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ABSTRACT

According to the classical AGN model, broad emission lines originate from the broad-line region
(BLR) and are observable only when the attenuation by the dusty torus is small. However, we recently
found several heavily-obscured (Ay > 50 mag) AGNs with broad Ha detections: MCG -3-34-64, UGC
5101, and Mrk 268. To investigate the origin of the observed broad line in these AGNs, we performed
multi-epoch optical spectroscopic observations to search for flux variability of the broad Ha line. For
MCG -3-34-64 and UGC 5101, no significant variability was detected, ‘suggesting that the broad line
of these AGNs may arise from sources other than the BLR. Spectral fitting analysis suggests possible
large contribution of ionized outflows to the observed broad component of MCG -3-34-64, while both
the outflow and scattering by polar material can explain that of UGC 5101. For Mrk 268, we detected
a significant (4.30) flux variation of the broad He line by using the flux ratio of the Ha complex and
the [SI]AN6716,6731 doublet, indicating that the broad line originates directly from the BLR. The
lack of significant flux variation in the optical continuum implies that the line of sight to the nucleus
of Mrk 268 is mildly obscured. Our results demonstrate that the observed broad Ha lines in obscured
AGNs likely have multiple origins. Such complexity may introduce additional uncertainties in black
hole mass measurements of distant AGNs revealed by e.g., JWST.

Keywords: Active galactic nuclei (16) — Seyfert galaxies (1447) — Supermassive black holes (1663)
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1. INTRODUCTION

According to the AGN unified model (e.g. R. R. J. An-
tonucci & J. S. Miller 1985; R. Antonucci 1993; C. M.
Urry & P. Padovani 1995), the difference between type-
1 and type-2 AGNs, or the appearance of optical broad
emission lines, is attributed to an orientation effect. In
other words, the AGN with broad emission lines is ex-
pected to have no dust extinction, hence the broad-line
region (BLR) can be directly observed. To further refine
the classification of AGNs, a classification based on op-
tical emission line ratios has also been proposed. D. E.
Osterbrock (1977) classified type-1 AGNs into four sub-
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classes: type 1.0, type 1.2, type 1.5, and type 1.8 based
on the flux ratio of the narrow and broad components of
the HB emission line. Similarly, H. Winkler et al. (1992)
proposed a classification from type 1.0 to type 1.8 based
on the flux ratio between the total HG line component
and the [OI)A5007 line. Furthermore, D. E. Osterbrock
(1981) defined type-1.9 AGNs where only the Ha emis-
sion line exhibits a broad component.

According to the unified model, the type-1.9 AGN is
expected to have a moderate inclination and dust extinc-
tion, making it possible to observe only the broad Ha
line, which is the brightest broad component and has
relatively long wavelength in the optical regime. This
assumption has been adopted in many studies to in-
vestigate the nature of the AGN (e.g. T. Kawaguchi &
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M. Mori 2011; X.-G. Zhang 2023), while R. Maiolino &
G. H. Rieke (1995) suggested that such intermediate-
type AGNs are attributed to dust attenuation due to a
100-pc scale obscuring structure. Indeed, some stud-
ies of Swift/BAT AGNs found that, while the typi-
cal FWHM of the broad Ha line in type-1.8 and 1.9
AGNs is comparable to those in other type-1 to 1.5
AGNs, the typical neutral gas column density (Ng) of
these AGNs is often as high as those of type-2 AGNs
(log Ng/ em™2 ~ 22-25, M. Koss et al. 2017; K. Oh
et al. 2022).

The broad Ha line is particularly important for esti-
mating the black hole mass (BH mass, or Mpp). When
estimating Mpy from broad line observations, we gener-
ally use the following equation assuming that the BLR
is virialized,

) TBLR(AU)Q (1)

G )

where G is the gravitational constant, rgr,r is the radius
of the BLR, Awv is the velocity of the BLR cloud, and
f is the virial factor that is determined by orientation,
geometry, and kinematics of the BLR (e.g. C. A. Onken
et al. 2004; M. Batiste et al. 2017). While rgr can
be determined directly based on reverberation mapping
analysis of broad lines (e,g, S. Kaspi et al. 2000; M. C.
Bentz et al. 2013; J.-H. Woo et al. 2024), it is often
estimated from the AGN luminosity based on the scaling
relation between the BLR size and the AGN continuum
luminosity (e.g. J. E. Greene et al. 2010; M. C. Bentz
et al. 2013; H. Cho et al. 2023).

In addition, some literature (e.g. J. E. Greene & L. C.
Ho 2005; A. E. Reines et al. 2013) proposed a formula
for Mpy estimation using broad Balmer emission line lu-
minosities instead of those of AGN continuum emission,
which enables us to estimate Mpy only using the opti-
cal spectroscopic data of broad Balmer emission lines.
This method has been actively applied for high-redshift
AGNSs recently discovered by James Webb Space Tele-
scope (JWST, e.g. Y. Harikane et al. 2023; F. Pacucci
et al. 2023; R. Maiolino et al. 2024; J. Matthee et al.
2024), thanks to the detection of the broad He line.

The key point here is that this Mpy estimation
method using the broad Ha line assumes that the ob-
served broad line is direct emission from the BLR, which
reflects the kinematics of the gas clouds there. In con-
trast, when the observed broad line is not the BLR di-
rect emission, the derived Mpy is likely to differ signif-
icantly from the actual value. While many studies on
JWST AGNs estimate Mgy from the observed broad
Ha line, these AGNSs often exhibit very red color in their
rest-optical SED, implying that large fractions of JWST
AGNs are dust obscured (e.g. D. D. Kocevski et al. 2023;

Mpu = f

L. J. Furtak et al. 2024; J. E. Greene et al. 2024), which
does not agree with the AGN unified model. In addi-
tion, the absence of AGN properties such as hard X-ray
detection (e.g. M. Yue et al. 2024; T. T. Ananna et al.
2024; A. Sacchi & A. Bogdén 2025) and flux variations
in the rest-frame UV-optical continuum (M. Kokubo &
Y. Harikane 2024; Z. Zhang et al. 2025) suggests the pos-
sibility that the observed broad line may not originate
from the BLR.

