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ABSTRACT

Here we present the spectropolarimetric observations of the radio-loud active galaxy 3C 390.3
in the period 2009-2014 (24 epochs). The galaxy has been observed with the 6-m telescope
of Special Astrophysical Observatory of the Russian Academy of Science (SAO RAS) using
the Spectral Camera with Optical Reducer for Photometric and Interferometric Observations
(SCORPIO) spectropolarimeter. We explore the variability and lags in the polarized light
of the continuum and broad He line. We give the Stokes parameters Q, U, degree of linear
polarization P and the position angle of the polarization plane, ¢, for 24 epochs.

We find a small lag (1040 d) between the unpolarized and polarized continuum that
is significantly smaller than the estimated lags for the unpolarized broad emission lines
(lag(Ha) ~ 138-186 and lag(HB) ~ 60-79 d). This shows that the region of the variable
polarized continuum is significantly smaller than the broad line region, indicating that a part
of the polarized continuum is coming from the jet. The lag of the polarized light in the Ho line
(89-156 d) indicates an additional component to the disc one that has an outflowing velocity
of ~— 1200km s~!. This region seems to depolarize the polarized broad He line emitted from

the disc and scattered in the inner part of the torus.

Key words: line: profiles — galaxies: active —quasars: individual: 3C 390.3.

1 INTRODUCTION

The radio-loud active galactic nucleus (AGN) 3C 390.3 (z =0.0561)
belongs to a group of 10 per cent AGN with double-peaked broad
Balmer lines. It is well known that 3C 390.3 shows a strong vari-
ability (to ~5 times) in the ultraviolet (UV)/optical continuum and
broad lines (see Barretal. 1980; Yee & Oke 1981; Netzer 1982; Barr,
Willis & Wilson 1983; Penston & Perez 1984; Clavel & Wamsteker
1987; Veilleux & Zheng 1991; Zheng 1996; Wamsteker et al. 1997;
Dietrich et al. 1998, 2012; O’Brien et al. 1998; Shapovalova et al.
2001, 2010; Sergeev et al. 2002; Tao et al. 2008; Gupta, Srivastava
& Wiita 2009; Popovi¢ et al. 2011). Furthermore, 3C 390.3 has a
high variability in the X-ray spectrum, where a broad Fe Ka line is
present (Inda et al. 1994; Eracleous, Halpern & Livio 1996; Leighly
& O’Brien 1997; Wozniak et al. 1998). The X-ray emission varies
in a scale of several days, showing the highest variability in the
lower energy region (Gliozzi, Sambruna & Eracleous 2003; Gupta
et al. 2009), while the UV/optical broad lines vary at scales of sev-
eral tens to hundred light days (see e.g. Clavel & Wamsteker 1987;
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Wamsteker et al. 1997; Dietrich et al. 1998, 2012; O’Brien et al.
1998; Shapovalova et al. 2001, 2010; Sergeev et al. 2002).
Although the broad double-peaked emission lines of 3C 390.3
are probably emitted from an accretion disc, there are some ques-
tions about the nature of the broad line region (BLR), as e.g.
Zheng, Veilleux & Grandi (1991) argued that a radial biconical
outflow is present in the BLR, but cross-correlation function (CCF)
analysis shows that there is no delay between the blue and red
wings of HB, that indicates a dominant circular motion in the BLR
(Dietrich et al. 1998, 2012; Shapovalova et al. 2001, 2010; Zheng
2011, 2013). However, besides two peaks from the disc, there is an
additional central, slightly redshifted, component in the profiles of
the broad lines (Shapovalova et al. 2010; Popovi¢ et al. 2011). Also,
from time to time, there are some kind of perturbations in the disc
(Jovanovi¢ et al. 2010; Popovi¢ et al. 2011). Moreover, from a
detailed study of the profiles of the He and HB broad emission
lines in the monitored period (1995-2007), Popovic et al. (2011)
have shown that the geometry of the BLR of 3C 390.3 seems to
be very complex but the BLR with the disc-like geometry has a
dominant emission. On the contrary, spectropolarimetric observa-
tions (Corbett et al. 1998, 2000) indicate a BLR model in which the
Ho emission line is formed in the biconical flow and the polarized
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component of the line is scattered on the inner part of the torus.
The possible jet influence on the BLR and continuum emission has
been discussed in Arshakian et al. (2008, 2010). They found an
observational evidence for the connection between the variable op-
tical continuum of 3C 390.3 nucleus, the compact radio emission
of the jet on the sub-parsec scale and emissions of new observed
jet components. To explain these correlations, they suggested that
the variable optical continuum emission originates in the innermost
part of the jet.

Note here that the double-peaked broad line profiles, in this and
other double-peaked AGN, could be explained with a number of
different models for the BLR, as e.g. supermassive binary black
holes (Gaskell 1983, 1996; Popovié¢ 2012), outflowing biconical gas
streams (Zheng et al. 1991), in the accretion disc (Perez et al. 1988;
Rokaki, Boisson & Collin-Souffrin 1992), two-arm spiral waves
in the accretion disc (Chakrabarti & Wiita 1994) or a relativistic
eccentric (elliptic) disc (Eracleous et al. 1995), etc.

We performed the spectropolarimetric observations of 3C 390.3
with 6-m telescope of Special Astrophysical Observatory of the
Russian Academy of Science (SAO RAS) in the period 2009-2014
period with the aim to explore the disagreement between optical
monitoring results which indicate dominant disc-like emission (see
e.g. Dietrich et al. 1998, 2012; Shapovalova et al. 2001, 2010;
Jovanovié et al. 2010; Popovi¢ et al. 2011; Zheng 2011, 2013, and
reference therein) and spectropolarimetric observations which are in
favour of the biconical flow in the BLR (Corbett et al. 1998, 2000).
Here we present the analysis of spectropolarimetric observations of
3C 390.3 obtained in 24 epochs and study how the parameters of
the linear polarization change with time in the broad Hoe emission
line and continuum.

