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Abstract: Here we present the detailed investigation of AGNs in two Seyfert 1 galaxies, LEDA 3095839
and VII Zw 244. Both of them were observed within the photometric reverberation mapping project
in Special Astrophysical Observatory of the Russian Academy of Sciences (SAO RAS), during which
we earlier obtained the SMBHs masses. After that, both galaxies were observed in spectropolarimetric
and polarimetric modes on the BTA 6 m telescope of the SAO RAS with the focal reducer SCORPIO-2.
The linear polarization of the continuum and broad Balmer lines has been measured. It was found
that (i) there were no signs of equatorial scattering in the LEDA 3095839 galaxy in the broad Hα line,
and we were able to estimate the value of SMBH spin and the magnetic field strength in the disk from
the level of continuum polarization; (ii) for the galaxy VII Zw 244, the presence of equatorial scattering
was shown, due to which the mass of the SMBH was independently measured, the inclination angle
of the system was obtained, and the value of the spin was estimated.

Keywords: accretion disks; magnetic fields; polarization; active galactic nuclei; supermassive
black holes

1. Introduction

Active galactic nuclei (AGN), as the most powerful sources in the Universe, are unique
objects where the physical state of the matter in extreme conditions can be tested. As AGN
radiation is produced due to the accretion of matter on the supermassive black holes
(SMBH) in the center of host galaxies, the determination of such basic SMBH parameters as
spin (dimensionless angular momentum) and mass is a crucial issue of modern astrophysics.
Moreover, measuring these parameters is an important task, because it allows us to trace
the evolution of SMBH correlated with the evolution of galaxies at different cosmological
epochs [1,2].

As for SMBH spin a = cJ/(GM2
BH) (where J is the angular momentum, MBH is the

mass of the black hole, G is the gravitational constant and c is the speed of light), it is
believed that the spin plays a central role in the generation of relativistic jets in AGN,
and the power of the relativistic jet is often used to determine the spin of the SMBH [3]. It is
believed that jets are formed due to the presence of a magnetic field in the disk. The kinetic
power of a relativistic jet can be obtained by estimating the magnetic field near the SMBH
event horizon using several jet generation mechanisms: Blandford–Znajek mechanism [4],
Blandford–Payne mechanism [5] and Garofalo mechanism [6].

Radiative efficiency ε = Lbol/(Ṁc2) (where Lbol is the bolometric luminosity of AGN
and Ṁ is the accretion rate) depends significantly on the spin [7–10]. So we could obtain
the spin value by estimating the radiative efficiency.
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The polarimetric observations of AGNs show polarization in different ranges [11–19].
Spectropolarimetric characteristics of the accretion disk can demonstrate the effect of the
presence of the magnetic field. Several mechanisms have been proposed for the occurrence
of polarization in different structures (relativistic jets, the plane or warped accretion disks,
toroidal rings near the accretion disks), such as the light scattering in accretion disks
or synchrotron radiation. There are several models of accretion disks (see for example
Pariev et al. [20]). The most popular and simple model for our objects (Seyfert 1 AGNs
with 0.01 < lE < 0.3 [21], where lE = Lbol/LEdd is Eddington ratio and LEdd is Eddington
luminosity) is the optically thick, geometrically thin Shakura–Sunyaev disk [22].

The methods for determining masses of astrophysical objects are commonly based
on the measurement of the matter rotating around. In the case of SMBH, there are several
direct and indirect approaches (see [23] for a review), and reverberation mapping is one of
the most reliable direct methods used for low-redshift type 1 quasars [24]. The method is
based on the estimation of the time delay between the continuum radiation of the accretion
disk and the radiation in the broad emission lines produced in the BLR (broad-line region),
which is why it requires a long observational time series. This raises an issue of measuring
SMBH masses from a single-epoch observed spectrum of quasars by calibration relations
which is still under development [23].

Afanasiev and Popović [25] suggested a new alternative approach to trace the gas
velocities in BLR in equatorially scattered type 1 AGN using single-epoch spectropolari-
metric data. The method is based on measuring the variation of the polarization angle
as a function of BLR gas velocity upon the radiation of the differently rotating BLR disk
reflects from the inner boundary of the dusty torus. A detailed description is given further
in Section 3.2.2 This method is still applied to a relatively small number of close Seyfert
1 galaxies (∼30 AGN) (see [26,27]), yet it revealed the statistically approved and stable
results of SMBH measurements. Moreover, in the same work it was shown that comparison
between two independent SMBH mass measurements given by the spectropolarimetric
and reverberation mapping approaches allows one to estimate the inclination angle of the
AGN relative to the observer.