For instance, V. Rusakov et al. (2025) performed de-
tailed profile fitting of the broad Ha line for AGNs
at z = 3.4-6.7 where broad Ha line is detected by
JWST /NIRSpec. As a result, they showed that the ob-
served broad Ha line is better fit with exponential pro-
file compared to Gaussian, suggesting that the emission
line is broadened by electron scattering in a dense gas
shell around the AGN. Taking this into account, they
recalculated Mpy and yielded values approximately two
orders of magnitude smaller than those based on sim-
ple Gaussian fitting, and became consistent with the
local Mpy—M, relation (A. E. Reines & M. Volonteri
2015). Furthermore, M. Kokubo & Y. Harikane (2024)
proposed some scenarios where the broad Ha line may
not originate from the AGN but could instead be caused
by galactic outflows or Raman scattering, based on the
absence of significant flux variation in the rest-frame
UV-optical continuum for galaxies with broad Ha lines
in JWST data. If this is the case, Mgy estimated from
the broad Ha emission are also likely to differ signifi-
cantly from the actual values. Therefore, examining the
observational properties of broad lines and constraining
their origin especially in obscured AGNs are valuable for
assessing the reliability of BH mass estimates based on
broad lines.

In our previous study (S. Mizukoshi et al. 2022, 2024),
we estimated line-of-sight dust extinction of about 600
local X-ray-selected AGNs (M. Koss et al. 2017; C. Ricci
et al. 2017) using near-infrared (NIR) photometric data
of Wide-field Infrared Survey Explorer (WISE, E. L.
Wright et al. 2010). As a result, we measured very large
dust extinction, reaching up to Ay > 50 mag, likely
originating from the dusty torus. In our study, most
AGNs with Ay 2 20 mag are type-2 AGNs, which is
consistent with the unified model. However, we also
found some type-1.9 AGNs showing such a very large
dust extinction. These heavily-obscured type-1.9 AGNs
cannot be explained by the unified model because even
the broad Ha line is hard to observe if the line-of-sight
dust extinction is as high as Ay = 5 mag (e.g. T. T.
Shimizu et al. 2018).

In this study, we conducted multi-epoch optical
spectroscopic observations of X-ray selected heavily-



obscured AGNs with broad Ha detection in the local
universe (z < 0.05). Many AGN studies have indicated
that direct emission from the BLR typically exhibits flux
variations on timescales ranging from months to years
(in the case of the broad Ha line, e.g. F. Pozo Nufiez
et al. 2015; A. 1. Shapovalova et al. 2019; A. K. Man-
dal et al. 2021; H. Cho et al. 2023; D. Marsango et al.
2024; P. Cheng et al. 2025). If no significant flux vari-
ation in the broad lines is detected, it would indicate
that the Ha emission line could be from more extended
structures (2 100 pc), such as AGN outflows (e.g. D.
Wylezalek et al. 2020; R. Luo et al. 2021; Y. Toba et al.
2022; C. Kim et al. 2023) or scattered components of
the BLR emission in the polar region (e.g. J. S. Miller &
R. W. Goodrich 1990; R. Antonucci 1993; S. Young et al.
1996; R. W. Goosmann & C. M. Gaskell 2007). This
is because the timescale of the flux variation is likely
much longer, or because multiple variable flux compo-
nents may be mixed and the time variation smears out.
Based on this expectation, we investigate the presence
or absence of flux variations in the broad He line to con-
strain the origin of the broad line observed in heavily-
obscured broad-line AGNs, which cannot be explained
by the unified model.

The remainder of this paper is organized as follows.
Section 2 describes the target selection and the prop-
erties of each selected obscured AGN target. Section 3
outlines the observations and data used in this study.
Section 4 explains the methods of the spectral fitting
analysis and the measurement of broad Ha flux vari-
ations. We also explain the flux variation model used
for quantitative evaluation of its presence. Section 5
presents the results of the spectral fitting and the anal-
ysis of broad Ha flux variations. We also describe the
result of the evaluation of flux variations in the optical
continuum in this section. Section 6 discusses plausible
origins of the observed broad Ha lines in each target,
and implications for the BH mass estimation of obscured
AGNSs. Section 7 is the conclusion. Throughout this pa-
per, we adopt the cosmology Hy = 68 km s~ Mpc™!,
Qo = 0.3, and Qp = 0.7 (e.g. A. G. Adame et al. 2025).

2. TARGET
2.1. Target selection

The sample for this study was selected from the BAT
AGN Spectroscopic Survey DR1 (BASS DR1, M. Koss
et al. 2017; C. Ricci et al. 2017). These samples are
local AGNs detected in the ultra-hard X-ray band by
Swift/BAT and classified as type 1, type 1.9, or type
2 based on optical spectroscopic data in the updated
DR2 catalog (M. J. Koss et al. 2022a,b). While K. Oh
et al. (2022) provided more detailed AGN subclasses
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based on optical line flux ratios, we adopted the sim-
pler classification adopted by M. J. Koss et al. (2022b)
because some targets show discrepancies between the
emission line model in K. Oh et al. (2022) and observed
data, which makes their subclassification somewhat un-
certain. The BASS catalog provides not only Ny and
AGN bolometric luminosity based on X-ray observations
but also My and Eddington ratio estimates based on
multi-wavelength data. The AGN bolometric luminos-
ity of BASS catalog was derived from intrinsic 14-150
keV luminosity using the bolometric correction factor of
8 (C. Ricci et al. 2017; M. J. Koss et al. 2022b). For
type-1.9 AGN samples, Mpy in BASS catalog is derived
from Mpp—o. relation (J. Kormendy & L. C. Ho 2013),
and its typical uncertainty is approximately 0.5 dex (e.g.
R. J. McLure & M. J. Jarvis 2002; R. J. McLure & J. S.
Dunlop 2002; M. Vestergaard & B. M. Peterson 2006;
F. Ricci et al. 2021; M. J. Koss et al. 2022a). Basic
properties of our targets from the BASS DR2 catalog
are summarized in Table 1.

From the BASS AGN, we selected three type-1.9
AGNs (MCG -3-34-64, UGC 5101, Mrk 268, Figure 1)
exhibiting extremely high dust extinction of Ay > 50
mag (S. Mizukoshi et al. 2022, 2024). This Ay is es-
timated from the reddening of the variable flux compo-
nent in the WISFE light curve data assuming the Galactic
extinction curve and Ry = 3.1 (E. L. Fitzpatrick 1999).
Focusing on the AGN infrared variability minimizes con-
tamination of the emission from the host galaxy and en-
ables us to measure dust extinction values greater than
those in the optical.