The paper is organized as following: in Section 2 we describe our
observations and data reduction; in Section 3 the results are given;
in Section 4 we discuss obtained results and finally in Section 5 we
outline conclusions.

2 OBSERVATIONS AND DATA REDUCTION

2.1 Observation

In the period 2009-2014 we performed spectropolarimetric mon-
itoring of the broad line radio galaxy 3C 390.3 (24 epochs) with
the 6-m telescope of SAO RAS using the modified spectrograph
Spectral Camera with Optical Reducer for Photometric and Inter-
ferometric Observations (SCORPIO; Afanasiev & Moiseev 2005,
2011) in the mode of the spectropolarimetry and polarimetry in the
spectral range 4000-8000 A with the spectral resolution 4-10 A.
We used two types of polarization analysers: the single Wollaston
prism (WOLL-1) separates the ordinary and extraordinary rays in
two planes 0°and 90°and a double Wollaston prism (WOLL-2) con-
sisting of two prisms illuminating half of the parallel beam and
polarized light is separating planes in 0°, 90°, 45°and 135°. For
an unambiguous measurement of parameters of the linear polar-
ization in the first case it is required to obtain a sequence of four
pairs of spectra at different angles of the phase plate (0245, 2225
and 67°5), with WOLL-1 registering two long-slit spectra (with
a slit 1-2 arcsec width and 120 arcsec height). The second case
records simultaneously four long-slit spectra (60 arcsec height) that
uniquely define the parameters of the linearly polarized radiation.
For calibration purposes, each night we observed the polarization
of standard stars from the list of Hsu & Breger (1982) and Schmidt,
Elston & Lupie (1992). Additionally, we observed non-polarized
stars as spectrophotometric standards. We found that the accu-

racy of the linear polarization measurements is ~0.1 per cent (more
details in Afanasiev & Moiseev 2005; Afanasiev & Amirkhanyan
2012; Afanasiev et al. 2014a). The typical differences between our
measurements of polarization standards and those in the catalogue
were 0.1-0.2 per cent for polarization and 2°—4°for the polarization
angle.

In Table 1 the log of observations is given, where following
are listed: Julian date, total exposure time, number of polariza-
tion cycles, seeing, slit, analyser, grating and spectral resolution.
We observed in three different modes, using gratings VPHG550G,
VPHGY940 and VPHG1200 which covered the HS and Ha wave-
length ranges. Additionally we observed the interstellar matter
(ISM) polarization with the filter V at A(max) 5500 A. The number
of cycles denotes a number of observations for each position angle
in the phase plate, i.e. one cycle corresponds to the observations
in all four above-mentioned angles. The spectral resolutions given
in Table 1 were estimated using the full width at half-maximum
(FWHM) of the lines from the night sky in the integral (AGN-+night
sky) spectra.

From Table 1 it can be seen that there were large seeing varia-
tions between observations during the monitoring period. This may
cause changes in polarization because the relative contribution of
unpolarized host galaxy light will change with the seeing, however,
for this galaxy it is not a major problem, since the emission of the
nucleus is very bright compared to the host galaxy.

2.1.1 Polarization of the ISM

The observed linear polarization of an object is a vector com-
position of the ISM polarization (Pjsy) and polarization of the
object (Pagn — in this case the radio galaxy 3C 390.3), i.e.
P s = Paon + Pism. The ISM polarization, as it is well known,
depends on the Galactic latitude and it has strong changes in the rate
of polarization and in the polarization angle on 1°scale on celestial
sphere. That is connected with non-homogeneous distribution of the
ISM. In a number of papers, the ISM polarization has been taken
into account as a function of the Galactic extinction E(B — V) for
different latitudes as it is described in Serkowski, Mthewson & Ford
(1975). However, the problem with this method is that it does not
take into account the direction of the ISM polarization vector, i.e. the
vector Psy has direction and intensity and both quantities should
be taken into account (see e.g. Kishimoto et al. 2004). Therefore,
here we take into account the ISM polarization vector by measuring
polarization of a number of stars around the AGN, which represents
the ISM polarization. For these observations we used the wide-field
polarimetry, as within the range of 0.45-0.8 mkm a typical change
in the ISM polarization is smaller than 10 per cent from the maxi-
mum, i.e. for Galactic longitudes >25° the estimate of wide-field
P g\ is satisfactory for this purposes.

For the ISM polarization estimation we used WOLL-1 analyser
with rotated 1/2 phase plate, and with the 3-5 arcmin field. We
considered only bright surrounding stars within 3 arcmin around
3C 390.3 in the V filter. We found 11 brightest stars in the field and
for each star we calculated parameters Q and U.! We calculated for
each of star parameters Q and U and estimated the averaged polar-
ization parameters of the ISM to be Qism = 0.64 £ 0.23 per cent,
Uism = —0.51 £ 0.20percent, Pisy = 0.82 £ 0.22 per cent and

! For more detailed procedure of polarization parameters calculation in the
image mode see Afanasiev, Rosenbush & Kiselev (2014b).
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Table 1. Log of observations.