Therefore, as it was described above, the polarimetric tools provide us with valuable
information about the structure and physical parameters of geometrically unresolved cen-
tral parts of AGN. This allows us to take a more detailed look at the physical characteristics
of SMBH and gas around in individual AGNs to build more general models of the galaxy’s
evolution. For a thorough analysis of the physical parameters previously (see [26]) for
conducting spectropolarimetric observations on the 6 m BTA telescope and searching for
signs of equatorial scattering, the main attention was paid to the sample of AGNs with
SMBH masses measured by reverberation mapping approach (e.g., [28]). Within this work
we decided to focus our attention on the AGNs examined earlier by our group in the
Special Astrophysical Observatory of the Russian Academy of Sciences (SAO RAS) using
the photometric reverberation mapping [29]. Currently, there are two type 1 AGN from
that sample—LEDA 3095839 and VII Zw 244, where we have estimated the BLR size RBLR
and, consequently, the SMBH masses (or so-called virial products, see Section 3.1.3) [30]. It
motivated us to select these objects for further investigation. The polarimetric observations
revealed the non-zero level of the polarization in spectra of both galaxies, yet a further
detailed examination showed the diverse origin of the observed effects.

The paper is organized as follows. In Section 2 we describe the polarimetric obser-
vations and data reduction procedures. The results of the data analysis are provided in
Section 3, where for the objects the continuum or broad line polarization is estimated, and
bolometric luminosity, inclination angle, spin, and magnetic field strength are calculated.
The conclusions are given in Section 4.

2. Observations and Reduction

The observations were carried out with the 6-meter BTA telescope of the SAO RAS.
We used a modified SCORPIO-2 spectrograph [31] in spectropolarimetric and polarimetric
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modes. The observation log is presented in Table 1, which shows the object names, redshift
z, observational mode, volume phase holographic grism (VPHG, for spectropolarimetry) or
medium-band filter from SED-set1 (for polarimetry), date of observations, exposure time,
the direct image quality (seeing), air mass, and position angle (PA). For both polarimetry
and spectropolarimetry we use a double Wollaston prism [32,33] as a polarization analyzer,
that allows one to simultaneously obtain four images corresponding to the electric-vector
oscillation directions of 0◦, 90◦, 45◦, and 135◦ and, consequently, three Stokes parameters I,
Q, and U within one exposure.

It is important to note that on 18 November 2019, during polarimetric observations
of LEDA 3095839, the zenith distance of the Moon illuminated by 60% was ∼38◦. On
12 October 2020, during the spectropolarimetric observations of VII Zw 244, the Moon,
illuminated by 19%, rose to a zenith distance of 74◦. At the same time, the obtained
polarization values coincided with the measurements of the same objects observed on
moonless nights.

Table 1. Log of BTA observations of studied AGN.

Object z Mode VPHG/Filter Date dd/mm/yy Exposure, s Seeing Air Mass PA,
Degrees

LEDA 3095839 0.109
specpol 1026@735 3 March 20 300 + 9 × 600 1′′.7 1.4 106.3

pol SED700
SED725

18 November
2019

60 + 4 × 80
60 + 4 × 50 1′′.3 1.2 55.6

VII Zw 244 0.131

specpol 940@600 12 October 2020 6 × 900 1′′.6 1.3 0.0

pol
SED700
SED725
SED750

7 November 2019
7 × 180
7 × 180
7 × 180

2′′.5 1.3 54.2

2.1. Spectropolarimetry

In the spectropolarimetric mode, the slit length is 1′. In the case of observations of
both AGNs, the slit width was ∼2′′. The spectral resolution is determined by the slit width
and the used spectral grating2. Spectropolarimetric data for LEDA 3095839 was obtained
on 3 March 2020 with the total exposure of ∼1.6 h. The VPHG1026@735 grism with the
CCD detector E2V 42-90 (with a pixel size of 13.5 × 13.5 µm; in spectral mode with binning
2 × 1, giving a frame of size ∼2 k × 2 k px and scale 0′′.352 × 0′′.176 per pixel2) provided
the spectrum coverage of 5800–9500 Å with the FWHM ∼10 Å. In this configuration,
a blocking GS-17 filter was also used for object LEDA 3095839 to suppress the grating
second order. We also note that for LEDA 3095839, we do not provide here the red part of
the spectrum beyond 8200 Å due to the presence of “fringes” for CCD E2V 42-90, which
leads to large noise upon subtracting the sky background. The BTA prime focus adapter
was used to calibrate the spectrum [34]. For this, we obtained the comparison spectrum
from a He-Ne-Ar lamp and flat field frames. An extremely important calibration of the
three-dot mask (three-dot test) was also obtained, which makes it possible to take into
account the geometric distortions of the field in received frames, which is critical for the
analysis of the polarization of such faint objects as AGNs.

Spectropolarimetric data for VII Zw 244 was obtained on 12 October 2020. The total
exposure was 1.5 h. VPHG940@600 with 2′′-wide slit, with LP425 filter (for second order
cutoff) together with CCD E2V 261-84 (with pixel size 15 × 15 µm; in spectral mode with
2× 4 binning, giving a frame size of∼2 k× 520 px and scale 0′′.391× 0′′.782 per pixel2 [35])
provided the spectrum coverage of 3500–8500 Å with FWHM ∼12 Å. The comparison
spectrum, three-dot test, and flat fields were also taken with the prime focus adapter.
Observations of objects were accompanied by observations of polarized standard stars and
stars with zero polarization.