Figure 2 shows a comparison between Ay and Ny of
our targets. In this plot, the gray markers show the
BASS DR2 sample for which we measured Ay in S.
Mizukoshi et al. (2024). Here, the circles represent tar-
gets for which we measured Ay based on the reddening
of the IR variable flux (S. Mizukoshi et al. 2022), while
the diamonds represent those for which Ay was mea-
sured based on the luminosity ratio of the broad Ha
line and 14-150 keV hard X-ray (T. T. Shimizu et al.
2018). We note that log Ng/cm~2 = 20 is the lower
limit for BASS AGNs because it is hard to distinguish
such a small gas columns from the Galactic extinction
based on hard X-ray observation (M. Koss et al. 2017; C.
Ricci et al. 2017). Among these AGN samples, the three
targets in this study are distributed in nearly high end of
both Ay and Ny, which confirmed that they are heavily-
obscured AGNs. In the figure, we also plot a typical Ay -
Ny relation of the Galactic interstellar medium (ISM)
(P. Predehl & J. H. M. M. Schmitt 1995; M. A. Nowak
et al. 2012) and those of SMC bar and wing (K. D.
Gordon et al. 2003). Our AGN targets are distributed
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well above the Galactic ISM relation. While SMC re-
lation is consistent with MCG -3-34-64 and Mrk 268,
UGC 5101 still shows much larger Ny. This Ny ex-
cess has been interpreted as the effect of the absence of
small dust grains (e.g. R. Maiolino et al. 2001b,a) or the
presence of the dust-free gas (e.g. G. L. Granato et al.
1997; L. Burtscher et al. 2016; K. Ichikawa et al. 2019;
D. Esparza-Arredondo et al. 2021; S. Ogawa et al. 2021;
S. Mizukoshi et al. 2022, 2024).

While there are two other type-1.9 AGNs (ESO 103-
35, NGC 235A) with 40 < Ay < 50 mag, we excluded
them from our samples because they are not observ-
able from Okayama Astronomical Observatory in Japan
where we performed our observations.

The following sections summarize the properties and
previous studies for each of our targets.

2.2. Details of our targets
2.2.1. MCG -3-34-64

MCG -3-34-64 is a local early-type galaxy and was
identified as a Luminous Infrared Galaxy (LIRG, Lir 2,
10" Lg) with Infrared Astronomical Satellite (IRAS,
G. Neugebauer et al. 1984). Such an IR-bright TRAS
object often shows a very red color and follow-up op-
tical spectroscopic observation classify most of these
objects including MCG -3-34-64 as type-2 AGNs (e.g.
D. Carter 1984; D. E. Osterbrock & M. M. De Rober-
tis 1985; M. M. De Robertis et al. 1988; M. H. K. de
Grijp et al. 1992). M. M. De Robertis et al. (1988)
performed the Balmer decrement to the galactic center
using narrow emission lines and derived the color excess
of EB—V =0.3.

E. L. Aguero et al. (1994) performed an emission line
fitting of HB and Ha considering the broad component
for the first time and classified MCG -3-34-64 as type-
1.8 AGN. While there are some other studies that also
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Figure 2. Comparison between dust extinction Ay and
neutral gas column density Ny for our targets. The or-
ange triangle, circle, and square represents the samples of
this study: MCG -3-34-64, UGC 5101, and Mrk 268, re-
spectively. Gray markers represent the entire AGN sam-
ples in BASS DR2 catalog for which Ay was measured in
S. Mizukoshi et al. (2024). The black marker in the upper
right corner shows the typical uncertainty of Ay for these
two markers. Dark yellow band represents the typical rela-
tion for the Galactic ISM (P. Predehl & J. H. M. M. Schmitt
1995; M. A. Nowak et al. 2012), and dark yellow dotted line
and dot-dashed line represent the same as the dark yellow
band, but for SMC bar and wing, respectively (K. D. Gordon
et al. 2003).

classified MCG -3-34-64 as type-1.8 AGN (M. Dadina &
M. Cappi 2004; K. Oh et al. 2022), we here adopt the
classification of type-1.9 AGN given in BASS DR1 (M.



Table 1. Basic properties of our heavily-obscured type-1.9 AGN sample.

Object name RA Dec z® log Mpu ° log Luor © log fmaa ® logNg ¢ Ay ¢

(J2000.0)  (J2000.0) (Mo)  (ergs™) (em~2)  (mag)
MCG -3-34-64 13:22:24.46 —16:43:42.4 0.01718 8.37 44.27 -2.28 23.80 62+ 12
UGC5101 09:35:51.60 +461:21:11.7 0.03937 8.19 44.96 -1.41 24.35 54+ 8
Mrk 268 13:41:11.14 +30:22:41.3 0.04035 8.63 44.79 -2.01 23.53 58 £10

NOTE— * The data are taken from NED (N. E. D. NED, originally given by B. Rothberg & R. D. Joseph
(2006); M. J. Koss et al. (2022a)). The typical uncertainty is 0.00001. ® The data are taken from BASS DR2
catalog (M. J. Koss et al. 2022a,b). ¢ The data are taken from BASS DRI1 catalog (M. Koss et al. 2017; C.
Ricci et al. 2017). ¢ The data are taken from S. Mizukoshi et al. (2024).

Koss et al. 2017) and DR2 (M. J. Koss et al. 2022b)
catalog in this study.

Since MCG -3-34-64 is an IR-bright galaxy, many
follow-up observations have been performed in mid-to-
far infrared (e.g. G. J. Hill et al. 1988; V. Gorjian et al.
2004; H. Horst et al. 2008, 2009). V. Gorjian et al.
(2004) performed small-aperture photometric observa-
tion of JRAS AGNs in N-band (A = 10 pum) and com-
pared the observed magnitude to their J— K, bulge color
derived from the Two Micron All Sky Survey (2MASS).
As a result, they found an excess of N-band magnitude
for MCG -3-34-64. They interpreted that this excess is
caused by the large dust extinction to the nucleus. In
this case, N-band emission, which has longer wavelength
compared to both J and K bands, can escape from the
nucleus more easily. They then calculated the dust ex-
tinction to the nucleus should be at least Ay ~ 15 mag.

The X-ray observation of MCG -3-34-64 was per-
formed by ASCA (Y. Tanaka et al. 1994) in 1994 (S.
Ueno et al. 1996) and they found a very steep spectral
photon index of I' ~ 3 and very large gas column den-
sity of Ny ~ 4 x 1023 cm™2. Such a steep photon index
and large gas column density was also found in some
following observations (e.g. L. Bassani et al. 1999; M.
Dadina & M. Cappi 2004). While recent Swift /BAT ob-
servation (W. H. Baumgartner et al. 2013; K. Oh et al.
2018) reported that the photon index of MCG -3-34-64
isT" ~ 2.2, which is the typical value of the AGN, the gas
column density is still very large (log Ng/ cm™2 = 23.8,
C. Ricci et al. 2017).

