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ABSTRACT
We present a multifractal analysis of the long-term light curves of a small sample of type 1
active galactic nuclei: NGC 4151, Arp 102B, 3C 390.3, E1821+643 and NGC 7469. We aim
to investigate how the degrees of multifractality of the continuum and Hβ line vary among the
five different objects and to check whether the multifractal behaviours of the continuum and the
Hβ line correlate with standard accretion parameters. The backward (θ = 0) one-dimensional
multifractal detrended moving average procedure was applied to light curves covering the full
observation period and partial observation periods containing an equal number of epochs for
each object. We detected multifractal signatures for the continua of NGC 4151, Arp 102B
and 3C 390.3 and for the Hβ lines of NGC 4151 and 3C 390.3. However, we found nearly
monofractal signatures for the continua of E1821+643 and NGC 7469, as well as for the Hβ

lines of Arp 102B, E1821+643 and NGC 7469. In addition, we did not find any correlations
between the degree of multifractality of the Hβ line and accretion parameters, while the degree
of multifractality of the continuum seems to correlate with the Eddington ratio (i.e. the smaller
the ratio is, the stronger the degree of multifractality). The given method is not robust, and
these results should be taken with caution. Future analysis of the sampling rate and other
properties of the light curves should help with better constraining and understanding these
results.

Key words: methods: statistical – galaxies: active – quasars: individual: NGC 4151 – quasars:
individual: Arp 102B – quasars: individual: 3C 390.3 – quasars: individual: E1821+643 –
quasars: individual: NGC 7469.

1 IN T RO D U C T I O N

The continuum region and broad-line region (BLR) are important
components in active galactic nuclei (AGNs). The BLR is respon-
sible for the formation of broad emission lines (BELs). One of the
characteristics of the BELs in AGN spectra is the variations they
exhibit in their flux in response to continuum variations on time-
scales of days to many weeks or longer. It has long been known
that the continua of most AGNs change with time. It has been
indicated that photoionization is the most likely mechanism for the
generation of emission lines in AGNs, and thus a change in the
ionizing continuum is expected to produce similar changes in the
emission lines (Netzer 1990). Additionally, the application of the
reverberation mapping technique, which is considered a standard
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tool for probing the structure and kinematics of the BLR in AGNs,
to estimate the BLR radius is based on the assumption that the BLR
is photoionized by the ionizing continuum from a central source
(e.g. Peterson 1993, 2014). From the optical monitoring of AGNs,
it has been shown that a time lag in the response of the BEL fluxes
to a change in the continuum flux depends on the size, geometry
and physical conditions of the BLR (Shapovalova et al. 2010b,
2013). Cross-correlating the broad-line and continuum light curves
is a simple technique for determining the time lag between the line
and continuum and for estimating the size/dimension of the line-
emitting region. However, it is necessary to know the behaviour of
the continuum light curve and the responses (linear or non-linear)
of the lines, because the cross-correlation peak position depends on
these two aspects (Netzer 1990).

It has been indicated that an understanding of the nature of flux
variations in the continuum and BEL profiles and their correlations
can provide us with potentially significant information about the
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Flux variations in continua and BLRs of AGNs 785

Table 1. Spectral characteristics of each source (see table 1 of Ilić et al. 2017, and references therein) and the results obtained from our multifractality analysis.
The columns are as follows: (1) source name; (2) mass of the supermassive black hole MBH in solar mass units (M�); (3) mean continuum luminosity at 5100
Å (in 1044 erg s−1); (4) BLR radius cτBLR of the Hβ line (in d); (5) fractional variability amplitude (per cent) of the continuum at 5100 Å for the full (Fv) and
partial (Fv

p) observing periods; (6) fractional variability amplitude (per cent) of the Hβ line for the full (Fv) and partial (Fv
p) observing periods (for Fv we use

only two decimal places); (7) spectral width (5100 Å) for the full observing period; (8) spectral width (Hβ) for the full observing period; (9) spectral width
(5100 Å) for the partial observing period; (10) spectral width (Hβ) for the partial observing period. All the widths of the spectrum functions are rounded to
three decimal places.

Object MBH λLλ cτBLR (Fv/Fv
p)cnt (Fv/Fv

p)Hβ �α5100(f) �αHβ (f) �α5100(p) �αHβ (p)

NGC 4151 1.6 × 108 0.05 ± 0.03 5+28
−5 0.59/0.56 0.42/0.41 0.548 ± 0.021 0.235 ± 0.014 0.186 ± 0.004 0.226 ± 0.015

Arp 102B 1.1 × 108 0.11 ± 0.01 15+20
−15 0.31/0.30 0.11/0.10 0.28 ± 0.020 0.039 ± 0.006 0.134 ± 0.002 0.024 ± 0.003

Arp 102B (Hβ)b 0.20/0.19 0.190 ± 0.010 0.080 ± 0.003
Arp 102B (Hβ)c 0.14/0.11 0.057 ± 0.005 0.030 ± 0.001
Arp 102B (Hβ)r 0.13/0.12 0.051 ± 0.003 0.044 ± 0.006

3C 390.3 2.1 × 109 0.90 ± 0.42 96+28
−47 0.46/0.42 0.38/0.32 0.248 ± 0.009 0.323 ± 0.044 0.118 ± 0.005 0.778 ± 0.043

E1821+643 2.6 × 109 104.4 ± 19.9 118+0.1
−0.0 0.19/0.19 0.07/0.07 0.064 ± 0.002 0.003 ± 0.000 0.062 ± 0.001 0.002 ± 0

E1821+643 (Hβ)b 0.17/0.17 0.018 ± 0.001 0.036 ± 0.005
E1821+643 (Hβ)c 0.12/0.13 0.006 ± 0.000 0.022 ± 0.004
E1821+643 (Hβ)r 0.11/0.14 0.003 ± 0.000 0.044 ± 0.007

NGC 7469 1.1 × 107 0.52 ± 0.08 5+7
−0 0.15/0.15 0.23/0.20 0.025 ± 0.001 0.084 ± 0.005 0.015 ± 0.000 0.107 ± 0.006

physics of the BLR cloud system and about the central engine (e.g.
Peterson 1993, and references therein; Shapovalova et al. 2009).

In the study of the variability of AGNs, the most common tech-
niques, including the power spectrum, structure function, rescaled
range and periodiogram methods, are either inconsistently appro-
priate or limited in their ability to characterize the variability mech-
anisms as these approaches are mostly suitable for linear/Gaussian
processes (Vio et al. 1992). Longo et al. (1996) studied the non-
linear variability of NGC 4151 and concluded that linear models
cannot account for the characteristics of the source light curves.
In addition, Vio et al. (1991) studied the optical light curve of
the optically violent variable quasar 3C 345 and showed that the
curve cannot be regenerated by linear processes. In general, because
AGNs are complex and chaotic systems, it is more appropriate to
employ non-linear techniques to study their variability and to un-
derstand the physics behind them (e.g. Vio et al. 1992; Chian 1997).