Universe 2022, 8, 383 4 of 18

Introducing the instrumental parameters KQ and KU , which characterize the transmis-
sion of polarization channels, determined from observations of unpolarized standard stars,
as well as I0(λ), I45(λ), I90(λ), and I135(λ) as the intensity at four polarization directions, we
can measure three Stokes parameters:

I(λ) = I0(λ) + I90(λ)KQ(λ) + I45(λ) + I135(λ)KU(λ) (1)

Q(λ) =
I0(λ)− I90(λ)KQ(λ)

I0(λ) + I90(λ)KQ(λ)
(2)

U(λ) =
I45(λ)− I135(λ)KU(λ)

I45(λ) + I135(λ)KU(λ)
(3)

Here and below we use Q and U to denote the normalized Stokes parameters.
Then, by determining the zero-point of the polarization angle ϕ0 from observations of

polarized standard stars, one can determine the degree of linear polarization P(λ) and the
polarization angle ϕ(λ) as:

P(λ) =
√

Q2(λ) + U2(λ) (4)

ϕ(λ) =
1
2

arctan[
U(λ)

Q(λ)
] + ϕ0 (5)

The observation technique and data reduction are described in more detail in [36].
Interstellar medium (ISM) polarization and atmospheric depolarization were taken into
account using polarimetric measurements of field stars around the studied AGN.

2.2. Polarimetry

In the polarimetric mode with double Wollaston prism for LEDA 3095839, we obtained
5 frames each with ∼1 min exposure time in interference SED filters with bandwidths of
the order of ∼250 Å with 2 × 2 binned (frame size 1 k × 1 k px and scale 0′′.352 × 0′′.352
per pixel) CCD E2V 42-90. One filter is oriented to the Hα emission line, and the second
one is oriented to the continuum near. For VII Zw 244, we obtained polarimetric data using
the same CCD with the same binning in three filters (one covers the Hα line, and two cover
the continuum around), 7 frames each with ∼3 min exposure time. In case of observations
of both objects in the image polarimetry mode, the double Wollaston prism produces four
images of the entrance pupil bounded by a rectangular mask, so each image has a field of
view of ∼6′ × 1′.

It is important to clarify that in both cases we oriented the instrument so that the
masked field contained bright non-variable stars (at a distance of 1′.6 from LEDA 3095839
and at a distance of 4′.6 from VII Zw 244). This allows the use of a differential polarimetry
technique that minimizes the effects of the depolarization due to the atmospheric variations
that can reach up to 2–3% [36] and instrumental errors mostly due to the prism transmission
which is about 0.2% according to the independent measurements of the polarized standard
stars [26]. To find more about differential polarimetry see [37]. This technique ensured
an accuracy of polarimetry of about ∼0.1% for the field stars. Within this work, obtaining
AGN polarimetry data in filters allows us to refine the average polarization value in objects
and roughly estimate the effect of ISM polarization.

Since the type 1 AGN linear polarization is usually close to zero, as it was shown
in [38], when calculated by Equation (4), the degree of polarization P turns out to be
biased. So, for spectropolarimetric observations, we used the following relation to obtain
the unbiased value of the polarization degree:

Punbiased = P ·
√

1− (K · σP/P)2, (6)

where P is measured degree of fractional linear polarization , σP is the corresponding error
obtained from observational data as the standard deviation,

√
1− (K · σP/P)2 is called a
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Rice factor. Simmons and Stewart [38] recommended the bias correction factor K = 1.41
for low signal-to-noise ratios (σP/P . 0.7) based on the maximum likelihood estimator
of the true value of the polarization degree. Note that we do not correct the measured
polarization values obtained using image polarimetry, because the measured accuracy is
an order of magnitude higher than the accuracy of spectropolarimetric measurements.

3. Results
3.1. Object LEDA 3095839
3.1.1. Continuum Polarization

The results of LEDA 3095839 spectropolarimetry are shown in Figure 1. The spectrum
is given in the 6500–8200 Å wavelength range, where the shifted broad Hα line is located.

The first panel in Figure 1 shows the integral spectrum in ADU units, not corrected
for the device sensitivity curve. Note that the atmospheric absorption bands of molecular
oxygen B-band (6860–6917 Å) and A-band (7590–7720 Å) are visible in the continuum
spectrum of the object; in addition, in the range ∼7150–7350 Å there is a water vapor
absorption band, which appears exactly in Hα broad line. On panel 1 and others, the Hα
line center and the [NII] narrow lines are marked.

