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Abstract—We present the results of long-term photometric monitoring of two active galactic nuclei,
2MASX J08535955+7700543 (2 ~ 0.106) and VII Zw 244 (z ~ 0.131), being investigated by the rever-
beration mapping method in medium-band filters. To estimate the size of the broad line region, we have
analyzed the light curves with the JAVELIN code. The emission line widths have been measured using
the spectroscopic data obtained at the 6-m BTA telescope of SAO RAS. We give our estimates of the

supermassive black hole masses log(M /M), 7.39879123 "and 7.049F0-9%8 respectively.
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INTRODUCTION

One of the important characteristics of a galaxy is
the mass of the supermassive black hole (SMBH)
located at its center. The SMBH mass is now
known to correlate both with the luminosity of the
host galaxy and with its stellar velocity dispersion
(Gebhardt et al. 2000; Ferrarese and Merritt 2000).
The evolutionary connection between SMBHs and
spheroidal stellar components (bulges) of galaxies
and with the galactic dark halos is also studied (see,
e.g., Zasov et al. (2017) and references therein). The
SMBH masses in the nuclei of nearby galaxies are
measured by studying the dynamics of stars, gas,
and maser sources in the gravitational field of the
black hole. However, in active galactic nuclei (AGNs)
the circumnuclear region is spatially unresolvable
and is illuminated by the central source, making a
direct study of the dynamics of gravitating matter
impossible.

One of the most reliable methods for measuring
the masses of the central black holes in AGNs is
reverberation mapping (Blandiord and McKee 1982)
of their central regions. The mass is determined by
assuming the emitting gas in the broad line region
(BLR) to be virialized:

Msmpn = f % (RpLrY:,.G ), (1)

where G is the gravitational constant, Rpip is the
BLR size, ¥y is the velocity of the line-emitting gas

# .
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in the BLR, and f is a dimensionless factor of the
order of unity dependent on the BLR structure and
kinematics as well as the system’s inclination relative
to the observer (see, e.g., Peterson et al. 2004). The
BLR size is defined as Rpir = c7, where ¢ is the
speed of light and 7 is the time lag of the radiation
in the emission line forming in the BLR relative to the
continuum radiation from the accretion disk (Peter-

son 1993). The HB 4861 A line is most commonly
used for reverberation mapping (Bentz et al. 2013),

although, for example, in the pioneering paper by
Cherepashchuk and Lyutyi (1973) the study was car-

ried out in the Ha 6563 A line. For more dis-
tant galaxies the radiation time lag is investigated in

the Mg II 2798 A (Homayouni et al. 2020; Zajacek
et al. 2020) and C IV 1549 A (Shen et al. 2019) lines.

For a reliable determination of the time lag be-
tween the line and continuum light curves, it is nec-
essary to conduct a long-term AGN monitoring (of
the order of several years for typical sizes Rpip ~
0.02 pc), which is not a simple task in terms of the
expenditure of telescope time. The photometric rever-
beration mapping method in medium- and narrow-
band filters has gained in popularity in the last decade
against the background of the spectroscopic method
(Haas et al. 2011).

Since 2018 a photometric monitoring of an AGN
sample predominantly at the 1-m Zeiss-1000 tele-
scope of SAO RAS has been conducted within

726



MEASUREMENT OF THE SUPERMASSIVE BLACK HOLE MASSES

727

Table 1. Characteristics of the AGNs being investigated. From left to right, the table gives: the object name, the
epoch J2000 coordinates, the V magnitude, the redshiit z, the emission line in which reverberation mapping is performed,
and the filters from the SED set used for this purpose, where the number corresponds to the central filter transmission

wavelength
Object

2MASX J08535955+7700543

VII Zw 244

our reverberation mapping program. In this pa-
per, we present the results of observations for the
two brightest galaxies with broad lines from the
sample under study (Uklein et al. 2019), 2MASX
J08535955+7700543 (hereafter J0853+77) and
VII Zw 244: their light curves and detected variability
time lags. Spectroscopic data were obtained at BTA
to estimate the gas velocities. The result of this work
is the measurement of the central SMBH masses in
the nuclei of the two studied galaxies, with Mgmpy
having been estimated previously for these objects
based only on indirect methods.

OBSERVATIONS

The characteristics of the studied galaxies are
given in Table 1. Our observations were carried
out with the SAO RAS telescopes: 1-m Zeiss-1000
and 6-m BTA. The first one was used for monthly
photometric observations; at BTA spectroscopy was
performed and several photometric observational
epochs were acquired.

