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Abstract. The light curve of Mrk 6 for 1970–2002 is presented and discussed. The amplitudes of variability were 1.6m,
1.1m, and 0.8m in UBV bands, respectively. The magnitudes of the underlying galaxy in the 27.5′′ aperture were found to
be Ug = 15.82, Bg = 15.42 andVg = 14.36. The mean color indices of the variable component are (U − B)var = −0.49 and
(B− V)var = 0.75 without correction for reddening. In the time intervals from 10 days to 1300 days the structure function can
be presented as a power function,SF∝ τb, whereb = 0.72± 0.04. The time where theSF for Mrk 6 reaches the upper plateau
is about 3300 days. The observedSF can be interpreted by the superposition of independent flares model with the maximal
duration of flares∼800 days. If these flares are located in the radiation pressure dominated region of the accretion disk, the size
of this region is about 70, 330RS, assuming the viscous parameterα is 0.1, 0.01, respectively. It is concluded that the optical
long-term variability of Seyfert galaxies can be explained by thermal instability in the accretion disk.
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1. Introduction

Among active galaxies, the Seyfert Galaxy Markarian 6 (Mrk 6,
z = 0.0187) was one of the first that showed variability of its
Hβ emission line profile. The morphological type of this galaxy
is S0a. The interstellar extinction isAV = 0.66 (Koski 1978;
Malkan & Oke 1983). Despite its proximity (D = 77 Mpc,
H0 = 75 km s−1 Mpc−1), brightness and variability of emission
line profiles, Mrk 6 has been very poorly studied in the optical
broadband. To my knowledge only three papers with more or
less systematic photometric observations of Mrk 6 have been
published (Doroshenko 1988; Neizvestny 1986, 1987). This is
the reason why adding new photometric data is very useful for
studying its variability on long and short time scales.

In this paper, I present the results of a photometric study
usingUBV and spectral observations of Mrk 6.UBV observa-
tions of Mrk 6 since 1986 are presented in Sect. 2. I discuss
the surface brightness distribution in the object in Sect. 3. My
UBVdata combined withUBVdata by Neizvestny (1986, 1987)
and also with continuum fluxes near the Hβ emission line from
archive spectra 1970–1991 (Doroshenko & Sergeev 2003) are
shown in Sect. 4. The color indices of variable source are given
in Sect. 5. All the photometric data are analyzed using a struc-
ture function (Sect. 6) and results are discussed in Sect. 7.
Section 8 summarizes the results.

? e-mail:doroshen@sai.crimea.ua

2. Observations

I began systematic observation of this galaxy withUBV pho-
tometry in 1986. A photometer with a photo-multiplier detec-
tor is attached to the 60-cm Zeiss telescope at the Crimean
Laboratory of the Sternberg Astronomical Institute of Moscow
University. The instrumental system is close to Johnson’s stan-
dard photometric system. The observations were made through
the apertureA = 27.5′′. The star with the coordinatesα =
06h49m33.1s, δ = +74◦30′45′′ (2000) was taken as a compari-
son star. Its magnitudes obtained several times in different years
areV = 10.66± 0.01,B = 11.18± 0.01 andU = 11.13± 0.03.
The observedUBV magnitudes of Mrk 6 with their uncer-
tainties are given in Table 11. Here I give several rows from
Table 1. The errors quoted in Table 1 are 1σ internal errors
due to photon-counting statistics. The actual scatter seems to be
slightly (∼10–15%) bigger than the errors I give, due to other
small external errors.

3. The surface brightness distribution

In order to estimate the contribution of the host galaxy in
UBV magnitudes and to computeUBV magnitudes of the
nucleus one needs to know the surface brightness distribu-
tion (SBD). FromUBV observations of Mrk 6 by Neizvestny
(1986) through the apertures from 4.3′′ to 55′′ and partly from

1 Because of size, this table is only available in electronic at
http://www.edpsciences.org.
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Table 1.The observedUBVmagnitudes of Mrk 6 throughA = 27.5′′.

JD U σU B σB V σV

24 400 000+

06450.530 14.82 0.08 14.93 0.02 13.88 0.02

06467.427 14.94 0.08 14.88 0.03 13.94 0.02

. . . . . . . . . . . . . . . . . . . . .

