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A B S T R A C T 

The gamma-ray emitting narrow-line Seyfert 1 galaxies are a unique class of objects that launch powerful jets from relatively 

lower-mass black hole systems compared to the Blazars. Ho we ver, the black hole masses estimated from the total flux spectrum 

suffer from the projection effect, making the mass measurement highly uncertain. The polarized spectrum provides a unique 
view of the central engine through scattered light. We performed spectropolarimetric observations of the gamma-ray emitting 

narrow-line Seyfert 1 galaxy 1H0323 + 342 using SPOL/MMT . The degree of polarization and polarization angle are 0.122 ±
0.040 per cent and 142 ± 9 degrees, while the H α line is polarized at 0.265 ± 0.280 per cent. We decomposed the total flux 

spectrum and estimated broad H α full width at half maximum of 1015 km s 
−1 

. The polarized flux spectrum shows a broadening 

similar to the total flux spectrum, with a broadening ratio of 1.22. The Monte Carlo radiative transfer code ‘STOKES’ applied 

to the data provides the best fit for a small viewing angle of 9–24 deg and a small optical depth ratio between the polar and 

the equatorial scatters. A thick broad-line region with significant scale height can explain a similar broadening of the polarized 

spectrum compared to the total flux spectrum with a small viewing angle. 

K ey words: radiati ve transfer – methods: data analysis – techniques: polarimetric – techniques: spectroscopic – galaxies: active. 
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 I N T RO D U C T I O N  

arrow-line Seyfert galaxies (NLS1) are the high-accreting active 
alactic nuclei (AGNs) powered by black holes in the mass range 
f 1–100 million solar mass and characterized by the H β emission
ine width less than 2000 km s 

−1 
and [O III ] λ5007 to H β flux ratio

ess than 3 (Osterbrock & Pogge 1985 ). They show a steep soft X-
ay spectrum (Gr ̈unwald et al. 2023 ) and low amplitude of optical
ariation (Rakshit & Stalin 2017 ). A small fraction of ∼7 per cent
re known to be radio-detected, and only a handful of them are
etected in high energy γ -ray (Abdo et al. 2009 ; Paliya et al. 2019 ).
etection of NLS1 in γ -ray suggests the presence of relativistic jets

n relati vely lo wer mass AGN compared to Blazars. Therefore, they
re ideal for studying how jets form in the low-mass AGN. However,
 few recent studies suggest the black hole masses in these objects
re underestimated due to the projection effect (Decarli et al. 2008 ;
aldi et al. 2016 ; Viswanath et al. 2019 ). 
Spectropolarimetry is a crucial tool for studying the central engine 

f AGNs by scattering light from the surrounding medium. Long 
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go, broad emission lines were detected in polarized light in type 2
GNs (Antonucci & Miller 1985 ), leading to the disco v ery of the
ell-known unification model of AGNs (Antonucci 1993 ; Urry & 

 ado vani 1995 ). The polarization properties of type 1 AGNs suggest
he presence of scattering material in the equatorial region and the
otation of the polarization angle within the broad lines; ho we ver,
he polar scattering is also present in some AGNs (Smith et al.
002 , 2005 ; Śniegowska et al. 2023 ). A few attempts have been
ade to study radio quiet NLS1s using spectropolarimetry (e.g. 
oodrich 1989 ; Kay et al. 1999 ; Śniegowska et al. 2023 ), but none
f them showed a significant increase in the H α in polarized light.
o we ver, the spectropolarimetric study of PKS 2004–447, an RL-
LS1, by Baldi et al. ( 2016 ) shows a six times broader H α line

n the polarized spectrum than the width seen in the direct light.
he wavelength-dependent polarization position angle provides an 

ndependent black hole mass, which is in good agreement with 
hose based on the reverberation method (e.g. Afanasiev & Popovi ́c
015 ). The black hole masses have been successfully measured for
 few objects based on the wavelength-dependent polarization angle 
ariation using the H α line (e.g. Afanasiev et al. 2015 ; Afanasiev,
opovi ́c & Shapov alov a 2019 ) and Mg II lines (Savi ́c et al. 2020 ).
apetti et al. ( 2021 ) performed spectropolarimetry of 25 low-redshift
GNs using FORS2/VLT and found that the black hole mass could
e underestimated by a factor of 5 due to the inclination angle. 
is is an Open Access article distributed under the terms of the Creative 
h permits unrestricted reuse, distribution, and reproduction in any medium, 
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Figure 1. Spectral decomposition of the total flux spectrum. The observed 
data (grey), best-fitting model (red), power-law (blue), and decomposed Fe 
II emission (magenta) are shown in the top panel. The bottom panel shows 
the fitting in the H β and H α regions. The broad components are shown in 
green, while the narrow components are shown in blue. 
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1H 0323 + 342 is one of the most interesting γ -ray-detected NLS1
Abdo et al. 2009 ) located at a redshift of 0.062 having a H β line
idth of ∼1600 km s 

−1 
(Remillard et al. 1993 ). High-energy γ -ray

etection by the Fermi Gamma-ray Space Telescope suggests the
bject is close to face-on and processes a relativistic jet. The host–
alaxy morphology is complex, with indications of a one-armed
piral host structure or a ring-like structure in the optical images
Zhou et al. 2007 ; Ant ́on, Browne & March ̃ a 2008 ; Le ́on Tavares et al.
014 ), which is contrary to the elliptical host found in Blazars having
owerful jets (Scarpa et al. 2000 ). Wang et al. ( 2016 ) have performed
everberation mapping monitoring and estimated a black hole mass
f log M BH = 7 . 53, which is one-order less massive than that is
xpected from the relation between black mass and bulge luminosity
Le ́on Tavares et al. 2014 ). However, Wang et al. ( 2016 ) used virial
actor ( f BLR ) of 6.17 from Pancoast et al. ( 2014 ) to estimate the
everberation mapped black hole mass. The f BLR is highly sensitive
o the inclination (Pancoast et al. 2014 ; Rakshit et al. 2015 ; Panda,

arziani & Czerny 2019 ). Therefore, spectropolarimetric observa-
ion could provide new insights into the broad-line region (BLR)
eometry and measure independent black hole masses from polarized
mission. 