Photometry

The observations of each object imply the use of
two interference filters: one corresponds to the region
of the broad Balmer emission line and the other cor-
responds to the continuum in the region close to the
line. Medium-band filters with typical bandwidths
~250 A are used in the experiment. The spectral
range of the galaxies being studied covered by the
filters used is illustrated in Fig. 3.

Three instruments mounted at the Cassegrain fo-
cus were successively used during the monitoring at
the 1-m telescope:

e MaNGaL (Moiseev et al. 2020) + Andor iKon-
M 934/Andor Neo sCMOS (2560 x 2160);

o MMPP (Emelianov and Fatkhullin 2019) + Ea-

gle V (2048 x 2048);
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Coordinates (RA, Dec, J2000) \%4 z

08"53M5934 + 77°00'55"

08"44Mm4553 + 76°53'09”

Line  Filters (line + cont)
170 0.106 Ha SED725
SED700
15.7  0.131 Hp SED350
SED525

e StoP (Afanasiev et al. 2021) + Andor iKon-
L 936 (2048 x 2048).

To obtain additional photometric data, we per-
formed observations at BTA with the SCORPIO-2
focal reducer (Afanasiev and Moiseev 2011) + E2V
42-90/E2V 261-84.

Figure | presents a histogram illustrating the
number of observed epochs for each studied object on
various instruments. A total of 36 and 30 observing
epochs were acquired for the galaxies JO853+77 and
VII Zw 244, respectively. The monitoring durations
for J0853+77 and VII Zw 244 are 814 and 610 days,
respectively.

The technique of photometric observations is de-
scribed in detail in Malygin et al. (2020). The con-
structed AGN light curves are shown in Fig. 2 (left).

Spectroscopy at BTA

VII Zw 244. A low-resolution spectrum of
VII Zw 244 was taken on October 9, 2019, at the
6-m BTA telescope using SCORPIO-1 (Afanasiev
and Moiseev 2005) in the long-slit mode to update
the previous spectroscopic data obtained more than
25 years ago by Boroson and Green (1992). More-
over, the spectrum from Boroson and Green (1992)
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Fig. 1. The amount of photometric data obtained with
various instruments.
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Fig. 2. Light curves (left) and the corresponding distributions of lags 7 (right) for JO853+77 and VII Zw 244. The blue
triangles represent the photometric AB magnitude measurements in the continuum near the line; the red circles correspond to
the photometric AB magnitude measurements in the spectral region with a broad Balmer emission line. The Julian dates are

counted from January 1, 2018.

spans the range 4070—5883 A; in this paper the
spectrum was extended to the range 3800—7700 A.

The spectrum was taken with a 1”-wide slit and
VPHG 550G (volume phase holographic grating).

The reciprocal dispersion is 2.1 A/pixel and the in-

strumental profile is FWHM= 10 A. The BTA prime
focus adapter was used to calibrate the spectrum
(Afanasiev et al. 2017). The comparison spectrum
from a He—Ne—Ar lamp and flat fields were taken
at the same telescope position. Three 5-min ex-
posures were taken. The spectrophotometric stan-
dard G191B2B was observed on the same night at
a similar zenith distances to correct the sensitivity
curve of the E2V42-40 CCD and to minimize the
spectral atmospheric transmission effects. To take
into account the light losses on the slit and then to
estimate the total flux, we took a slitless spectrum of
the object.

The resulting spectrum of VII Zw 244 is presented
in Fig. 3 (bottom).

2MASX J08535955+7700543. We took a spec-
trum of the AGN J0853+77 on November 6, 2019, at
BTA using the SCORPIO-2 focal reducer with the
E2V42-90 CCD in the long-slit mode to update the
spectroscopic data obtained by Wei et al. (1999) more
than 20 years ago.

The spectrum was taken with a 2”-wide slit and
VPHG 940@600 (reciprocal dispersion 1.16 A/pixel)

in the spectral range 4500—7600 A. Four 15-min
exposures were taken. The comparison spectrum
and flat fields were also taken with the prime focus
adapter. We corrected the CCD sensitivity curve
based on the observations of the standard G191B2B.
The spectrum is presented in Fig. 3 (top).