The second and third panels in Figure 1 show the Stokes parameters Q and U binned
over the 22 Å-window, corrected for the Wollaston prism transmission and not corrected
for the rotation angle of the device. The step of the spectral bin was chosen so that, while
estimating the robust average of the measured values over the spectral range and all taken
exposures, the outlier points (mostly due to the cosmic ray hints) were corrected. The errors
given on the plots are equal to the 1σ level, where σ is the robust standard deviation. Here
for the analysis we use the basic robust estimation using 2σ rejection threshold. More
details about the algorithm can be found in [39] and references therein It can be seen that
within the broad Hα line, there are no significant changes in the Q and U parameters along
wavelength, and their variations do not exceed the measurement error. This is the main
marker of the absence of the equatorial scattering in the object. Thus, the average value of
the Stokes parameters over the observed spectrum is < Q >= −(1.2± 0.4)% and < U >=
(0.8± 0.4)%. These values coincided with the averaged values from the observations in
the polarimetric mode in the medium-band filters on another night: Qf = −(1.0± 0.1)%
and Uf = (0.8± 0.2)%, which indicates the stability of the object’s polarization state on the
timeline of observations.

Polarization degree P (panel 4 in Figure 1) also shows no deviations in the Hα line
from the mean value of the continuum polarization. At the same time, it can be seen that the
polarization level of the object is non-zero, does not change along the wavelength within
the error and, upon robust averaging over the entire observed spectrum (which is almost
equal to the median value of P), is < P >= (1.3± 0.4)%. Polarization angle ϕ (panel 5
in Figure 1) also does not demonstrate dependence on the wavelength and, in particular,
features along the broad line. So, it can also be considered constant within the error with
a robust average value of < ϕ >= (73± 8)◦. Note that the presented polarization angle
ϕ is given in instrumental units that are not rotated to the north direction on the celestial
plane. The obtained estimates also coincide with the polarization estimates in the filters:
Pf = (1.3± 0.2)% and ϕf = (71± 4)◦.

Since the galactic latitude of the object is b ∼ +33◦, it is worth assuming that the
observed polarization is partially or completely influenced by ISM polarization together
with depolarization in the atmosphere and the influence of residual instrumental effects.
Observations in filters in the polarimetry mode showed that the object’s environment is
weakly polarized, however, the average polarization value of the neighboring three stars in
the field is determined with a large error and is Pstars ∼ (2± 1)% and ϕstars ∼ (80± 15)◦.
This shows that a significant part of the observed polarization level in the object does not
relate to the nature of the source. However, if one tries to correct the additional polarization
by the star closest to the object3, then even in this case, the minimum possible intrinsic
polarization of the object is P ∼ 0.5%. So far, it appears that the observed continuum
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polarization of the source cannot be totally caused by ISM polarization. It is also important
to mention that in the given case in Figure 1 the values of P are presented biased because
they could not be properly corrected due to the field polarization providing non-zero Q
and U Stokes parameters.
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1.5•104
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Figure 1. Spectropolarimetric data for LEDA 3095839 in the range of 6500–8200 Å. From the top to the
bottom: integral spectrum in ADU F (1), normalized Stokes parameters Q (2) and U (3), polarization
degree P (4), and polarization angle ϕ (5). The vertical blue dash-dot line denote the position of
Hα line; the vertical black dash lines denote the position of narrow [NII] lines. The atmospheric
absorption bands are noted with light grey stripes.

Since we have not found any signs of equatorial scattering in LEDA 3095839 spectra,
we further assume that the observed polarization related to the source is generated in the
accretion disk. Due to the large error in determining the correction for ISM polarization,
we believe that the continuum polarization level in the object is between 0.5% and 1.3%.
Thus, further, to determine the physical parameters of AGN, we assume for LEDA 3095839
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P = (0.9± 0.4)%. However, it is worth mentioning that if the object intrinsic polarization
is higher, up to 1.3%, then it is worth assuming not only polarization mechanisms in
the accretion disk, but the complex influence of polarized radiation from different AGN
structures, e.g., synchrotron radiation of a jet. Within the framework of this paper, we
neglect the influence of other polarization mechanisms.

3.1.2. Bolometric Luminosity

According to Xu and Cao [41], the bolometric luminosity of LEDA 3095839 is
log [Lbol(erg/s)] = 45.05. They derive this value from luminosity in B filter
log [LB(erg/s)] = 44.39 using bolometric correction [42]. Our observations on the 6 m
BTA telescope give a luminosity value at 5100 Å log [L5100(erg/s)] = 43.94 [30]. There is a
serious problem in defining the bolometric correction factors that are used for obtaining
luminosity value at a certain wavelength from bolometric luminosity. In the literature, we
can find factors that differ 2–3 times [43–47]. In this work we decided to use bolometric
correction for luminosity at 5100 Å from Richards et al. [43]: L5100 = Lbol/10.3. Thus we
get the value log [Lbol(erg/s)] = 44.95.

3.1.3. Inclination Angle and Spin Value

To determine the spin value a we need to obtain radiative efficiency ε which depends
significantly on the spin [7–10]. Then we could determine spin numerically using the relation [7]:

ε(a) = 1−
R3/2

ISCO − 2R1/2
ISCO + |a|

R3/4
ISCO(R3/2

ISCO − 3R1/2
ISCO + 2|a|)1/2

, (7)

where RISCO is the radius of the innermost stable circular orbit of a black hole and
RISCO(a) = 3 + Z2 ± [(3− Z1)(3 + Z1 + 2Z2)]

1/2

Z1 = 1 + (1− a2)1/3[(1 + a)1/3 + (1− a)1/3]
Z2 = (3a2 + Z2

1)
1/2

(8)

Here the sign “-” is used for prograde (a ≥ 0), and the sign “+” for retrograde
rotation (a < 0).