2.2.2. UGC 5101

UGC 5101 is an Ultra Luminous Infrared Galaxy
(ULIRG), defined as a galaxy with the IR luminosity
of Lir > 10'% L, first detected by IRAS and cata-
loged in the IRAS Bright Galaxy Sample (D. B. Sanders
et al. 1988, , and citation therein), and a merging galaxy

where tails and elongated nuclei have been observed.
After the detection by IRAS, Infrared Space Observa-

tory (ISO) performed MIR, spectroscopic observations
and several studies suggested the energy source of UGC
5101 is dominated by starbursts (e.g. Y. Taniguchi et al.
1999; D. Lutz et al. 1999; R. Genzel et al. 2000). On the
other hand, some studies suggested the presence of an
AGN at its center (R. Genzel et al. 1998; D. Rigopoulou
et al. 1999) based on the same ISO results.

N. Z. Scoville et al. (2000) performed NIR photomet-
ric observations of UGC 5101 using HST /NICMOS and
found that the NIR color of its nucleus is quite blue rel-
ative to the entire galaxy, suggesting the presence of an
AGN. They also found that UGC 5101 shows a com-
pact NIR single core. Such a compact nucleus has been
confirmed not only by other IR observations (R. Genzel
et al. 1998; B. T. Soifer et al. 2001), but also by high
spatial resolution radio observations using VLBI (e.g.
H. M. Sopp & P. Alexander 1991; T. Crawford et al.
1996; C. J. Lonsdale et al. 2003).

M. Imanishi et al. (2001) performed spectroscopic ob-
servations at 3-5 ym and found that a 3.3 pm PAH-to-
FIR luminosity ratio is much smaller than the typical
value for a starburst galaxy. They also found a strong
absorption feature due to carbonaceous dust at 3.4 um,
equivalent to a dust extinction of Ay > 100 mag assum-
ing the Galactic extinction curve. These features were
also detected in subsequent observation by AKARI (M.
Imanishi et al. 2008). Based on these observational fea-
tures, they interpreted that UGC 5101 is an AGN sur-
rounded entirely by obscuring dust (=“buried” AGN).
L. Armus et al. (2004) detected [Ne v]14.3pum in the
MIR spectroscopic observation by Spitzer/IRS in UGC
5101 that strongly supports the presence of the AGN.

One of the first X-ray observations of UGC 5101 was
performed by ASCA (T. Nakagawa et al. 1999), while
UGC 5101 was not detected in this observation. This
result supported the interpretation of the starburst-
dominated nucleus of UGC 5101 at that time. On
the other hand, it was detected in subsequent X-ray
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spectral surveys using Chandra and XMM-Newton (e.g.
M. Imanishi et al. 2003; O. Gonzalez-Martin et al.
2009). In particular, M. Imanishi et al. (2003) sug-
gested that UGC 5101 is covered by a Compton-thick
(Ni ~ 1.4x10** cm™?) obscuring material based on the
result of the X-ray spectral fitting. S. Oda et al. (2017)
performed a 0.25-100 keV broad-band X-ray spectral fit-
ting using a torus model and suggested that, while the
line of sight is attenuated by Compton-thick materials
in the dusty torus, the dusty torus does not cover the
entire sky of the AGN. Based on this result, they pro-
posed a scenario in which the torus sky is covered by
Compton-thin (Ng ~ 10?' ¢cm™2) material in addition
to a Compton-thick dusty torus with a moderate open-
ing angle. The line-of-sight column density in the BASS
catalog is log Ny cm~2 = 24.35 (C. Ricci et al. 2017).

In this study, we regarded UGC 5101 as a type-1.9
AGN according to the BASS catalog (M. Koss et al.
2017; M. J. Koss et al. 2022b), since the broad Hj emis-
sion line could not be visually identified in the SDSS
spectrum. This object, however, is known to host both
a powerful central starburst and an AGN (e.g. D. As-
mus et al. 2014), which has led to diverse optical clas-
sifications in the literature. S. Veilleux et al. (1995,
1999) classified UGC 5101 as a low-ionization nuclear
emission-line region (LINER) based on a diagnostic of
flux ratios of optical emission lines. On the other hand,
D. B. Sanders et al. (1988) classified UGC 5101 as type
1.5 based on the presence of the broad Ha emission line,
while T. T. Yuan et al. (2010) classified it as type 2
based on optical spectroscopy. While the BASS catalog
classified UGC 5101 as type 1.9 based on the spectral
analysis of the SDSS data, K. Oh et al. (2022) classified
it as type 1.5 based on the same SDSS spectrum.

2.2.3. Mrk 268

Mrk 268 was first listed by B. E. Markarian (1969) as
a galaxy with a significant UV excess. NIR observations
of Markarian galaxies including Mrk 268 were performed
with ground-based telescopes and Mrk 268 was detected
in some NIR and MIR bands (e.g. G. H. Rieke 1978).
They reported the IR luminosity of Mrk 268, which was
integrated over 1-30 um, is 10°Lg, suggesting that it
is not as bright in IR as ULIRGs. Mrk 268 was also
detected by TRAS (e.g. M. S. Vaceli et al. 1993; K. B.
Fisher et al. 1995), while it was not listed in the IRAS
Bright Galaxy Sample.

The radio observation of Markarian galaxies including
Mrk 268 has been actively performed in the 1970s and
1980s (e.g. A. G. de Bruyn & A. S. Wilson 1976; J. H.
Bieging et al. 1977; W. H. McCutcheon & P. C. Gregory
1978; P. Biermann et al. 1980; I. F. Mirabel & A. S.

Wilson 1984). J. S. Ulvestad & A. S. Wilson (1984)
performed 6 cm observations with VLA and identified a
flux peak just barely resolvable (~ 250 pc) at a position
close to the peak of the optical continuum.

The first X-ray detection of Mrk 268 was made by
the Finstein satellite in soft X-ray (0.2-4 keV, J. S.
Mulchaey et al. 1994). Subsequently, it was detected
in hard X-ray (17-60 keV) by the INTEGRAL satellite
(e.g. S. Sazonov et al. 2007; R. Krivonos et al. 2007; A.
Bodaghee et al. 2007; V. Beckmann et al. 2009). The X-
ray observations have been then made with Swift/BAT
(e.g. G. Cusumano et al. 2010) and XMM-Newton (e.g.
M. Koss et al. 2012; R. V. Vasudevan et al. 2013). In
the BASS catalog, line-of-sight column density of Mrk
268 is log Nyz/ em~2 = 23.53 (C. Ricci et al. 2017).