To study the geometry of the BLR and estimate an independent
lack hole mass of 1H0323 + 342, we present the results of our
pectropolarimetric observations using SPOL/MMT in this paper.
he structure of the paper is as follows: in Section 2 , we describe the
bservation and data reduction method. The results are presented in
ection 3 . Modelling of polarized emission is performed in Section
 . The results have been discussed in Section 5 with a summary in
ection 6 . Throughout this paper, we assume a � -cold dark matter
osmology with a Hubble constant of H 0 = 70 km s 

−1 
Mpc 

−1 
, �� 

 0.7, and �m 

= 0.3. 

 OBSERVATIONS  A N D  DATA  R E D U C T I O N  

e observed 1H0323 + 342 using SPOL (Schmidt, Stockman &
mith 1992 ) mounted on 6.5m MMT on 20th December 2019.
bservations were carried out using a slit of 1.5 arcsec, and the
64 l/mm grating, providing a spectral resolution of ∼15 Å in the
avelength range of 4100–7200 Å to cover both the H α and H β

e gions. A rotatable semi-achromatic half-wav e plate w as emplo yed
o modulate the incoming polarization. At the same time, a Wollaston
rism, having very high throughput and polarimetric efficiency, in
he collimated beam separates the orthogonally polarized spectra
n to a thinned and antireflection-coated 800 × 1200 SITe CCD.
 our separate e xposures, capturing 16 orientations of the wave
late, were conducted. In each orientation, the ratio of fluxes
f the two orthogonally polarized spectra was used to calculate
he polarization measurement. This provided us with background-
ubtracted measures of each normalized linear Stokes parameter, q
nd u (see Schmidt et al. 1992 ; Smith et al. 2003 ). In total, 1 h of
n-source observation was made to obtain high signal-to-noise ratio
S/N) data. 

Unpolarized standard BD + 284211 was observed to determine
he instrumental polarization, which is very small ( < 0.01 per cent)
n SPOL. Three interstellar polarized standard stars were observed,
amely BD + 59389, VI Cyg 12, and Hiltner 960. For calibrations,
ome flats were taken. Wavelength calibrations were done using He,
e, and Ar lamp spectra. Standard data reduction is performed using

RAF , subtracting the bias using the o v erscan re gion with detailed
rocesses outlined in Smith et al. ( 2003 ). 
NRAS 532, 3187–3197 (2024) 
The degree of polarization (P) and position angle ( χ ) were
alculated using normalized linear polarization Stokes parameters
 and u . 

 = 

√ 

( q 2 + u 

2 ) (1) 

= 0 . 5 × arctan ( u/q) . (2) 

Following Wardle & Kronberg ( 1974 ), we attempted debiasing the
egree of polarization (see also equation 1 of Smith et al. 2009 ) to
stimate the statistical bias inherent in these measurements. Ho we ver,
he correction was negligible due to binning the spectra (see Section
.2 ). We found that debiasing changes the results of the degree
f polarization by < 0 . 02 per cent only, which is insignificant.
herefore, this polarization debiasing is not considered for further
nalysis. The polarization angles are adjusted to ensure they fall
ithin the range of 0 to 180 deg, using the formula and conditions
rovided by Bagnulo et al. ( 2009 ). 

 RESULTS  

.1 Total flux spectra 

ig. 1 shows the total flux spectrum. To estimate the continuum and
mission line properties, we performed spectral decomposition of the
otal flux spectrum described in Rakshit, Stalin & Kotilainen ( 2020 )
sing the publicly available code PYQSOFIT 1 developed by Guo,
hen & Wang ( 2018 ). First, we corrected the spectrum for galactic
xtinction using the Schlegel, Finkbeiner & Davis ( 1998 ) map and
he Milky Way extinction law of Fitzpatrick ( 1999 ) with R V = 3 . 1.

e performed multicomponent modelling of the continuum and
mission lines. Second, we model the continuum using a combination
f power law in the form of f λ = β × λα and the optical Fe II template
rom Boroson & Green ( 1992 ). 

The best-fitting continuum model was subtracted from the spec-
rum, and the residual spectrum containing emission lines was
odelled. The H β and H α regions were modelled using multiple

https://github.com/legolason/PyQSOFit
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Table 1. Spectral properties from the decomposition of the total flux spectra. 

Quantities Units Values 

log L 5100 erg s −1 43.9 ± 0.1 
PL index – −1.43 ± 0.01 
FWHM (H βBC ) km s −1 1554 ± 9 
log L (H βBC ) erg s −1 41.98 ± 0.01 
log L (H β NC) erg s −1 39.79 ± 0.01 
log L ([O III ] λ5007) erg s −1 40.95 ± 0.01 
FWHM (H α BR) km s −1 1015 ± 1 
log L (H αBC ) erg s −1 42.31 ± 0.01 
log L (H α NC) erg s −1 41.31 ± 0.01 
log L ([N II ] λ6585) erg s −1 41.55 ± 0.01 
R 4570 – 1.14 ± 0.01 
log M BH M � 7.24 ± 0.01 
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aussians. All the narrow components were modelled using a 
ingle Gaussian except [O III ] λλ4959,5007 doublets, which were 
odelled using double Gaussians each. The broad components of 
 β and H α were modelled using two Gaussians. The H α line 

omplex was modelled with H α broad and narrow components, 
N II ] λλ6549,6585 and [S II ] λλ6718,6732. The flux ratio of [S II ]
oublets was fixed to unity, while [N II ] and [O III ] doublets were fixed
o their theoretical values. All the lines within a giv en comple x were
tted simultaneously. Uncertainty in the parameter was estimated by 
onte Carlo simulations, creating mock spectra where original flux 

alues are modified adding Gaussian random deviates of zero mean 
nd standard deviation given by the flux uncertainty. Uncertainty 
uoted here is the 16 th and 84 th percentile values of the distribution
f each quantity. 
The optical spectrum shows narrow Balmer lines of full width at 

alf maximum (FWHM) 1554 km s 
−1 

for H β and 1015 km s 
−1 

for
 α, consistent with the previous observations (Wang et al. 2016 ).
he Fe II strength ( R 4570 ), the ratio of Fe II (4434–4684) to H β