Here, we study the multifractal and thus non-linear behaviour
of the flux variations in the long-term optical light curves (i.e. the
continuum and Hβ line) of selected AGNs, such as NGC 4151,
Arp 102B, 3C 390.3, E1821+643 and NGC 7469. These objects
are selected to make use of the advantage that they have long-
term optical light curves (the continuum at 5100 Å and the Hβ

line), which were homogeneously obtained and analysed by the
same research group (see Shapovalova et al. 2008, 2010a, b, 2013,
2016, 2017, and references therein). We apply the multifractal de-
trended moving average (MFDMA) algorithm, particularly the one-
dimensional backward MFDMA (see Gu & Zhou 2010; Bewketu
Belete et al. 2019c). The MFDMA technique is an extension of
the detrended moving average, which in turn is a modification of
detrended fluctuation analysis (see Bewketu Belete et al. 2019c, and
references therein). This technique has been applied to different
science cases within fields as disparate as economics (e.g. Gu &
Zhou 2010; Wang, Wu & Pan 2011) and astrophysics. By using
hourly time series extracted from the CoRoT data base, de Freitas
et al. (2016) have shown that the rotation period of a star is inherently
scaled by the degree of multifractality; see also de Freitas et al.
(2019) for an analysis of Kepler stars. Bewketu Belete et al. (2018)
were the first to use the MFDMA technique to study AGN time
series. Most recently, we have analysed the long-term (45 yr) optical

(i.e. continuum at 5100 Å and Hβ line) light curves of the Seyfert
1 galaxy NGC 5548 and we have shown that the non-linearity of
the Hβ line is approximately twice as high as that of the continuum
(Bewketu Belete et al. 2019c). This could be interpreted as a dilution
effect; that is, all Hβ emissions are generated in the BLR after the
reprocessing of the nuclear continuum, while only a fraction of the
continuum comes from BLR clouds.

As shown in Table 1, the candidate AGNs are different in
many aspects, such as their black hole mass, variability amplitude,
continuum luminosity and the size of their BLR. NGC 4151 is a
well-known type 1 AGN with a redshift of 0.0033 (Kovačević et al.
2018, and references therein). Through multifractal analysis, Longo
et al. (1996) found non-linear and intermittent behaviour in the long-
term (1910–1991) B-band light curve of NGC 4151. Shapovalova
et al. (2008) studied the long-term (1996–2006) variability of the
optical spectra of NGC 4151 and found strong variability in the
5100-Å continuum and Hβ line fluxes; they also found that the
variability amplitude of the continuum flux is greater than that of the
line. In addition, during the period 2000–2006, when the continuum
flux was small, they found good correlation between the Hβ line flux
and the continuum flux and they showed that the line was generated
by photoionization of the optical continuum. However, Shapovalova
et al. (2008) also indicated that when the whole monitoring period
is considered (especially periods with high continuum flux), the line
flux correlates very weakly with the continuum, raising questions
about this photoionization assumption. The optical variability of
NGC 4151 has been studied by many different authors (e.g. Beall
et al. 1981; Antonucci & Cohen 1983; Maoz et al. 1991; Alexander
et al. 1999; Ulrich 2000; Pronik & Sergeeva 2001; Fan, Su & Lin
2002; Czerny et al. 2003; Guo, Tao & Qian 2006; Rakić et al. 2017;
Kovačević et al. 2018; and references therein).

Arp 102B, at a redshift of 0.024 (Shapovalova et al. 2013;
Kovačević et al. 2018), is a type of AGN with double-peaked
BELs that are thought to be emitted from an accretion disc (Gezari,
Halpern & Eracleous 2007). Arp 102B is the first AGN to which an
accretion-disc BLR geometry has been applied (Chen & Halpern
1989; Chen, Halpern & Filippenko 1989). Using long-term (1987–
2010) optical spectral observations of Arp 102B, Shapovalova et al.
(2013) studied the variability in the spectral lines and continuum
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flux. They found a weak correlation between the emission line and
continuum flux variations, indicating that the line variation is weakly
associated with the variation in the central photoionization source.
Although the fluxes in the lines and in the continuum showed no
significant change (∼20 per cent) during the monitored period,
Shapovalova et al. (2013) demonstrated that the variability ampli-
tude of the continuum (5100 Å) is significantly greater than that of
the Hβ line after subtracting the host-galaxy contribution; however,
with the host-galaxy contribution, the variability amplitude of the
line was shown to be greater than that of the continuum. Popović
et al. (2014) also studied the long-term (1987–2013) variability in
the broad-line profiles of radio galaxy Arp 102B. They concluded
that the BLR of Arp 102B may have a disc-like geometry and that the
variations in the properties of the broad-line profiles may be partly
due to an outflow. However, Popović et al. (2014) indicated that the
observed variability in the line parameters is not in good agreement
with the disc hypothesis of the line-emitting region. Several studies
have been conducted on the optical variability of Arp 102B (e.g.
Antonucci, Hurt & Agol 1996; Newman et al. 1997; Gezari et al.
2004, 2007; Rakić et al. 2017; Kovačević et al. 2018; and references
therein).

3C 390.3 is broad-line radio galaxy at a redshift of 0.0561
(Shapovalova et al. 2010b; Kovačević et al. 2018). The nucleus
of 3C 390.3 has double-peaked BELs thought to be emitted from
an accretion disc. The optical continuum and emission-line fluxes
of this AGN have been shown to be strongly variable (e.g. Yee &
Oke 1981; Wamsteker et al. 1997; Shapovalova et al. 2001; Sergeev
et al. 2002; Tao et al. 2008). Popović et al. (2011) investigated the
variability of the BEL profiles and the Hα and Hβ lines of 3C 390.3
during 1995–2007 and claimed that the variations in the line profiles
correspond to the emission of a disc-like BLR. They also indicated
that the geometry of the source BLR seems to be very complex and
that the BLR with its disc-like geometry is the dominant emitter.
In addition, Shapovalova et al. (2010b) studied long-term (1995–
2007) optical observations of 3C 390.3 and found that the broad
emission components of the Hα and Hβ lines and the continuum
flux varied by a factor of ≈4–5. They also determined time lags
of ∼95 d between the continuum and Hβ flux and approximately
120 d between the continuum and Hα line flux. See also Barr et al.
(1980), Yee & Oke (1981), Netzer (1982), Veilleux & Zheng (1991),
Zheng (1996), Die (1998), Shapovalova et al. (2001), Sergeev
et al. (2011), Dietrich et al. (2012), Sergeev, Nazarov & Borman
(2017), Rakić et al. (2017), Kovačević et al. (2018), and references
therein.