12349.388 15.19 0.25 14.89 0.04 13.90 0.03

12369.276 14.64 0.10 14.90 0.03 13.82 0.04

Fig. 1. The surface brightness distributions inB and V bands ob-
tained from combined data by Neizvestny (1986) and Doroshenko
(this work).

my observations through the different apertures I could obtain
the surface brightness distributions (SBD) forB andV bands
(Fig. 1). It allows one to calculate the magnitudes of the stel-
lar component in different apertures inB,V. In U band the
SBD has quite large uncertainties. Thus I took (U − B)g from
Vaucouleurs (1961) according to the morphological type S0a of
Mrk 6. In such a case, the magnitudes of galaxy inA = 27.5′′
calculated from the surface brightness distribution inB,V, on
the one hand, and from relationship between morphological
type of normal galaxies and their color indices, on the other
hand, areUg = 15.82,Bg = 15.42 andVg = 14.36.

4. The light curves

The light curves of Mrk 6 inUBVbands since 1986 are shown
in Fig. 2 by filled circles. The results ofUBV observations by
Neizvestny (1987) made in 1979–1984 at the 60-cm telescope
of the Special Astrophysical Observatory in the Caucasus are
shown by open circles. These photometric observations re-
veal the significant variability of the nucleus with an ampli-
tude of about 1.6m, 1.1m and 0.8m in UBV-bands respectively.
The ratio of the rms fluctuations to the mean flux corrected
for the effect of the measurement errors is 26%, 19% and 13%
in U, B,V bands. As in other Seyfert galaxies the maximal vari-
ability is in theU-band.

The addition of spectral fluxes in continuum atλ 5170 Å
since 1970 (Doroshenko & Sergeev 2003) to the photometric

Fig. 2. UBV-light curves of Mrk 6 inA = 27.5′′ obtained from obser-
vations by Doroshenko (filled circles) and Neizvestny (1987) (open
circles).

Fig. 3. Light curve constructed from photometric data inV-band by
Doroshenko – filled circles, by Neizvestny (1987) – open circles and
from spectral continuum flux atλ 5170 Å by Doroshenko & Sergeev
(2003) – crosses.

fluxes allows one to construct the light curve covering the pe-
riod from 1970 to 2001 years. The fitting of the spectral contin-
uum fluxes to the photometric ones was made using common
dates of observations and a linear relationship between these
fluxes. The combined light curve in theV band is shown in
Fig. 3.

The mean photometric uncertainty of the combined light
curve is 0.04m. One can see that the full amplitude of variability
in theV-band is 0.8m and the variability is quite complicated:
there are slow and fast components. The variability on the short
timescale is superimposed upon the long term one.

5. Two-color diagram

Different physical emission mechanisms are known to produce
color variations in the two-colorU−B, B−V diagram. Observed
color indices of Mrk 6 before and after subtraction of the stellar
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Fig. 4.Two-color diagram of Mrk 6a) for observed values andb) after
subtraction the underlying galaxy contribution. The colors averaged
over the intervals∆V = 0.1m are indicated by the large open circles.
The solid line corresponds to the CI for power law spectra (Iν ∝ να)
with differentαs; the dashed line shows the CI for black bodies with
different temperature Tbb.

contribution are shown in Fig. 4. For comparison, the location
of sources with power law spectra (Iν ∝ να) and for black body
is marked in the diagrams by solid and dashed lines, respec-
tively. The large open circles correspond to the color indices
averaged over intervals∆V = 0.1m.

Figure 4a shows that when emission of the variable source
is getting weaker (varying fromV = 13.5 to V = 14.1), the
color indices of the total source increase. This means that the
variable component is blue and the non-variable component is
redder. It is clearly seen (Fig. 4b) that the changes of color
indices of the variable component have significantly less dis-
persion after subtraction of the underlying galaxy contribu-
tion. The weight-averaged values of the color indices for the
variable sources in Mrk 6 is (U − B)var = −0.49± 0.02 and
(B − V)var = 0.75 ± 0.04 without correction for reddening,
AV = 0.66, and (U − B)var = −0.65 and (B − V)var = 0.53
after it.