In the optical regime, Mrk 268 has been classified as
type 2 not only just after the identification by Markarian
(e.g. D. W. Weedman 1973; E. Y. Khachikian & D. W.
Weedman 1974; T. F. Adams & D. W. Weedman 1975),
but also in recent studies (e.g. L. Titarchuk et al. 2024).
On the other hand, some studies classified Mrk 268 as
a type-1 AGN based on the SDSS DR7 spectrum (e.g.
Y. Toba et al. 2013). In the BASS catalog, Mrk268 is
classified as type 1.9 based on the SDSS DR15 spectrum
(M. Koss et al. 2017; M. J. Koss et al. 2022b; K. Oh et al.
2022).

One observational feature of Mrk 268 is the presence
of a companion galaxy (Mrk 268SE) in its neighborhood
(e.g. T. F. Adams 1977; W. C. Keel 1996; M. Koss et al.
2012). According to M. Koss et al. (2012), Mrk 268SE
is a galaxy with a projected distance of ~ 44 kpc to Mrk
268 and its stellar mass is a factor of 5.5 smaller than
Mrk 268. M. Koss et al. (2012) also suggested that Mrk
268SE was classified as an AGN based on the optical
spectroscopic diagnostics, while its 2-10 keV luminosity
is > 108 times lower than that in Mrk 268 (C. Ricci
et al. 2017).

3. OBSERVATION AND DATA

In this study, we performed an optical spectro-
scopic observation with the Kyoto Okayama Optical
Low-dispersion Spectrograph with optical fiber IFU
(KOOLS-TFU, K. Matsubayashi et al. 2025) mounted
on Okayama 3.8m Seimei Telescope (M. Kurita et al.
2020) in several epochs. KOOLS-TIFU is a fiber-type
optical integral-field unit and has been used for many
studies focusing on not only local AGNs (e.g. Y. Toba
et al. 2022; S. Nagoshi et al. 2024; K. Oh et al. 2025)
but also mid-redshift (z 2 1) quasars (e.g. Y. Toba et al.
2024). KOOLS-IFU consists of 110 fibers and the field
of view of the fiber is a regular hexagon with a diag-
onal of 0.93”and the fiber pitch is 0.84”. These fibers



are arranged to be plane-filling, and the total field of
view is 8.4” x 8.0”. In this study, we used the VPH-blue
grism in the observation. The VPH-blue grism covers a
relatively wide wavelength range of 4100-8900 A, with
relatively low spectral resolutions of A/AX ~ 500.

In this study, we performed the observation in five
epochs: 2023 March (Epoch 1), 2023 April (Epoch 2),
2023 December (Epoch 3), 2024 May (Epoch 4), and
2025 May (Epoch 5). Table 2 shows the details of our
observation in each epoch. Although we observed MCG
-3-34-64 in all epochs, we did not observe UGC 5101 in
Epochs 3 and 4, and Mrk 268 in Epoch 4 due to adverse
weather conditions. Additionally, the integration time
varies for each observation due to modification in the ob-
servation design and weather conditions in each epoch,
while this difference does not seem to significantly affect
the data quality (see also Section 5.1).

In Table 2, we tabulate seeing for each observa-
tion. Since the seeing information was not automati-
cally recorded, we estimated it based on the number of
detected fibers in the standard star data. Specifically,
we first calculated the total area (in arcsec?) covered
by the fibers in which the standard star was detected.
We then derived the radius of a circular region with the
same area as the total fiber area. Finally, assuming a
Gaussian Point Spread Function (PSF), we considered
the derived radius to correspond to 30 of the Gaussian
profile and calculated the FWHM of the PSF (i.e., the
seeing) accordingly. Table 2 presents the average and
standard deviation of the seeing derived for each data
frame of each standard star data.

4. METHOD
4.1. Data reduction process

We performed data reduction with Image Reduction
and Analysis Facility (IRAF, D. Tody 1986, 1993) tasks
in a standard manner. This data reduction process
mainly contains overscan subtraction, bad pixel correc-
tion, bias subtraction, flat correction, wavelength cali-
bration, spectrum extraction, sky subtraction, and flux
calibration. This data reduction is performed with a
pipeline tool optimized for the analysis of the KOOLS-
IFU data 7.

For the flat correction, we used a multi-color LED
lamp data mounted on the Seimei telescope as a flat
source. For the wavelength calibration, we used the com-
bination of the comparison lamp data (Xe, Ne, and Hg)
mounted on the Seimei telescope. After the wavelength

7 https://www.kusastro.kyoto-u.ac.jp/~iwamuro/KOOLS/
index.html
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calibration, we adopted the barycentric correction to the
observed wavelength, while this effect is negligible in this
study.

We summed all the spectra observed by each fiber
with target signals to obtain the target spectrum. The
sky spectrum is also obtained from the spectra observed
by fibers without target signals. Finally, the final sky-
subtracted target spectrum can be obtained by subtract-
ing the sky spectrum from the above target spectrum.

4.2. Spectral fitting

We performed spectral fitting analyses with
scipy.curve_fit to decompose each line component
and confirm the presence of the broad Ha emission
line. Here, we fitted the target spectra with 3 major
components:

1. Continuum with quadratic polynomials,

2. Narrow emission lines with Gaussian profiles for He,
Hp, [O111]AN4959, 5007, [O1]A6300, [NII]AN6548, 6583,
and [SI]AN6716,6731,

3. Broad Ha component with another Gaussian profile.

In addition, we also included blueshifted components
of [Om1] lines with Gaussians as the fourth component
for MCG -3-34-64 and Mrk 268 considering the fit-
ting results in the literature (e.g. M. Koss et al. 2017;
M. J. Koss et al. 2022a; K. Oh et al. 2022). We
fixed the line width of the Gaussians to be the same
value for two emission lines in each of [O111], [N11], and
[S11] doublets. To converge to physically reasonable re-
sults, we set the peak flux density to be larger than
zero and constrained the peak ratio of [N11] and [Or111]
doublets to be [NITJA6583/[NIIJA6548 = 2.92 + 0.32 and
[OIIT]A5007/[OIIT]A4959 = 3.01 £ 0.23 (e.g. A. Acker
et al. 1989; D. E. Osterbrock & G. J. Ferland 2006).
We also constrained the central wavelength to be within
+3 A, which is comparable to the wavelength resolu-
tion of the data, of the rest-frame wavelength of each
line observed in the air, while we constrained the cen-
tral wavelength of the blueshifted [O111] components to
within a range of —20 A from the rest-frame wavelength
of [O111] lines.

