37 13.02 11.34 2.94 4.29 11.80 26.70 Y
5517.3478 13.3000 13.1740 0.0089 26 5.20 5.01 27.04 25.11 2.60 3.62 12.64 29.40 Y
5517.3682 13.1740 13.2596 0.0089 32 2.81 2.61 14.09 12.83 2.35 3.15 8.18 31.82 Y
5520.2113 12.9090 12.6960 0.0013 126 4.15 3.78 17.23 14.33 1.52 1.75 21.26 211.70 Y
5521.1579 12.4370 12.6880 0.0133 112 4.27 4.04 18.24 16.31 1.56 1.81 25.00 154.40 Y
5525.1573 13.5255 13.4350 0.0110 25 4.64 4.21 21.53 17.69 2.66 3.74 8.90 81.10 Y
5525.2137 13.4350 13.5879 0.0110 63 3.59 3.54 12.86 12.56 1.82 223 15.00 147.50 Y
5539.1363 13.8520 13.9710 0.0089 60 491 4.85 23.87 23.25 1.85 227 11.78 283.25 Y
5577.2377 14.6010 14.7630 0.0156 4 591 5.29 34.87 28.00 29.20 140.00 15.90 10.16 P
5577.2447 14.7630 14.5790 0.0156 6 4.54 4.92 20.67 24.23 10.90 29.40 18.20 14.20 Y
5582.2154 14.7720 14.8460 0.0048 3 6.65 7.63 44.18 58.00 99.00 999.00 7.40 4.00 P
5582.2182 14.8460 14.7469 0.0048 4 7.93 8.68 62.90 75.40 29.20 140.00 9.90 6.10 Y
5705.4929 15.5059 15.3477 0.0069 5 10.04 15.96 153.35 171.92 16.00 53.40 15.79 12.90 Y
5733.4834 15.6250 15.6490 0.0022 2 10.69 11.69 114.22 136.60 4063 20000 3.57 2.00 COM
5733.4849 15.6490 15.6087 0.0022 3 11.18 10.49 62.99 61.62 99.00 999.00 4.04 4.00 P
5901.3038 15.9065 15.9915 0.0089 5 4.88 5.50 23.85 30.26 16.00 53.40 8.37 8.10 Y
5961.0000 15.9682 159171 0.0069 6 3.57 4.07 12.62 16.39 10.90 29.40 5.01 10.15 P
6090.4959 16.0816 16.1732 0.0059 4 6.87 5.90 52.57 37.86 29.20 140.00 9.77 6.00 P
6090.5001 16.1732 16.0753 0.0059 3 9.85 8.90 96.98 79.30 99.00 999.00 10.34 4.00 COM
6278.2999 15.6975 15.6680 0.0019 6 5.89 6.10 31.57 33.87 10.90 29.40 2.90 15.00 Y
7564.4690 13.1581 12.9550 0.0078 12 8.36 7.97 69.94 63.63 4.43 7.70 20.20 134.00 Y
7564.4783 12.9550 13.0921 0.0078 19 6.55 6.12 42.96 37.45 3.13 4.69 13.67 21.96 Y
7564.5079 13.0889 12.9828 0.0078 6 5.15 4.64 26.51 21.47 10.90 29.40 10.56 6.20 P
7564.5122 12.9828 13.0951 0.0078 15 4.18 3.63 30.49 28.87 3.70 5.93 11.17 13.40 Y
7620.5081 14.8024 14.8195 0.0080 5 8.88 9.17 78.90 84.07 16.00 53.40 10.18 4.10 Y
7700.1708 15.0071 14.6749 0.0102 6 13.46 12.65 181.26 160.07 10.90 29.40 33.20 285.00 Y
7702.1885 14.9959 15.1152 0.0092 10 4.08 3.68 16.61 13.57 5.31 10.00 11.90 20.30 Y
7731.2616 14.9418 14.8451 0.0076 11 4.21 4.74 17.71 22.45 4.85 8.76 9.60 28.50 Y
7731.2814 14.8451 14.8946 0.0076 4 3.46 3.33 11.94 11.11 29.20 140.00 4.80 6.10 COM
7994.4330 16.062 15.986 0.005 5 6.19 5.848 65.63 54.82 16.00 53.40 7.64 8.12 Y

Note. Column (1): observing time (JD). Column (2): magnitude at the variability occurring point (). Column (3): magnitude at the variability ending point (1m,).
Column (4): uncertainty of the corresponding night (o). Column (5): pairs of observations (N). Column (6): variability index (C;) from the difference magnitude of
target and comparison star (O — 7). Column (7): variability index (C,) from the difference magnitude of target and comparison star (O — S,). Column (8): F-test
value (F) from target and comparison star (O — S;). Column (9): F-test value (F,) from target and comparison star (O — S,). Column (10): critical value for the
corresponding N at 99% level. Column (11): critical value for the corresponding N at 99.9% level. Column (12): variability amplitude (A%). Column (13):

corresponding timescale in the units of minutes. Column (14): variability (Y: have a variation; P: a possible variation; COM: see comments in the text).

(This table is available in machine-readable form.)

(Figure 3(a)), so it is possible that one cannot detect IDVs
during some periods.

3.2. Period Analysis

There are some special periodic analysis methods in the
literature for astronomical light curves, usually unevenly
sampled time series.

Power Spectrum Analysis (PSA): The most commonly used
tool for periodicity analysis of both evenly and unevenly
sampled time series is the periodogram method, which is an
estimator of the signal energy in the frequency domain
(Deeming 1975). Lomb (1976) introduced a modified form of
this method, which can be described as follows. Considering a
series x(n) with N points, then let f be the frequency and 7 be a
variable timescale. Their mean and deviation are given by
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Figure 2. IDVs during our monitoring period. In each individual panel, there are two subpanels. The upper subpanel stands for the light curve, while the lower
subpanel stands for the differential light curve of the two comparison stars plus a constant.