There is another way to obtain independently the color
characteristics of an underlying galaxy and of a variable com-
ponent, ifUBV magnitudes of the total source are known. In
such a case it is usually supposed that the variable compo-
nent can only change its brightness without changing energy
distribution, and the underlying galaxy is a normal galaxy.
This method was successfully used by Hagen-Thorn (1985)
for many active galaxies. Application of this method to the
UBV study of Mrk 6 shows that the observed color indices
of the variable component are (U − B)var = −0.48± 0.02 and
(B−V)var = 0.58± 0.02. So, the (U − B)var coincides very well
with the estimation obtained above, but (B− V)var is different.
However, the solution obtained using the Hagen-Thorn (1985)
method for the galactic component gives (B− V)gal = 0.97 and
(U−B)gal = 0.44. It is in accord with the color characteristics of
a S0a galaxy, ifAV is about 1m. Taking into account the statis-
tical character of the relation between morphological type and
color indices for normal galaxies in general, one can conclude
that the agreement between the two methods is rather good.

Fig. 5. The structure function of Mrk 6: upper panel – inU, middle
panel – inB and bottom panel – inV band. The best fit Poisson
model is shown by heavy lines. Thin lines mark the uncertainty of
the SF (σS F(τ)) obtained from Monte-Carlo simulations for the best
fit parameters.

6. Structure function analysis

Recently, a structure function (SF) analysis has been widely
applied to the study of time series of active galactic nuclei (e.g.
Kawaguchi et al 1998; Merkulova et al. 1999; Cid Fernandes
et al. 2000; Collier & Peterson 2001; Doroshenko et al. 2001
and many others). TheSFof the first-order is defined as

S F(τ) =
〈
[x(t) − x(t + τ)]2

〉
,

where x(t) is a random process,τ is time shift and angu-
lar brackets denote an ensemble average. The slope of the
SFchanges with the time intervalτ. On the shortest timescale,
if the measurement errors are neglected,SF ∝ τ2, and for
long timescaleSFconverges to twice the intrinsic variance of
the process:SF → 2σ2. The addition of photometric errors
increasesSF by the value 2σ2

err. On intermediate timescales,
i.e. τmin < τ < τmax, the structure function is proportional
to τb (SF ∝ τb), where the numerical value ofb depends
on the physical mechanism responsible for the intrinsic vari-
ations. TheSFprovides estimates for both the variability time
scaleτmin andτmax, amplitude of variability, and also the value
of b, which is a slope of the power-law portion of theSF.

6.1. Observed and modelled SF of Mrk 6
for UBV bands

The observedUBV SFs of Mrk 6, corrected for the flux mea-
surement errors, are illustrated in Fig. 5. They were com-
puted for bins with the number of pairs available greater
than 7. The error bars in Fig. 5 were calculated using multiple
(400 times) realizations of flux randomization (FR) and boot-
strapping (RSS) of the original data (FR/RSS method, Peterson
et al. 1998).
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Table 2.Parameters of the observedSFs.

Filter b σb r

Mrk 6 log (τ) = 1.1–2.3

U 0.89 0.14 0.76

B 1.09 0.07 0.94

V 0.84 0.07 0.92

Vp+s 1.09 0.11 0.92

log (τ) = 2.4–3.4

U 0.83 0.06 0.94

B 0.88 0.06 0.96

V 0.94 0.05 0.96

Vp+s 0.79 0.03 0.99

log (τ) = 1.1–3.4

U 0.67 0.04 0.88

B 0.74 0.04 0.91

V 0.69 0.02 0.96

Vp+s 0.79 0.03 0.98

NGC 4151 log (τ) = 0–1.5

A, UBV 1.05 0.07 0.96

B, UBV 0.87 0.04 0.98

log (τ) = 1.9–3.6

A, UBV 0.20 0.04 0.68

B, UBV 0.75 0.04 0.98

NGC 5548 log (τ) = 0.35–2.7

UBV 0.92 0.02 0.98

The observedSFs in different optical spectral bands are
similar: all SFs have the first flattening located at the time shift
of 210–250 days (log (τ) = 2.33−2.37). In the power spectrum
there is a rather noticeable peak at the frequencyν = 0.00423,
that also corresponds to 236 days. The origin of this peak is not
clear. The second flattening begins at∼3300–4000 days. The
observed slopesb of theSFs before and after the first flattening
(for log (τ) = 1.1−2.3 and log (τ) = 2.4−3.4, respectively) and
also the slopes in the total time interval before the upper flat-
tening (for log (τ) = 1.1−3.4) are given in Table 2, whereσb
is the uncertainty of the slope,r is the correlation coefficient
from a linear regression, andVph+spe is the label forV magni-
tudes constructed from photometric and spectral data.