The quasar E1821+643, at a redshift of 0.297, has strong red
asymmetry and a blueshifted peak in its line profiles and it is one
of the most luminous radio-quiet quasars in the Local Universe
(Shapovalova et al. 2016). Shapovalova et al. (2016) studied the
long-term (1990–2014) variability of E1821+643 in the continua
(4200 and 5100 Å) and BELs (Hβ and Hγ ) and found significant
changes in the continua and Hγ line but smaller variations in the
Hβ line during the monitored period. The variability amplitude of
the continuum at 5100 Å is greater than that of the Hβ line, whereas
the variability amplitude of the continuum at 4200 Å is almost
equal to that of the Hγ line. See also Kolman et al. (1991, 1993),
Oegerle et al. (2000), Blundell & Rawlings (2001), Kollatschny,
Zetzl & Dietrich (2006), Landt et al. (2008), Walker et al. (2014),
Kovačević et al. (2017, 2018), Rakić et al. (2017), and references
therein.

NGC 7469, at a redshift of 0.0163 (see table 1 of Ilić et al.
2017), is a type 1 AGN that shows significant variability in the
continuum and line spectra (Shapovalova et al. 2017). Dultzin-

Hacyan et al. (1992) performed optical monitoring of NGC 7469
over 13 photometric nights (November 3–30) and concluded that
random variability was present during the first four nights with
an average amplitude of approximately 0.040 m, for an average
time-scale of approximately 13 min. They also indicated that the
observed random variability could be due to local instabilities in
the accretion disc. Dultzin-Hacyan, Ruelas-Mayorga & Costero
(1993) also performed optical monitoring of NGC 7469 over four
nights in search of microvariability, but they did not detect this
phenomenon during the 4-d monitoring period. Recently, by using
long-term (1996–2015) photometric and spectroscopic observations
of NGC 7469, Shapovalova et al. (2017) investigated the long-term
variability in the continuum, BEL fluxes and broad-line profiles
of NGC 7469 and they found that the variability amplitude of
the Hβ broad line (∼23 per cent) is greater than that of the
continuum at 5100 Å (∼14 per cent). Additionally, they found
very strong correlations between the line and the continuum flux,
indicating that the BLR gas cloud is most likely photoionized
by the central continuum source. See also Welsh et al. (1998),
Petrucci et al. (2004), Doroshenko et al. (2010), Peterson et al.
(2014), Baldi et al. (2015), Mehdipour et al. (2018), Middei et al.
(2018), Seifina, Titarchuk & Ugolkova (2018), and references
therein.

This work is intended to address three questions. Are the
responses of BELs to variations in the ionizing continuum the same
for all AGNs? Is the degree of multifractality (non-linearity) of
the continuum of an AGN dependent on the black hole mass, on
the continuum luminosity or on the Eddington ratio? Is the degree
of multifractality of BELs of AGNs dependent on the black hole
mass, on the size of the BLR or on the continuum luminosity? The
remainder of this work is organized as follows. In Section 2, we
present the data and explain the procedures followed. The results
and discussion are provided in Section 3. The main conclusions are
provided in Section 4.

2 O BSERVATI ONA L DATA A ND ANALYSIS
M E T H O D

2.1 Light curves

In this work, we use the long-term optical light curves of NGC 4151
(see the top-left panel of Fig. 1; Shapovalova et al. 2010a, 2008), Arp
102B (see the top-right panel of Fig. 1; Shapovalova et al. 2013), 3C
390.3 (see the middle-left panel of Fig. 1; Shapovalova et al. 2010b),
E1821+643 (see the middle-right panel of Fig. 1; Shapovalova et al.
2016) and NGC 7469 (see the bottom panel of Fig. 1; Shapovalova
et al. 2017). For Arp 102B, we use host-galaxy-corrected data. In
addition, we also use the Hβ line segments of Arp 102B (see the
left panel of Fig. 2; Shapovalova et al. 2013) and E1821+643 (see
the right panel of Fig. 2; Shapovalova et al. 2016). We consider two
sets of light curves with different lengths: (i) full observing period
light curves and (ii) partial observing period light curves containing
an equal number of epochs. The number of data points and the
sampling rates for the full and partial observation periods are given
in Table 2.

2.2 Procedures for analysing light curves

We applied the backward (θ = 0) one-dimensional MFDMA
algorithm discussed in Bewketu Belete et al. (2019c) and references
therein. This multifractality analysis technique allows us to deter-
mine the most important parameters that can be used to describe
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Figure 1. The continuum at 5100 Å (black) and the Hβ line (green) light curves of NGC 4151 (top-left panel), Arp 102B (top-right panel), 3C 390.3
(middle-left panel), E1821+643 (middle-right panel) and NGC 7469 (bottom panel). Vertical dashed lines indicate the start and end dates of the partial light
curves containing an equal number of epochs for all objects, i.e. 110 epochs with mean sampling rates ranging from 0.67 (E1821+643) to 1.56 (NGC 4151)
points per month. We also note that the partial light curves for Arp 102B and E1821+643 are associated with densely sampled periods. The continuum and
Hβ ending dates for NGC 4151 do not coincide; thus, two vertical lines of different colours were used (a blue dashed line for 5100 Å and a cyan dashed line
for Hβ). The fluxes are given in 10−15 erg cm−2 s−1 Å−1 (continuum at 5100 Å) and 10−13 erg cm−2 s−1 (Hβ line).

Table 2. The columns are as follows: (1) source name; (2) number of data points (full observing period; 5100 Å); (3) number of
data points (full observing period; Hβ); (4) sampling rate (full observing period; 5100 Å); (5) sampling rate (full observing period;
Hβ); (6) number of data points (partial observing period; 5100 Å); (7) number of data points (partial observing period; Hβ); (8)
sampling rate (partial observing period; 5100 Å); (9) sampling rate (partial observing period; Hβ). The sampling rate is the number
of data points per day.

