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Abstract. Historical optical BVRI band data are combined on the BL
Lac object AO 0235 + 164. In order to examine the possible existence
of lags and correlations between variations in different optical bands
from this source, a statistical analysis is performed through the Discrete
Correlation Function (DCF) method. Monte Carlo simulations called
Flux Redistribution/Random Subset Selection (FR/RSS) are performed to
obtain statistically meaningful values for the cross-correlation time lags
and their related uncertainties. The analysis confirms that the variations
in different optical light curves are strongly correlated, with no or very
weak lag within the errors. Long term variability of color indices are also
analysed. No color variabilities are found.
Key words. BL Lacs—general: BL Lacs—individual (AO 0235 + 164).

1. Introduction
BL Lac objects belong to the blazars class of Active Galactic Nuclei (AGNs)
(Urry & Padovani 1995). They have many extreme characteristics, e.g., large and
rapid variability at all wavelengths, high polarization, superluminal motion and high
brightness temperature. These extreme features are explained by assuming that emission comes from a relativistic plasma jet closely aligned with the line-of-sight (Ulrich
et al. 1997; Blandford & Konigl 1979).
The source flux variability provides a great quantity of physical information. The
best way to understand the corresponding physical processes is the simultaneous
observation across the whole accessible electromagnetic spectrum. The spectral
energy distribution of blazars usually have two-bumped structure. It is commonly
accepted that the observed lower-energy bump (from radio to UV or X-rays) is due
to synchrotron emission from the plasma jet, while the higher-energy one (from
X-rays to γ -rays) is thought to be produced by inverse-Compton scattering of soft
photons off the same relativistic electrons producing the synchrotron radiation.
The soft photons may originate in accretion disk, torus, broad line region, cosmic
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microwave background radiation or synchrotron radiation itself (Gu et al. 2006;
Raiteri et al. 2008a).
AO 0235 + 164 (z = 0.94) is a well-known blazar that exhibits spectacular emission variations on both short (day) and long (month, years) time scales. On the long
term, variations of 5 magnitude in optical band were found (Raiteri et al. 2001). The
source at gamma ray energies has been detected by EGRET (Hartman et al. 1999)
and Fermi (Corbel & Reyes 2008). All these activities make AO 0235 + 164 to be an
outstanding candidate for probing the most extreme physical conditions in blazars.
This paper is organized as follows: The data and light curves are presented in
section 2. In section 3, we analyse the correlation and time delay among B, V, R and
I bands. The long-term color indices are analysed in section 4. The discussions are
in section 5 and the conclusions are drawn in section 6.
2. Data and light curves
In this paper, we collect the data in B, V, R and I bands from historical literatures
(Raiteri et al. 2001, 2005, 2006a, 2006b, 2007, 2008b). The light curves in B, V, R
and I bands are displayed in Fig. 1. In order to estimate the total variability of each
light curve, the fractional variability amplitude Fvar is calculated using the expression
below:

2
S 2 − εerr
,
(1)
Fvar =
x2
where S 2 is the sample variance of the light curve, x̄ is the average magnitude and
2 is the mean of the squared measurement uncertainties (Edelson et al. 2002; Soldi
εerr
et al. 2008). The detailed statistics and variabilities of these data are listed in Table 1.
The first column represents the bands, the second represents the numbers of data
points, the third represents the mean magnitude, the fourth represents the standard
deviation, the fifth represents the largest variations, the sixth represents the fractional
variability amplitude of the data points and the last represents the error of Fvar . We
find no obvious pattern of Fvar with wavelength.
3. Correlation and time delay
3.1 Discrete correlation function method
Discrete Correlation Function (DCF) (Edelson & Krolik 1988) is similar to the classical correlation function. It takes advantage of some of the inadequacies of the latter
Table 1. Statistics of BVRI-band data of BL Lac Object AO 0235 + 164.
Band

N

Mean
(mag.)

σ
(mag.)


(mag.)

Fvar
(%)

σFvar
(%)

B
V
R
I

889
1051
4314
1253

18.53
17.72
16.64
15.77

1.20
1.12
1.23
1.17

6.03
5.89
7.19
5.29

0.63
1.11
0.74
1.95

0.14
0.59
0.23
1.33
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Figure 1. Light curves of 0235 + 164 in the B, V, R and I bands.

and apply to the unevenly sampled data. With this method, it is unnecessary to use
interpolation, and the errors can also be estimated. The first step is to calculate the
values of the unbinned discrete correlation function between two sets of data points.
The expression is as follows:
(ai − ā)(bj − b̄)
UDCFij = 

,
σa2 − ea2 σb2 − eb2

(2)

where ai and bj are the individual data points in data sets a and b, ā and b̄ are their
means, σa and σb are their standard deviations, and ea and eb are the measurement
errors of the individual data points. Each UDCF value corresponds to a given lag,
t = tj − ti between each pair of the data points. The average value over M pairs
of time lag τ − τ/2 ≤ tij < τ + τ/2 is
DCF(τ ) =