The observedSFwas compared with theSF for a Poisson
model in which the variations of brightness were produced by
the stochastic superposition of independent flares with simple
Gaussian profiles randomly distributed in time. As was shown
by Sergeev (1999) and also by Cid Fernandes et al. (2000),
the Poisson analysis is highly insensitive to the shape of flares.
According to Sergeev (1999), if the numbern of flares with the
durationω is given by a power law distribution,n(ω) ∼ ωγ,
and if the flare amplitude,A(ω), also depends onω as a power
function, A(ω) ∼ ωβ, then dependence of theSF on the time
interval asymptotically tends to a power law shape,S F(τ) ∼ τb,
whereb = γ + 2β + 2. This power law is valid when the flare
duration varies betweenωmin andωmax.

Table 3.The best fit model parameters for theSF.

Band γ β dT Tmin Tmax χ2 b σb

Mrk 6, log (τ) = 1.2–3.1

U –1.70 0.25 0.2 0.01 800 0.77 0.75 0.17

B –1.59 0.18 0.2 0.01 1100 0.80 0.72 0.14

V –1.50 0.20 0.2 0.01 900 0.38 0.82 0.13

Vp+s –1.50 0.25 0.2 0.01 1000 0.87 0.90 0.12

NGC 4151, log (τ) = –0.05–1.3

U, A –1.47 0.45 0.10 0.01 20 0.76 1.36 0.17

NGC 4151, log (τ) = 0.03–3.0

B, B –1.70 0.25 0.25 0.01 800 0.77 0.74 0.06

V, B –1.60 0.17 0.20 0.01 800 0.64 0.72 0.06

NGC 5548, log (τ) = 0.35–2.65

V –1.65 0.32 0.01 0.001 250 1.90 0.92 0.08

Using Sergeev’s software (1999), I have performed Monte-
Carlo simulations with the following parameters:γ, β, and dT
which is the mean time interval between two sequential flares,
Tmin andTmax are equal to the minimal and maximal duration
of flares. Unfortunately, it is impossible to obtain separately
the values of theγ andβ parameters. However, it is possible
to put some restrictions on the values ofγ andβ using ratio-
nal assumptions based on physical considerations and common
sense. For example, one can suppose that a larger number of
flares have lower amplitudes and shorter duration (ω). So, β
must be larger, butγmust be less than 0. From numerous values
of γ andβ that satisfy these conditions, we must take such val-
ues which will agree with the equation:b = γ+2β+2, whereb
is a slope determined from theSF. Note, thatTmax of flares can-
not be more than the time corresponding to the beginning of the
upper plateau in the observedSF. Changing these parameters,
one could perform a series of Monte-Carlo light curve simu-
lations. For each simulated light curve, theSF was computed
in the same manner as was done for the observed light curve.
The modelSF is then given by the mean of the N simulated
SFs, S F(τ)sim. The model error is given by the rms spread of
the simulated model population around the mean value at each
time intervalτ,–σS F(τ)sim. The quality of the model represen-
tation of the observedSFs is estimated with aχ2

test, which is

calculated:χ2
test =

∑Tmax
Tmin

[
S F(τ)sim−S F(τ)obs

]2

σS F(τ)2
sim

. The best fit parame-

ters of the model are those for which the minimal value ofχ2
test

is obtained. These parameters are given in Table 3. In the first
column of Table 2 and Table 3Vp+s for Mkn 6 is the combined
light curve from photoelectric and spectral data.

The computed modelSFs are also shown in Fig. 5 by heavy
lines. Thin lines in Fig. 5 mark the rms of theSF computed
from Monte-Carlo simulations for the best fit parameters. It
seems that the resemblance between observations and the mod-
els is quite satisfactory.