Boroson & Green 1992 ), is 1.14, suggesting a very strong Fe II

mission in this object. We estimated a black hole mass of log M BH 

M �] = 7.24, using the virial relation given by Woo et al. ( 2015 ) with
 scale factor f = 1.12 and FWHM of the H β line. We note that the f 
s a major source of uncertainty in the single-epoch black hole mass
stimates based on virial relation. Here, we used f = 1 . 12 obtained
y Woo et al. ( 2015 ) based on a narrow-line Seyfert 1 galaxies
ample in which category 1H0323 + 342 belongs. Ho we ver, Wang
t al. ( 2016 ) have used higher f values from Pancoast et al. ( 2014 ),
onsidering that the source is viewed face-on, but as we discussed
n Section 5.4 , 1H0323 + 342 has a large disc opening angle and
 ∼ 1 as it weakly depends on inclination. Thus, it justifies using
 = 1 . 12 for the black hole mass estimation from the flux spectrum..
e highlight the salient spectral properties obtained from our spectral 

ecomposition and fitting in Table 1 . 

.2 Polarized emission 

o obtain information about the polarized emission, we calculated 
he mean polarization, where mean Q and mean U are used 2 to
alculate the degree of polarization (euation 1 ) and polarization angle 
equation 2 ) for the whole wavelength range of the spectrum. Table 2
ummarizes the mean polarization obtained for one unpolarized stan- 
ard and three polarized standard stars. The degree of polarization 
 Here, Q = q ∗I , and U = u ∗I , where q and u are normalized linear polarization 
tokes parameters, and I is the total flux. 

t

3

4

nd position angles are consistent with the literature value. 3 For 
 xample, the de gree of polarization is found to be 6 . 645 ± 0 . 006,
 . 874 ± 0 . 034, and 5 . 621 ± 0 . 009 per cent for the three polarized
tars, namely, BD + 59 389, VI Cyg 12 and Hiltner 960, respectively
see Table 2 ), which agree well with the literature values of 6.3 ( B ) to
.7 ( V ), 8.9 ( V ) to 7.8 ( R ), and 5.7 ( B ) to 5.2 ( R ) as provided in SPOL
ebsite. The degree of polarization for the unpolarized standard star 

s estimated at 0 . 092 ± 0 . 007 per cent . 
Fig. 2 shows the total flux, the polarized flux, and the polarization

egree for 1H0323 + 342. Using the abo v e-mentioned method, we
alculated the mean continuum polarization for 1H0323 + 342. 
urthermore, we calculated the mean Q and mean U , taking the region
f nearly 200 Å, flanked by the width of 100 Å, considering 6564.61
as the central value, and then calculated continuum polarization as 

bo v e. The measured values are reported in the Table 3 . Note that the
ean polarization can be calculated by method-1) taking the mean Q

nd mean U and then calculating P, or method-2) first calculating the
 and then taking the mean. We used the first method as only positive
igns are considered in flux. Squaring all values along the array to
alculate the mean P may artificially increase the polarization degree. 
f we use the second method, the mean degree of polarization o v er the
ntire spectrum is increased to 0.38 per cent from the 0.16 per cent
see Table 3 ) obtained in the first method. Similarly, the P cont also
ncreased to 0.43 per cent from 0.12 per cent. 

.2.1 Effect of interstellar polarization 

he interstellar medium (ISM) significantly contributes to the 
easured polarization. This is primarily due to the dust scattering 

long the line of sight, go v erned by the total dust column density.
herefore, the total polarization is Q m 

, U m 

= Q ISM 

, U ISM 

+ Q AGN ,
 AGN . It is necessary to properly subtract the ISM polarization

or a source with low polarization, such as this. Unfortunately, 
here is no straightforward way to correct for the ISM polarization.
iang et al. ( 2021 ) used three low-polarization stars in the same
irection as their source, Fairall 9. They measured their polarization, 
ssuming that their observed polarization was entirely caused by 
SM scattering. Ho we ver, due to the lack of such observations of
tars towards 1H0323 + 342, we can not apply such a method to
orrect ISM polarization. Only unpolarized star BD + 284211 was 
bserved, which is very far from the source. Galactic extinction in the
irection of the source could also provide some information about the
ossible ISM polarization. The Galactic extinction of 1H0323 + 342, 
easured from NED, is A V = 0 . 57, which is quite high, suggesting

nterstellar polarization is non-negligible. 
Capetti et al. ( 2021 ) corrected the interstellar polarization for

heir sources based on the Planck polarization images. Recently, 
his method has been described in detail for IRAS 04416 + 1215
 A V = 1.187) by Śniegowska et al. ( 2023 ). We followed the
ame method and calculated interstellar polarization based on I , 
 , and U Planck images at frequency 353 GHz from skyview. 4 

he images were re-sampled, smoothing by 9 pixels. The submil- 
imeter polarization vector ( q s , u s ) is converted to the visible using
 V = −( q S τV ) /R ( S/V ) and u V = −( u S τV ) /R ( S/V ) where the ratio of
ubmillimeter to V -band polarization R ( S/V ) = 4 . 2 ± 0 . 2 (stat.) ±
.3 (syst.), fairly constant across different lines of sight in the diffuse
nterstellar medium (see Planck Collaboration XXI 2015 ), and τV is 
he absorption optical depth. Then, the empirical law from Serkowski, 
MNRAS 532, 3187–3197 (2024) 

 http:// james.as.arizona.edu/ ∼psmith/ SPOL/ polstds.html 
 https://sk yview.gsfc.nasa.go v/current/cgi/query.pl 

http://james.as.arizona.edu/~psmith/SPOL/polstds.html
https://skyview.gsfc.nasa.gov/current/cgi/query.pl
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Table 2. The calculated value of the degree of polarization and polarization angle ( χ ) measured for the whole wavelength range, continuum windows, 
and H α emission line. 