There are several models connecting the radiative efficiency with such parameters of
AGN as mass of SMBH MBH, angle between the line of sight and the axis of the accretion
disk i and bolometric luminosity Lbol [48–52]. Based on the results of our previous work [53]
we decide to use theoretical model developed for Shakura–Sunyaev accretion disk case
from Du et al. [50]:

ε(a) = 0.105
(

Lbol

1046erg/s

)(
L5100

1045erg/s

)−1.5
M8µ1.5 (9)

Here M8 = MBH/(108M�), µ = cos (i) and i is the inclination angle between the line
of sight and the axis of the disk.

We used the SMBH mass value from Malygin et al. [30] calculated for f = 1, where f
is the dimensionless parameter characterizing the object geometry and orientation that is
usually introduced as following (see [23]):

MBH = f × (RBLRϑ2
lineG−1) = f ×V.P., (10)

where ϑline is the velocity of the line-emitting gas in the BLR, G is the gravitational constant,
and V.P. is a virial product, which characterizes the least possible value of the MBH as
f ≥ 1 ( f ≈ 1/[sin2 (i)] due to the projection of the gas velocity ϑline to the line of sight). So
far, we assumed that polarized radiation from this object is produced by accretion disk.
Thus, based on our polarimetric data [P = (0.9± 0.4)%] and Sobolev–Chandrasekhar
mechanism [54–56] with addition of Faraday depolarization from magnetic field [57] we
concluded that inclination angle must satisfy the condition 35◦ . i . 55◦. Next, we
considered three options: i = 35◦, i = 45◦, and i = 55◦. Table 2 shows results of our
calculations for first two options. The results are quite typical for objects of this type [53].
Results for i = 55◦ are inconclusive and do not allow to determine the value of spin, so we
decided not to consider this option further.
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Table 2. Results of our calculations of masses MBH and spins a for our objects. P is polarization degree in %, FWHM is full width at half maximum of Hβ line in
km/s, Lbol is bolometric luminosity in erg/s, lE is Eddington ratio, i is inclination angle in degrees, ε is radiative efficiency, BH and B∗H are magnetic field strength
at event horizon in Gauss obtained from spectral characteristics and from polarization data respectively, s is the exponent of the power-law dependence of the
magnetic field on the radius. For VII Zw 244, the SMBH mass and inclination angle estimations obtained by spectropolarimetry are marked with † symbol.

Object P FW HM log(Lbol) lE i log(MBH/M�) ε a log(BH) log(B∗
H) s

LEDA 3095839 0.9± 0.4 3775 44.95 0.11+0.09
−0.05 35 7.881+0.153

−0.171 0.21+0.09
−0.07 0.966+0.030

−0.106 4.06+0.24
−0.24 3.53+0.26

−0.53 1.77 ± 0.18
0.22+0.18

−0.09 45 7.699+0.153
−0.171 0.11+0.10

−0.04 0.736+0.226
−0.368 4.00+0.56

−0.34 4.08+0.30
−1.08 1.63 ± 0.23

VII Zw 244 1.4± 0.6 3219 45.24 0.11+0.03
−0.02 18 8.069+0.068

−0.075 0.30+0.02
−0.06 0.996+0.002

−0.012 4.29+0.10
−0.13 – –

14.3 ± 3.6 † 8.29± 0.30 † – – – – –
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3.1.4. Magnetic Field

We were unable to find information about the radio properties of the LEDA 3095839
object in the literature. So we operated on the assumption that it is radio loud and
has a jet. Thus, we can estimate the magnetic field strength using the approach from
Piotrovich et al. [58]:

BH =
10(5.78±0.07)η

√
ε

l(0.295±0.020)
E |a|[cos (i)]3/4

(
103km/s
FWHM

)3

G (11)

Here η is the coefficient depending on the model of relativistic jet generation (in this
case η = 1.05−0.5 [58]) and FWHM is full width at half maximum of spectral line Hβ.
We use the Eddington ratio lE = Lbol/LEdd, where LEdd = 1.5 × 1038MBH/M� is the
Eddington luminosity. For this object we take value ϑline = 1.5× 103 km/s from Malygin
et al. [30] and calculate FWHM = 2.335 k−0.5ϑline. Here k ≈ 0.88 is the coefficient arising
from the fact that in Malygin et al. [30] ϑline for this object referred to Hα line [29].

Additionally, we use the different approach from Piotrovich et al. [57] that relates the
geometry of the magnetic field in an accretion disk to the polarization of its radiation. So we
can estimate the magnetic field strength at the event horizon of SMBH B∗H and the exponent
s of the power-law dependence of the magnetic field on the radius B∗(R) = B∗H(RH/R)s,
where RH = GMBH(1 +

√
1− a2)/c2 is the radius of the event horizon.