We did not consider other less prominent emission
components such as Fell emission features close to the
HJ and [O111] emission lines in our spectral fitting to sim-
plify the model and avoid converging to unrealistic val-
ues. Nevertheless, the results of the spectral fitting agree
very well with the observed spectra, especially around
the Ha complex (a mix of narrow Ha, broad Ha, and
[NTI]AN6548, 6583) and [S11] doublet we focus on in this
study (see Section 5.1).


https://www.kusastro.kyoto-u.ac.jp/~iwamuro/KOOLS/index.html
https://www.kusastro.kyoto-u.ac.jp/~iwamuro/KOOLS/index.html

Table 2. Details of our observation.

Obs. Epoch  Object Obs. date  Exposure (s) standard star Seeing (")
Epoch 1 MCG -3-34-64 2023/03/14 180 HR4963 1.3+£0.1
"
(2023 Mar,) UCGCSB101  2023/03/14 2340 HR4963
Mrk 268 2023/03/14 600 HZ44 1.5+£0.1
Epoch 2 MCG -3-34-64 2023/04/21 120 HD93521 1.94+0.2
(2023 Apr.) UGC 5101 2023/04/22 1770 HD93521 1.5+0.1
Mrk 268 2023/04/21 420 HZ44 1.8+0.5
Epoch 3 MCG -3-34-64 2023/12/21 600 HD93521 1.6 +0.2
(2023 Dec.)  Mrk 268 2023/12/21 1440 HD93521 "
Epoch 4
(2024 May) MCG -3-34-64 2024/05/02 300 HR5191 1.24+0.1
Epoch 5 MCG -3-34-64 2025/05/27 720 HR5501 1.5+0.1
(2025 May) UGC 5101 2025/05/27 4680 HD93521 1.7+ 0.5
Mrk 268 2025/05/27 2880 HD93521 "’

4.3. Analyses of the flux time variation
4.3.1.

Overview of flux variability analysis in this study

The broad Hea, narrow He, and [N1] doublet are
blended in the observed spectra, making it challenging
to robustly separate each line component with simple
Gaussian fitting. Since the decomposition results are
subject to relatively large uncertainties, we evaluated
flux variability using the total flux of the Ha complex
rather than the broad Ha component alone, which is a
more conservative approach.

In addition, we calculated the flux ratio between the
Ha complex and the [SIT]AA6716, 6731 doublet (hereafter
Haovcom. /[S1T] ratio) and examined its time variation to
reduce the effect of uncertainty in flux calibration. Here,
we used not the flux of the individual [Sh] lines but
the entire flux of [Su] doublet, in the same manner as
the Ha complex, since this doublet is often blended and
the decomposition of these lines with the spectral fitting
should cause another flux uncertainty.

The Ha complex contains not only the broad Ha line,
which is expected to vary, but also multiple narrow lines.
This could in principle reduce the apparent variability
amplitude and make its detection more difficult, partic-
ularly when the narrow line components are dominant
in the flux of the Ha complex. However, when we use
the flux ratio between the broad Ha line extracted by
Gaussian fitting and the [S11] doublet, the fractional un-
certainty of this ratio becomes as large as ~ 10-25%,
which is worse by a factor of at least five compared to the
Hacom. /[ST1] ratio (see Section 5.2). We therefore utilize

the Ha complex, which allows us to avoid the uncertain-
ties associated with spectral fitting and to evaluate the
variability with much higher precision.

4.3.2. Calculation of the total flux of emission lines

In the flux measurement of Ha complex and [S11] dou-
blet, we first subtracted the continuum flux from the
original spectrum based on the result of the spectral
fitting described in Section 4.2. We then integrated
the flux density of the continuum-subtracted spectrum
within a wavelength range that includes the entire com-
plex or doublets. In this study, we determined the wave-
length range for flux integration as follows:

- Ha complex: |A — Apnal| < 30bHa,

- [St1] doublet: Asrer16—30(simeric < A < Ajsmersi +
30(s1m6731 5

where Ajjne and ojine are the central wavelength and
the standard deviation of the Gaussian model of each
emission line, respectively, estimated from the spectral
fitting. Hereafter, "bHa” denotes the broad Ha line.
For each target, we determined these wavelength ranges
in each epoch and then averaged these ranges. The av-
eraged ranges for each target were then applied to all its
epochs when calculating the total flux. We confirmed
by visual inspection that these wavelength ranges ade-
quately include the entire emission line components in
our data, which is shown as pale orange bands in Figure
3, and Figures 8, 9, and 10 for each object in Appendix
A.



4.3.3. Evaluation of the flux uncertainty

The uncertainty of the total line flux can be attributed
to the spectral uncertainty and that due to the con-
tinuum subtraction process. The spectral uncertainty
(Afx data) Was obtained in the data reduction process
through the pipeline. This uncertainty depends on
wavelength and this dependency is determined based on
the square root of the count value at each pixel in the
wavelength direction before flux calibration. The ab-
solute value of the uncertainty, on the other hand, was
determined from the fluctuation of the continuum of the
flux-calibrated target spectrum.

Regarding the uncertainty caused by the continuum
subtraction, we fitted the continuum with quadratic
polynomials, and the continuum subtraction was per-
formed by subtracting the best-fit polynomial from the
observed data. Therefore, we regarded the flux uncer-
tainty due to the continuum subtraction as equivalent
to that of the fitted continuum model. In this study,
the uncertainty of the continuum model was calculated
based on the covariance matrix of the continuum param-
eters obtained in the spectral fitting, and we regarded
it as the spectral uncertainty resulting from the contin-
uum subtraction (Af) cont.). The derived spectral un-
certainty due to the continuum subtraction was about
10% of the spectral uncertainty.

The uncertainty of the continuum-subtracted spec-
trum A f) tota] Was then calculated as follows:

_ g9 i1
Afxtotal = \/Aff’data FAf one, ergs tem AT
(2)
Finally, we calculated the uncertainty of the total flux
of the Ha complex and [S11] doublet using Afy total as
follows:

Afline = AN - | Z Afitotal erg s~ em™2,  (3)
Niine

where AX &~ 2.5 A pix ! is the pixel scale of our spectral
data in the direction of wavelength, and Ny, is the
number of pixels that covers the wavelength range of
the Ha complex or [S11] doublet.