The SF analysis shows that the power law portion of the
SFdelineates the range of timescales for which the variations
are correlated. In order to facilitate comparison of theSFs in
different spectral bands theSFs can be normalized to the value
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of σ2. So, for Mrk 6 in theUBV bands, normalizedSFs on a
logarithmic scale show a linear part in the interval from∼10 to
∼1300 days and a mean slopeb = 0.72± 0.04. The maximal
time, when theSFreaches the upper plateau, can be interpreted
as the maximum time of correlated behaviour of points in the
light curve. In practice this time is defined rather roughly and
for Mrk 6 it is about 1300–3300 days. The full width of the
autocorrelation function at a zero correlation level is also equal
to 3900 days, in agreement with the time shift, where the upper
plateau ofSFbegins. The modelling light curves in the frame
of such a simple Poisson model shows that it can quite well
reproduce the observed shape of the Mrk 6 light curves with
the probability of about a tenth of a percent.

6.2. Comparison with SFs of NGC 4151
and NGC 5548

TheSFof Mrk 6 was compared withUBV SFs of NGC 4151
(Czerny et al. 2003) and NGC 5548 (Doroshenko et al. 2001).

Lyuty (Lyuty & Doroshenko 1999) suggested to divide the
light curve of NGC 4151 into two cycles of variability: before
the deep minimum of brightness in 1989 – (Cycle A) and after
that time – (Cycle B). TheUBV SFs of NGC 4151 are notice-
ably different for these two periods of observations. The slopes
are different for each cycle. This difference is particularly well
seen in Fig. 6 and Table 2, where in the first column labelA
means Cycle A, and labelB – Cycle B. It is possible that the
differenceSFs between Cycle A and B is caused by the increas-
ing number of flares with larger amplitude and longer duration
in Cycle B than in Cycle A.

The data from the AGNW-site by Internet2 for NGC 5548
were added to the data inV band from Doroshenko et al. (2001)
and the Poisson model was calculated for the combined data.
Thus, the parameters for theSF of NGC 5548 were defined
more exactly than in the earlier paper by Doroshenko et al.
(2001). TheSFs for NGC 5548 can be described by a single
slope in all bands.

The plateau of theSFs for NGC 4151 in Cycle B begins at
the time of about log (τ) = 3.2−3.6, whereas for NGC 5548 it
begins earlier, at log (τ) ≈ 2.7.

For Mrk 6 the slopes of theSFs in all bands are sim-
ilar within the error limits, and equal tob ∼ 0.7−0.8, al-
though there is a slight flattening at time log (τ) ≈ 2.35. As
is noted above, the time over which the variations of brightness
in Mrk 6 are not correlated (upper plateau in theSF) is about
1300–3300 days.

Thus the observedSFs for these three SyGs have some dif-
ferences both in the slopeb and in the time when the upper
plateau is reached. This time is maximal for Mrk 6 and minimal
for NGC 4151 in Cycle A. Moreover, the observedSFs of some
galaxies in differing epochs of observations can change (e.g.
NGC 4151). The difference in theSFs for these three galaxies
is more clearly illustrated in Fig. 6. As one can see from the
fitting of observedSFs by the Poisson model (see Table 3), this

2 http://www.astronomy.ohio-state.edu/∼agnwatch/
data.html.

Fig. 6. Comparison of theS Rs for Mrk 6, NGC 4151 and NGC 5548.
The observedSFs are shown by open circles. The best fit Poisson mod-
els are shown by heavy lines. Dashed-lines indicate uncertainty of the
modelSFs calculated from Monte-Carlo light curve simulations. The
best fit parameters of the models are given in Table 3.

difference can be connected with appearing and disappearing
of the longest flares in the variable component of the galaxies.

7. Discussion

The most attractive aspect of the Poisson model is its general-
ity. This model can include such different scenarios of the SyGs
variability as accretion disk instability and starburst models. In
disk instability modelsTmax can be related to the size of the ac-
tive zone in the accretion disk. In starburst models this time can
be connected to explosions of supernovae (SN) and the time of
SN remnant evolution. But the time derived from the beginning
of the upper plateau in the observedSFs is larger thanTmax of
the flare determined from the fitted Poisson models. This can be
because by that the time of the beginning of the upper plateau
in the observedSFincludes the far wings of all previous flares,
and it ought to useTmax derived from model fitting.