1
UDCFij (τ ),
M

(3)

where M is the number of pairs with the given lag. The standard deviation for the
calculated DCF is
σDCF =

1
{[UDCFij − DCF(τ )]2 }1/2 .
M −1

(4)
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In order to find the centroid, most people adopt the recipe proposed by Peterson
(2001) and find the barycentre using data points located near the peak value of DCF
which is greater than 0.8DCFpeak . The expression is
DCFcentroid =

τ DCF(τ )
.
DCF(τ )

(5)

In the analytical diagram of the discrete correlation function, the higher the DCF
peak, the stronger the correlation between two data series. The abscissa of the peak
of DCF multiplied by the bin value is the lag or advance. If the DCF peak is greater
than zero, this implies that data b lags behind data a. If the DCF peak is less than
zero, this implies that data a lags behind data b.
In order to calculate the error of DCF, Peterson et al. (1998) and Raiteri et al.
(2003) proposed the Monte Carlo simulations known as Flux Redistribution/Random
Subset Selection (FR/RSS). Random subsets of the two data sets to be tested for correlation are selected and random Gaussian deviations constrained by the flux errors
are added to the fluxes. Thus, the influence of both uneven sampling and flux density
errors is taken into account. In each simulation, the two subsets are then crosscorrelated and the centroid of the DCF peak is determined. After a large number
of simulations (usually 1000), the Cross-Correlation Peak Distribution (CCPD) and
centroid distribution is obtained. The time lag and its uncertainties, τmedian and τ68
can be computed directly from the CCPD, where τ68 corresponds to 1σ errors for
a normal distribution. Figure 2 shows the analytical results of normalized CCPDs
obtained by running 1000 FR/RSS Monte Carlo simulations.

Figure 2. Normalized CCPDs relative to the central peak obtained by running 1000 FR/RSS
Monte Carlo simulations.
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Figure 3. Time delay of 0235 + 164 between the B, V, R and I bands.

3.2 Time delay and correlation between B, V, R and I bands
We analyse the correlation and time delay between B, V, R and I bands by discrete
correlation function method. The DCF results computed with a bin size of 2 days
are shown in Fig. 3. All the results are listed in Table 2. The maximum value of the
DCF is 1.20 ± 0.08 and the minimum value is 0.52 ± 0.02. These results suggest the
existence of significant correlations among the BVRI band light curves. The centroid
value suggest no time delay between the B and V, V and I, R and I bands. B band
+1.45
+3.47
leads R band and I band by 3.99−2.54
days and 7.21−2.59
days, respectively. V band
+0.92
lags behind R band by 1.52−0.82 days.

Table 2. Possible time lags determined by DCF.
Band

DCF

τpeak
(day)

τcentroid
(day)

B–V
B–R
B–I
V–R
V–I
R–I

1.20 ± 0.08
1.04 ± 0.06
0.64 ± 0.03
1.06 ± 0.06
0.76 ± 0.05
0.52 ± 0.02

0.00
0.00
0.00
0.00
0.00
0.00

−1.18+3.25
−3.75
−3.99+1.45
−2.54
−7.21+3.47
−2.59
1.52+0.92
−0.82
0.24+5.10
−2.21
0.10+0.68
−0.76
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4. The color index between B, V, R and I bands

The correlations of color variability among the B, V, R and I bands are investigated.
We fit the color variability in magnitude–magnitude space, and then change them into
color–magnitude space. We have used the linear fitting approach and identified the
relations between two data series by Metropolis − Hastings Markov Chain Monte
Carlo (MCMC) approach:


V − V  = SBV (B − B) + b.

(6)



SBV and b represent the color variability (slope) and the offset on the B-axis, respec
tively. We calculate the SBV and b via an MCMC chain. After a simple algebraic
operations of equation (6), we have that




V = SBV B + b ,




B − V = −(SBV − 1)(B − B) + C,

(7)
(8)



in which b = V − SBV B+ b and C = −b + B− V  is constant. Equations (7)

and (8) convert magnitude–magnitude space into color–magnitude space. If SBV −

1 < 0, or say SBV < 1, this means the quasar gets bluer as it brightens. We define