Date D Total Num. Seeing Slit Analyser Grating/ Spectral
observation 240 0004+  exposure (s) of cycles (arcsec)  (arcsec) filter resolution (A)
2009.09.24 55099 3600 6 1 2.5 WOLL-1  VPHGS550G 20
2010.07.17 55394 2400 5 2 2 WOLL-1 VPHGY940 7
2010.11.01 55501 3600 5 1.5 1 WOLL-1 VPHGY940 5
2011.05.01 55682 2160 3 2.5 2 WOLL-1  VPHGI1200 6
2011.06.01 55713 4000 5 1.6 1.5 WOLL-1 VPHGY940 6
2011.08.26 55799 1320 11 2.5 2 WOLL-2 VPHGY940 6
2011.09.27 55831 2400 5 1.6 2 WOLL-1 VPHG1200 5
2011.11.20 55885 2880 6 2.5 1 WOLL-1 VPHGY940 4
2012.02.01 55959 1440 3 4 1 WOLL-1 VPHGY9%40 4
2012.02.14 55971 4320 6 3 2 WOLL-1 VPHGY940 6
2012.04.15 56032 2880 6 3 2 WOLL-1 VPHGY9%40 6
2012.05.17 56064 2400 5 1.2 2 WOLL-1  VPHGI1200 5
2012.06.21 56099 2880 6 1.3 2 WOLL-1  VPHGI1200 5
2012.06.21 56099 600 15 1.5 Image WOLL-1 Jonson V -
2012.08.24 56163 2160 6 1.2 2 WOLL-1 VPHGY940 6
2012.09.11 56181 2400 8 2.5 2 WOLL-1 VPHGY940 5
2012.10.07 56207 3600 8 2 2 WOLL-1 VPHGY940 6
2012.11.13 56244 2400 5 1 2 WOLL-1 VPHGY940 7
2013.02.06 56329 2400 8 3 2 WOLL-1 VPHGY940 6
2013.06.15 56458 4800 8 1 2 WOLL-1 VPHGY940 6
2013.11.03 56599 1260 21 3 2 WOLL-2 VPHGY940 6
2014.02.25 56713 3480 29 2 1 WOLL-2 VPHGY9%40 4
2014.03.06 56722 3600 20 2 2 WOLL-2 VPHGY%40 6
2014.03.25 56741 3600 30 1.5 2 WOLL-2 VPHGY9%40 5
2014.05.30 56807 3600 30 2 1 WOLL-2 VPHGY%40 4

@ism = 16027 £ 622. Further in the text we will use the polarization
parameters corrected for the ISM polarization.

Note here that in the catalogue of Heiles (2000) the rate of ISM
polarization is changing around 0.5-1.1 per cent and angle of ISM
polarization around 159°-163° in the radius of 5°, that is not in
contradiction with our estimates.

The contribution of the interstellar polarization (ISP) of the host
galaxy of 3C 390.3 has not been considered, since, as it is men-
tioned above, the nucleus is significantly brighter than the host
galaxy, and there is a problem to find the host galaxy ISP even
using the [O m] lines, because in that case one assumes that
these lines are intrinsically unpolarized, which may not be the
case.

2.2 Data reduction

The data reduction includes standard procedure for the long-slit
spectroscopy, bias, flat-field, geometrical correction along the slit,
correction of the spectral line curvature, night sky subtraction, spec-
tral sensitivity of the instrument and spectral wavelength calibra-
tion. Additionally we used a comparison star in order to remove
the strong atmospheric bands of O2 — B(6870 A) and A(7600 A)
from 3C 390.3 spectrum. Note that the B band is on the blue wing
of Ho. We integrated spectra along the slit, since the procedure of
decomposition (of the observed light as a function of wavelength
along the slit) of the host galaxy and AGN increases the statistical
errors. Integration interval was £(10-15 arcsec). This systematic
error due to wings image does not exceed 0.1 per cent in the value
of the degree of polarization.

Values of normalized Stokes parameters Q(A), U(A) and total
intensity /(1) for WOLL-1 analyser can be found from the simple
relations (see also Afanasiev et al. 2014a):

o= L (DD I 1 10— 1)
2w+ om )2\ e ),

(00 = 1000 1 (100 = )

2\ @) +1oo@) ) 2\ o) + Ino(R) ¢=67.5,

I0) = () + Ion(M)s. ¢ =0,45,22.5,67.5.
[

U =

For WOLL-2 analyser appropriate values are determined from the
relations:

To(A) — Ioo(2)

hy = LT D0
o) Io(X) 4 Iop(A)

Lis(A) — Li35())

v = Lis(A) + Tiss()’

I(Z) = Io(X) + Too(A) + Lis(A) + L135(D).

Then we calculated the degree of the linear polarization P(A) and
angle of polarization plane ¢(1) as

1
P =V OM?>+UM?, o) = SarctglU()/ Q@)

Using the procedure of the polarization parameter calculation from
Afanasiev & Amirkhanyan (2012) we estimated the Stokes parame-
ters (I(1), Q()) and U(1)), the degree of the linear polarization P(})
and position angle of polarization plane ¢(A) for the rest wavelength
5500 A. Also we determined the continuum flux and the shift of the
broad emission line in the polarized light relatively to the systematic
velocity AV = Vo — V. In further analysis, the polarization pa-
rameters (/, Q, U, P and ¢) have been robustly estimated as average
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in a spectral window of 25-30 A for all cycles of measurements, the
number of the windows for different observation data is between 5
and 10.

We measured the continuum flux at rest wavelength 5100 A taking
an averaged continuum in the HB wavelength range. To measure an
averaged flux of the polarized continuum, we used a window of the
half-width of 500 A. To avoid the contribution of the [O m1] 4959,
5007 A lines we centred the window at 5500 A.

Fig. 1 shows a typical observed spectrum of the unpolarized and
polarized flux and its polarization parameters of 3C 390.3 obtained
on 2014 May 30 in the instrumental unit without the flux calibration.
As it can be seen in Fig. 1 there practically is no difference between
the polarized continuum measured at rest 5100 and 5500 A, i.e. the
difference is within the error bars.

5C390.3 , 2014-05-30, Texp=3600 s
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Figure 1. The observed spectrum of the unpolarized and polarized flux
and its polarization parameters of 3C 390.3 on 2014 May 30. From top
to bottom: the observed spectrum /(A), the polarized spectrum I(A) P(A),
normalized Stokes parameters Q(A) and U(1), degree of linear polarization
P()) and angle of the polarization plane ¢(A). Spectra have been corrected
for the spectral sensitivity and ISM polarization. The atmospheric absorption
is removed.