The results of both methods are shown in Table 2. Obtained values of the magnetic
field are sufficiently close and quite typical for objects of this type [57,59]. A relatively
large error in determining the magnetic field is associated with significant errors in the
measurement of the spin value and relatively small polarization degree.

3.2. Object VII Zw 244
3.2.1. Polarization in Broad Lines

The results of AGN VII Zw 244 spectropolarimetry are shown in Figure 2. The spec-
trum is given in the wavelength range 4500–8000 Å and contains shifted broad lines Hα,
Hβ, and Hγ. The panels on Figure 2 correspond to the panels on Figure 1, so the details will
be omitted here. The atmospheric absorption bands of molecular oxygen B-band, A-band,
and the molecular oxygen emission line 5577 Å are marked on the spectra.

The second and third panels on Figure 2 show the Stokes parameters Q and U binned
over the 32 Å-window, corrected for the Wollaston prism transmission and not corrected
for the rotation angle of the device. The degree P and the polarization angle ϕ are binned
in the same window. Here the observed values of P not corrected to the bias are presented.

In the entire observed range, the Stokes parameters Q and U show both a slight smooth
dependence on the wavelength (mostly in the case of U), and the dramatic variations within
the broad lines, where opposite variation patters could be detected in Q and U parameters.
It is important to note that the pattern of the parameter changes in the two lines Hα and Hβ
repeats each other up to noise; in the Hγ line, the effect is too small and does not exceed
noise, which is why further analysis of polarization is not carried out in this line. It is clearly
seen that the degree of polarization of P in broad lines differs significantly (by ∼1–1.5%)
from the continuum value, and the angle acquires an S-shaped profile with an amplitude
significantly exceeding the measurement error. These features indicate the presence of
equatorial scattering in the central regions of the AGN [60].

Since the further analysis of the polarized spectrum of the object will concern only the
profiles of two broad lines, Figure 3 presents spectral data Hα and Hβ, recalculated in the
velocity range from −14,000 to 14,000 km/s relative to the centers of the lines. Panels 1
and 5 demonstrate the flux F and the polarized flux F · P in counts; the Stokes parameters
Q and U (panels 2 and 3) are corrected for the polarization of the field stars calculated
from the polarimetry data in the filters (the correction is equal to 3.1% for Q and −1.8% for
U). The polarization degree P and angle ϕ are recalculated from the Stokes parameters Q
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and U, taking into account the bias correction (the Rice factor is about 0.67). For the larger
visibility the parameters Q, U, P and ϕ are binned in the window 18 Å; the spectrum F is
given with 2 Å resolution, the polarized spectrum F · P—with 6 Å resolution.

4500 5000 5500 6000 6500 7000 7500 8000
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VII Zw 244   12/10/2020   BTA+SCORPIO−2
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Figure 2. Spectropolarimetric data for VII Zw 244 in the range of 4500-8000 Å. From the top to the
bottom: integral spectrum in ADU F (1), normalized Stokes parameters Q (2) and U (3), polarization
degree P (4), and polarization angle ϕ (5). The vertical blue dash-dot line denote the position of (from
the left to the right) Hγ, Hβ, and Hα lines. The atmospheric absorption/emission bands are noted
with light grey stripes.
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Figure 3. The profiles of Hβ (left) and Hα (right) lines. From top to bottom: the intensity in the
natural light, the Q and U Stokes parameters, the polarization degree, the polarized flux, and the
polarization angle. Note here that the polarization degree is debiased according to the Equation (6).
The values on panels 1 and 5 are binned in the 6 Å window and the values on panels 2–4 and 6—in
the 18 Å window. The black vertical dashed lines mark the narrow lines coming from the NLR—[OIII]
lines at Hβ profile and [NII] lines at Hα profile. The blue vertical dashed line marks the position of
zero velocity. The atmospheric absorption/emission bands are noted with light grey stripes.

3.2.2. Mass Estimation

As shown by Afanasiev and Popović [25] and Afanasiev et al. [26], spectropolarimetric
observations of galaxies with equatorial scattering make it possible to estimate the SMBH
masses regardless of the inclination angle of the system to the observer. The radiation
of the differentially rotating disc-shaped BLR is reflected from the equatorial scattering
region so that the observer registers the specific features in broad lines in polarized light,
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in particular, the S-shaped profile of the polarization angle, which is a marker of Keplerian
motion in the disk. The change of the polarization angle along the broad line is related to
the gas rotation velocity in BLR:

log(V/c) = a− 0.5 log[tan(∆ϕ)], (12)

where ∆ϕ is relative variations of the polarization angle (see Figure 4), and −0.5 coefficient
is consistent with the assumption of BLR Keplerian motion. The parameter a is a function
of MBH and can be written as

a = 0.5 log[
GMBH cos2(θ)

c2Rsc
], (13)

where Rsc is the inner radius of the scattering region, and θ is the angle between the BLR
and the scatterer plane. From the assumption of coplanarity, we assume θ = 0, which
contributes no more than ∼ 10% uncertainty to the mass estimate. Then the SMBH mass
can be expressed as follows:

log(MBH/M�) ≈ 10.25 + 2a + log(Rsc) (14)

In Equation (14), the parameter a is determined from observational data, while the size
of the scattering region Rsc is determined by indirect methods. It is commonly assumed
that Rsc characterizes the inner boundary of the gas-dust region (so-called dusty torus).
Currently, two methods based on IR observations are used to determine the size of the torus:
interferometry in the near-IR and mid-IR range [61] and IR reverberation mapping [62].