Name RA Dec. Properties P mean χmean q mean u mean 

(per cent) ( ◦) (per cent) (per cent) 

BD + 28 4211 21 51 11.02 + 28 51 50.36 Unpolarized 0.092 ± 0.007 140 ± 2 −0.091 ± 0.007 0.017 ± 0.006 
BD + 59 389 02 02 42.09 + 60 15 26.44 Polarized 6.645 ± 0.006 97 ± 1 −1.787 ± 0.006 −6.401 ± 0.007 
VI Cyg 12 20 32 41.10 + 41 14 28.00 Polarized 8.874 ± 0.034 116 ± 1 −7.009 ± 0.035 −5.443 ± 0.034 
Hiltner 960 20 23 28.60 + 39 20 57.00 Polarized 5.621 ± 0.009 54 ± 1 5.327 ± 0.009 −1.795 ± 0.009 

Figure 2. The total flux spectrum (top panel), polarized flux (2nd panel), degree of polarization (3rd panel), and polarization position angle (4th panels) are 
shown for H α and H β region. The region within the vertical lines is binned by 8 Å, while the outside region is binned by 30 Å. 

Table 3. The calculated mean value of the degree of polarization and polarization angle ( χ ) measured for the whole wavelength range (including both line and 
continuum), only continuum windows, and H α emission line for 1H0323 + 342. The values in the parenthesis are obtained after ISP correction. 

Name P mean χmean P cont χcont P line χline 

(per cent) ( ◦) (per cent) ( ◦) (per cent) ( ◦) 

1H0323 + 342 0.166 ± 0.007 (0.354 ± 0.007) 173 ± 1 (158 ± 1) 0.122 ± 0.040 (0.344 ± 0.040) 142 ± 9 (146 ± 3) 0.265 ± 0.280 181 ± 52 
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athewson & Ford ( 1975 ) is applied to convert the V -band ISP
olarization to the wavelength of the H α line using 5500 Å as the
eference point at which the ISP reaches its maximum ( λmax ). The
alculated ratio between p (H α) and p V , is ∼ 0.79. The errors in the I ,
 , and U Planck maps are not propagated when calculating errors in

SP polarization. Further details of the calculation are given in Capetti
t al. ( 2021 ) and Śniegowska et al. ( 2023 ). Interstellar polarization
s found to be 0.22 per cent in the V band, which is relatively high.

e subtract the ISP in the Stokes ( Q , U ) parameter space to correct
he interstellar polarization contribution from the data. The corrected
olarization degree and position angle are P mean = 0 . 35 per cent with
mean = 158 deg over the whole wavelength range, P cont = 0 . 34 per
ent and χcont = 146 deg in the continuum, as mentioned in the
NRAS 532, 3187–3197 (2024) 

F  
able 3 . The degree of polarization after correcting for interstellar
olarization has been increased twice. 

.2.2 Line width measurement 

he black hole mass can be estimated using the Virial theorem, but
ine width (FWHM and line dispersion σline ) needs to be measured
ccurately. FWHM and σline have been used to estimate black hole
asses, with some pros and cons in both (see e.g. Dalla Bont ̀a

t al. 2020 , and references therein). For example, the FWHM is
trongly weighted by the line core and low-velocity clouds, whereas
line is weighted by the line wings and high-velocity clouds. Line
WHM is easier to measure than the σline , which is affected by the



Spectropolarimetry of 1H0323 + 342 3191 

Table 4. Column (1): FWHM of the H α emission line in direct light (I). (2) 
Interpercentile width (between 25 th and 75 th percentile) of I. (3) FWHM of 
I p (4): IPW of W ( I p ). (5): Broadening ratio (i.e. W ( I p )/ W ( I )). (6): Shift in 

the line centroid of I p and I. All parameters are in units of km s 
−1 

(except 
column 4). 

FWHM ( I ) W ( I ) FWHM ( I p ) W ( I p ) δ I p - I shift 
1 2 3 4 5 

1253 1941 1376 2372 1.22 −211 
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/N. This is more problematic for spectropolarimetric data, which 
sually have lower S/N than flux spectra (Fine et al. 2008 ). Secondly,
hese spectropolarimetry data are also affected by polarization bias. 
ccording to Whittle ( 1985 ), interpercentile values (IPV) are less

ensitive to noise and outliers than FWHM values. IPV measurements 
epend on cumulative flux distribution rather than the flux density 
t a single point, making it more robust. Although IPV is affected
y noise in the wings of lines, it is less susceptible than the line
ispersion σ (Fine et al. 2008 ). 
We followed the procedure mentioned by Capetti et al. ( 2021 ) for

he IPV width, W. We measured the wavelengths of 25th, 50th, and
5th percentiles ( λ25 , λ50 , and λ75 ), where W is the width between
25 and λ75 while λ50 corresponds to the line centroid. To estimate 

he FWHM and IPV from the flux and polarized spectra, we first
ubtracted the continuum and considered the spectral range three 
imes the FWHM of the broad H α components on both sides from
he line centre. We then estimated IPV and the FWHM using the
rocedure given in Peterson et al. ( 2004 ). We changed the line
indow and repeated the process until no variation was seen in IPV.
hen, we computed the broadening ratio ( δ = W ( I p )/ W ( I )) and shift
etween the line centroid in I and I p , mentioned in Table 4 . As the
able shows, 1H0323 + 342 shows very slight broadening ( ≈1.22), 
nd the shift in the central line is only ∼211 km s 

−1 
. 