Object Nf(5100 Å) Nf(Hβ) Sf(5100 Å) Sf(Hβ) Np(5100 Å) Np(Hβ) Sp(5100 Å) Sp(Hβ)

NGC 4151 220 180 0.0586 0.048 110 110 0.05 0.0478

Arp 102B 116 118 0.0138 0.014 110 110 0.0248 0.0248
3C 390.3 128 129 0.0279 0.028 110 110 0.0304 0.0307

E1821+643 127 127 0.0217 0.0217 110 110 0.022 0.022
NGC 7469 233 233 0.0334 0.0334 110 110 0.0464 0.0464

the behaviours of variations (the scaling nature) in the light curves
considered herein. These parameters are as follows: a qth-order
overall fluctuation function Fq(n), where n is the segment size series
(a set or an array of window size) and q is the statistical moment;

the classic scaling exponent τ (q); the multifractal spectrum function
f(α), where α is the singularity strength. The lower limit (nmin) of
the segment size is approximately 10, and the upper limit (nmax)
of the segment size is approximately 10 per cent of the length

MNRAS 496, 784–800 (2020)

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/496/1/784/5849025 by guest on 19 April 2024



788 A. Bewketu Belete et al.

Figure 2. The same as in Fig. 1 but for the Hβ line segments: the blue wing (Hβ)b (blue), line core (Hβ)c (cyan) and red wing (Hβ)r (red), of Arp 102B (left)
and E1821+643 (right).

of the time series considered. The procedures are summarized as
follows. First, we reconstructed the time series x(t) as a sequence
of cumulative sums y(t) = ∑t

i=1 x(i), t = 1, 2, 3, ..., N , where
N is the length of the time series. Second, we calculated the moving
average function in a moving window. Third, we removed the
trend from the reconstructed time series and obtained the residual
sequence. Fourth, we calculated the root-mean-square function.
Fifth, we determined the overall fluctuation function Fq(n). Sixth,
using the least-squares fitting technique, we calculated the slope
h(q), usually known as the local Hurst exponent for a multifractal
time series (Hampson & Mallen 2011), from the log–log plot of
Fq(n) versus n for each statistical moment q. Seventh, we estimated
the classic scaling exponent function, known as the Renyi scaling
exponent, τ (q), which reflects how the overall fluctuation function
Fq(n) scales at each local scale n for each q. Finally, we estimated
the multifractal spectrum function f(α) and calculated the width
(�α = αmax − αmin) of the spectra.

3 R ESULTS

We analysed the multifractal (non-linear) properties of the long-
term optical spectra, namely, the continuum (5100 Å) and Hβ line,
of the selected type 1 AGNs, using the backward one-dimensional
MFDMA analysis procedure. The results obtained – the overall
fluctuation function Fq(n), the local Hurst exponent h(q) or slope,
the classic scaling exponent τ (q) and the multifractal spectrum
function f(α) – are given in Fig. 3 for NGC 4151, in Figs 4 and
5 for Arp 102B, in Fig. 6 for 3C 390.3, in Figs 7 and 8 for
E1821+643 and in Fig. 9 for NGC 7469. Table 1 summarizes the
following spectral characteristics of each source (from left to right)
and the results obtained from our multifractality analysis: the source
name, mass of the supermassive black hole MBH, mean continuum
luminosity at 5100 Å, BLR radius cτBLR of the Hβ line, fractional
variability amplitude of the continuum at 5100 Å for the full and
partial observing periods, fractional variability amplitude of the Hβ

line for the full and partial observing periods, spectral width (5100
Å) for the full observing period, spectral width (Hβ) for the full
observing period, spectral width (5100 Å) for the partial observing
period, and spectral width (Hβ) for the partial observing period. We
estimated the fractional variability amplitude Fv as (Edelson et al.
2019)

Fv = �F/〈F 〉, (1)

where �F = (σ 2
F − e2

F )1/2, σ 2
F and 〈F 〉 are the total variance

and mean, respectively, of the light curve, and e2
F is the mean

error.

For a multifractal time series, the overall fluctuation function
Fq(n) looks different for the negative and positive q at the smallest
scale n relative to the largest scale (Ihlen 2012). In addition, the
functional relationship between the statistical moment q and the
slope h(q) calculated from the log–log plot of Fq(n) and n further
describes the nature of the overall fluctuation functions for positive
and negative values of q. Furthermore, for a multifractal signal, the
slope h(q) decreases with q (Tanna & Pathak 2014). In contrast,
for a monofractal time series, Fq(n) does not appear different for
positive and negative q, and consequently the slope h(q) will have
a constant value; that is, h(q) does not change with the moment q
(Kantelhardt et al. 2002). Because the classic scaling exponent τ (q)
is a reflection of the local Hurst exponent h(q), for a multifractal time
series, τ (q) shows non-linear dependence on q, whereas it shows
no dependence on q if the time series has a monofractal nature
(e.g. Kantelhardt et al. 2002; Hampson & Mallen 2011; Ihlen 2012;
Tanna & Pathak 2014). It has been shown that the width and shape
of a multifractal spectrum are related to the temporal variation of
the local Hurst exponent h(q). The width (�α = αmax − αmin) of the
multifractal spectrum is a measure of the degree of multifractality
detected in a given time series (Ashkenazy et al. 2003), where
wider widths indicate stronger multifractality (Kantelhardt et al.
2002). The shape of a multifractal spectrum presents three types of
symmetry: left-side truncation, right-side truncation and symmetric.
A multifractal spectrum is found to be left-side truncated if the
multifractality is sensitive to local small-magnitude fluctuations,
or right-side truncated if the multifractality is sensitive to local
large-magnitude fluctuations (see Bewketu Belete et al. 2018, and
references therein).

3.1 NGC 4151

As can be seen in the top and first middle panels of Fig. 3, the
overall fluctuation functions Fq(n) for both the continuum (5100
Å) and the Hβ line look different for positive and negative q.
Additionally, the slope (the local Hurst exponent) h(q), as shown
in the second middle-left panel in Fig. 3, is strongly dependent on
the moment q and decreases with q. These behaviours of Fq(n) and
h(q) indicate the presence of a multifractal (non-linear) signature
in the continuum and Hβ line flux observations of NGC 4151. In
addition, the corresponding classic scaling exponent functions τ (q)
are non-linear functions of q; that is, τ (q) has a different slope
for positive and negative q (see the second middle-right panel in
Fig. 3). The evolution of h(q) with q and the degree of non-linearity
in τ (q) are different between the continuum and Hβ line, indicating
that the degree of multifractality between them is different. We
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Figure 3. Top panels: the overall fluctuation functions Fq(n) (left) and the fitted overall fluctuation functions for different Hurst exponents denoted with
different colours (right) for the continuum of NGC 4151. First middle panels: the same as the top panels but for the Hβ line. Second middle panels: the local
Hurst exponents h(q) (left) for the continuum (black solid line) and Hβ line (green dots) and the scaling exponent functions τ (q) (right) for the continuum
(black solid line) and Hβ line (green dots). Bottom panel: the multifractal spectrum functions for the observed continuum (black circle) and Hβ line (green
square) fitted with a fourth-order polynomial function (solid lines). The width �α of both spectrum functions is also given.
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790 A. Bewketu Belete et al.

