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Abstract We here report a monitor of the BL Lac object 1ES 1218+304 ithh i$ and R-bands by the
GWAC-F60A telescope in eight nights, when it was triggerebd at its highest X-ray flux in history by the
VERITAS Observatory an8wiftfollow-ups. Both ANOVA andy?-test enable us to clearly reveal an intra-
day variability in optical wavelengths in seven out of thghginights. A bluer-when-brighter chromatic
relationship has been clearly identified in five out of theheigights, which can be well explained by the
shock-in-jet model. In addition, a quasi-periodic ostitia phenomenon in both bands could be tentatively
identified in the first night. A positive delay between the tvemds has been revealed in three out of the eight
nights, and a negative one in the other nights. The identifimmum time delay enables us to estimate the
Mgy = 2.8 x 107 My, that is invalid.

Key words: BL Lacertae objects: general — BL Lacertae objects: indigl{1ES1218+304) — galaxies:
active — method: statistical

1 INTRODUCTION magnetic field. The high-frequency one from X-ray+to

ray is believed to be contributed from the emission of
Blazars are the most extreme subclass of active galactisverse Compton scattering of the low-frequency photons
nuclei (AGNSs) with a relativistic jet oriented at a small (€.9., Ulrich etal. 1997 Bottcher 2007 Dermer et al.
single towards an observer. The jet is believed to be ger2009 Zhang et al. 2010 According to the peak frequency
erated by extracting the rotation energy of the central suof the low-frequency bump, BL Lac can be classified into
permassive black hole (SMBH) through either Blandford-three groups, namely low-, intermediate-, high-frequency
Znajek (BZ) mechanismBlandford & Znajek 197y or ~ peak sources (LBL, IBL and HBL).
Blandford-Payne (BP) mechanisnBléndford & Payne

: . A Iti- I h itor i ful tool f
1983. Because of the jet beaming effect, blazars aremvestimz;:i:]I V\fc?\\ée erggtertir(re]: r(])llf?fzelss aatri)gl\llvetrj:retsoo?\mgr'
characterized by large amplitude and rapid variabili- gating brop b y :

ty at all wavelengths, high and variable polarization observed in blazars (e.gsambruna 20qMarscher et al
Y . >1engins, nig RS .~.'2008 Singhetal. 2015Liao et al. 2013 For instance,
superluminal jet speeds, and compact radio emissi

op, T ; L
) e shortest variability timescale is useful for constiragn

(Angel & Stockman 198,0Urry&_Padovan| 199p There .the size and location of the emitting region. The long-
are two types of blazars: one is the flat-spectrum radlti

) erm correlated variability between low and high ener
quasar (FSRQ), and another is the BL Lacerate (BL Lac missions observed fron): blazars generall SS orts %e
object. The BL Lac object has a lack of strong emissio 9 Y Supp

lines in its spectrum and has strong variability on differenqeptomc model fgr the ]et_ (e_.g.,Zhang et aI_. 2010
timescales, from years down to minut®o6n et al. 2000 2019, .although this conc!usmn is argued a.gamst by the
detection of the TeV neutrino events (egadrigues et al.
There are two bumps in the spectral energy distribu2018 Singh & Meintjes 202Q Previous studies indicate
tions (SED) of a blazar. The low-frequency bump, whichsophisticated spectral variability behavior of blazars,
peaks at from radio to UV/X-ray, is produced by thewhich depends on variation modes and time scales (e.g.,
synchrotron emission from the relativistic electrons ia th Ulrich et al. 1997 Bottcher 2007Meng et al. 2018 Both
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bluer-when-brighter (BWB) and redder-when-brighterat the Cassegrian focus with a focal ratiofgR. The field-
(RWB) chromatisms are, in fact, detected in blazars (e.g9f-view of the telescope is 19 arc minutes.