Lyu et al. [63] presented the results of the reverberation mapping of the dust region of
the galaxy VII Zw 244 in WISE W1 (∼3.4 µm) and W2 (∼4.5 µm) bands. The IR radiation
shows a delay of about 340–360 days relative to the optical emission, which indicates the
size of the region emitting in the IR range. However, IR observational methods localize deep
regions of the dusty torus, where the optical thickness is�1, while equatorial scattering
occurs in a region where the optical thickness is of the order of 1 and electron scattering
dominates [64]. An alternative method has recently been proposed for determining the
position of the equatorial scattering region based on the reverberation mapping in polarized
broad lines [65]. As well as other reverberation methods, this approach requires a large
amount of observational time, which is why it was still not applied to this galaxy. However,
even the first result for the Mrk 6 galaxy obtained within the given approach showed that
the measured Rsc turned out to be 2 times smaller than the size of the dusty torus estimated
in the IR band. This case allows us to assume that for VII Zw 244 Rsc ≈ 170 lt days.

Additionally, we are able to calculate the value of Rsc based on scale relation from [26].
According to this work, Rsc ' 5.1RBLR, where we take the estimate of the size of the area
BLR RBLR from Malygin et al. [30]: RBLR = 30.7+2.1

−2.3 lt days. Then Rsc ' 157 lt days. This
value turns out to be approximately equal to half the size of the dust region in the IR range,
and then we will use it to estimate the SMBH mass.

Since for VII Zw 244 the signs of equatorial scattering were detected in two broad
lines, we present the profiles of the polarization angle switch for Hα and Hβ (Figure 4).
The upper panels show variations of the polarization angle relative to the average level.
In both lines, it can be seen that ∆ϕ to the right from the line center takes positive values; at
the same time, the left negative wing of the profile is detected only in the Hβ line. While
the Hα polarization angle profile is not symmetric as it is predicted by the model of the
pure Keplerian motion, based on the sample provided in [26] one could find close examples
of asymmetric polarization angle switch, as e.g., Mrk 1501 (see Figure 4 there). It can be
assumed that the blue wing of the Hα line profile suffers from depolarization, which may
be associated with radial outflows from the region [66].

On the bottom panels of Figure 4 the dependence of the logarithm of the gas velocity
in the line log(V/c) on the logarithm of the tangent of the polarization angle variations
log[tan(∆ϕ)] is presented. Regardless of the Hα line profile asymmetry, the data points of
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the measured values of the gas velocity log(V/c) show clearly the linear dependence on
log[tan(∆ϕ)] in both emission lines, which is a significant proof of the observed Keplerian-
like motion. Fitting the observed points by linear regression we estimated a = −2.12± 0.15
for Hβ and −2.05± 0.14 for Hα. In the case of both broad lines, the mass estimates turn out
to be close: log(MBH/M�) = 8.21± 0.29 for Hβ and 8.35± 0.29 for Hα. Note that if we
assume Rsc = 350 lt days, as follows from the IR observations, then log(MBH/M�) ≈ 8.6,
which is consistent with the estimate obtained above, within the error. Additionally, it is
important to mention that the uncertainty obtained here was calculated as the variance
of the deviation of the measured values of the gas velocity in the broad line from the
Keplerian ones, which is assumed to be a random value distribution. As it can be seen
in [26], 0.2–0.3 dex is a typical uncertainty for the spectropolarimetric mass measurements.
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Figure 4. The polarization angle profiles for Hβ (left) and Hα (right) lines. On the upper panels the
deviation of the polarization angle to the mean value (horizontal dashed line) is given. The bottom
panels show the relation of log[tan(∆φ)] v.s. log(V/c).

3.2.3. Bolometric Luminosity

For this object we are also using results of our observations on BTA 6 m telescope
log [L5100(erg/s)] = 44.22 [30] and bolometric correction BC = 10.3. So log [Lbol(erg/s)] =
45.24. Note that in Lani et al. [67] a close value of log [L5100(erg/s)] = 44.16 was obtained.