4.3.4. Calculation of the observed structure function

The structure function SF(At), which is the typical
flux variation amplitude for time interval At, helps us to
understand the behavior of flux variation and constrain
its origin. We calculated the observed SF based on the
definition provided by W. H. de Vries et al. (2003):

1/2

SF(At)ops. = ! > {510 ﬁr (4)
obs. — N(At) o 2 g fj ’
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where 4 and j are pairs of observations with a time sep-
aration of At, N(At) is the number of data pairs with
time separation of At, f; ; is the observed Howom./[S11]
ratio in epoch i or j, or fluxes for i- or j-th data in the
optical continuum light curve (see Section 5.3), respec-
tively. Since the number of Hoom,/[S11] ratio data is
limited in this study, we calculated SF(At)ops. for all
epoch pairs. On the other hand, for continuum light
curve data discussed in Section 5.3, we first binned the
time lags into one-day intervals and then computed the
SFE data because the dataset is sufficiently dense.

4.4. Flux variability model of quasars for quantitative
analysis

The flux time variations observed in the AGN is gen-
erally stochastic and are known to be well described by a
stochastic variability pattern model called the Damped
Random Walk (DRW, e.g. B. C. Kelly et al. 2009; S.
Kozlowski et al. 2010; C. L. MacLeod et al. 2010). Ac-
cording to the DRW model, the expected amplitude of
the flux variation becomes intrinsically small for a short
observational interval, making it difficult to detect re-
gardless of whether the observed emission is the direct
component from the BLR.

In this study, we estimate the typical flux amplitude
expected during our observation period based on the
DRW model. We then compare it with the amplitude
of the Hacom, /[STT] variation observed in this study to
quantitatively evaluate the amplitude of the time varia-
tion of the Hoeom. /[S11] ratio. Since observational stud-
ies that have closely tracked the flux time variations of
the broad Ha line are limited to a few case studies (e.g.
F. Pozo Nunez et al. 2015; A. I. Shapovalova et al. 2019;
D. Marsango et al. 2024), we estimate the expected am-
plitude of broad Ha flux variation based on the variabil-
ity model of continuum emission from quasars.

The SF of the DRW model is calculated as follows:

SF(At) = SFy(1 — e Am)1/2 (5)

where 7 is the break timescale, and SF, is the SF value
for At > 7 (e.g. S. Koztowski et al. 2016; C. J. Burke
et al. 2023). C. L. MacLeod et al. (2010) and K. L.
Suberlak et al. (2021) analyzed light curve data of SDSS
Stripe 82 quasar samples and proposed the typical SF
and 7 as a function of rest-frame wavelength Arp, tar-
get’s SDSS i-band magnitude M;, and Mgy as follows:

SF, ARF
log (22 ) =Agp + Bsp 1
o8 ( mag> S+ BeF 08 (4000A> -

M
Csp (Ml + 23) + Dgp log <109E;\I;) ,
©
(6)
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where Agp = —0.51 £ 0.02, Bgr = —0.479 £ 0.005,
Csr =0.131 £0.008, and Dgr = 0.18 £ 0.03; and

T /\RF
1 T :AT + BT 1 +
o8 <dayS> o8 (4000A>

Mpy
C, (M; +23)+ D, 1 )
(M; +23) + og(109M®>
(7)
where A, = 2.44+0.2, B, = 0.17£0.02, C; = 0.03+0.04,
and D, = 0.21 £ 0.07. Here, M; can be estimated from

the AGN bolometric luminosity Ly, using a relation
proposed by Y. Shen et al. (2009):

M; = 90 — 2.5 log(Lpe/erg s ). (8)

The amplitude of broad line variations may differ from
that of the continuum. A comparison of flux data from
the optical (A = 6330A) continuum light curve and
the Ha light curve for a local AGN NGC 3516 (A. L.
Shapovalova et al. 2019) shows that while the contin-
uum flux varies by up to a factor of 2, the Ha flux ex-
hibits variations of approximately a factor of 6. Simi-
larly, F. Pozo Nunez et al. (2015) compares light curves
of the narrow band at the Ha wavelength and rg band
(Acenter = 6230A) for another local AGN, PGC50427,
and found that the maximum flux amplitude of Ha line
is about three times larger than in rs band. On the
other hand, while lacking quantitative evaluation, some
studies of BLR reverberation mapping (RM) analysis
using Ha lines show no significant difference in the frac-
tional amplitude between optical B-band continuum and
Ha light curves or their DRW model fittings (e.g. M. C.
Bentz et al. 2010; H. Cho et al. 2023). Considering these
results, we adopt SFs, with Agrp = 4450A (B-band) cal-
culated from Equations (6) and (7), respectively, as that
of the broad Ha line as a simple and relatively conser-
vative value in the evaluation of flux variation:

SF..(bHa) ~ SF,,(4450A). (9)

Furthermore, since we focus on the flux ratio between
the Ha complex and the [S11] doublet, the amplitude of
the SF should be aligned with the Hagom./[S1] ratio.
Specifically, we introduced a factor A to convert from
SFo(bHa) to SFoo (Hacom. /[SIT]) as follows considering
the definition of the observed SF in Equation (4):

SFo (Hacom. /[SIT]) = SFa (bHa) — 2.51l0g(A), (10)

where

_ f(Hacom.)i ) f(Hacom.)j !
a=Lmem (Tms) - v

Here, f(Hacom.)i; and f(bHa);; are the flux of Ha
complex and broad Ha line in the epoch i or 7, respec-
tively, and (A) is the weighted average of A for all com-
binations of ¢ and j, while the pair ¢ and j is selected to
satisfy A > 1. We calculated f(bHa) for each target us-
ing the Gaussian fitting results of the observed spectra in
each epoch and finally derived (A) as (A) = 1.05 £ 0.07
for MCG -3-34-64, (A) = 1.05 £ 0.2 for UGC 5101, and
(A) = 1.15 £ 0.15 for Mrk 268.