Vagnetti et al. 2003 Bonning et al. 2012 Bottcher et al. The standard Johnson-Bessé&l} and R-bands are
2009 Wu et al. 2012 used in our monitor. The exposure time is 120 s in
We here report an optical monitor for BL hoth bands. The typical seeing 2 — 3” during our
Lac object 1ES1218+304 (R.A.=121"21.94%,  gpservations. In total, we obtained 367 and 371 images in

DEC=+30°10'37.1”, J2000.0) in multi-bands in January the r- and B-bands in the eight nights, respectively.
2019, when the object was spotted in a flare in very-

) A dedicated pipeline is developed by us to reduce the
high-energy (VHE > 100 GeV) y-ray by the VERITAS

i h sis of th raw data by following the standard routine in the IRAF
Observatory (e.g.Mirzoyan 2019. The analysis of the package, including bias subsection, flat-field correction

S_wiftr_eveals_that the X-_ray Fqu_ of the source Is also in dand subsequent aperture photometry. In the pipeline, the
historical flaring state with the highest flux in the range Ofreadout noise and gain of each image are determined by

i —10 -2 o1
2-10kev reachlngtfbl.é.§3i0.1_4) X107 Tergem™ s™°iqing thefindgain task. In order to take into account
on 2019-01-06T01:31:32 which is a factor of 5 UMeSihe effect due to variable seeing, the aperture radius

higher thqn the average flux in our ar_1alysis period (€.9.,04 the corresponding radius of the sky annuli are
Ramazgm etal. 2039_1ES 1218+304 Is a TeV-det_ected determined from a measurement of point-spread-functions
HBL object at a redshift ,Oi = 0.182 that was determined of the bright field stars for each frame. Because there
by the spect_ro;copy of its host gala@a(de_ etal. 1998 is a close star next to the target, in order to avoid the
Its VHE emission above 120 Qev was first detecteq BYontamination caused by the star, we adopt a relatively
the MAGIC (Major Atm_osphenc Gamma ray Imaging g photometric aperture df.2xFWHM, and a large

Cherenkov) telescope in 200%Albertetal. 2008 In __.inner radius of sky annuli df x FWHM for both the target

May 2006, 1ES 121,8+304 was the targgt of HESS_ (High g reference star. After standard aperture photometry,
Energy Stereo_scop|c_ Syste_m) observa_no_n campaign ar}ﬂ)solute photometric calibration is carried out based
these observations did notylelq any statistically &ggrﬁc upon two nearby comparison stars whose magnitudes
3|gnal from the sou_rcgﬁ@qronlan et a_l' 2_008 The first in the Johnson-Cousins system are transformed from
evidence for the variability in VHE emission was detecte he SDSS Data Release 14 catalog through the Lupton

by the VER_ITAS Observa.tory during the high agtivity of (2005) transformation. Thesluncertainty in brightness is
the source in 2009Acciari et al. 2019. The Fermi-LAT typically below 0.02 mag in both bands.

(Large Area Telescope) reported this source is one of the
blazars with hardest spectrum above 0.1 GA¥efo et al.
2015 Ajello et al. 2017 Nolan et al. 201p

The organization of this paper is as follows. Sectton
presents the multi-bands monitors and data reductionfpe resulted light curves in botB— and R—bands are
The extracted light curves and analysis are describegsplayed in the upper panel of Figute At first glance,

in Sections3 and 4, respectively. A brief discussion is gne can clearly see an intra-day variability (IDV) for both
presented in Sectiob. Section6 presents the conclusion light curves, although the object has a lack of evident

3 RESULTS AND ANALYSIS

and discussion about the analysis of light curve. long-term (i.e., days) variability during our monitors. In
JD2458491, there is a possible quasi-period oscillation
2 OBSERVATION AND DATA REDUCTION in both bands, which has been reported occasionally

in previous in other objectsPpon et al. 2009Wu et al.
On 2019 January 3, 4 and 5, the VE_RITAS Observatorgéooa’ although a quantified conclusion is failed because
found that 1E51218+304 has a fiare in VHE Gamma-rayof the short sampling duration. The light curve of the first

As foIIows,.the source was obsgrved Swiftfor the ne?<t is shown in Figure® for visibility.
4 days, which shows that there is no sign of the decline of

flux. So, the source was continually observed in Svaft
mode until January 14.

At the same time, we monitored the object n multi- Two statistical methods, &2-test and an ANOVA test
bands by using the GWAC-F60A telescope at Xmglong(de Diego 2010 de Diego etal. 1998 are adopted to

Observatory of National Astronomical Observatories, . ) .

Chinese A)éademy of Sciences (NAOC) during 2019conf|rm and study the IDVs in the light curves. In thé-
January 7 to 14. The telescope with a diameter of 60cm
is founded by Guangxi University, and operated jointly by * IRAF is distributed by the National Optical Astronomical
NAOC and Guangxi University The telescope is equippe bservatories, which are operated by the Association of/ysities

i ) or Research in Astronomy, Inc., under cooperative agreémih the
with an1024 x 1024 iXon Utra 888 of EMCCD mounted National Science Foundation.