 M O D E L L I N G  POLARIZED  EMISSION  USI NG  

TOKES  

n this work, we aim to gain insights into the structure and character-
stics of the scattering region surrounding the gamma-ray emitting 
LS1 1H0323 + 342 and its polarization properties. Toward this, we 

mploy polarization radiative transfer simulations using the STOKES 

ode, a state-of-the-art 3D modelling suite (Goosmann & Gaskell 
007 ; Marin 2018 ; Savi ́c et al. 2018 ). We use the latest version (v1.2)
f the code. 5 The code utilizes a Monte Carlo approach, tracing the
ath of each photon emitted from the source through the intervening 
edium. It accurately accounts for physical phenomena such as 

lectron and dust scattering, tracking their interactions until photons 
et absorbed or reach a distant observer. Our methodology, inspired 
y the work of Śniegowska et al. ( 2023 ), simultaneously involves
tting the spectral regions corresponding to prominent emission 

ines, specifically H α and H β. This approach enables us to extract
omprehensive information about the scattering environment and 
olarization properties. 
Our modelling approach begins with a central point-like con- 

inuum source emitting radiation uniformly in all directions. The 
mitted flux follows a power-law spectrum, with a spectral index 
 α) set to 1, determined through meticulous fitting to account for
oth emission line and continuum contributions. The continuum 
 publicly available at http:// astro.u-strasbg.fr/ marin/ STOKES web/ index. 
tml 

a
t  

t  

m

indows considered in this fitting process are sufficiently wide and 
istant from line contamination for accuracy. This continuum source 
s circumscribed by a cylindrical BLR, characterized by the three 
patial parameters, namely (i) the distance between the continuum 

ource to the centre of the BLR ( R mid ), (ii) the height of extension of
he BLR abo v e (or below) the mid-plane joining the source and the
LR ( a), and (iii) the half-width of the BLR ( b). These parameters
re estimated using information about the BLR’s inner ( R in ) and
uter radii ( R out ), drawn from previous studies. The reverberation-
apped BLR size of 1H 0323 + 342 is estimated to be 14.8 light

ays or 0.012424 parsecs (Wang et al. 2016 ). We estimated the
uter radius of the BLR using the analytical relation by Netzer &
aor ( 1993 ) for the dust sublimation radius, which has the following

orm: R 

BLR 
out = 0 . 2 L 

0 . 5 
bol , 46 , where L bol , 46 is the bolometric luminosity

n units of 10 46 erg s 
−1 

. The L bol is estimated by scaling the observed
onochromatic luminosity at 5100 Å compiled in Wang et al. ( 2016 ).
o complete the BLR’s characterization, the velocity distribution for 

he H α line is determined by computing the average velocity along
he x –y direction, assuming a Keplerian velocity distribution at a
iven radius from the source with a predetermined black hole mass. 
In our investigation of the scattering region representing the inner 

dge of the torus, we modelled it as a flared disc with defined
nner and outer radii and a half-opening angle. We assumed that
he scattering is primarily caused by free electrons, with the number
ensity parameter go v erning its properties. Similar to the approach
aken for the BLR, we set the velocity distribution, assuming 
onsistency in the inner and outer radii of the torus. The inner
adius is determined using the R –L relation derived from infrared
everberation mapping studies (Kishimoto et al. 2007 ; Koshida et al.
014 ). Following fig. 2 in Savi ́c et al. ( 2018 ), the outer radius for
he scattering region is chosen such that the BLR half-opening angle
hen viewed from the edge of the scattering region is 35 

o 
. This angle

ives the angular extension of the BLR while keeping the observer
t the outer edge of the scattering region. We choose a slightly larger
alue of the half-opening angle compared to Savi ́c et al. ( 2018 ,
here they assumed a BLR half-opening angle = 25 

o 
) which allows

s to reproduce well the wings of the emission lines. This value was
btained after testing with a grid of values between 0 

o 
and 45 

o 
(with

 step size of 5 
o 
; where 0 

o 
refers to no contribution from the BLR and

5 
o 

means that the outer edge of the BLR coincides with the outer
dge of the scattering region). Values above 45 

o 
are discarded as they

re nonphysical. Therefore, with the knowledge of the R 

BLR 
out from the

caling relation of Netzer & Laor ( 1993 ), and this value of the BLR
alf-opening angle, we can estimate the outer radius for the scattering
egion ( R 

sca 
out = R 

BLR 
out × sec ( θ )). By combining information on inner

nd outer radii with electron number density, we estimate the optical
epth of this region. A grid of electron number density solutions is
xplored to identify the optimal solution aligning with spectral data 
athered from observations. 

In our analysis, we incorporate both equatorial and polar scatterer 
ptions, following methodologies outlined in previous studies such 
s Smith et al. ( 2005 ) and Jiang et al. ( 2021 ). The polar scatterers
re positioned at the same distance from the continuum source and
ave identical sizes to their equatorial counterparts. We adjust the 
et density of the polar scatterer to achieve a satisfactory fit for
oth the polarized spectrum and polarization fraction, akin to the 
rocedure employed for the equatorial scatterers. This adjustment 
n density influences the optical depths of the media, serving as
 free parameter to optimize the STOKES parameters, including 
he spectrum in natural light ( F λ), the polarized spectrum ( p × F λ),
he polarization fraction ( p), and the polarization angle ( χ ). The
odelled parameters for each component are tabulated in Table 5 . 
MNRAS 532, 3187–3197 (2024) 
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Table 5. STOKES modelling parameters. 