F =15 x(n) and o = LSV (x(n) — B2 The normal-

ized Lomb’s Py, i.e., the power spectrum as a function of the
angular frequency w = 27f > 0, is defined as

2
[S00wm — eoswi, — 7|

N1
>oso cos2w(t, — T)

1
Pz\li(w):r,z

1 [Z:’;()l(x(n) — X)sinw(t, — T)]z

2 N1
20 Do Sin*w(ty —7)

_|_

and 7 is defined by the equation

N-1 .
ano sin 2wt,,

N1

n=0

tan(Qwr) = .
cos 2wt,

@)

This method can also be taken as a least-squares regression on
sinwt and cos wt (Foster 1995).

The PSA technique adopted by us is the data-compensated
discrete Fourier transform, (DCDFT) 4 the CLEANest
algorithm (Ferraz-Mello 1981; Foster 1995). DCDFT is a
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Figure 3. Optical bursts during our monitoring period.

least-squares regression on sinwf, coswt, and constant. The
DCDFT+CLEANest is a more powerful method than the
modified periodogram for unevenly spaced data, so we used it
to analyze the R-band light curve, following the steps described
by Foster (1995).

Jurkevich Method (JV): Another method of period detection,
the JV method, commonly used by astronomers, is a method
basing on period folding. The JV method (Jurkevich 1971) is
based on the expected mean square deviation. It tests a run of
trial periods around which the data are folded. All data are
assigned to m groups according to their phases around each bin,

and the whole V2, for each bin is computed. If the trial period is
equal to the true one, then V2, reaches its minimum. A “good”
period will give a much reduced variance relative to those
given by “false” trial periods and with almost constant values.
The error in the period is estimated by calculating the HWHM
of the minimum in the V,zn.

Discrete Correlation Function (DCF): The DCF method
(Edelson & Krolik 1988; Hufnagel & Bregman 1992) can
explore the correlation from two variable temporal sets with a
given time lag. If we only input one set, we can calculate the
period of the set (Fan & Lin 2000). In order to achieve this
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Figure 4. R light curves of our observations (black) and historic data (blue) from the literature. Similar to Figure 1, the gray wave filled area above the figure represents
the density of the time of observations, and the gray wave filled area on the right represents the density distributions of the optical R magnitude.

method, first we calculate the unbinned correlation (UDCF) of
the two data streams a and b, i.e.,

UDCE, — (@ = {a) x (b — (b)) 3
e o2 X o ’

where a;, b; are two data streams, (a) and (b) being the average
values of the data sets, and o, and o0}, being the corresponding
standard deviation. Second, we average the points through
sharing the same time lag by binning the UDCEF;; in suitably
sized time bins in order to get the DCF for each time lag T,

D@@z%ZW@WL @)

where M is the total number of pairs. The standard error of each
bin is

o(r) = %(Z[UDCF,;; — DCE()P)™. (5)

For 3C 454.3, our own data are shown in Figure 1. The data
have 8523 pairs of observations, with a time coverage of ~11.3
yr (4136 days) from JD 2,454,028 to JD 2,458,164. The R
magnitude is converted into flux density using f = 10704k
ml]y (Mead et al. 1990). The mean of the flux density is
8.33 £7.15 mly, the minimum of fz is 0.99 mly, and the
maximum fz is 33.57 mJy. We adopted the subscript “R” to
mark the parameters of the optical R-band data.

For 3C 454.3, historic data from the literature (Sandage 1965;
Osborn 1969; Angione 1971; Tritton & Sehnes 1971; Lii
1972; Visvanathan 1973; Sehnes et al. 1975; Barbieri et al.
1978; Angione et al. 1981; Corsco et al. 1986; Sillanpida
et al. 1988; Smith et al. 1988; Webb et al. 1988; Mead et al.
1990; Raiteri et al. 1998; see also Su 2000) are compiled, and
then we have a time coverage of ~118.0 yr (43,096 days) as
shown in Figure 4. The density of the time of observations
is plotted on the top of the figure, and the density of magnitude

is plotted on the right side. The number of observations is
N =8844; 96.4% of the data are given by us, with an 8.6%
time coverage. The beginning time is JD 2,415,068, and the
ending time is JD 2,458,164. The mean flux density is
8.10+7.12 mlJy, the minimum f; is 0.71 mlJy, and the
maximum f is 33.57 mJy. The subscript “Rh” is adopted to
mark the parameters of our and the historic optical R-band data.

For the series of flux density over time, the DCDFT
+CLEANest method is the primary detection method because
it has the best performance based on our experience. For further
testing, the results obtained by the CLEANest method are
compared with those obtained by the JV method. Finally, based
on the results obtained by DCDFT+CLEANest, a fitted time
series was generated and the DCF results of it were checked for
similarity with the DCF results of the real data. When the
above-mentioned three methods (DCDFT+CLEANest (PSA),
JV, and DCF) are adopted to the “R” and “Rh” data, we have
the following results.