Figure 4. Top panels: the overall fluctuation functions Fq(n) (left) and the fitted overall fluctuation functions for different Hurst exponents denoted with
different colours (right) for the continuum of Arp 102B. First middle panels: the same as the top panels but for the Hβ line. Second middle panels: the local
Hurst exponents h(q) (left) for the continuum (black solid line) and Hβ line (green dots) and the scaling exponent functions τ (q) (right) for the continuum
(black solid line) and Hβ line (green dots). Bottom panel: the multifractal spectrum functions for the observed continuum (black circle) and Hβ line (green
square) fitted with a fourth-order polynomial function (solid lines). The width �α of both spectrum functions is also given.
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Flux variations in continua and BLRs of AGNs 791

Figure 5. Top panels: the local Hurst exponents (left), the scaling exponent functions (middle) and the multifractal spectrum functions (right) for the full
observation period of the Hβ line segments of Arp 102B: (Hβ)b (red dashed line), (Hβ)c (black solid line) and (Hβ)r (green dots). Bottom panels: The same
as the top panels but for the partial observation period (from day 50940.34 to day 55367.42).

estimated the shapes and widths of the multifractal spectra (see the
bottom panel in Fig. 3). The widths of the multifractal spectra can
be calculated as �α = αmax − αmin: 0.5447 (5100 Å) and 0.2354
(Hβ). These widths further confirm the above discussion based on
Fq(n), h(q) and τ (q) in that there are strong multifractal signatures
in both the continuum and the Hβ line light curves. However, the
degree of multifractality of the continuum (5100 Å) is greater than
that of the Hβ line (�α5100 Å > �αHβ ). The shapes of the spectra for
both the continuum and the line are found to be right-side truncated,
meaning that the detected multifractality is sensitive to local large-
magnitude fluctuations. Observational uncertainties (noise) could
contribute to the wide widths (Bewketu Belete et al. 2018). Thus, to
take into account this effect, we generated simulated light curves of
the continuum and Hβ line at epochs equal to those of observations
and modified the observed fluxes by adding random quantities.
These additive random numbers were normally distributed around
zero with standard deviations equal to the measured uncertainties.
Our analysis method was then applied to the simulated curves to
produce distributions of the spectral shapes and widths. We found
identical spectral shapes and small differences in the widths after
observational noise was taken into account. The small differences
in the spectral width allowed us to infer the 1σ errors shown in
Table 1.

3.2 Arp 102B

The overall fluctuation functions Fq(n), the slope h(q), the scaling
exponent functions τ (q) and the multifractal spectra f(α) for the
continuum at 5100 Å and the Hβ line (host-galaxy-corrected) are
given in the top and first middle panels, second middle-left panel,
second middle-right panel and bottom panel, respectively, in Fig. 4.
In addition, in Fig. 5, we present the Hurst exponents h(q) (top-left
panel), the scaling exponent functions τ (q) (top-middle panel) and

the multifractal spectrum functions f(α) (top-right panel) for the full
observation period of the core and the two wings of the Hβ line, i.e.
Hβ (blue), Hβ (core) and Hβ (red). As is clearly explained earlier
in Section 3, the behaviours of Fq(n) and h(q) and the width �α

reveal the presence of multifractal signatures in the continuum (5100
Å) and in Hβ (blue) and nearly monofractal signatures in the Hβ

line, Hβ (core) and Hβ (red). This is because for truly monofractal
data, h(q) is expected to be the same for all q, and consequently
the spectrum width would be 0. The difference in �α between the
continuum (5100 Å) and Hβ (blue) shows the difference in the
degree of multifractality present in the corresponding time series.
The spectrum of both the continuum and the Hβ (blue) wing is
right-side truncated, indicating the sensitivity of the multifractality
to local large-magnitude fluctuations. We take into account the
effects of flux uncertainties on the widths and shapes of the spectra.
Although the shapes of the spectra do not change, we found small
differences in the widths of the spectra. The small differences in the
width allowed us to infer 1σ confidence intervals (see Table 1). The
widths show that the degree of multifractality of the continuum is
significantly (several times) greater than that of the line.

3.3 3C 390.3

The overall fluctuation functions Fq(n), the local Hurst exponents
h(q), the scaling exponent functions τ (q) and the widths of the
multifractal spectra f(α) for the continuum at 5100Å and the Hβ line
of 3C 390.3 are shown in Fig. 6. Fq(n) is different for positive and
negative q, which is the behaviour of Fq(n) for a multifractal time
series. In addition, the slopes h(q) for the continuum and the line are
shown to be decreasing functions of the moment q. Consequently,
τ (q) is a non-linear function of q; i.e. τ (q) takes different values for
positive and negative q, indicating the multifractal behaviours of
the continuum and the line. However, as shown in Fig. 6, the degree
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792 A. Bewketu Belete et al.

Figure 6. Top panels: the overall fluctuation functions Fq(n) (left) and the fitted overall fluctuation functions for different Hurst exponents denoted with
different colours (right) for the continuum of 3C 390.3. First middle panels: the same as the top panels but for the Hβ line. Second middle panels: the local
Hurst exponents h(q) (left) for the continuum (black solid line) and Hβ line (green dots) and the scaling exponent functions τ (q) (right) for the continuum
(black solid line) and Hβ line (green dots). Bottom panel: the multifractal spectrum functions for the observed continuum (black circle) and Hβ line (green
square) fitted with a fourth-order polynomial function (solid lines). The width �α of both spectrum functions is also given.
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Flux variations in continua and BLRs of AGNs 793

Figure 7. Top panels: the overall fluctuation functions Fq(n) (left) and the fitted overall fluctuation functions for different Hurst exponents denoted with
different colours (right) for the continuum of E1821+643. First middle panels: the same as the top panels but for the Hβ line. Second middle panels: the local
Hurst exponents h(q) (left) for the continuum (black solid line) and Hβ line (green dots) and the scaling exponent functions τ (q) (right) for the continuum
(black solid line) and Hβ line (green dots). Bottom panel: the multifractal spectrum functions for the observed continuum (black circle) and Hβ line (green
square) fitted with a fourth-order polynomial function (solid lines). The width �α of both spectrum functions is also given.
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794 A. Bewketu Belete et al.