From the observed Hoe and HP lines we removed (using Gauss
decomposition) the narrow forbidden lines and obtained the broad
components. Then we subtracted the continuum and obtained
the broad emission line fluxes. For the absolute flux calibra-
tion we used the fluxes of the [O m] 4959 + 5007 A — for-
bidden lines, taking the fluxes from Veilleux & Zheng (1991)
(flux([O m] = 1.7 x 107 B ergem2s7"). Sergeev et al. (2002)
found that for mean seeing of 2.5 arcsec, the stellar contribution
to continuum in the Ha region for aperture 2 x 11 arcsec? is
7.0 x 1070 ergem=2s! A~'. We estimated that the mean contin-
uum flux at the rest wavelength of 5100 A for the similar aperture is
F(cnt) ~ (3.02 £ 0.63) x 10" ergem™2s™! A~!. Thus the contri-
bution of the stellar radiation (host galaxy) to the continuum of the
AGN 3C 390.3 is ~20 per cent. We estimated that this contribution
of the host galaxy is depolarizing the AGN continuum radiation less
than <0.25 per cent.

3 RESULTS

Observed polarization parameters in the continuum and broad Ho
line are given in Table 2, where we give the unpolarized (at 5100 A)
and polarized continuum (at 5500 A) flux, the polarization param-
eters corrected for the ISM polarization, the broad HS and He line
fluxes, the polarized Ha flux and the difference between the sys-
tematic and polarized line velocity (Vs — V)01) for the broad Ho
line. Note here that, due to large error bars in the HB wavelength
range, we did not measure the polarization parameters for HB.

In Fig. 1 we show spectrum observed on 2014 May 30. The slight
changes can be noticed in the rest 23 epochs, but some characteristic
structures are the same in all spectra. From Fig. 1 and Table 2, one
can see several characteristics in unpolarized and polarized spectra
of 3C 390.3:

(i) in the unpolarized 3C 390.3 spectrum the double-peaked
broad emission lines of He and HB are present; the blue peak
was always brighter than the red one during the monitored period,
while the polarized component is single peaked;

(ii) the degree of the linear polarization in the continuum was
always somewhat higher ~2percent in the shorter wavelengths
(4000 A), changing to ~1.5 per cent at 8000 A, i.e. there is a trend
to increase the linear polarization with decreasing wavelength (i.e.
P~ 1/3);

(iii) in the polarized light we observed the Ho (some-
times HpB) broad emission line, shifted to the blue at
AV = Voo — Vs = —1247 £ 231kms™! with respect to the
systematic velocity;

(iv) in the Ho line the linear polarization P is always less
than ~0.2 percent and has a box-like shape, i.e. P(Ho) has no
pronounced structural features (there are no double peaks).

3.1 Variability in the continuum and broad Ho polarization

The polarization in the continuum has a slight dependence on wave-
length and varied between 1 and 2 percent (see Fig. 2). In Fig. 2
we present the variability in the continuum at 5100 A and polarized
continuum measured at 5500 A. As it can be seen in Fig. 2 and
Table 2, the variations in the linear polarization P percent some-
times anticorrelate with the continuum flux, i.e. the minimum value
of the continuum flux corresponds to the maximum value of the
linear polarization (e.g. in the period 26.08.2011-13.11.2012 or
JD 245 5799-JD 245 6244). The angle of the polarization plane
of the continuum reaches maximum values (~180°) in the period
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Table 2. Observed Stokes parameters Q and U of the continuum, degree of polarization and polarization angle, fluxes in continuum, broad lines HB and He,
polarized broad Her and its shift. The polarized spectra have been corrected on the ISM polarization.