the parameter SBV = SBV − 1 which represents the color variability. The results of
SBV = 0 means no color variability, SBV < 0 represents the bluer-when-brighter
trend, SBV > 0 implies redder-when-brighter trend (Schmidt et al. 2012).
We adopt the data series on the same day. Figure 4 shows the relation of magnitude in the B and V bands and the solid line in Fig. 4 shows the linear least-square
fit to the data series. The slope is 1.010 ± 0.007, the Pearson correlation coefficient
is 0.987, and the significance level is less than 104 . The result shows a strong correlation between the magnitude in the B band and the magnitude in the V band. The
parameter SBV = 0.010. Considering the error, this means SBV is 0 and there is no
color variability between the magnitude in the B and V bands.
The relations between the magnitude of B and R, B and I, V and R, V and I, R and
I are also investigated by the same analysis mode. The figure of analysis is presented
in Fig. 4 and the results are listed in Table 3. The results of correlation show strong
correlation among the B, V, R and I bands, and Sλ1 λ2 is 0 with the error range which
implies no color variability among the B, V, R and I bands. These conclusions need
further investigations with more data.
5. Discussions
The light curves of AO 0235 + 164 in BVRI band are well correlated and the results
of the centroid above 0.8DCFpeak indicate no time delay between B and V, V and I,
+1.45
+3.47
R and I bands. B band leads R band and I band by 3.99−2.54
days and 7.21−2.59
days,
respectively. V band lags behind R band by 1.52+0.92
days.
These
results
are
similar
−0.82
to the simultaneous results determined by Raiteri et al. (2001). The leading of the
B band variations over the R and I bands may be produced by relativistic electron
cooling. The lagging of the V band over the R band variations may be the result of
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Figure 4. Relations between magnitude and magnitude among B, V, R and I bands.

relativistic electron acceleration. The null or small time lags in optical regimes may
be the result of very small frequency intervals, and may indicate that the photons in
these wavelengths should be produced by the same physical process.
We find no color variabilities in AO 0235 + 164. More data are needed to further
validate these results. Raiteri et al. (2001) had analysed the spectral behavior in the
optical band. The results meant the spectrum basically steepens when the source got
fainter. Optical spectral changes are not very evident, a feature that has already been

Table 3. Correlations between magnitude and magnitude among B, V, Rand I bands.
Color Index
V–B
R–B
I–B
R–V
I–V
I–R

N

Slope

Sλ1 λ2

R

Prob.

609
1911
784
2651
965
1177

1.010 ± 0.007
1.012 ± 0.003
1.031 ± 0.007
1.003 ± 0.003
1.023 ± 0.006
1.000 ± 0.005

0.010
0.012
0.031
0.003
0.023
0.000

0.987
0.990
0.984
0.984
0.986
0.992

10−4
10−4
10−4
10−4
10−4
10−4

λ1 and λ2 represent B, V, R and I bands, respectively.
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recognized for other blazars. Vagnetti et al. (2003) analysed light curves of eight BL
Lac objects and found that all of the objects tended to be bluer when brighter. The
bluer-when-brighter trends were also observed by some other authors for some BL
Lac objects (D’Amicis et al. 2002; Papadakis et al. 2003; Gu et al. 2006; Wu et al.
2007; Dai et al. 2009; Zhang et al. 2010), while there are a few objects showing a
weak trend or the opposite trend (Fan & Lin 2000; Ciprini et al. 2007).
This behavior of bluer-when-brighter can be explained in several different ways.
One possible explanation is radiative losses in the electron population of the emitting
jet: when the source is bright, cooling can be balanced or overcome by acceleration
processes and the resulting spectrum is flatter; when the flux is low, radiative losses
dominate and cause a spectral steepening, since the higher energy ultra-relativistic
electrons emitting synchrotron radiation cool faster than the lower-energy ones
(Raiteri et al. 2001). Another possible explanation for the observed spectral variation is the existence of a delay between different light curves: if the flux increases or
decreases with the same rate in both light curves, but the variations at high frequency
lead those at the low frequency, then the spectrum is bluer when the flux is rising. If
the fluxes at different frequencies vary simultaneously, but the amplitude is larger at
the higher frequency than at the lower one, the source shows a bluer-when-brighter
chromatism (Wu et al. 2007; Papadakis et al. 2007). Gu et al. (2006) analysed three
BL Lac objects (3C 66A, S5 0716 + 714 and BL Lacertae) and found that the amplitude of the variations is systematically larger at higher frequencies. In section 2, we
did not find the phenomenon of the amplitude of the variations which is systematically larger at higher frequencies, and no time delay obviously are found among the
B, V, R and I bands in section 3.

6. Conclusions
The multi-band optical data are collected on the object of AO 0235 + 164. The time
lags among the B, V, R and I bands have been analysed. The light curves of AO
0235 + 164 in the B, V, R and I bands are well correlated with no time delay between
+1.45
days
the B and V, V and I, R and I bands. B band leads R and I bands by 3.99−2.54
+3.47
+0.92
and 7.21−2.59 days, respectively. V band lags behind R band by 1.52−0.82 days.
The correlation of brightness and color index among the B, V, R and I bands are
also investigated. The results show no color variabilities. More time series data are
needed to further validate this conclusion.
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