Figure 8. Top panels: the local Hurst exponents (left), the scaling exponent functions (middle) and the multifractal spectrum functions (right) for the full
observation period of the Hβ line segments of E1821+643: (Hβ)b (red dashed line), (Hβ)c (black solid line) and (Hβ)r (green dots). Bottom panels: the same
as the top panels but for the partial observation period (from day 50866.6 to day 55866.2).

of non-linearity in τ (q) is different between the continuum and the
line. As noted, this difference in the non-linear behaviour of τ (q)
clearly shows the difference in the degree of multifractality (non-
linearity) between the continuum and the line. We can determine
the degree of multifractality from the width of the spectra: �α

= 0.2484 (5100 Å) and 0.3229 (Hβ). The shapes of the spectra
are found to be left-side truncated, implying that the multifractality
is sensitive to local small-magnitude fluctuations. Here, we also
take into account the effects of flux uncertainties on the widths
and shapes of the spectra. After taking these flux uncertainties into
account, the spectral shapes are found to be identical, whereas the
widths are changed by small values. The formal uncertainties are
presented in Table 1. The spectral widths indicate that the degree
of multifractality of the Hβ line is slightly greater than that of the
continuum.

3.4 E1821+643

We performed the same multifractality analysis for the long-term
optical light curves of E1821+643. The resulting Fq(n), h(q), τ (q)
and f(α) for the continuum (5100 Å) and Hβ line of E1821+643
are given in Fig. 7. As shown in the top panels in Fig. 8, we also
performed the same multifractality analysis for the full observation
period of the different regions of the Hβ line segments: Hβ

(blue), Hβ (core) and Hβ (red). After taking into account the flux
uncertainties, the 1σ confidence intervals for the spectral widths
are shown in Table 1. The behaviours of the overall fluctuation
functions Fq(n), slopes h(q), scaling exponent functions τ (q) and
spectral widths �α clearly show the presence of monofractality
in the flux observations of the Hβ line and the Hβ line segments
and a very weak multifractal (nearly monofractal) signature of the
continuum (5100 Å).

3.5 NGC 7469

Similarly, we analysed the multifractal behaviours of the long-term
optical light curves (i.e. the continuum at 5100 Å and the Hβ line)
of NGC 7469. We present the results of our multifractality analysis
in Fig. 9. We take into account the effects of observational noise
on the widths and shapes of the spectra in the same way as for
previous objects. Despite the spectral shapes remaining the same,
we found small differences in the widths of the spectra. These small
differences allowed us to obtain the 1σ errors (see Table 1). As can
easily be seen, for the continuum (5100 Å), there is no difference in
the behaviour of Fq(n) for positive and negative q, and consequently
h(q) and τ (q) show linear dependence on q. Furthermore, the
linearity in h(q) and τ (q) is strengthened by the narrow spectral
width �α. Similarly, for the Hβ line, the very weak dependence of
h(q) and τ (q) on q and the almost narrow spectral width indicate the
presence of very weak multifractal (nearly monofractal) signatures
in the time series of the Hβ line. Despite the narrow spectral widths,
the differences in the width, �α(Hβ) > �α (5100Å), could tell us
something important about the relationship between the two light
curves.

3.6 Partial observation period

We take into account the effects of the number of observations on
the spectral width by considering an equal number of data points for
all objects. We take the data points from day 50094.5 to day 52237.6
for NGC 4151 (5100 Å) and from day 50094.5 to day 52397.7 for
NGC 4151 (Hβ), from day 50940.34 to day 55367.42 for Arp 102B
(5100 Å and Hβ), from day 49832.42 to day 54040.65 for 3C 390.3
(5100 Å and Hβ), from day 50866.6 to day 55866.2 for E1821+643
(5100 Å and Hβ), and from day 50247.56 to day 52619.67 for NGC
7469 (5100 Å and Hβ). In this case, the maximum scale given by
nmax = round{length[x(t)]/10}, where x(t) is the signal, which is
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Flux variations in continua and BLRs of AGNs 795

Figure 9. Top panels: the overall fluctuation functions Fq(n) (left) and the fitted overall fluctuation functions for different Hurst exponents denoted with
different colours (right) for the continuum of NGC 7469. First middle panels: the same as the top panels but for the Hβ line. Second middle panels: the local
Hurst exponents h(q) (left) for the continuum (black solid line) and Hβ line (green dots) and the scaling exponent functions τ (q) (right) for the continuum
(black solid line) and Hβ line (green dots). Bottom panel: the multifractal spectrum functions for the observed continuum (black circle) and Hβ line (green
square) fitted with a fourth-order polynomial function (solid lines). The width �α of both spectrum functions is also given.
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796 A. Bewketu Belete et al.

Figure 10. Top panels: comparisons among the local Hurst exponents h(q) (left), scaling exponent functions τ (q) (middle) and multifractal spectrum functions
f(α) (right) for the continuum (5100 Å) of the five objects for the full observation period. Bottom panels: the same as the top panels but for the Hβ line.

the same for all sources. Then, we repeated the same multifractality
analysis for the light curves over these partial observation periods.
The resulting local Hurst exponents h(q), scaling exponent functions
τ (q) and multifractal spectrum functions f(α) for the continuum
and the Hβ line of all five objects are given in Fig. 10 for the
full observation period (these can be compared with the results in
Fig. 11 for the partial observation periods). The difference in the
behaviours of h(q) and τ (q) as a function of q between the emission
line (Hβ) and continuum (5100 Å) of each object, as well as between
the objects, clearly demonstrates the difference in the degree of
multifractality. To characterize this difference quantitatively, we
estimated the multifractal spectrum function f(α) and calculated the
corresponding spectral widths (see Table 1).

Additionally, for the Hβ line segments of Arp 102B and E18
21+643, in addition to the analysis for the full observation period,
we performed the same analysis for the partial observation periods:
from day 50940.34 to day 55367.42 for the Hβ line segments
of Arp 102B, and from day 50866.6 to day 55866.2 for the
Hβ line segments of E1821+643. The multifractality analysis
results are depicted in the bottom panels of Fig. 5 (Arp 102B)
and Fig. 8 (E1821+643). The corresponding spectral widths for
the Hβ line segments of Arp 102B and E1821+643 are given
in Table 1. Additionally, for the partial observation periods, a
nearly monofractal signature is found in all the segments. Though
the variability in the total and partial light curves is similar (see
Table 1), we found differences in the spectral widths between the
two periods, implying that these differences could be due to changes
in underlying processes at different time intervals or could be due
to other numerical artefacts.