Component Geometry Parameter Notation Value Units Comments Reference 

Continuum source Point Spectral index α 1 F ν ∝ ν−α

BLR Cylindrical Inner radius r in 0.012424 pc = 14.8 light days Wang et al. ( 2016) 
Outer radius r out 0.0712 pc Netzer & Laor ( 1993) 
Cylinder’s half-height a 0.0112 pc Assuming half-opening angle 15 deg and R mid = 0.041816 pc 
Half-opening angle θ 15 deg 
Cylinder’s radius b 0.02939 pc 
Line centroid λ0 4861.33 Å H β
Line width � 30.385 Å
Relative strength strength 5 
Azimuthal velocity v φ 2216.85 km s −1 = v avg = √ 

GM/R mid 

Scattering region Optically thick flared disk Inner radius r in 0.1117 pc Dust reverberation mapping relation, log R = −0.89 

+ 0.5log( L V /10 
44 

), here L V = L 5100 

Koshida et al. ( 2014) 

Outer radius r out 0.1527 pc The location of the outer radius of the torus is set at the location 
where the outer radius of the BLR subtends a half-angle of 35 o Savic et al. ( 2018 ) 

Half-opening angle θ 35 deg 
Electron density n e 2.53 ×10 5 cm 

−3 Sniegowska et al. ( 2023 ) 

Azimuthal velocity v φ 1057.91 km s −1 = v avg = 
√ 

GM/R 
′ 
mid , here R 

′ 
mid = 

√ 

r in .r out 

NLR Double cone Inner radius r in 0.1117 pc 
Outer radius r out 0.1527 pc 
Half-opening angle θ 35 deg 
Electron density n e 2.53 ×10 5 cm 

−3 

Azimuthal velocity v φ 1057.91 km s 
−1 

Note. These parameters are listed for reproducing the H β region. Notice that the parameters for the NLR region are identical to the Scattering region – the only difference is the change in orientation of the former 
by 90 

◦
relative to the latter. For the H α region modelling, we assume similar parameters only changing the line centroid to 6562.81 Å, and the relative strength to 15.5 – this value is obtained assuming the H α/H 

β≈ 3.1 (Osterbrock 1984 ; Goodrich 1995 ). 
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We consider a grid of models assuming a range of viewing
ngles (i.e. 0–30 deg) and the ratio of the optical depths of the
olar region to the equatorial region ( τpol / τeq , denoted as ‘Factor’ as
emonstrated in Figs A1 and A2 ). The best-fitting model to the un-
inned spectropolarimetric data with an inclination angle of 9 deg is
hown in Figs 3 and 4 . The χ2 maps for the total flux ( F λ), polarization
raction (p per cent), polarized flux ( p × F λ), and polarization angle
 χ ) are shown in Figs A1 and A2 . 

The chi-square ( χ2 ) analysis suggests multiple solutions that are
ifficult to disentangle given the error bars on the observed STOKES
arameters and the degeneracies in the modelled parameters. There
re a few tak eaw ays from the analysis: 

(i) The best-fitting continuum slope is close to −1, one which
grees well with the H β and the H α regions; 

(ii) The best-fitting results agree with the empirical H α/H β

strength’ ratio ( = 3.1) for this source; 
(iii) Small viewing angles are better fit to the observed distribu-

ions, i.e. 9–24 deg; 
(iv) A small ratio of optical depth between the polar to the

quatorial scatterers is expected, i.e. a factor ( τpol / τeq ) = 0.05–0.1;
nd 

(v) The best-fitting models reproduced well the total flux of the
wo Balmer lines and the depression in the degree of polarization in
oth cases. 

We have also considered the possibility of the two scattering
egions (equatorial and polar) being made of dust instead of free
lectrons. We re-run the abo v e simulation with this assumption,
eeping all other model components fixed. Results from the χ2 

nalyses for the dust-dominated media return a valid solution only
or the lowest τpol /τeq , i.e. 0.01. The χ2 value is quite high for
igher values of this ratio. The o v erall shape, e xcept the wings,
f the modelled profiles for the H β and H α emission lines are
ot reproduced in this case, and the contribution to the core of
he profile is extremely low. The maximum contribution reco v ered
sing the dust-dominated media for the total flux is ∼1.75 per cent
H β) and ∼16.48 per cent (H α). On the other hand, when the
NRAS 532, 3187–3197 (2024) 
cattering media is assumed to be electron-dominated, the observed
ine profiles are reproduced almost perfectly: ∼99.27 per cent (H
) and ∼107.26 per cent (H α, due to an excess in the peak flux

n the modelled spectrum). This setup is also unable to reco v er the
olarization strength (p per cent) and polarization angle (PA) for the
wo emitting regions. Furthermore, the dust-dominated scattering
edia cannot reproduce the underlying continuum, suggesting that

he primary scattering contributor is electron-dominated. This finding
s also valid for the two emission lines (H β and H α). Therefore,
he contributions from the dust-dominated media in this source are
arginal, and the bulk of the scattering occurs closer to the inner

orus edge. 
We note here that these models only include the contribution

f the line from the BLR. The NLR component in our STOKES
odelling acts only as a secondary scattering region in addition to

he equatorial scattering region. The deficit emission noted in the
TOKES modelling comparison with observations, especially in the
olarized flux ( p × F λ), could be attributed to the scattering from
 xtended re gions (Smith et al. 2005 ). 