The accuracy of the spectroscopic data turned
out to be insufficient when analyzing the Ha profile
(see below). Therefore, in addition to the spectro-
scopic data, we used the spectropolarimetric data
obtained on March 3, 2020, with the SCORPIO-
2 focal reducer. In the spectropolarimetric mode
VPHG1026@735 and a double Wollaston prism were
inserted into the beam and spectra were simultane-
ously recorded on the detector in four polarization
directions: 0°, 90° and 45°, 135°. A blocking GS-
17 filter was used to suppress the second grating
order. The slit width was 2”. At the same telescope
position we took the frames of flat fields, a comparison
spectrum, and a 3-point test to correct the field ge-
ometry. Our observations were carried out in a series
of 10 exposures (300 s +9 x 600s). The long total
exposure allowed a high signal-to-noise ratio both in
the lines and in the continuum to be achieved for the
observed object after the addition of all polarization
directions. These spectroscopic data were used to

ASTRONOMY LETTERS Vol.46 No.11 2020



MEASUREMENT OF THE SUPERMASSIVE BLACK HOLE MASSES

729

2MASX J08535955+7700543
———

T T T T T T T T T T T ]
<1Sp ]
S
>
@1.0F
[}
TS L
'\05
e SED SED
= | | | | 700, 725 1
4500 5000 5500 6000 6500 7000 7500
Wavelength, A
VII Zw 244
T T T —r T T 1 1 T T 1]
<25 3
g ]
920 ]
= ]
515 1
= ]
=1.0 ;
>
=
4000 4500 5000 5500 6000 6500 7000 7500

Wavelength, A

Fig. 3. BTA spectra of J0853+77 and VII Zw 244. The pass bands of the filters used are overplotted.

decompose the profile and are presented in Fig. 5
(right).

DATA REDUCTION AND ANALYSIS
Photometric Data

For a better photometric accuracy needed for
AGN variability studies, we used the method of
differential photometry relative to the local standards
in the object’s field of view. Independent processing
of each frame (for details, see Uklein et al. 2019)
provides a typical photometric measurement error
0m01—-0m03. The secondary standards are given in
Uklein et al. (2019). The continuum and line light
curves for VII Zw 244 and JO853+77 are presented in
Fig. 2 (left).

To estimate the time lag between two light curves
for each object, we applied the method using the
JAVELIN code (Zu et al. 2016; Yu et al. 2020) imple-
mented in the Python programming language. The
results in the form of histograms are presented in
Fig. 2 (right), where N is the frequency of occur-
rence of the sets of parameters during the MCMC
sampling. The simulations used 10000 sets of pa-
rameters. The simulated light curves are presented

ASTRONOMY LETTERS Vol. 46
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in Fig. 4. The derived lags are 7 = 54.8151 days for
J0853+77 and T = 30.713% days for VII Zw 244.

Spectroscopic Data

The spectroscopic data for VII Zw 244 and
JO853+77 were reduced using the package imple-

mented in the IDL! environment and provided by
S.N. Dodonov. The data reduction implies the follow-
ing: bias subtraction, cosmic-ray particle hit removal,
flat fielding, wavelength calibration, night-sky line
subtraction, correction for the atmospheric and spec-
trograph transmission based on spectrophotometric
standards, and extraction into a one-dimensional
spectrum.

For the most proper absolute flux calibration, the
spectra were convolved with the transmission curves
of the filters used in our photometric observations.
The derived synthetic fluxes in the filters were cali-
brated to real photometric observations with a higher
accuracy than that of the spectroscopic ones from

!Interactive Data Language, https://www.
harrisgeospatial.com/Software-Technology/IDL.
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Fig. 4. JAVELIN simulations of the light curves for J0853+77 and VII Zw 244. The black dots mark the original observational
data with error bars. The red and blue curves describe the most probable model of emission line radiation variations with the
subtracted continuum and the most probable model of continuum radiation variations, respectively. The pale-red and pale-blue
regions correspond to the regions of admissible values for the model light curves. The Julian dates are counted from January 1,

2018.

the standpoint of absolute values. Thus, we achieved
complete agreement between the absolute fluxes
measured in both photometric and spectroscopic
observations.

To analyze the Ha profile in the spectrum of
J0853+77, we used the integrated spectropolarimet-
ric data, which give a higher signal-to-noise ratio.
The data reduction includes a standard procedure for
long-slit spectroscopy: bias subtraction, flat fielding,
geometrical correction along and across the slit,
night-sky subtraction, correction for the spectral
sensitivity of the instrument, and spectral wavelength
calibration. The method of observations and the data
reduction are described in detail in Afanasiev and
Amirkhanyan (2012).