3.7 Global perspective

Different multifractal signatures are detected for the continuum at
5100 Å, the Hβ line profile and the Hβ line segments. Considering

the full observation period, the nuclei for which the degree of
multifractality of the continuum is greater than that of the line,
i.e. �α (5100 Å) > �α (Hβ), are NGC 4151, Arp 102B (host-
galaxy-corrected) and E1821+643. In contrast, for 3C 390.3 and
NGC 7469, the multifractality of the line is found to be stronger
than that of the continuum, i.e. �α (5100 Å) < �α (Hβ). The same
is true for the partial observation periods, except for that of NGC
4151. For NGC 4151, it is worth noting that the multifractality
of the continuum drastically decreases when we consider the
partial observing period. In addition, we compared the degrees of
multifractality of the continuum and the Hβ line between objects.
For the continuum (5100 Å), �α (NGC 4151) > �α (Arp 102B) >

�α (3C 390.3) > �α (E1821+643) > �α (NGC 7469), whereas
for the Hβ line, �α (3C 390.3) > �α (NGC 4151) > �α (NGC
7469) > �α (Arp 102B) > �α (E1821+643). Additionally, for the
partial observation periods containing an equal number of epochs,
the order of the sources is the same despite the differences in
their spectral widths (see Fig. 11). In all cases, for Arp 102B, we
considered host-galaxy-corrected data for both the continuum and
the line. We also compared the degrees of multifractality along the
Hβ line profiles of Arp 102B and E1821+643, obtaining �αblue >

�αcore ∼ �αred. However, when partial light curves are considered,
the degree of multifractality slightly increases in E1821+643 but
decreases in Arp102B. The changing behaviours of the multifractal
signatures with the observation period could be due to the complex
nature of both the central compact source (from where the ionizing
continuum originates) and the BLR (from where the BELs are
generated). We further investigated how the degree of multifractality
depends on different physical properties of the considered AGN.
In this analysis, we considered the results of the full observation
period. The degree of multifractality of the continuum is found
to be independent of the black hole mass and the continuum
luminosity (see the top-left and top-middle panels of Fig. 12).
However, excluding NGC 7469, the degree of multifractality seems

MNRAS 496, 784–800 (2020)

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/496/1/784/5849025 by guest on 19 April 2024



Flux variations in continua and BLRs of AGNs 797

Figure 11. Top panels: comparisons among the local Hurst exponents h(q) (left), scaling exponent functions τ (q) (middle) and multifractal spectrum functions
f(α) (right) for the continuum (5100 Å) of the five objects for the partial observation period. Bottom panels: the same as the top panels but for the Hβ line.

Figure 12. Top panels: �α (5100 Å) versus black hole mass (left), �α (5100 Å) versus mean continuum luminosity (middle) and �α (5100 Å) versus
Lcont/MBH (right). Bottom panels: �α (Hβ) versus black hole mass (left), �α (Hβ) versus radius of the BLR (middle) and �α (Hβ) versus λLλ(5100 Å)
(right).

to be correlated with the continuum luminosity. Additionally, in
the top-right panel of Fig. 12, we present the relationship between
the degree of multifractality for the continuum flux and the λLλ

(5100 Å)/MBH ratio, showing the presence of a possible correlation
between them. The very interesting result of the drastic decrease
of continuum light curve multifractality of NGC 4151, when the
partial period is considered, could be related to the difference in

the mean flux and mean luminosity between the total and partial
period. In the partial period, the mean flux and luminosity are higher
than those in the total period (see the top-left panel of Fig. 1),
so that an appreciable increase in luminosity and Eddington ratio
might lead to a significant decrease in the multifractal degree,
as suggested by our global results in Fig. 12 (top-right panel).
We also show that �α of the Hβ line is not correlated with the
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798 A. Bewketu Belete et al.

black hole mass or the radius of the BLR (see the bottom-left and
bottom-middle panels in Fig. 12), which is in agreement with the
results reported in Ilić et al. (2017). Moreover, �α (Hβ) is also
not correlated with the continuum luminosity (see the bottom-right
panel in Fig. 12). Indeed, different Seyfert galaxies characterized
by different rates of variability, different line profiles and, perhaps,
different dynamics show different degrees of multifractality, and
there is some indication that stronger variability is needed to detect
multifractal signals. More analyses of the properties and dependence
of the degree of multifractality on the observational properties of
AGN light curves will be given elsewhere.

4 D I S C U S S I O N A N D C O N C L U S I O N S

In this work, for the first time, we present multifractality (non-
linearity) analyses of the long-term optical light curves (i.e. the
continuum at 5100 Å and the Hβ line) of selected type 1 AGNs:
NGC 4151, Arp 102B, 3C 390.3, E1821+643 and NGC 7469. We
used the backward (θ = 0) one-dimensional MFDMA data analysis
procedure. The overall fluctuation function Fq(n), the local Hurst
exponent h(q), the classic scaling exponent function τ (q) and the
multifractal spectrum function f(α) are essential tools for finding
multifractal signatures. Thus, we estimated all these functions for
each considered time series.

We detected multifractal signatures in the continua (5100 Å)
of NGC 4151, Arp 102B and 3C 390.3 and in the Hβ lines of
NGC 4151 and 3C 390.3, confirming once again that AGNs are
non-linear, complex and intermittent systems (e.g. Vio et al. 1991;
Longo et al. 1996; Bewketu Belete et al. 2018, 2019b) that cannot
be fully described by a single power exponent or linear model. In
the continua of E1821+643 and NGC 7469 and in the Hβ lines of
Arp 102B, E1821+643 and NGC 7469, nearly monofractal (if not
monofractal) signatures were detected. In addition, we also detected
very weak multifractal (nearly monofractal) signatures in most Hβ

line segments of Arp 102B and E1821+643. Interestingly, there is
evidence that multifractality is playing a role in the light curve of the
blue wing of the Hβ emission from Arp 102B, but it should be noted
that it almost completely disappears when a partial observing period
is considered, which is better sampled than the full observing period.
The degree of multifractality was found to be different between the
continuum and emission line of each individual object and between
objects. Considering the full observation period, we found that the
BLR smooths out the non-linearity of the continuum for NGC 4151,
Arp 102B and E1821+643, whereas the Hβ emission signal has
higher non-linearity than the continuum signal for 3C 390.3 and
NGC 7469. Similarly, considering the partial observation periods
containing an equal number of epochs, we found that the non-
linearity of the continuum is greater than that of the line for Arp
102B and E1821+643, whereas the non-linearity of the continuum
is less than that of the line for NGC 4151, 3C 390.3 and NGC 7469.
We also discovered significant differences in the spectral widths
for NGC 4151, Arp 102B and 3C 390.3 when we compared the
results for the full observation period with those for the partial
observation periods. The spectral widths of the partial observation
periods usually decrease, except for the Hβ light curve of 3C 390.3,
for which the width increases. In addition, for NGC 4151 and Arp
102B, we noticed that with a change in the considered period (full or
partial), the degree of multifractality of the line decreases when the
multifractality of the continuum decreases, implying the presence
of possible correlations between the degrees of multifractality. We
also found similar correlation behaviours between the continuum
(5100 Å) and Hβ line of NGC 5548 (Bewketu Belete et al. 2019c).