3.1 Variability Test
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Fig. 1 Light curves of the object i andR bands.

R ‘ ‘ ‘ ‘ Table 2 Fit Coefficient
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Fig. 2 A possible QPO in the light curves in bathand R the calculated(? is larger than the corresponding critical
bands on JD2458491. value that is obtained from the standarddistribution.

In the ANVOA test, we first divide the daily data into
Table 1 Results of ANOVA Test andy*-test of Light % groups each with data points. The inter-grougsSr)

Curves in Each Band for Each Day and intra-group§ S¢) deviations can then be calculated as
JD  Band N x2-test ANOVA test k Eny
F CV Var? F CV Var? SSa=> (wi-1*SSm=>_> Wi;-7)°, 2
€)) 2 B @G 6 6 O ©6 O = e

2458491 B 60 758 871 N 46 35 Y
2458491 R 61 1347 883 Y 39 35 Y where y; andy are the mean values of thgh group
2458492 49 1902 736 ¥ 108 43 ¥ and the whole data, respectively. Afrvalue is therefore
2458492 R 50 201.7 749 Y 261 43 Y _ » resp Y-
2458493 B 62 3049 896 Y 51 35 Y determined through
2458493 R 60 309.2 872 Y 136 35 Y
2458494 B 40 2083 624 Y 90 51 Y SSa/(k—1)
2458494 R 40 299.3 624 Y 210 51 Y F= S9N R (©)]
2458495 B 50 262.4 749 Y 231 43 Y r/(N — k)
2458495 R 50 4418 749 Y 201 43 Y . . : . .
2458496 B 41 1002 637 Y 19 51 N Again, a positive detection of an IDV is returned if the
2458496 R 38 925 599 Y 85 51 VY calculatedr'-value is larger than the corresponding critical
2458497 B 50 97.0 749 Y 130 43 Y one
2458497 R 48 2105 724 Y 224 43 Y : )
2458498 B 19 258 348 Y 63 140 N The results of both tests are presented in Tableor
2458498 R 20 1119 362 Y 06 140 N

both tests, a positive detection of IDV is denoted by Y,
and a negative detection by N (Columns (6) and (9)). In
test, the value of? is determined for each day as follows: conclusion, the consistence of the two tests enables us to
o confirm a positive detection of IDV in both bands in five
V2= (Vi-V)? ) nights, and a negative detectionfittband in JD2458496.

o? ’ We refer the readers t8ingh & Meintjes (2020 for a

discussion of the reasons why the two tests may be

where V; is the magnitude of theth image, o; the gifferent, and of the advantage and drawback of each test.
corresponding error, ant the mean magnitude of all
N images. A scaling factor of 1.5 is used to estimate4 RELATION OF COLOR AND MAGNITUDE
o,; from the photometric error reported by the IRAF/phot
task, because the error is found to be underestimated byFRigure3 displays the relationship between tBe- R color
factor of 1.3 to 1.75 by the phot taske@pta et al. 2008 andR—band brightness for each day. Taking into account
Agarwal & Gupta 201h An IDV is positively detected if of the potential time delay betweds and R—band light
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Table 3 Result of the Peak of ZDCF and Time Lags sampled light curvesHdelson et al. 1996Giveon et al.
1999 Roy et al. 200D The ZDCF corrects several biases

JD Passands ZDCF-ML . . .
ZDCFyeak Lag (day) of the discrete correlation function method proposed
1) &) 3 4 by Edelson & Krolik (1988 by using equal population
2458491 B -R 0.71 —0.001F5:55% binning and Fisher's-transform.Alexander(2013 uses
2458492 B - R 0.52 0.007+9015 ZDCF to 1) uncover a correlation between AGN'’s
oa58493 B R 0.63 0 004%:014 magnitude and variability time scale in a small simulated
’ 0002 sample of very sparse and irregularly sampled light curves
2458494 B -R 0.85 0.00619:06¢ through auto-correlation function; and 2) estimate the
2458495 B -—R 0.88 < 0.0011-058 time-lag between two light curves from a maximum
2458496 B - R 0.52 0,007 4007 Iikelihood function for thg ZDCF peak location. _
‘ Figure 4 shows the intre-band ZDCF for the optical
2458497 B -R 0.83 —0.00375-592