For the R-band data marked with “R,” there are six
CLEANest components obtained by PSA analysis, which
are found as possible periodic signals. The results of the
corresponding PSA period diagram (denoted with PSDg) are
plotted in the upper second panel of Figure 5, with the six
CLEANest components indicated by red dots and labeled with
names. Above the PSDy plot, the JV period diagram (named
with JVg) is shown in the upper first panel of Figure 5, and it
can be seen that the peaks in the PSDy correspond to the
troughs in the JVg. The parameters of the six CLEANest
components are listed in Columns (3) and (4) of Table 3, sorted
by the period of the signal from longest to shortest. The first
component, named Pg,, has a period of 2.92 £ 0.17 yr, and its
relative amplitude is 2.07 £ 0.10. The second component, Pgy,
has a period of 1.66 £ yr, and its relative amplitude is
1.28 £ 0.08. The third one, Pg;, has a period of 1.20 £ 0.03 yr
and a relative amplitude of 2.06 £ 0.10. The fourth (Pge) and
fifth (Pg,), with periods of 0.53 £0.01 yr and 0.47 4 0.01 yr,
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Figure 5. Period analysis results obtained by using DCDFT+CIEANest (PSD) and the JV method, for the optical data in the present work, and the combined data of
the present data and the historic data, respectively. Red points labeled with names (PRi, i =1, 2,---, 6 and PRhi, i = 1, 2, 3) represent the CLEANest components.
Blue dashed lines represent 1 — FAP = 95%, which were calculated by using an ARI model of the noise.

Table 3
Period Analysis Results of Optical and Optical+Hist Data for the FSRQ 3C 454.3
Rh Tri (yr) Arn R Tg (yr) Ag 1 — FAP (95%)
Time:117.5 yr Time:11.3 yr
Pt 49.63 +4.93 2.01 +£0.18 >
Pris 3.04 £ 0.02 1.24 £0.12 P> 292 +0.17 2.07 £0.10 = >, >
Pry 1.66 £ 0.06 1.28 +£0.08 =
Prin 1.19 £0.03 1.22 £0.12 P, 1.20 £0.03 2.06 +0.10 >, >, >
Pre 0.53 +£0.01 1.17 £0.07 >
Pgs 0.47 £0.01 1.24 £0.07 =
Pgs 0.24 +£0.01 1.31 £0.08 >
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components was plotted (gray line).

respectively, have relative amplitudes of 1.17 +0.07 and
1.24 +0.07. The last one, Pgs, with a period of 0.24 +
0.01 yr, has a relative amplitude of 1.31 £ 0.08.

In the R band with “RA” data, only three CLEANest
components of the possible periodic signal were found, as the
historical data are very sparse and unevenly sampled (3.6% of
the data occupy 91.4% of the time span, 118.0 yr). The “Rh”
data are more suitable for detecting longer-period signals. The
DCDFT+CLEANest period diagram PSDy, is plotted in the
bottom panel of Figure 5, and the three CLEANest components
are marked with red dots and labeled with the name. The
Jurkevich period diagram JVp, is plotted in the panel just
above the PSDgy,, and troughs of JVg, and peaks of PSDg,, are
almost corresponding to each other. The parameters of the three
CLEANest components are also listed in Columns (1) and (2)
of Table 3. The first component, Pg,;, has a time period of
49.63 +4.93 yr, almost half of the time coverage of 117.5yr,
so it is hard to be seen as a cycle. The period of Pg,3 is
3.04 £0.02yr, which is close to the Pg, period of
2.92 +£0.17 yr, and the relative amplitude is 1.24 +0.12. The
period of Pgyy is 1.19 £ 0.03 yr, which is close to the Pg;
period of 1.20+£0.03yr, and the relative amplitude is
1.22 £0.12.

To test the confidence of the signal, we adopted the quantity
1 — FAP to indicate the probability that the data contain a
signal, where FAP is a false-alarm probability that gives a
quantitative criterion for a detection of a period signal as done
in Fan et al. (2007; see also Horne & Baliunas 1986). The
1 — FAP probability was obtained by using the Monte Carlo
method from an autoregressive integrated (ARI) red noise
model, and the model was produced by adopting parameters
obtained based on our data. The 1 — FAP of all six components
of “R” data and three components of “Rh” data are over 95%.

Finally, the period analysis results by using DCF for the R-
band data in the present work are plotted in Figure 6 (dark solid
line). And the DCF of the fitted light curve with the six

4
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Figure 6. Period analysis results by using DCF for the optical data in the present work (black solid line). The DCF of the fitted light curve with the six CLEANest

10

CLEANest components was plotted (gray line). The DCF
observed and the DCF fitted correspond to each other.

3.3. Wavelet Analysis

For a given periodic signal, the intensity given by the PSA
method can actually be considered as the time average of the
signal intensity at each observation time #. These kinds of
methods are very effective in detecting signals that persist and
have a stable period. However, some signals may only persist
for a period of time and not exist for the rest of the time, in
which case the strength of the signal given by PSD decreases.
There are also signals whose period may vary with time, and
the intensity of the signal is spread over a wide frequency
range, resulting in a significant reduction in the intensity of the
single-frequency signal. All of these signals are difficult to
detect using methods such as the PSA.

In order to detect periodic signals around a certain point in
time, more powerful analysis methods need to be introduced.
Wavelet transform analysis (Foster 1996) can decompose the
time series in frequency—time space and can look for local
periodicity in the data. It can detect periodic signals that exist
only part of the time, such as a quasi-periodic oscillation
(QPO), and can also detect signals whose period (frequency)
varies with time, such as a chirp. The data of an astronomical
light curve are generally unevenly sampled time series, and
traditional wavelet analysis methods are difficult to use for such
series. Foster (1996) proposed the weighted wavelet z-
transform analysis method (WWZ), which can be used in
unevenly sampled astronomical time series to search for
periodic signals for the possible existence of a local area.
The advantage of the wavelet method over the PSA method is
that it gives the frequency and intensity of the signal over the
local domain, but the disadvantage is that it reduces the
resolution of the signal over the frequency domain. Sarkar et al.
(2021) used WWZ to analyze light curves of 3C 454.3 in the ~
band and the optical band found a 47-day QPO signal.