 DI SCUSSI ONS  

e conducted spectropolarimetric observations of the gamma-ray-
mitting NLS1, 1H0323 + 342, renowned for its strong Fe II

mission, with an R4570 of 1.14 and accretion at 37 per cent of the
ddington limit. The continuum polarization is modest, measuring at
nly 0.12 per cent, aligning with the observed low-polarization trend
n other high-accreting NLS1 sources. Goodrich ( 1989 ) performed
pectropolarimetry of 18 NLS1s, majority of which show a very low
evel of polarization < 0 . 3 per cent. Robinson et al. ( 2011 ) utilized a
wo-component scattering model, determining that the inclination of
 line-emitting accretion disc is not a principal parameter, suggesting
he distinctive properties of these objects have a physical rather than
eometrical origin. Indeed, recent studies on high-accreting NLS1
how higher metallicities in these objects (e.g. Panda et al. 2019 ,
020 ; P anda 2021 ; Śnie gowska et al. 2021 ; Garnica et al. 2022 ;
loris et al. 2024 ). 
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Figur e 3. ST OKES modeling results for a representati ve case (vie wing angle 9 ◦) for the H α region using un-binned spectro-polarimetric data. 
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.1 Comparison with other samples 

´niegowska et al. ( 2023 ) utilized the FORS2 instrument at the Very
arge Telescope to perform spectropolarimetric observations of three 
GNs with high accretion rates. Their results showed a polarization 
egree of 0.15 per cent for IRAS 04416 + 1215, 0.23 per cent for
rk 1044, and 0.48 per cent for SDSS J080101.41 + 184840.7. 

hese objects are similar to our source in terms of high accretion.
nother study by Capetti et al. ( 2021 ) performed spectropolarimetric 
bservations on a sample of 25 AGNs. Their findings showed a 
ean polarization of 0.75 per cent, where a quarter of the sample

ad polarization levels below 0.3 per cent. Most of their objects had
ypical narrow Balmer lines with FWHM < 2500 km s 

−1 
. Notably, a

o w le vel of polarization is typical for Type 1 AGNs (e.g. Smith et al.
004 ). 
We plotted the H α broadening ratio of polarized flux to total 

ux for our source in Fig. 5 along with the sources presented
n Capetti et al. ( 2021 ) accounting for the continuum polarization
alue. Most of the sources of Capetti et al. ( 2021 ) with continuum
olarization larger than 1 per cent have a decreasing trend of δ
ith increasing line width, i.e. the ratio of the line width between
olarized spectra to flux spectra decreases. Ho we ver, sources with 
ow polarization < 1 per cent do not show any clear pattern with line
idth. 1H0323 + 342 is situated in the lower-left corner, having the

owest FWHM among all the sources in the figure. The continuum 
olarization of 1H0323 + 342 is also very low, < 1 per cent, and
he broadening is only 1.22. Although the high FWHM objects show
egligible broadening between polarized and total flux spectra, the 
ituation is complicated for objects with FWHM lower than 2000 km
 

−1 
. Here, objects with different polarization labels are mixed, and

roadening by a factor of 2.5 can be seen. 

.2 Polarization due to non-thermal emission? 

H0323 + 342 is a well-known gamma-ray emitting NLS1 detected 
y Fermi -LAT in the energy range of MeV–GeV. Its spectral-energy
istribution shows the signature of non-thermal contribution in the 
ptical and UV but is dominated by accretion disc radiation (see
aliya et al. 2019 ). Previous SPOL imaging polarimetric observations 
f 1H0323 + 342 have shown its polarization degree increasing from
.55 on 05/09/2013 to 1.40 on 06/09/2013 and then decreasing to
.13 on 05/10/2013. 6 Itoh et al. ( 2014 ) performed high cadence
olarization monitoring of 1H0323 + 342 around July 2013 when 
he source was in a high gamma-ray activity state and found the
olarization degree of the source increased from 0–1 per cent in
uiescence (before July) to ∼ 3 per cent at maximum (in July) and
hen declined to the quiescent lev el. Ov erall, this high state lasted
MNRAS 532, 3187–3197 (2024) 
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Figur e 4. ST OKES modelling results for same case as in Fig. 3 for the H β region. 

Figure 5. The polarization broadening of the BLR with respect to the H α

FWHM of the sources listed in Capetti et al. ( 2021 ) along with our source 
1H0323 + 342 (red). The different sizes of the markers are associated with 
their continuum polarization value. The vertical line at FWHM of 2000 km 

s 
−1 

shows the FWHM criteria used to define NLS1s. 
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or 20 d, showing drastic changes in polarization. Therefore, a high
egree of polarization from non-thermal emissions is expected during
 high activity state. The archival Fermi light curve shows the source
as in a quiescence state (see Fig. 6 ) during our observations with a
hoton flux (upper-limit) of 1.37 ×10 7 ph cm 

−2 
s 

−1 
in the energy range

f 0.1–100 GeV 

7 (Abdollahi et al. 2023 ). Therefore, the continuum
olarization of our source during our observations is not due to non-
hermal emission from the jet. 

.3 Dilution from host-galaxy starlight 

he host galaxy can dilute the intrinsic polarization of the source.
H0323 + 342 shows a peculiar low-surface brightness feature in
he HST images that has been suggested as a one-armed spiral host
tructure (Zhou et al. 2007 ) or a ring-like structure in the optical
 / R -band images (Ant ́on et al. 2008 ). Le ́on Tavares et al. ( 2014 )
erformed 2D image decomposition, and their Fourier spectrum
hows a ring-like structure. The optical and IR images are well-fitted
y an AGN and a Sersic bulge of index n = 2.8. The source is low-
uminous at z = 0.062. Therefore, the host-galaxy contribution must
 https:// fermi.gsfc.nasa.gov/ ssc/ data/ access/ lat/ LightCurveRepository/ 
ource.html?source name = 4FGL J0324.8 + 3412 

https://fermi.gsfc.nasa.gov/ssc/data/access/lat/LightCurveRepository/source.html?source_name=4FGL_J0324.8+3412
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Figure 6. Fermi light curve of 1H0323 + 342 obtained through Fermi All-sky 
Variability Analysis (FA V A) – Light Curve Generator. The source was in the 
quiescent phase during our spectropolarimetric observation on 20 th December 
2019. The circles denote the detection, while the downward triangles denote 
the upper limit of the photon flux. 
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e present in our observed spectrum; ho we ver, the optical spectrum
ith a 1.5 arcsec aperture does not show any absorption feature to
ecompose the host contribution. Rather, the spectrum is blue with 
 slope of −1.43, suggesting a strong AGN signature in the small
pectroscopic aperture. The host contributes ∼40 per cent to the total 
ux estimation based on the HST image by Zhou et al. ( 2007 ), a
imilar value is obtained using the relationship given by Jalan et al.
 2023 ) based on SDSS quasars spectra. This contribution would be
ignificantly smaller in our 1.5 arcsec aperture than the SDSS fiber 
3 arcsec in diameter). Hence, the host contribution is expected to be
maller in our spectropolarimetric data. 