After the data reduction all four polarization di-
rections were added to obtain the integral energy
distribution in wavelengths. However, the dispersion
curve correction and the absolute spectrum calibra-
tion turned out to be unsatisfactory and, for this

reason, the complete spectrum is not provided. This
spectrum is used to analyze the Ha profile (Fig. 5).
The absolute fluxes were reconstructed in the same
way as in the case of spectroscopic data.

SMBH MASS ESTIMATION

To estimate the masses, it is necessary to estimate
the gas velocities in the BLR. For this purpose, the
first step in analyzing the emission line profile was to
subtract all narrow components and to obtain a pure
broad component of Ha for JO853+77 and Hf for
VII Zw 244. The profile was analyzed by the multi-
Gaussian decomposition method.

The decomposed Ha profile for JO853+77 is
shown in Fig. 5 (upper right panel). As can be seen
from the figure, the profile of the observed emission
line consists of two narrow [N II] doublet lines, a
narrow Ha component, and a broad Ha component
fitted by two Gaussians. The final profile of the broad

ASTRONOMY LETTERS Vol.46 No.11 2020
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Fig. 5. Decomposition of the observed emission line profiles. Upper panels: the HB region in the spectrum of the galaxy
VII Zw 244 and its decomposition into Gaussian components (left) and the Ha line region in the spectrum of the galaxy
J0853+77 and its decomposition into Gaussian components (right). The narrow components of the [O III] and H/ lines for
VII Zw 244 and the [NII] and Ha lines for JO853+77 are indicated by the dashed lines. Lower panels: the profiles of the
Hp line in the spectrum of the galaxy VII Zw 244 (left) and the Ha line in the spectrum of the galaxy J0853+77 (right) with
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negative velocities, respectively.

component minus the narrow lines is presented in
Fig. 5 (lower right panel). Let us calculate the second
moment of the velocity (92) from the broad Ha profile:

¥ (0= (@) x f (9)
AC) ’

where f(9) is the line flux in the scale of velocities 9

and the first moment of the velocity () is defined as

_ 20X f()
(V) = S F@) (3)

Then, the gas rotation velocity in the BLR in the
observed He line for JO853+77 is then taken to be

W3, = (%) = 2.3 x 10° km? s 72,

(0%) = (2)

A similar analysis using a multi-Gaussian decom-
position was also made for the observed Hf line in
the object VII Zw 244. The profile decomposition
is presented in Fig. 5 (upper left panel). The nar-
row [OIII] lines and the contribution of the narrow
Hj component were subtracted from the HS profile.

ASTRONOMY LETTERS Vol. 46
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The resulting broad profile fitted by two Gaussians
is presented in Fig. 5 (lower left panel). The second
moment of the velocity was calculated from Eq. (2).
The gas velocity in the HS line for VII Zw 244 was
estimated to be

Vg = (9%) = 1.9 x 10° km® s 2.

Now, having determined the gas velocity in the region
emitting the observed emission line and the distance
to the emitting region measured by the reverberation
mapping method, let us estimate the SMBH mass
for the two galaxies from Eq. (1). The dimensionless
factor f will be assumed to be equal to unity. For
the galaxy J0853+77 Msmpy ~ 2.5 x 107 M. For
the galaxy VII Zw 244 the measurement showed
Msmph ~ 1.1 x 107 M.

Before this study the SMBH masses for these
objects have been estimated only by indirect methods.
The SMBH mass in the object JO853+77 was esti-
mated by Xu and Cao (2007) based on the spectrum
from Wei et al. (1999) using the BLR size—luminosity
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Table 2. Estimates of the parameters for the central AGN regions. From left to right, the table gives: the object name,

the response lag in the emission line 7 in days, the square of the gas velocity ¥

2

i measured from the emission line profile,

the object luminosity at 5100 A ALs100, our estimate of the SMBH mass Msmpp, and the estimate of the SMBH mass

given in *Xu and Cao (2007) and **Tilton and Shull (2013)

Object 7, days 9% ,10%km?s™2  ALsiqo, 10
J0853+77  54.8754 2.3 0.87
VI Zw 244 30.71%1 1.9 1.67

calibration relation from Kaspi et al. (2000). The

estimate was Msmpy ~ 1.7 x 108 M, differing from
the one in this paper by a factor of ~7. This difference
can be explained by two factors. The first of them is
an insufficient quality of the spectrum used in Xu and
Cao (2007), which did not allow a detailed analysis of
the line profiles to be performed and the gas velocity to
be determined with a minimal error. The uncertainty
introduced by the luminosity determination from the
spectroscopic data, which we avoided by tying the
spectroscopic data to the photometric ones, can also
be significant.