THE ASTROPHYSICAL JOURNAL SUPPLEMENT SERIES, 253:10 (17pp), 2021 March

g 13
el
2
‘S
(=)
[
=
16
-10-
-15-
o
©
S
3 20
c
[
3
o
o
[T
[=2
o -25
,30.
,35.

2456000

2455000

2454000

J D (day)

Fan et al.

- \ | R
‘,“‘!’\.ﬁkdk JA"‘&¥5 .“;ﬁ.."

2457000 2458000 0 1 2 3 4

3300,3457] 1] @514, 26711 [ 172 . 1886] [ © 4311001 ] 0157, 0314
3143,3300] [l 2357, 2514 ] 1571, 1721 ] 07860 431 ] 0000, 0157)

282 .2 86] [l 2043 2200 [ (1257, 14141 ] 0471062

[T @ert.282 1 [ (1886, 2043 [ (1100, 1257 ] 0314, 0471)

Figure 7. Main panel: wavelet analysis results by using WWZ for the R-band optical data in the present work. The six Cleanest components were represented by white
horizontal dashed lines, with periods of 2.92, 1.66, 1.20, 0.53, 0.47, and 0.24 yr, respectively, from bottom to top. Three possible nonperiodic signals that exist in
partial time are indicated by red line segments. The corresponding region of a 47-day QPO that was found by Sarkar et al. (2021) in -ray and optical band is marked
by a gray line segments, and no corresponding signal was found, possibly because our data were sampled relatively sparsely and very unevenly in this region. Top
panel: corresponding R-band light curve observed by us. Right panel: PSD of our light curve.
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Kushwaha et al. (2020) also used WWZ for the 7-band light
curve of OJ 287 and found a ~314-day QPO.

We adopted the WWZ method (Foster 1996) to analyze our
“R” data. The results obtained with the WWZ analysis are
shown in the main panel of Figure 7, giving the color contour
plot of WWZ power as a function of time and frequency. The
corresponding light curves are given in the top panel of the
figure, and the corresponding PSDs are given in the right panel.
In the main panel of Figure 7, the six CLEANest components
obtained by the PSA method are represented by white
horizontal dashed lines, with periods of 2.92, 1.66, 1.20,
0.53, 0.47, and 0.24 yr, respectively, from bottom to top. Three
components with longer periods (2.92, 1.66, and 1.20 yr) have
greater intensities over the corresponding regions in the WWZ
map but are almost fused together in the frequency domain,
with periods and intensities that barely vary with time. The
stronger signals given in the WWZ map have the characteristics
of a chirp or QPO, as discussed in Section 4.4, and the
counterparts of them can be found in the PSD, but the
intensities are not very significant and the periods are shorter
(0.53, 0.47, and 0.24 yr). We did not obtain an obvious signal
similar to the 47-day QPO (marked by a gray line in the panel)
found in the ~-ray and optical bands by Sarkar et al. (2021).
This may be because our data is unevenly sampled and sparse
in this period.
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4. Discussion and Conclusions

Variability is a typical observation property of blazars and
has been seen across all the electromagnetic wave bands
(Sillanpdaa et al. 1988; Webb et al. 1988; Fan et al
1998, 2002, 2007, 2014; Abraham & Caproni 2003; Caproni
et al. 2004; Gu et al. 2006; Qian et al. 2007, 2014; Rani et al.
2010; Graham et al. 2015; Paliya et al. 2015; Xiong et al. 2017;
Kushwaha et al. 2018; Raiteri et al. 2018; Rieger 2019; Tam
et al. 2020). 3C 454.3 is one of the most variable quasars in all
the electromagnetic bands (Raiteri et al. 2011; Qian et al. 2014;
Gorshkov et al. 2018; Fan et al. 2019; Rajput et al. 2019;
Weaver et al. 2019; Das et al. 2020) and one of the
superluminal blazars (Britzen et al. 2013; Qian et al. 2014;
Xiao et al. 2019). Its light curves show signs of periods 0.83 yr
(Webb et al. 1988) to 12.4 yr (Su 2000) in optical bands and
1.2 yr (Gorshkov et al. 2018) to 13.6 yr (Fan et al. 2007) in the
radio bands (see also Ciaramella et al. 2004; Li et al. 2006;
Qian et al. 2007).

The present optical observations clearly show several optical
outbursts and some IDVs. Our observations indicate a maximum
amplitude variation of AR =3.825 mag (R =16.173 +0.006 to
R=12.348 +0.003), which is larger than the historically
maximum amplitude variation of Am =23 mag (Angel &
Stockman 1980) and the ~3.0 mag variation (Djorgovski et al.
2008), and is the largest variation detected in the source. In our
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monitoring, we also detected the largest variations over a 1-day
timescale for this source, namely, a magnitude brightness increase
of AR=0091 over lday (JD 2,457,701 Figure 3(k)) and a
AR = 1.38 mag brightness decrease over 1day (JD 2,457,564,
Figure 3(j)). Our detection of the variation over 1day is higher
than the variability of 0.5 mag by Lloyd (1984), who found that
variation is over a timescale of 1 day. Our detection of 0.437 mag
variation over 4.71 hr is similar to that by Lloyd (1984).

4.1. Intraday Variability

The IDVs shed some light on the emission size,
1< 88T g 1014(L)(Anb5)cm,
1 +z hr

1 +z
where 6 is a Doppler factor, AT, is the IDV timescale in
hours, and z is redshift.