3.2.4. Inclination Angle and Spin Value

As shown in [26], the inclination angle of the AGN can be obtained by comparing
two independent measurements of the SMBH mass. The estimate of the SMBH mass ob-
tained from the reverberation mapping is known up to the dimensionless parameter f (see
Equation (10)). In the paper by Malygin et al. [30] the obtained value of the SMBH mass
is given for f = 1, so for VII Zw 244 log(V.P./M�) = 7.05+0.07

−0.08. Comparing V.P. with
the mass estimate log(MBH/M�) = 8.3± 0.3 obtained from spectropolarimetric approach,
we get f = 21.1± 10.1. According to Yu et al. [68], the factor f is connected to kinematics,
geometry and inclination of the BLR clouds and can be determined as f = [h2 + sin2(i)]−1,
where h is the ratio of the height to radius of the thick disk BLR (or the ratio of the turbulent
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velocity to the local Keplerian velocity for a given radius), which can be assumed h = 0 for
geometrically thin disks. Then for VII Zw 244 the angle of inclination is i = (14.3± 3.6)◦.
Note here that although the average inclination angle of AGNs with equatorial scattering is
∼35◦, objects with i ∼ 14◦ have already been previously detected in the sample of AGNs
with equatorial scattering, e.g., Mrk 1148 [26].

Using the same approach as for the previous one [53] and mass from Malygin et al. [30]
we get that i & 18◦. Moreover, Zhuang et al. [69] obtained the value i ≈ 15◦ for this object
independently by quantifying the contribution of the torus luminosity to the total IR
emission. So, taking into account other estimates we concluded that in this case i ≈ 18◦.
As can be seen, this value agrees well with the independent estimates shown above obtained
by IR SED analysis [69] and SMBH masses estimates comparison. The results of estimations
of spin are presented in Table 2. a ≈ 0.996 is a rather typical value for objects of this type.

In Hu et al. [70] the authors obtained close values of time lag (coinciding within the
error limits). To calculate V.P., they measured the velocity by σline (square root of the
second moment) using the rms spectrum. The authors obtained values of the virial product
that are smaller than in Malygin et al. [30], where the gas velocity was measured via the
σline from the single epoch spectrum of a good signal-to-noise ratio with decomposition and
subtraction of narrow components near the Hβ line. Thus, the V.P. from [70], compared
with the spectropolarimetric mass measurement, gives an inclination angle of the system of
about ∼ 11◦, from which one can conclude that their measurement of the virial product is
probably underestimated.

3.2.5. Magnetic Field

This object is radio quiet [71], however, according to recent studies [72–74], radio-quiet
AGNs can have jets and emission mechanisms similar to radio-loud objects. Therefore,
we decided that it would be useful to try to apply method from Piotrovich et al. [58]
(Equation (11)) to this object as well. For this object we also take value ϑline from
Malygin et al. [30] and calculate FWHM = 2.335 · ϑline because in this case ϑline referred to
Hβ line.

This object has equatorial scattering, which does not allow us to consider the accretion
disk as the only source of polarization. Thus, it is not possible to determine the magnetic
field strength using the method from Piotrovich et al. [57].

The result is shown in Table 2. The obtained value of the magnetic field is also
quite typical.

4. Conclusions

Here we presented the results of the spectropolarimetric observations of 2 type 1 AGNs
from the reverberation mapping sample from [29]. The measured polarization properties
have been used for exploring polarization mechanisms and the determination of physical
parameters of the given AGN. We outline the following conclusions:

• for LEDA 3095839, no signs of equatorial scattering were detected in the polarized
spectrum. At the same time, we estimated the level of continuous polarization as
(0.9 ± 0.4)%, which is generated, as we believe, in an accretion disk. Using the
approach from Du et al. [50] we came to the conclusion that for this object it makes
sense to consider two options: inclination angle i ≈ 35◦ and i ≈ 45◦. Thus, we obtained
spin values a = 0.966+0.030

−0.106 and a = 0.736+0.226
−0.368 and magnetic field strengths at event

horizon of SMBH log(BH[G]) = 4.06+0.24
−0.24 and log(BH[G]) = 4.00+0.56

−0.34 respectively.
Additionally, we estimated magnetic field strength and the exponent s of the power-
law dependence of the magnetic field on the radius in accretion disk via polarimetric
data using model from Piotrovich et al. [57] for this two cases: log(B∗H[G]) = 3.53+0.26

−0.53,
s = 1.77± 0.18 and log(B∗H[G]) = 4.08+0.30

−1.08, s = 1.63± 0.23.
• for VII Zw 244 we detected the specific features of equatorial scattering in both Hα and

Hβ broad lines. It allowed us to estimate the SMBH mass as log(MBH/M�) = 8.3± 0.3.
The comparison of the given mass with the previously obtained results gave the
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estimation of the inclination angle i = (14.3± 3.6)◦, which allowed us to use the
approach from Du et al. [50] (estimation via the AGN luminosity) assuming that
i ≈ 18◦ (minimum possible value for this object in this method). This approach give us
the spin value a = 0.996+0.002

−0.012 and magnetic field strength at event horizon of SMBH
log(BH[G]) = 4.29+0.10

−0.13.
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Notes
1 Details about the characteristics of medium-band filters can be found at https://www.sao.ru/hq/lsfvo/devices/scorpio-2/

filters_eng.html Accessed 14 June 2022.
2 Details about the characteristics of gratings can be found at https://www.sao.ru/hq/lsfvo/devices/scorpio-2/grisms_eng.html

Accessed 14 June 2022.
3 The GAIA parallax of the star (2MASS J08540279+7700478) indicates it is located at the distance of 400 pc [40].
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