JD Q(5500) U(5500) P(5500) @(5500) Flux Flux Flux Flux Vol — Viys
240 000+ (per cent) (per cent) (per cent) ) continuum 5100 A broad HB broad He  polarized Ho (kms™!)
55098 —0.04£024 —1.19£0.28 1.19+£0.24 134.0+1.7 449 +£0.03 3744+£024 212+£0.26 2.37+0.16 —800 £ 300
55394 —027£032 —135+040 138+£0.06 1294+5.0 1.97 £ 0.05 3.11£020 1.26+0.18 1.08+0.32 —1559 + 441
55501 1.30+£0.28 —0.10+024 130+035 1779+9.0 246 +0.12 293+043 1.544+026 2.11+£0.87 —1250 £+ 765
55682 0.85+0.11 —0.15£0.10 0.86+0.11 175.0+2.0 4.13 +0.05 3,61 £0.18 141 4+0.18 1.214+0.27 —1416 £ 452
55713 1.06 £ 0.14 0.50 +0.14 1.18 £0.14 1927 +2.3 4.19 £ 0.07 386 +034 227+£0.27 4.02+040 —1294 £ 402
55799 033+0.17 —1.63£0.18 1.66=+0.05 140.8+0.6 2.76 = 0.06 4.06+023 282+030 7.19+£0.75 —1017 £+ 182
55831 0.52+0.16 —150+£0.14 1.58+0.19 1445+ 1.7 243 +0.07 390+ 024 321£055 340+039 —1053 £ 238
55885 —0.12£023 —157£0.28 157£0.27 1329+£93 2.68 £0.12 356046 284+030 292+1.10 —1273 £ 630
55959 —0.72+£0.08 —153+£051 1.69+049 1225+54 3.33 +£0.20 403+047 1984+029 149+1.33 —1221 £+ 362
55971 1.134+030 —-1.02+029 152+0.19 1589 £3.5 3.25+0.12 340+041 240£0.28 2.05+092 —1144 £ 473
56032 —0.15+£020 —149+£0.17 150+£0.18 132.0+23 2.76 £ 0.05 3624+023 144+0.18 1.44+0.26 —993 + 265
56064 0.74+£0.19 —-083+£0.13 1.11+£0.15 1558+22 3.05 £ 0.06 3254029 1.15£0.70 1.20+0.13 —1323 £ 237
56099 —0.08+£0.12 —094+0.13 094+0.12 132.6£1.9 3.61 £0.05 376 £0.29 1.80£0.27 149+0.17 —1014 £ 227
56163 0.10+£0.09 —-120£0.20 1.20+£0.19 1374+19 3.46 +0.04 3.86+031 2.17£031 1.65+035 —1561 £ 342
56181 042+0.15 —1.02+£0.13 1.10+£0.16 146.3+2.0 3.62 +0.05 367+026 187+£026 146+026 —1585 £ 272
56207 090+0.16 —1.12+£0.10 144+0.14 1544+09 3.41 4+ 0.09 415+031 136+0.18 1.75+£0.25 —1540 £+ 231
56244 1.024+0.18 —1.33+0.15 1.68+0.18 153.8+2.0 2.80 £ 0.05 383+028 1.60£0.22 196+030 —1238 £+ 254
56329 0.15+020 —1.17£0.20 1.18+0.27 138.7+£2.6 2.94 +£0.10 3574+034 130£0.21 1.27+023 —1644 £ 284
56458 1.13 +£0.15 0.01 £0.20 1.13+0.17 1804 £2.5 2.53 +0.06 342+£024 1.08+0.11 097+0.18 —1148 £ 287
56599 021+£0.14 —1.17£0.14 1.19+£0.06 140.0+2.1 2.55 +£0.06 3424030 1.03£0.13 1.33+£0.19 —1453 £ 183
56713 0.54 +0.04 —139+£0.04 149+£0.10 1456+ 1.1 2.53 £0.12 330+£044 146+£0.21 1.08+035 —1474 £ 431
56722 0.13+£0.05 —-124+£0.17 1.25+0.19 138.1 £2.8 2.45 +0.06 3294+030 1.42+£0.18 1.61+027 —1312 £ 207
56741 0.134+0.05 —-097+0.11 098+0.14 138.8+0.5 2.51 +£0.06 329+£032 1444+0.19 1.02+0.26 —999 + 372
56807 029+0.13 —1.09+£0.13 1.13+0.18 1425+0.2 2.83 £0.05 3454027 148£0.16 1.03+0.21 —1247 £ 231

Notes. Units: continuum 5100 A in 10~ ergem=2s~' A~'; broad HB in 10~ ergem™2s~'; broad Ho in 10~'2ergem=2s~!; polarized Ho in
107 ergem 251

01.11.2010-01.06.2011 or JD 245 5501-JD 245 5713. The shift of
the polarized broad He line had no significant change during the
monitored period (almost within the error bars).

In Fig. 3 the light curves for the total and polarized continuum
flux at 5100 A are shown.2 A fast inspection of the light curves
of the unpolarized and polarized continuum shows that they are in
correlation.

The variation in the polarized continuum as well as the variation in
the broad Ha, HP lines, and polarized He line follows the variation
in the unpolarized one, but with some lags between them (Fig. 3).

In Table 3 we defined several parameters characterizing the vari-
ability of the polarized parameters (P per cent, ¢), the continuum
at 5100 A and the broad HB, Ho emission line fluxes and the Ho
polarized flux, using the equation given by O’Brien et al. (1998):

Foar = V U(F)z - 32/Fmean,

where ¢? is the mean square value of the individual measurement
uncertainty for N observations, i.e. ¢ = >_e(i)*/N. There, N is the
number of spectra, F' denotes the mean flux over the whole observing
period, o (F) is the standard deviation and R(max)/R(min) is the ratio
of the maximal to the minimal value of the measured parameters
(or flux) in the monitored period. The parameter F\,; is an inferred
(uncertainty corrected) estimation of the variation amplitude with
respect to the mean flux. In Table 3 (last three rows) the variability
parameters for the continuum flux at 5100 A and the broad He and
Hp emission line flux are given from the paper of Shapovalova et al.
(2010).

2 The polarized continuum flux is obtained taking the continuum flux at
5100 A and polarization degree at 5500 A.

As it can be seen from Table 3, during the monitored period
(2009-2014) the average fluxes and their amplitudes in broad lines
and continuum were about two times bigger while F\, (variabil-
ity) was two times smaller than in the period of spectral moni-
toring (1995-2007). The variability Fy, for polarization param-
eters is not high (14 percent for P, 7 percent for ¢). However,
for the polarized Ho line F\, is ~69 percent that is consider-
ably larger than the variability of another parameters. The po-
larization in He is close to the zero level, that could be reason
for the large variability. The maximum of the polarized Hoe flux
(F =(7.19 & 0.75) x 10~"*ergcm~2s~'; Table 2) was observed
on 26.08.2011. At this time the broad He and HB emission line and
polarized continuum at 5100 A were close to have the maximum
fluxes, but the unpolarized (total) continuum flux was maximal in
01.05.2011-01.06.2011, i.e. 60-90 d before the maximum in the
line flux (see Table 2 and Fig. 3). Obviously, we see a lag of re-
sponse of the broad line to the continuum flux (see Fig. 3).

3.2 CCF analysis — dimension of the scattering regions

Using the reverberation method, which is the search for correlations
between the broad emission line and continuum flux variations, it is
possible to study geometry and dynamics of the BLR (see Peterson
etal. 1993, and references therein). By analogy we used a long-term
spectropolarimetric monitoring of 3C 390.3 to study the properties
of the scattering gas geometry by reverberation method. To do this
we applied the CCF analysis using first the interpolation method
(so-called ICCF; see Gaskell & Sparke 1986). We interpolated the
light curves in the unpolarized and polarized continuum (as well as
in the Ho and Hg lines), after that we used the CCF and computed
the lags relative to the CCF peak.
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Figure 2. From top to bottom: the light curves of the total (unpolarized)
continuum flux at 5100 A in the rest frame, variation of the degree of the
linear polarization P and angle polarization plane of the continuum at 5500 A
in the rest frame and shift AV of the polarized broad He line relatively to
the systematic velocity.