Our monitoring results show clear IDVs as listed in Table 2.
From the C-test and F-test, the high significant variabilities
indicate that the variability timescales are in a range of
AT =4.1-285 minutes. The variability amplitudes are from
A=29% to 43.67%. Doppler factors were estimated for 3C
454.3: og = 11.0 (Padrielli 1983), g = 8.8 (Huang et al. 1999),
6r = 33.2 (Hovatta et al. 2009), 6gr = 32.9 (Savolainen et al.
2010), 6r =26.61 £2.97 (Liodakis et al. 2018), 6r =22.6
(Weaver et al. 2019), 6,=36.14 (Zhang et al. 2020), and
6r = 11.02 (Pei et al. 2020). When the known smallest and
largest Doppler factors, 6 = 8.8 and 36.14, are considered, then
the timescales suggest corresponding emission sizes of
1=(0.035-9.973) x 10" cm.

For a variability, we will compare the F-test values of the
target and the comparison stars with the critical values for the
corresponding N at 99% level (Fo9) and 99.9% level (Fgy o). If
F-test values are greater than Fyo o, then we take the variability
to be real; if F-test values are greater than Foo but less than
F5y9, then we take it as a possible variability; if F-test values
are less than Foo, then generally we do not take it as a
variability. However, for the cases of a few pairs of
observations, if the F-test values are less than Fgo, but if the
C-values are greater than 2.576, then we think that such a
variability should be confirmed with more observations.

On JD 2,454,467, there are eight points that indicate
F§y < Fi5 < Fgy9, where F is the F-test value from the target
and comparison star (O — S;), and F, is the F-test value from
the target and comparison star (O — S,), so we take it as a
possible IDV. Similar situations happen on JD 2,455,577, JD
2,455,961, JD 2,456,090, and JD 2,457,564. Their corresp-
onding variability amplitudes on those 5 days are in a range of
A=501% to 15.90%, with their timescales being from
AT=06.0 to 16.24 minutes as listed in Columns (12) and
(13) and indicated as “P” in Column (14) of Table 2.

On JD 2,455,582, the three points give Fj, < Fg, and the
corresponding C-values are C; =6.65 and C,=7.63. This
variability should be confirmed with more observations since
we here have only three points. Similar situations appear on JD
2,455,733, JD 2,456,090, and JD 2,457,731. On JD 2,455,733,
it dimmed from R=15.625 to R=15.649, indicating a
variability of A =3.57% over 2 minutes, and the corresponding
C- and F-test values are C; = 10.69, C, =11.69, F|, =114.22,
and F, =136.6, respectively. But there are only two sets of
observations, and the critical values are Fg9=4063 and
Fy99=20000; if this variability is true, then it is the fastest
optical variability for this source.
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Figure 8. Plot of timescale against the variability amplitude for the IDV
variability. The line stands for a best linear regression fitting result. The two
points in the lower right corner are not included in the linear fitting.

On JD 2,454,431, the source shows a flare with a brightness
variability of 0.1 mag over 3 minutes (Figure 2(d)). This
variability is the only one case in our monitoring period, and
we do not have observations in other bands, so its reality
should be confirmed using more observations.

On JD 2,456,090, its brightness decreases by 9.77% over 6
minutes (C; =6.87 and C, =5.9, F; =52.57 and F, = 37.86,
AR =0.092 mag = 15.520) and then increases by 10.34% over
4 minutes (C; =9.85 and C, =8.9, F; =96.98 and F, =79.3,
AR = —0.098 = 16.60). Although the F-value is less than the
critical F-value, the C-test and the variability amplitude ratio
suggest a real variability, and the variability over 4 minutes
should also be confirmed with more observations.

During the 2016 June peak, our observations show a
brightness increase from R = 14.886 to R=13.016 over 12
days, corresponding to a flux increase by a factor of 5.6 over 12
days and then a precipitous decrease to R = 14.393 over 1 day,
corresponding to a decay by a factor of 3.6 (see Figure 3(j)).
Weaver et al. (2019) found a simultaneous optical and y-ray
variability during the 2016 June outburst with a brightness slow
growth and a precipitous decrease by a factor of 4 over 24 hr.
The variability from our observations is consistent with that by
Weaver et al. (2019).

For the available variability amplitude and the corresponding
timescale, if we plot the amplitude against the timescale, we
can find a tendency for the variability amplitude to increase
with the IDV timescale, A = (0.06 £ 0.01)AT + 9.33 £ 0.95,
with a correlation coefficient r = 0.66 and a chance probability
of p=2.5x10"° When the two points in the lower right
corner are excluded, a better linear regression result of

A = (0.08 £ 0.01)AT + 8.66 £ 0.99

with r=0.82 and p =2.41 x 10~ '° can be obtained as shown
in Figure 8.

For available variability timescales and the corresponding
luminosity calculated from the magnitude, we plotted the
logarithm of timescale against the logarithm of luminosity and
found that most of the points do not obey the Elliot—Shapiro
relation (1974); see Figure 9. The deviation is perhaps from the
beaming effect. As mentioned above, the Doppler factors
estimated for 3C 454.3 are in the range of 6 = 8.8-36.14.
When the Doppler factors, 6 = 8.8 — 36.14, are used to get the
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Figure 9. Plot of timescale against the optical luminosity for the IDV variability. The line stands for the Elliot—Shapiro relation.

intrinsic luminosity L™ = L°®/§*"* (here o= 1.0 is adopted;
5

Donato et al. 2001) and intrinsic timescale Af® = Az°P )

we found that the intrinsic data obey the Elliot—Shapiro
relation, suggesting that the beaming effect is important.

4.2. Magnetic Field Strength

The intrinsic timescale of a burst was used to estimate the
strength of the magnetic field in the jet. For shock-in-jet models
of blazar variability (Marscher & Gear 1985), the shock
energizes the relativistic electrons that enter the emitting
region, and then the synchrotron and inverse Compton radiative
losses will constrain the extent of the emission region.
Following the work by Weaver et al. (2019), we know that
in the electron energy-loss equation the total loss rate can be
obtained by summing both the energy density due to the
relativistic particles and the magnetic field, which are
proportional to the inverse Compton and synchrotron peaks,
respectively. If the ratio of the inverse Compton to the

synchrotron luminosity is A, then up, + 5 can be rewritten as

a1+ )\)— Then, the observed lifetime AT (hr) of electrons
emitting at a frequency v (GHz) is associated with the magnetic
field strength B (G). Thus, one can estimate the magnetic field
strength B as

B~ 235 % 10? (i)(lJr)\)( v )(ATobs)2 71/3G
T 10MN\1+z)\1GHz ) 1 hr ’

where z is the redshift.