.4 Inferences about the inclination and geometry 

espite having some inter-dependency among the fitted parameters 
n STOKES modelling (see Section 4 ) and a very low-polarization 
ignature, we cautiously inferred a small viewing angle of 9–24 deg 
or this source. A small viewing angle is expected as the source
s a well-known gamma-ray-detected NLS1 with Doppler-boosted 
missions detected by Fermi . Previous authors have constrained the 
iewing angle to be small ∼ 10 deg (Fuhrmann et al. 2016 ). By
odelling the 15 GHz light curve, Liodakis et al. ( 2018 ) estimated

he jet viewing angle of 9 . 06 + 1 . 04 
−8 . 91 deg. 

Inference can be drawn about the geometry of the BLR from the
atio of the width of the H α emission lines in the polarized spectrum
o the total flux spectrum. Assuming the V kep is the width of the H α

ine in the polarized spectrum, and the V obs is the observed width of
 α in the total flux spectrum, which is affected by the geometry of

he BLR, the V obs according to Collin et al. ( 2006 ) can be written as 

 obs = V kep 

√ 

( H /R) 2 + sin 2 i (3) 

nd the virial factor is 

 = 

[
( H /R) 2 + sin 2 i 

]−1 
, (4) 

where H is the disc thickness at the radius R from the centre,
t has been discussed in detail in Collin et al. ( 2006 ) that the BLR
louds must be able to capture a significant fraction of its ionizing
hotons, and therefore, it cannot be a thin disc; rather, it should have
ertical thickness supported by the turbulence motion within the BLR 

louds. 1H0323 + 342 is a high-accreting NLS1 whose H α lines
re well-fitted with two Gaussian/Lorentzian components having an 
WHM/ σ ratio of 1.4. The turbulence, which has isotropic velocity 
istribution, affects the line wings and increases σ compared to the 
WHM, which is dominated by the line core. 
The interpercentile width mentioned in Table 4 can be used to

alculate the inclination. The V obs /V kep = 0 . 82 implies f = 1 . 48,
nd the disc thickness must be high enough to explain the low-
nclination angle inferred from the STOKES modelling. Assuming 
he inclination angle i = 9 deg implies a H /R = 0.8 or disc half-
pening angle of ∼40 de g ( ω = arctan [ H /R]). A relativ ely higher
nclination angle of 24 deg will correspond to a H/R = 0.7 and,
onsequently, a disc half-opening angle of 35 deg. Indeed, recent 
ynamical modelling of reverberation mapping data, e.g. Williams 
t al. ( 2018 ), supports the argument that BLR is a thick disc where
any objects show a half-opening angle ( ω) larger than 40 deg (here
 = 90 deg corresponds to a sphere). The BLR can have flared disc-

ike geometry where H increases with R as H ∝ R 

α (see discussion
n Collin et al. 2006 ). Such flaring ‘BOWL’-shaped BLR models can
xplain various observational signatures, including the mechanism 

esponsible for producing Lorentzian profiles in Balmer lines in low- 
nclination systems dominated by turbulence (see Goad, Korista & 

uff 2012 ). 

 SUMMARY  

e performed spectropolarimetric observations of gamma-ray emit- 
ing NLS1 1H0323 + 342 using the SPOL instrument mounted 
t MMT . The degree of polarization in the continuum is 0.122 ±
.040 per cent, while in the line, it is 0.265 ± 0.280 per cent. The
otal flux spectrum shows the presence of strong H α and H β

mission lines with FWHM of H α of 1015 km s 
−1 

and FWHM
f H β of 1554 km s 

−1 
, providing an estimate of a black hole mass

f 10 7 . 24 ±0 . 01 M �. The polarized spectrum shows a similar line width
s the flux spectrum. Radiative transfer simulations using STOKES 

ode assuming a point-like continuum source, a cylindrical BLR, and 
n optically thick flared disc-like scattering region can reproduce the 
otal flux of the H α and H β lines along with the depression in
he polarization degree. The bulk of the scattering occurs closer 
o the inner edge of the torus dominated by electrons, primarily
rising from the equatorial region that accounts for � 90 per cent
f the polarization in both line and continuum in this source. A
mall viewing angle of 9–24 deg is fa v oured to fit the observed
ata, consistent with 1H0323 + 342 being a gamma-ray detected 
LS1 where the jet is pointing towards us. The low-inclination 

ngle of i = 9 deg obtained from the STOKES modelling implies a
 /R = 0.8 or half-opening angle ∼40 deg, leading to a negligible

roadening of the polarized spectrum compared to the flux spectrum 

ven though viewed nearly face-on. 
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Figure A1. χ2 maps for the four STOKES parameters for the H α region. Here, the ratio of the optical depths of the polar region to the equatorial region 
( τpol / τeq , denoted as ‘Factor’ and inclination/viewing angle is refereed as ‘Angle’. The shaded region in green marks the region within 10 per cent of the global 
minimum χ2 value. 

Figure A2. χ2 maps for the four STOKES parameters for the H β region. 
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