In Fig. 4 (left) we plot the interpolated light curves of (from top to
bottom) the polarized continuum, the broad HB, the broad Ho and
the polarized He (thick lines) compared with the interpolated nor-
malized light curves for the unpolarized continuum (thin line). As
it can be seen in Fig. 4 (left) different lags between the unpolarized
continuum (thin line) and mentioned fluxes are present.

Since different time series analyses can give different lags for the
same set of data (see in more details Kovacevi¢ et al. 2014), there-
fore, we calculated the lags using z-transformed discrete correlation
function (ZDCF; see Alexander 2013) and stochastic process esti-
mation (SPE; Zu, Kochanek & Peterson 2011) in addition to the
ICCF method. The estimated lags are given in Table 4.

‘We found that the lags between unpolarized and polarized contin-
uum at 5100 A are ~10-40 d; between the unpolarized continuum
and the broad HB line ~60-80 d; between the unpolarized con-
tinuum and broad Ho flux ~140-190 d; between the unpolarized
continuum and polarized Hoe ~90-160 d (see Table 4). In all three
methods we obtained that the lag between the unpolarized and po-
larized continuum is significantly smaller than lags between the
continuum and broad lines, that indicates that the variable polarized
continuum is originating in a region which is significantly smaller
than the BLR.

Note here that our lag estimates are in good agreements with
these given in literature, as e.g. Shapovalova et al. (2010) obtained
lags 127*]% d for Ha and 9377 d for HB.
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Figure 3. 3C 390.3 light curves — from top to bottom: the total and po-
larized continuum flux at 5100 A in the rest frame; the broad Ho and
Hp and the polarized broad He line. Flux units: continuum at 5100 A
in 10~ ergem=2 57! A~!; broad Hp in 10~ ergem=2 s~!; broad He in
10~"2 ergem™2 s~ !; polarized Hee in 10~ # ergem™2 s~

Table 3. Variability properties of the continuum end emission lines in
spectra 3C 390.3.

Feature (F) o(F) l;‘(r:‘?:)) Fuar %ﬁ;
P(5500) (per cent) 2.01 0.28 1.58 0.14

¢ (5500) (°) 151.80  10.90 1.33 0.07

F(5100) 3.02 0.63 2.28 0.21

F(broad HB) 3.72 0.72 2.36 0.19

F(broad Ha) 17.72 3.87 3.12 0.22 4.7
F(polarized Ho) 1.96 1.36 7.41 0.69

F(5100) 1995-2007 2.31 1.07 5.20 0.46

F(broad HB) 1995-2007 2.39 0.91 4.70 0.38
F(broad Hor) 1995-2007 9.42 3.36 3.40 0.35 3.94

Notes. Units: F(5100) in IO’ISergcm’2 sTHA-T, F(polarized Ha)
in 10_14ergcm_2s_lA_l; F(broad HB) and F(broad He) in
107 B ergem=2s~1 A-1,

4 DISCUSSION

4.1 Polarized continuum

Using the results of our spectropolarimetric monitoring of 3C 390.3
(data for 24 epochs during 5 yr) we found the lag ~10-40 d be-
tween the unpolarized and polarized continuum flux variations. The
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Figure 4. Left: the interpolated normalized light curves, from top to bottom (thick lines): the polarized continuum, the broad Hp flux, the broad He flux, the
polarized Ha flux compared with the unpolarized continuum (thin lines). Right: from top to bottom the lags between the unpolarized and polarized continuum

at rest 5100 A; the broad Hp line, the broad Ho line and the polarized Ho fluxes.

estimated size of the BLR is significantly larger (lag ~60-190 d).
This indicates that the region of polarized radiation which con-
tributes to the variability of the polarized continuum is more com-
pact than the BLR in the case of 3C 390.3. A similar result (lag ~2 d)
is obtained for Mrk 6 (Afanasiev et al. 2014a), where the BLR is es-
timated to be significantly larger than the scattering region. Gaskell
at al. (2012) found that in the case of NGC 4151 the lag between the
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unpolarized and polarized continuum flux variations is ~8 d and
almost the same as the BLR lag, however, it seems that their error
bars of the estimated lags are large (see their table 1 in Gaskell at
al. 2012).

The average polarization angle (¢ = 152° & 11°) of the contin-
uum at rest wavelength 5500 A is consistent and almost aligned with
the radio jet angle ~144° (Leahy & Perley 1991). The variability of
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Table 4. The lags obtained using different meth-
ods: ICCF — interpolation method (Gaskell & Sparke
1986); ZDCF - z-transformed discrete correlation
function (Alexander 2013) and SPE — stochastic pro-
cess estimation (Zu et al. 2011).

Lag between ICCF ZDCF SPE
+3 +9 +7
cnt — pol-cnt 1055 27700 397,
+7 +16 +8
cnt — broad HB 607 79_15 797,
- p 7 32 8
cnt—pol. broad He  897) 128730 15675,
cnt — broad Her 138731 184738 1861

@ is relatively small (F,, ~ 7 per cent, Table 3), but the degree of the
linear polarization of the continuum changes as F,, ~ 14 per cent,
that may indicate an additional continuum component to that in the
nucleus. This is in favour of the results obtained by Arshakian et al.
(2010). According to the results of very long baseline interferom-
etry (VLBI) monitoring there are the observational evidence for
the connection between the variable optical continuum nucleus of
3C 390.3 and the compact radio emission of the jet on the sub-parsec
scale (Arshakian et al. 2010). To explain this correlation, Arshakian
et al. (2010) suggested that the variable optical continuum emission
is generated in the innermost part of the jet.