As discussed above, 3C 454.3 shows IDVs with variability
amplitude in R band being in the range of A =2.9%-43.67%.
The timescales for the variability amplitude to be higher than
23.28% (the median value of 2.9%-43.67%) are AT =283.6

13

minutes (A =43.67%), AT =154 minutes (A =25.0%), and
AT =285.6 minutes (A =33.20%); see Table 2. From Fan
et al. (2016), one can find that the 7-ray and the peak
synchrotron luminosities of 3C 4543are log L,=

47.49ergs™" and log L,=46.71erg s, respectively, which
implies that A = % ~ i— = 6.02. This value is quite similar to

p

the ratio of ~5 of the inverse Compton (y-ray) to synchrotron
luminosity (Jorstad et al. 2013). When 6 ~ 22.5 and A ~ 6 (Fan
et al. 2016) are adopted, the frequency at R band is
v=4.69 x 10°GHz, and then the estimated magnetic field
strengths are B=0.53 G for the ~280-minute timescale and
B=0.79 G for the 154-minute timescale. If the minimum
timescale of AT, =4.1 minutes is taken into account, then
B =11.5 G can be obtained. When the obtained minimum and
maximum values of Doppler factor, 6 = 8.8 and 6 = 36.14, are
taken into account, the corresponding magnetic field strength B
values are B|5:8.8 = 1.367B|5:22'5 and 3‘5:36.14 = 0.854B|522_5.

When we considered the peak cases with variation amplitude
AR > 1.0mag and timescale being ~1day, there are two
peaks: AR ~ 1.38 mag over 1day on the JD 2,457,564 peak
(Figure 3(j)), and AR~ 1.02mag over 1day on the JD
2,457,701 peak (Figure 3(k)). When the above parameters
(6~22.5, \=6, v=4.69 x 10° GHz, and AT, =1 day) are
adopted, one can get B=0.18 G.

Our estimation of the magnetic field strengths B =0.18, 0.53,
and 0.79 G is consistent with the field strength for blazars and
3C 454.3 from the literature: for blazars, B=0.15 G by Zheng
et al. (2019), and for 3C 454.3, B=0.6 G by Hunger & Reimer
(2016), B=0.76 G by Chen (2018), B=1.0 G by Weaver et al.
(2019), and B=1.5 G by Diltz & Bottcher (2016). But our
estimation of magnetic field strength B=11.5 G based on the
4.1 minutes is larger than those in the literature.
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4.3. Periodicity

Periodical variability is common in active galactic nuclei.
The long-term periodical variability with a timescale of years is
perhaps from the binary black hole system (Sillanpii et al.
1988; Fan et al. 1998, 2002, 2007; Abraham & Caproni 2003;
Caproni et al. 2004; Qian et al. 2007, 2014; Valtonen et al.
2008; Rieger 2019; and references therein). As a potential
binary black hole, 3C 454.3 was studied for periods in its light
curves. From period analyses, Webb et al. (1988) obtained
three (weak) periods: 6.4, 2.97, and 0.8 yr in its optical B light
curves during the period 1971-1985, while in the radio bands,
periods of ~6.0-6.5 yr were reported by Ciaramella et al.
(2004), ~12-13 yr by Qian et al. (2007), and from 4.6 0.1 yr
to 13.6 = 1.1 yr by Fan et al. (2007).

The period of 12.8 yr in the radio bands for 3C 454.3 was
explained by the lighthouse model with two jets from two black
holes in a binary system (Qian et al. 2007), and the jet
procession scenario was also used to explain the superluminal
motions in the source (Qian et al. 2014). In blazars, the
proposed precession was inferred from periodic boosting of the
continuum emissions (e.g., Abraham 2000; Caproni &
Abraham 2004; Caproni et al. 2004).

In the present work, the periodicity analysis methods are
adopted to our own observations (R) and the combination of
historic data and our own observations (Rh). We found various
periods in the light curves: pgy; =49.63 +4.93 yr; priz =3.04 +
0.02yr and pr, = 2.92+0.17 yr; Pry=1.6610.06 yr; pri>
= 1.19£0.03 yr and pg; = 1.20 & 0.03 yr. Hence, we can say that
there are three long-term periods of (p)=2.92+0.17yr,
(p)=1.66+£0.06yr, and (p)=120+0.03yr. The 49.63yr
period should be confirmed with more data in the future. There
are signs of pr3 =024 £001yr, prs=047+0.01yr, and
Pre=053+001lyr in our dense monitoring. Our 0.24yr
(68 £ 4 days) period is similar to the 65-day period claimed for
3C 66A by Lainela et al. (1999) and the 47-day QPO found for 3C
4543 by Sarkar et al. (2021). They should have the same
variability mechanism, or the two sources show similar phenomena
by chance.

For the JD 2,454,502 peak, it consists of three peaks, with
the corresponding intervals between any two neighbor peaks
being ~33 days as shown in Figure 3(c). Does that mean that
there is a period of ~33 days during the flare state? We cannot
give a definite answer since our observations are scarce for the
peak. The WWZ map revealed that there are possible 50- and
25-day signals in the corresponding region near the JD
2,454,502 peak. It will be interesting to monitor the source
when it is in a flare state. Therefore, our analysis indicates
possible periods of 0.24, 0.47, and 0.53 yr.