Indeed, in disk instability models the cold disk variability
can be related to the thermal timescale,tth, which depends on
assumptions about the properties of the accretion disk. In the
classical theory of accretion disks this timescale is connected to
the mass of a black holeMbh, with the distance of the emission
region from the center,r, and with the standard disk viscosity
parameterα. In practice, I used the formula from Collier &
Peterson (2001):

tth = 5.3
(
α

0.01

)−1
(

Mbh

107 M�

) (
r

10RS

)3/2

days,

whereRS is the Schwarzschild’s radius.
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Supposing that this time is associated withTmax of flares,
one can estimate the size of the unstable zone of accretion
disk r and compare it with the radius where there is the onset of
the instability, i.e. with the extension of the radiation pressure
dominated zone.

The black hole mass for Mrk 6 can be estimated through the
“reverberation” mass method (Wandel et al., 1999). According
to the spectral study of Mrk 6 by Sergeev et al. (1999), the
Hβ emission line widthFWHM is 5540 km s−1 and the time
delay is about 18 days. ThenMrev = 8 × 107 M�. If the
thermal timescale (tth) is assumed to be equal toTmax =

800 days, according to the best fit Poisson model for Mrk 6,
then (r/10RS)3/2 = 18.9 · (α/0.01). The real value of the vis-
cosity parameterα is not known. Acceptingα = 0.1 and 0.01
we obtain the estimations for the size of the unstable zone in an
accretion diskr from 330RS to 70RS, respectively. In any case,
we get quite reasonable values for the size of the thermally un-
stable accretion disk.

Indeed, the simple estimation of the radiation pressure
dominated zone for a thin accretion disk was given by Shakura
& Sunyaev (1973). More accurate descriptions of the disk ver-
tical structure according to the calculation made by Czerny et
al. (1999) has shown that the instability can start at∼200RS,
and at 150RS the entire disk become thermally unstable. So,
the thermal instability of the accretion disk is capable of ex-
plaining the long-term optical variability.

8. Summary

The photometric study of Mrk 6 from 1970–2001 has shown
that:

– As for many Seyfert galaxies, the light curve of Mrk 6 has
two components of variability: slow (months and years)
and fast (days). The light curves of Mrk 6 show significant
variations with amplitudes 1.6m, 1.1m and 0.8m in U, B,V
bands, respectively. The ratio of the rms fluctuations to the
mean flux corrected for measurement errors is 26%, 19%
and 13% inU, B,V bands.

– The slow variable component has mean observed color in-
dices (U−B)var = −0.49±0.02 and (B−V)var = 0.75±0.04.

– The underlying galaxy has the color index of a nor-
mal S0a galaxy. Its magnitudes in the 27.5′′ aperture are
Ug = 15.82, Bg = 15.42 andVg = 14.36.

– The structure function analysis ofUBV light curves in
Mrk 6 has shown that in the time intervals from 10 to
1300 days theSF has a power law shape,SF ∝ τb, where
b = 0.72±0.04. The time for which the variations of bright-
ness are not correlated, i.e. when theSF reaches the upper
plateau, is about 3300 days.

– The observedSF can be interpreted in the frame of a
Poisson model in which the light variations are due to
the stochastic superposition of independent flares randomly
distributed in time. The maximal duration of flares in the
Mrk 6 is about 800–1000 days.

– The comparison of theSFs of Mrk 6, NGC 4151 and
NGC 5548 have shown that the time of the beginning of
the upper plateau in theSFs varies not only from one object
to other, but it can change for the same object in different
periods of observation. This time is maximal for Mrk 6 and
minimal for NGC 4151 in Cycle A. The striking differences
betweenSFs can be connected to the appearance and disap-
pearance the longest flares in the specific period of nuclear
activity.

– Interpreting the optical variability of Mrk 6 as random
flares in the radiation pressure dominated region, one can
obtain the size of this region to be about 70–330RS, if
the viscous parameterα is assumed to be from 0.01 to
0.1, respectively. So, the thermal instability of the accretion
disk can explain the optical long-term variability of Seyfert
galaxies.
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