The polarization in the 3C 390.3 continuum probably has three
sources: (i) we expect to have the polarization from the disc (light
scattering in a plane-parallel disc atmosphere), with perpendicular
polarization angle to the jet direction (and almost constant); (ii) scat-
tering on the inner part of the torus, where the vector of polarization
is aligned with the radio jet (without fast variability in the contin-
uum polarization) and (iii) the synchrotron continuum emission of
the jet (whose polarization vector is approximately perpendicular
to the jet direction) that probably contributes to the variability in
the continuum polarized light. This also can be seen in Fig. 5 where
the variability in the continuum (open circles) has arc-like structure
with respect to the jet direction (denoted with an arrow). The jet
angle is taken from Alef et al. (1988, 1996).

The observed decrease of the polarization in the continuum as
a function of wavelength may be caused by the Rayleigh scat-
tering on the torus or the inverse Compton effect (Begelman &
Sikora 1987) in the relativistic plasma jet. However, a detailed
study of this effect requires modelling and it is out of the scope of
this paper. Another possible explanation for decreasing polarization
may be wavelength-dependent dilution by the host galaxy contin-
uum, which will be redder than the AGN. However as we noted
above the contribution of the host galaxy to the unpolarized flux
is ~20 per cent, and the estimated contribution to the polarization
is around 0.25 per cent. This cannot cause the observed changes in
the optical polarization, which are about 1 per cent.

4.2 Polarized Ho

There are several models proposed to explain the two-peak structure
of the broad Balmer emission lines in 3C 390.3. A widely accepted
model is the formation of the broad lines in a relativistic disc.
However, there are some contradictions between these models and
the polarization observations of 3C 390.3. Smith et al. (2004, 2005)
proposed two mechanisms of polarization in the optical continuum
and Ha broad emission lines in Syl nuclei — equatorial (scattering
on the inner part of the torus) and polar (scattering on the jet)
polarization mechanisms. Both scattering components should be
present in all broad line AGN, and their polarization properties can

U—Stokes, %

V)

Radio—jet direction

42
i

\
\
\
\

cev b b b

- 0 1 2
Q—Stokes, %

Figure 5. The variation of the continuum (open circles) in the Stokes pa-
rameters (U, Q) space with the projection of the radio jet direction (arrow).
The dimension of circles corresponds to the intensity continuum flux at
5100 A in the rest frame. The arrow represents the direction of the radio jet
of 3C 390.3 in the U, Q space. The black full circles represent the Ho broad
line Stokes parameters measured in the frame of the broad line profile.

be broadly understood in terms of an orientation effect (unified
model; see Antonucci, Hurt & Agol 1996). In the case of equatorial
scattering model, the broad emission lines which are emitted from a
rotating disc (or outer regions of accretion disc—BLR) have to show
a double-peaked structure in the polarized light, similar as in the
unpolarized light. The degree of polarization will be maximal in
the broad line wings and a minimum is expected in the line centre.
The angle ¢ of plane polarization is aligned with the projected disc
rotation axis and hence with the radio source axis.

In the case of 3C 390.3, we observed an unexpected difference
between the unpolarized and polarized broad line profile of Ha: the
unpolarized Ha line profile has double-peaked structure with the
blue peak at V, ~ —3500 km s~! and red one at V, ~ +5000km s~".
But the polarized Ho line profile is single peaked and shifted to blue
at V, ~ —1200kms~! with respect to the narrow component (or
systematic velocity). Also, the degree of the linear polarization of
Ho is small (around 0.1-0.2 per cent, close to zero) and has a box-
like shape without any significant structural details, i.e. it seems that
the broad Ho line is almost completely depolarized. This is contrary
to the equatorial scatter model. On the other hand in 3C 390.3
polarization angle (¢) is parallel to the pc-jet axis as it is expected
in the equatorial scatter model (see Fig. 5 — full circles).

It should be noted that Corbett et al. (2000) considered a model
of 3C 390.3 in which Ho photons emitted by a biconical flow are
scattered by the inner wall of the torus. Thus, the scattering plane is
perpendicular to the radio jet (e.g. E vector parallel to pc-jet axis)
and produces a single-peaked scattered He line profile. However,
this model does not agree with the optical monitoring data for the
BLR, where the double-peaked broad emission line is formed. The
CCF analysis for the HB and Ha line wings in 3C 390 shows that
there is no a significant delay in the variation of the line wings with
respect to the central part of the line, or relative to each other. The
flux in the HB line wings and core also varied simultaneously. This
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result indicates a dominant circular motion in the BLR and it is in
favour of a model in which the main contribution to the broad line
fluxes originates in the accretion disc and not from the biconical
flow (Dietrich et al. 1998, 2012; Shapovalova et al. 2010; Popovié
etal. 2011; Zheng 2011, 2013).

4.2.1 Polarized profile of the broad Ha line

In Fig. 6 we present the main unpolarized (first panel) and polarized
(second panel) broad Ha shapes. The polarized and unpolarized
lines are normalized on their intensities in order to compare the
profile variability. As it can be seen in Fig. 6 there is no big change
in the polarized and unpolarized line profile. The unpolarized Ho
line has a double-peaked profile, the peaks are located (within the
error bars) as earlier measured (see e.g. Popovié et al. 2011): the
blue peak is located at V;, ~ —3500kms~' while the red peak
had V; ~ 5000 kms~! for Ha. Contrary, the polarized Ha is single
peaked and shifted to the blue for about —1200kms~"'.

Also, in the third panel of Fig. 6 we present the Stokes U param-
eter. It is interesting that the U parameter has a box-like shape that
indicates presence of a depolarization region, i.e. presence of the
warm gas between an observer and accretion disc.