However, the 12.8 yr period in radio band (Qian et al. 2007)
is not observed in the present optical light curve. The reasons
are perhaps from the facts that (1) the range of the optical
variability amplitude is usually small and (2) the radio
outbursts are usually associated with small optical flares and
vice versa as discussed by Qian et al. (2007). That phenomenon
is similar to the observations detected in optical and radio
bands for some sources, for which when an optical burst was
detected the corresponding radio band was in lower states (e.g.,
0J 287, CTA 102).

For OJ 287, during its optical outburst in 1994 November the
observed radio flux was very low (Pursimo et al. 2000). It is
possible that the helical jets have different viewing angles with
the line of sight in different bands, resulting in different
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boosting factors as proposed for the multiwavelength observa-
tion light curves in CTA 102 by Ratieri et al. (2018), who
observed a rapid large-amplitude variation in the optical R
band, but the variation at 37 GHz is small. Actually, the
significant changes in the morphological and kinematic
properties of the parsec-scale jet in 3C 454.3 were also
explained geometrically because of a change in the angle to the
line of sight toward the observer assuming a helical structure of
the jet (Britzen et al. 2013). Therefore, for some sources, there
are different periods in the optical and radio band light curves.

4.4. Nonperiodicity

As we know, for the first time, we found a signal with high
WWZ power by using WWZ analysis on our R-band light
curve of 3C454.3, and it is obviously related to the JD
2,454,302 peak and lasted the entire time span (11.3 yr). The
period of this signal is 172 + 28 days at the beginning of our
observation on JD 2,454,025, increasing to 263 £+ 11 days at
the final observational moment on JD 2,458,164. In the PSD
analysis, the signal corresponds to the period range inside
which there are two CLEANest components, signifying strong
global periodic signals, Pgrs=172+4 days (0.47 yr) and
Pre =194 £ 4 days (0.53 yr); the PSD analysis only gives a
weaker power at the period of 263 days. A signal in which the
frequency is variable with time is called chirp, a signal in which
the frequency increases with time is called up-chirp, and a
signal in which the frequency decreases with time is called
down-chirp. The logarithmic of the frequency of the signal
continual linear decreases on the WWZ map, which means that
the signal’s property is very much like an exponential down-
chirp. Meanwhile, the intensity of this signal also decreases
with time.

The signal with variable frequency and intensity is defined as

I(r) = A(1)sin (¢ (1)),

where A(f) signifies the amplitude and ¢(¢) is the phase. Then,
the frequencys, f; is defined as the phase rate as given by the first
derivative of phase:

1 do
2 dr

In an exponential chirp, the frequency f () varies exponentially
as a function of time:

f@ =

f@) =fe",

where fj is the starting frequency (at # =0) and k is the rate of
exponential change in frequency. f, and k can be obtained by a
linear fit to the logarithm of frequency and time on the WWZ
map, fy= 172428 days and k=(—1.9+0.9) x 10> day .
This signal is like a possible very low frequency down-chirp
with a sustained exponential decrease in frequency over a
period of about 11 yr.

The second signal with a starting frequency logf, =
—1.99 4+ 0.03 day~!, which is obviously related to the JD
2,455,521 peak, has a corresponding period of 99 48 days.
The frequency remains almost constant from start to JD
2,455,521, followed by a small decrease to end with logf, =
—2.05 & 0.02 day~! (the period is 111 &4 days).

There is a possible third signal that starts from JD 2,455,000
and ends on JD 2,456,470 with a period 68 £ 4 days, which is
also related to the JD 2,455,521 peak. And there are some
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signals with much shorter periodicities that are associated with
this peak.

Sarkar et al. (2021) reported that they found a simultaneous
QPO in v-ray and optical light curves of the blazar 3C 454.3,
which lasted for over 450 days (from JD 2,456,800 to JD
2,457,250). There is only some very weak intensity in the
frequency and time range of our data corresponding to this
QPO. This should be because the resolution of our data is not
dense and even enough to sample in the corresponding range of
time. However, there are some ~50-day signals in the region
corresponding to JD 2,454,302 peak and JD 2,455,521 peak in
our WWZ map. Sarkar et al. (2021) conclude that the 47-day
QPO that is most likely to originate from the scenario involves
aregion of enhanced emission moving helically inside a curved
jet. We think that these signals may be related to shock waves
in the jet.

4.5. Binary Black Hole System

As mentioned by Qian et al. (2007), the mechanisms of the
optical outbursts are divided into two classes, namely, accretion
models and lighthouse models. In the accretion models,
the optical periodicity is caused by a precessing supermassive
binary black hole system. When the secondary black
hole passes through the accretion disk of the primary black
hole, the accretion ratio increases to cause the optical flare, and
the orbit period is the interval of the two optical flares. In this
case, Doppler boosting is not being considered. However, in
the lighthouse model, the periodic optical flares are proposed to
be caused by the viewing angle, resulting in an increase of
Doppler factor and finally resulting in an increase of observed
optical flux density. The optical flares are caused purely by the
Doppler boosting variation without considering the change in
the accretion rate and the mass-energy transfer into the jet; see
Qian et al. (2007) for details. Here, we consider both the
accretion model and lighthouse model.