Tilton and Shull (2013) also estimated the SMBH
mass in the galaxy VII Zw 244 indirectly using
the BLR size—luminosity calibration from Bentz
et al. (2009) and the spectroscopic data from Boroson
and Green (1992). The estimate given in the paper
was Msmpy = (6.7 £ 1.5) x 107 M. Although this
estimate differs from our one by a factor of ~6, it is
close within the error limits. Probably, the spectra in
Boroson and Green (1992) did not allow a detailed
analysis of the Hg profile to be periormed either.

The derived characteristics of the objects inves-
tigated in this paper, JO853+77 and VII Zw 244,
are summarized in Table 2. The table presents the
response lags in the emission lines 7 equal to the BLR
size in light-days, the gas velocity 92, . determined by
analyzing the line profiles, and the masses in units of
log(M/Mg) estimated in this paper, Msmpy, and in

the earlier papers of other authors, Mo, .

An empirical BLR size—luminosity relation is one
of the goals of the reverberation mapping program.
The AGN luminosity in this case is determined either
in an emission line or at some effective wavelength in
a continuum free from emission lines. Table 2 gives

the luminosities of the two studied galaxies at 5100 A.

The flux fy was integrated in the range 5000—5200 A
in the galaxy’s frame of reference and was divided
by the width of the integration window to obtain the
monochromatic luminosity. The residual influence
of the HS, Fell, and approximately constant [O III]

ergs™!  Mswpn, log(M/Me) My, log(M/Me)

7.39810-153 8.228*

0.068 0.087 %%
7.04970-05% 7.82570:95¢

profiles was first subtracted from the spectrum in this
region. The luminosity is then defined as

ALsi00 = 4w D fy,

where D is the AGN distance. The Hubble constant
was taken to be Hy = 67.4 km s=! Mpc~t. The
contribution of the host galaxy was not subtracted.
The luminosities of the galaxies are ALs199 = 0.87 x
104 erg s~ for JO853+77 and ALs100 = 1.67 %
10 erg s=! for VII Zw 244. Based on the luminosity

estimates at 5100 A, we estimated the bolometric
luminosities of the galaxies. The bolometric cor-
rection BC' was taken from Richards et al. (2006):
BC = 9.26. The luminosity estimates for the galaxies
are Lpy ~ 8.1 x 10** erg s~ for J0853+77 and
Ly =~ 15.5 x 10** erg s=! for VII Zw 244, which
are 0.27Lgqq and 1.17Lgqq (Lgqq is the Eddington
luminosity) for the galaxies, respectively. It is worth
noting that this fraction of the bolometric luminosity
of the Eddington one, first, is overestimated a pri-
ori due to the nonsubtracted contribution of the
host galaxy and, second, depends on the chosen
BC'. For instance, using BC = 7.79 from Krawczyk
et al. (2013), the luminosities are estimated to be
0~22LEdd for JO853+77 and 0~98LEdd for VII Zw 244,
which is particularly critical for the second galaxy. On
the whole, however, the bolometric luminosities for
the investigated objects turn out to be high and close

to the critical ones, which arouses interest in a more
careful study of the AGNs J0853+77 and VII Zw 244.

CONCLUSIONS

Our monitoring of the galaxies J0853+77 and
VII Zw 244 for more than two years at the SAO RAS
telescopes using a JAVELIN analysis allowed the
BLR sizes Rprg = c7r in these AGNs to be esti-
mated: 54.8%51 and 30.7731 It-days or 0.04670 00
and 0.02670 093 parsecs, respectively. We estimated
the gas velocities in the BLRs from the spectro-
scopic data obtained at the 6-m SAO RAS BTA
telescope. Based on new observational data, we esti-
mated the SMBH masses at the centers of the galax-
ies 2MASX J08535955+7700543 and VII Zw 244

ASTRONOMY LETTERS Vol.46 No.11 2020
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be log(M/Mpg) = 739810153 and log(M/Mp) =

7.049J_r8:8?§, respectively.
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