The Stokes parameters for the broad line are present in Fig. 5
as black full circles. It is interesting that they are following the jet
direction. It means that there is a slight polarization from the disc,
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U—Stoks polarization, % Relative polarized Ha flux
o
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Figure 6. From top to bottom: the broad He line, polarized Ha and polar-
ization parameter U. Faint dashed lines represent observations from different
epochs and solid bold lines represent averaged profiles of the unpolarized
and polarized Ho and parameter U.
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but in contrast to Mrk 6 (see Afanasiev et al. 2014a), the effect of
the equatorial scattering cannot be seen.

4.3 Polarization — connection between disc and jet

To speculate about the possible model that can explain the unpolar-
ized and polarized He line profile and the continuum, let us recall
several observational facts.

(i) 3C 390.3 is a powerful radio source with two lobes, Fanaroff
and Riley Class II (FRII) radio galaxy with relatively strong compact
core. There are two extended lobes in position angle PA ~ 144°,
separated by ~223 arcsec each with a hotspot at the end (Leahy
& Perley 1991). Also, there is a weak well collimated thin jet in
PA ~ —37°, linking the core with the northern lobe (Leahy & Perley
1995). In this parsec-jet the VLBI observations at 5 GHz detected
superluminal motion (with v/c ~ 4; Alef et al. 1988, 1996).

(i1) It seems that a part of the optical continuum is coming from
the jet since the optical continuum and radio emission from a jet
structure are correlated (Arshakian et al. 2008, 2010).

(iii) The unpolarized Ha shape and its variability are in agree-
ment with the disc emission model (Shapovalova et al. 2010;
Popovié et al. 2011). However, there is a central component shifted
to the red from 300 to 800 km s~! and additionally the broad double-
peaked Ho line shows a blue shift, indicating a wind at the disc
surface with velocities from —300 to —800km s~ (Popovi¢ et al.
2011). Contrary, the polarized Hoe broad line profile is single peaked
with the blue shift of 1200 km s~', that is not in the favour of the disc
model (Smith et al. 2004, 2005), but seems to agree with two-side
outflow model (Corbett et al. 1998, 2000).

To explain all these observational facts, one can take into ac-
count a complex BLR model (see Fig. 7), where the disc-like
BLR is covered by an outflowing region (the wind with speed
around —1200kms~!) — with a number of warm clouds which
also can emit the Ho line. This region can depolarize the disc-like
emission. The two-component BLR (disc covered by an outflowing

to observer

Radio jet (VLBI)

Outflow BLR

Optical jet

dust torus

Rotated BLR

Figure 7. Sketch illustrating a possible central region of 3C 390.3. Two-
component BLR: the double-peaked lines originate in the disc-like region,
and depolarization is by warm clouds in an outflowing part of the BLR. The
part of the variable polarized continuum seems to be emitted from the jet.
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region of randomly distributed clouds) seems to be a good approx-
imation for nearby AGN (Kollatschny & Zetzl 2013), as well as
for a number of single-peaked AGN (see in more details Bon et al.
2009).

One can expect that the outflowing region with warm gas can
contribute to the additional electron scattering, which may actually
cause the line emission to be polarized. However, in the outflowing
region, the polarization vector is parallel to the disc plane, and prac-
tically depolarizes the polarized light from equatorial scattering.

In a scenario of the two-component model (disc+outflowing
components; Popovi¢ et al. 2011), the blueshifted He component
is coming from the outflowing part of the BLR, and cannot be
(self)depolarized, while the disc-like component is depolarized by
this region.

Moreover, the two-component BLR model is able to explain
both, the double-peaked unpolarized emission and depolarization
of the broad He line (box-like structure in the polarized line profile,
see Fig. 1). Alternatively, the hot depolarization gas may have an
inflowing component that is in contradiction with results obtained
in the long-term profile line analysis (see Popovi¢ et al. 2011).

The part of the continuum is originating in this jet-like part (out-
flow) and it may be the reason for the wavelength-dependent po-
larization in the continuum, and relatively high level of the contin-
uum polarization (around 2 per cent, in comparison with Sy1 that is
around 1 per cent; see Afanasiev et al. 2014a).

5 CONCLUSION

We presented results of the spectropolarimetric monitoring of
3C 390.3, obtained at 24 epochs in the period of 2009-2014. The
galaxy has been observed with 6-m telescope of SAO observatory
using SCORPIO-2 instrument with spectral resolution of 7-10 A in
the spectral range between 4000 and 8000 A. Also, we observed and
estimated the contribution of the ISM polarization to the observed
3C 390.3 polarization. We measured polarization parameters for
the continuum at 5100 A (rest wavelength) and He line and their
variabilities, and explored the lag between the unpolarized and po-
larized flux. On the basis of our investigation we can outline the
following conclusions.

(1) During the 5-yr monitoring period we found variation in the
broad line and continuum polarization parameters. We found a lag
of 10-40 d between the polarized and unpolarized continuum flux
variation at 5100 A. This lag is significantly smaller than one we
found for the BLR (lag for HB is 60-80 d and for Ho is 140—
190 d), i.e. the scattering region of the continuum probably is not
the BLR (accretion disc). It seems that the polarized continuum has
a component which is coming from the disc (E vector is orientated
in the jet direction), and another, that contributes to variability that
may be synchrotron contribution to the continuum from a pc-jet
component.

(i1) The unpolarized double-peaked broad emission HB and Ho
lines are observed as single-peaked polarized lines. The polarized
line is shifted to the blue for about —1200kms~!, and such profile
was not expected in the case of the equatorial scattering. Addition-
ally, we observed a box-like profile of the line polarization (that
has a small value ~0.1 per cent) that indicates depolarization by the
warm gas. Taking into account the results from the modelling of
variability, we proposed that depolarization region is an outflow-
ing region located above the disc-like emission region (that emits
double-peaked lines) and plays a role in the disc line depolarization.
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