Accretion Model: In this model, a binary black hole model
was proposed to explain such a period (Sillanpéi et al. 1988;
Valtonen et al. 2008). For a binary black hole system, the
Kepler motion gives (Fan et al. 2014; see also Caproni &
Abraham 2004)

,  4n*(a + b)? ©)
O GMAm)

where p is the orbit period, a and b are the semiaxes, G is the
gravitational constant, and M and m are the masses of the
primary and the secondary black holes,
~1/2
P~ 1.72M8—‘/2r136/2(1 + ﬂ) "y, @
M

where Mg is the mass of the primary black hole in units of
108M® and r1g = a + b is in units of 10'® cm. The binary black
hole system is a gravitation wave candidate, in the binary black
hole system, when the r;q is small enough, and then the two
binary black holes will merge to produce a strong gravitation
wave. From observation, the period found in the light curve can
be taken as the orbit period of the binary system. In this case,

from the detected period in the light curve, one can estimate r¢

when the total masses and the mass ratio are known.
For 3C 345, Caproni & Abraham (2004) proposed that the
primary and the secondary black hole masses of the binary system
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Table 4
Parameters for the Model
Parameter Value
T 20
Tobs 3.04 yr
Wy 3°
Uy 10°
oy 0°
¢z 105°
i 4270
w 27/ Tobs
for 0.15 x 107
fin 0.50 x 1072
Quiescent level 0.50 mJy

are 4 x 10°M, <M, <5x10°M, and 3 x 10°M,, <M, <
4 x 10°M,,, respectively. It suggests that M, ~M, For 3C
454.3, if we assumed mg~ Mg, as done by Qian et al. (2007),
and adopted the averaged value of Mg=11.7 from Mg~ 14.79
(Woo & Urry 2002) and M =8.5 x 108M., (Nalewajko et al.
2019), then we can get g =2.77 cm.

Lighthouse Model: In the work by Qian et al. (2007), they
proposed to explain the periodicity in the frame of a binary
black hole model with two jets from the two black holes
rotating with a period of the orbital motion, and they obtained
the viewing angles (6, and 6,) of the two jets to vary with time
as

sin6,(t) = sin; cos(wt + ¢,)sini + coscosi,

®)
€))

where ¢ and ¢, are azimuth angles on the orbital plane. It is
assumed that at =0 the observer and component-1 are at the
same azimuth angle (¢; =0) on the orbital plane and
component-2 at ¢,°. Hence, one can get the Doppler factors
(6; and 6,) and the flux densities (f; and f>) of the two jets

&1(1) = [L(1 — Breos O], 62() = [I(1 — Bacos )] !,
(10)

L@ =£68 @) = £, 65. (11)

When the parameters in Table 4 are adopted to f(¢) and f>(?),
and we let the quiescent level be 0.5 mly, () =f1(t) + f>() +
0.5 is shown with a solid curve in Figure 10.

In our fitting, we adopted the lighthouse model used in the
work (Qian et al. 2007, 2014). The Lorentz factor is the same
as that in their work. From Figure 10, we can see that the fitting
is good for most peaks.

sin 0, (t) = sin, cos(wt + ¢,)sini + cos 1), cosi,

4.6. Conclusions

In this paper, we show 8523 pairs of R-band photometry
observations for 3C 454.3; based on the data, we discuss the
IDVs and periodicity analysis and come to following
conclusions:

1. During our monitoring period of 2006 October—2018
February, we detected 10 outbursts, a large-amplitude
variation of AR = 3.825 mag, and some IDVs. For those
IDVs, the variability amplitudes are from A =2.9% to
43.67% and variability timescales are from AT =4.1
to AT =285 minutes. We also found two possible
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Figure 10. Observational light curve (filled points) and the theoretical light
curve from the lighthouse model (solid curve) for 3C 454.3.

variabilities over 2 minutes and 3 minutes, respectively,
but they should be confirmed with more observations. It
is also found that the variability amplitude increases with
the IDV timescale.

2. We detected the largest variation over a 1-day timescale
for this source, namely, a magnitude brightness increase
of AR=-091 over lday (JD 2,457,701) and a
AR =1.38 mag brightness decrease over 1day (JD
2,457,564). Our result on JD 2,457,564 is consistent
with that by Weaver et al. (2019).

3. From the IDV timescales, we estimated the emission size
to be 8.9 x 10"* cm to 6.20 x 10" cm. In addition, the
timescales with variability amplitude higher than 23% are
used to estimate the magnetic field strength (B), and
B =0.18-0.79 G is obtained.

4. For IDVs, the observed timescale and the corresponding
luminosity do not obey the Elliot—Shapiro relation, but
the intrinsic data (debeamed data) obey the relation.

5. Periodicity analyses show that there are three long-term
periods: p=3.04+0.02yr, p=1.66+0.06yr, and p=
1.19+0.03yr in the optical light curve. In addition,
we also found some possible ~25-, ~33-, and ~50-day
periods, which should be confirmed with more observa-
tions. We adopted the accretion disk model and the
lighthouse model to the derived period, p = 3.04 £ 0.02 yr:
in the accretion disk models, there is a binary black hole
with the primary and the secondary black holes having the
same black hole masses, M = 1.17 x 109M®, and the semi-
axis of the orbit is 2.77 x 10'® cm; in the lighthouse
models, there are two jets with the Lorentz factors being
I' = 20, the azimuth angles being ¢; = 0° and ¢, = 105°,
and we used the two boosted jet flux densities to fit the
observed light curve.

6. WWZ analysis gives some short-period (high-frequency)
signals associated with strong bursts with variable
frequencies and lasting for the entire observation
time span.
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s

In the published article, due to our typing mistake, Equations (8) and (9) were incorrect. We wish to correct the definition as
follows:

cos (1) = sin; cos(wt + ¢,)sini + coscosi, ®)
€08 0, (1) = sin ), cos(wt + ¢,)sini + cosy, cosi )

where 6, and 6, are the viewing angles of the two jets. Equations (8) and (9) here are identical to the expressions in Equations (1) and
(2) in Qian et al. (2007).

This correction does not have any effect on our final results, since this error only occurred during typing. Both equations used in
our corresponding calculations are correct.
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