light curves. We use maximum likelihood (ML) estimation
(Alexander 201Bto determine the peak of ZDCF, then
curves, we calculate th® — R colors after re-sampling get the time lags. The results of the ML estimation are
the B and R—band light curves with the same time tabulated in Tabl@®, where Column (1) is the Julian date,
sampling by binning the light curves. To quantify the Column (3) is the peak of ZDCF and Column (4) is the
relationships, we perform a linear fitting to the observedime lags and the corresponding ML interval. The results
data and calculate the corresponding Pearson correlatighow a positive lag in three nights, and a negative lag in
coecffientsr. The resulted slopes; and result of color three nights. In JD2458495, there is no lag, because the
behavior are listed in the Columns (2), (3) and (4) invalue is less than one minute.
Table2, respectively.
BWB chromatism can be cIearIy identified from the 6 CONCLUSION AND DISCUSSION
second night to the sixth night. However, the variations are
achromatic in the other nights. We monitored the BL Lac object 1ES 1218+304 from
On the one hand, BWB chromatism on short timescal®019 January 7 to 14 ii- and R-bands, after the target
has been frequently revealed in blazars in an active awas triggered by a VHE gamma-ray flare detected by the
flaring state \Wu et al. 200§, which is consistent with the VERITAS Observatory on 2019 January 3, 4 and 5. The
shock-in-jet modelDai et al. 201%. In the model, when Swift follow-ups indicates the object has the highest X-
the jet strikes a region of high electron population as theay flux in history without clear decreasing. Both ANVOA
shock propagates down, radiations at different frequencieand?-test enable us to clearly reveal an IDV in optical in
are produced at different distances behind the shockseven out of the eight nights.
High-frequency photons from synchrotron mechanisms A BWB chromatic relationship has been identified in
typically emerge sooner and closer to the shock fronfive out of the eight nights, and achromatic variation in
than the low-frequency photons do, thus causing coloother nights. The BWB behavior is usually observed in BL
variations Agarwal & Gupta 201h On the other hand, Lac objects, which can usually be explained with shock-
we argue that the observed achromatic variation is harih-jet models Zhang et al. 2016 More theoretical studies
to be understood because of the lack of quasi-periodiare needed to understand the lack of periodic phenomenon
oscillation (QPO), based on the models proposed ifn the observed achromatic variation, although several

literature. Please see Section 6 for more details. mechanisms have been in fact proposed to explain
achromatic variation, such as the lighthouse effect,
5 CROSS-CORRELATION AND TIME LAGS geometrical effects and gravitational microlensing effec

Achromatic variation is probably caused by the lighthouse
Diverse methods have been developed to analyze timeffect in the shock-in-jet modeCamenzind et al. 1992
delays between light curves in different wavelengths. Thevhen enhanced particles move relativistically towards
methods include the discrete correlation function (DCF)an observer on helical trajectories in the jet, flares will
method Edelson & Krolik 1988, the interpolated cross- be produced by the sweeping beam whose direction
correlation function (ICCF) methodS@askell & Peterson varies with time fan et al. 2015 But the resulted light
1987, and thez-transformed discrete correlation function curve is periodic and achromatic, such as for S5076+714
(ZDCF) method Alexander & Netzer 1997 We here use (Man etal. 2015 The geometrical effects are that the
the ZDCF to analyze the time lag betweéi and R-  helical or precessing jet leads to varying Doppler boosting
bands. It has been shown in practice that the calculatiotowards the observers and hence the flux variations,
of the ZDCF is more robust than that of the ICCF which usually produces achromatic and periodic variations
and the DCF when applied to sparsely and unequallpgain {Wu et al. 2007. Gravitational microlensing effects
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Fig.4 The ZDCF of 1ES1218+304 betweé&hand R bands. In each panel, thertical black dashed linenarks the peak
of ZDCF after an ML estimation.

are from external origins, which usually generate thecrossing time of the ZDCF (in autocorrelation mode) to the
achromatic and symmetric light curves. shortest variability timescale approximatelyéng et al.

A cross-correlation and time delay analysis allows2018, the Mgy is calculated to be 2:8108M, for
us to find a positive delay between thg- and R- 1ES1218+304. If the variations arise in the jets and are
bands in three nights, and a negative one in three nightsiot explicitly related to the inner region of the accretion
The minimum time delay is about 1.5 minutes, and theadisc, the BH mass estimation is invalidiéng et al. 201y,
maximum one more than 10 minutes.
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