Kovačević et al. (2018) reported the presence of correlations in the
oscillatory behaviours of the continuum and emission lines of NGC
4151, 3C 390.3, NGC 5548 and E1821+643, indicating that such
correlations could be the consequence of a more general correlation
trend between the continuum and emission-line fluxes of these
sources. Comparing the degrees of multifractality between objects,
for the continuum, the order from the strongest to the weakest in
terms of the degree of multifractality is NGC 4151 > Arp 102B
(host-galaxy-corrected) > 3C 390.3 > E1821+643 > NGC 7469,
whereas for the Hβ line, the order is 3C 390.3 > NGC 4151 > NGC
7469 > Arp 102B (host-galaxy-corrected) > E1821+643.

These differences in the degree of multifractality and thus non-
linearity between the AGNs might be a result of the differences
in their dynamics. Kovačević et al. (2018) studied the oscillatory
patterns in the continuum and emission-line variations of NGC
4151, Arp 102B, 3C 390.3, E1821+643 and NGC 5548; this small
sample of AGNs includes four out of our five objects in addition
to a Sy 1 nucleus whose spectral multifractality was analysed in a
previous paper (NGC 5548; Bewketu Belete et al. 2019c). Regarding
the two double-peaked Balmer line emitters (i.e. 3C 390.3 and Arp
102B), Kovačević et al. (2018) reported evidence that both objects
have different dynamics and showed that the oscillations of NGC
5548 and E1821+643 correspond to the dynamical extremes of
chaos and stability, respectively. Additionally, it has been shown
that the rate of variability of 3C 390.3 is higher than that of Arp
102B and has a typical line variability that can be explained by disc
emission and perturbations in the disc, whereas this characteristic
is not seen in Arp 102B (Rakić et al. 2017, and references therein).
Moreover, Rakić et al. (2017) described the differences in the
spectral properties of galaxies 3C 390.3 and Arp 102B and found
that their differences are due to the different structures of their
BLRs.

The degree of multifractality of the continuum (5100 Å) is shown
to be independent of the black hole mass. However, except for NGC
7469, the degree of multifractality seems correlated with the mean
continuum luminosity. Furthermore, a good correlation is also found
between the degree of multifractality of the continuum and the λLλ

(5100 Å)/MBH ratio (i.e. a tracer of the Eddington ratio L/LEdd), with
higher multifractality at a lower ratio. Although this finding provides
clues about a possible link between non-linearity and accretion
physics (supermassive black holes and mass accretion rates), this
relationship must be taken with caution because of the small size
of our sample of AGNs. In addition, we found that the degree of
multifractality of the Hβ line is independent of the black hole mass,
the radius of the BLR and the mean continuum luminosity. We have
also verified that the Hβ multifractality degree is not correlated
with the λLλ (5100 Å)/MBH ratio. The Hβ lines of Arp 102B and
E1821+643 exhibit a double-peaked or highly asymmetric profile,
and thus the observed differences between the line regions of these
two AGNs are worth discussing. There is an excess of multifractality
in the blue wing of the emission line of Arp 102B only, so the degree
of multifractality is higher for the BLR region moving towards
Earth. Moreover, the motions of emitting clouds may affect both
the amplitude and the time-scale of observed line flux variations;
hence, different motions could produce differences in the nature
(multifractality/non-linearity) of the corresponding signal.

It has been shown that the degree of multifractality does not
change with redshift; that is, multifractality is an intrinsic be-
haviour of AGNs (Bewketu Belete et al. 2019b). However, extrinsic
variations (e.g. microlensing effects) could affect the width of a
multifractal spectrum (Bewketu Belete et al. 2019a). Thus, believing
multifractality to be an intrinsic property of AGNs and assuming that
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Flux variations in continua and BLRs of AGNs 799

photoionization is the main source for the production of emission
lines in AGNs, our results could provide significant information
about the behaviours of the continua and BLRs of AGNs and
whether the BLR smooths out the non-linearity of the continuum. It
might be necessary to note this when cross-correlating the line and
continuum light curves to estimate the size of the BLR, as the cross-
correlation peak position depends on the nature of the continuum
light curve and on the response of the emission lines (Netzer 1990).
For example, based on our results, the response of the Hβ line
to the variations in the continuum at 5100 Å is found to be linear
(smoothed out) for Arp 102B, whereas the response is non-linear for
3C 390.3. There is ambiguity in the result for NGC 4151, because
the situation depends on the time segment considered. Similarly,
in our previous work (Bewketu Belete et al. 2019c), we performed
the same multifractality analysis for long-term (1972–2015) optical
continuum (5100 Å) and Hβ line observations of the Seyfert 1
galaxy NGC 5548 (Bon et al. 2016) and we found a non-linear
response of the Hβ line to the variation in the continuum at 5100 Å.

We found multifractal signatures in half of the light curves
considered. Nearly monofractal signatures were detected for the
continua of E1821+643 and NGC 7469, as well as for the Hβ

lines of Arp 102B, E1821+643 and NGC 7469; however, these
behaviours may change during different analysed periods. Thus,
additional and more frequent observations are needed; fortunately,
large and dedicated surveys, both photometric and spectroscopic,
such as the Panoramic Survey Telescope and Rapid Response
System (Pan-STARRS), the Vera C. Rubin Observatory Legacy
Survey of Space and Time (LSST), the Sloan Digital Sky Survey
(SDSS) and the Maunakea Spectroscopic Explorer (MSE), will
most definitely provide these data in the future. Interestingly, there
is evidence that multifractality plays a role in the light curve of
the blue wing of the Hβ line emission from Arp 102B. We did
not find any correlations between the degree of multifractality of
the Hβ line and the accretion parameters, although the degree of
multifractality of the continuum may display some dependence on
the Eddington ratio. In general, however, there is an important caveat
regarding these encouraging results. The given method is not robust
and independent of the sampling rate and other properties of the
light curves. Thus, in future work, these limitations will be fully
addressed through future long-term monitoring campaigns and/or
with the analysis of artificial AGN light curves that are carefully
generated with different approaches.
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