The break timescale 7 of the emission line may also
differ from those of the continuum. In BLR RM anal-
ysis, the light curve of the broad line is often fitted us-
ing a model obtained by convolving the DRW model
derived from the fitting to the continuum light curve
with a top-hat transfer function parameterized by line
response and temporal width (e.g. Y. Zu et al. 2011).
This convolution smooths short-time-scale variations in
the BLR light curve, which may change 7 from that in
the continuum light curve. In this study, 7 of the optical
continuum (~ 200 days) obtained from Equation (7) is
larger than the temporal width of the transfer function
often assumed in BLR RM analysis (maximum on the
order of 10 days, e.g. C. J. Grier et al. 2017; I.-H. Li
et al. 2019). This result suggests that the smoothing
effect due to the convolution with the transfer function
is expected to be small within the timescale we focus
on. Therefore, considering that the variation timescale
is expected to remain unchanged even when considering
the Haeom./[ST] ratio, we assume that 7 of the broad
line and the Hagom, /[S11] ratio is equivalent to that of
the continuum and adopt 7 with Agr = 4450A as that
of the Heavgom. /[S11] ratio:

T(Heteom, /[SIT]) ~ 7(bHa) ~ 7(4450A).  (12)

5. RESULTS
5.1. Results of the spectral fitting

Figure 3 shows the best-fit results of the fitting for
the spectra obtained in the epoch 5 for each target. The
right panels of Figure 3 show zoom-in spectra of Ha
complex and [S11] doublet for each spectrum. We also
show the best-fit spectra and estimated line properties
for all data in Appendix A. For all targets, our models
fit well and the residual of the model is largely consistent
with 0 within the uncertainty around the Ha complex
and [S11] doublet. While we can see some emission or ab-
sorption features that are not fitted, the effect of these
features in the spectral fitting is thought to be negli-
gible because the spectral residual is almost 0 even for
the continuum around these features for all targets. We
note that the width of the emission line is not corrected
for the instrumental resolution. While this effect may
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(Left) Spectra of MCG -3-34-64 (upper panel), UGC 5101 (middle panel), and Mrk 268 (bottom panel) obtained in

the epoch 5 and the best-fit result of the spectral fitting analysis. The black solid line and surrounding gray band represent the
observed spectrum and its +1c uncertainty. The orange line represents the best-fit result, the blue lines represent the best-fit
results for narrow-line fitting, and the green dashed lines represent those for broad-line fitting. The gray dotted line with error
bars represents the residual between the data and the fitting model. The pale orange bands represent the wavelength range
used for flux calculation of the Ha complex and [Si1] doublet. (Right) Zoom-in spectra of Ha complex and [S11] doublet. The

colors are used in the same manner as left panels.

overestimate the true line width, especially for those of
narrow emission lines, this effect is negligible for the flux
variation analysis because we set the wavelength range
for flux integration based only on the spectral fitting
results.

5.1.1. MCG -3-84-64

For MCG -3-34-64, the weighted average of FWHM
of the broad Ha component is (FWHMyy,) = 2219 +
343 km s~!. Although several narrow emission lines
show large FWHM of up to ~ 1000 km s~! in our spec-
tra, it is likely to be due to the relatively low spectral
resolution of the data (R ~ 500, or ~ 600 km s~1).
In fact, the optical spectrum in the BASS data archive
(M. J. Koss et al. 2022a,b), which was taken by VLT /X-
Shooter with a slit width of 1.5” (R = 5000), shows a

smaller typical FWHM of < 600 km s~ for all narrow
emission line components except HS and [O1]A6300 lines.

The HS and [O1] lines show large FWHM of 2
1000 km s~! even in the BASS archive spectrum. While
some literature regard this relatively broad HS compo-
nent as BLR emission and classify MCG -3-34-64 as a
type-1.8 AGN (e.g. M. Dadina & M. Cappi 2004; K. Oh
et al. 2022), the time variability analysis in this study
implies that this possible broad HB emission less likely
comes from the BLR based on the flux variation analy-
sis of the broad Ha line (see Section 6.1.1). The broad
width of [O1] line may be due to ionized gas outflow
as suggested in several previous spectroscopic studies of
local U/LIRGs (e.g., K. T. Soto & C. L. Martin 2012;
S. Arribas et al. 2014). This interpretation can be sup-
ported by the presence of the blueshifted [O111] line com-
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ponents likely due to the ionized gas outflow (see also
Section 6.1.1).

Table 5 in Appendix A shows the fitting result of the
spectra of MCG -3-34-64 in all epochs.

5.1.2. UGC 5101

The weighted average of the FWHM of the broad Ha
line for UGC 5101 is (FWHMpp,) = 2261 £160 km s—1.
While the width of the broad Ha line is similar to the
other two targets, its flux is relatively weak. For in-
stance, the flux ratio of the broad to narrow Hea line is
0.96 + 0.21 for UGC 5101 based on the fitting result of
the spectrum obtained in the epoch 5, which is smaller
than those of MCG -3-34-64 (7.2 £ 1.9) and Mrk 268
(5.4 £ 1.5) by a factor of more than seven and five, re-
spectively, based on the spectra obtained in the same
epoch.

Another spectral feature of UGC 5101 is the absence
of the strong Hp line and [O111] doublet. This character-
istic results in a low [O111]/Hf line ratio for UGC 5101,
leading to the classification as a LINER in the literature
(e.g. S. Veilleux et al. 1995, 1999).

We summarized the fitting result of the spectra of
UGC 5101 in all epochs in Table 6 of Appendix A.

5.1.3. Mrk 268

For Mrk 268, the weighted average of the FWHM of
the broad Ha line is (FWHMpp,) = 2381 +175 km s 1.
Similarly to MCG -3-34-64, Mrk 268 shows a rela-
tively large FWHM for not only Hf line and [Or1j]
doublet (> 1000 km s~!), but also [Si] doublet (~
1200-1500 km s~!). Considering the presence of the
blueshifted [O111] components and possible residual in
the blue side of the HS line and [S11] doublet shown
in Figures 3 and 10 in Appendix A, the large width
of these lines may caused by the ionized outflow as in
MCG -3-34-64. However, unlike MCG -3-34-64, the di-
rect emission from the BLR may also contribute to the
large width of the HfS line based on the detection of
time variation of the Hacom. /[S1] ratio in Mrk 268 (see
Section 5.2.3).

5.2. Results of flux time variation

In Figure 4, we summarize the continuum-subtracted
spectra of the Ha complex and [S11] doublet in the left
panel, and the light curve of the Hacom. /[SIT] ratio in
the right panel for our three targets. The spectra are
arbitrarily normalized and shifted, and the light curves
are normalized by the observed maximum flux ratio to
clearly show the fractional amplitude. The gray band in
the right panel represents the range of +1¢ uncertainty
of the data. This uncertainty was calculated by a simple
error propagation using the total flux uncertainty of Ho

complex and [S11] doublet derived from Equation (3).
The result is also tabulated in Table 3. In the following,
we describe the results for each target.

5.2.1. MCG -3-3/-6/

The top panels of Figure 4 shows the results of MCG
-3-34-64. The largest difference of the Hogom. /[SI1] ratio
is observed between the epoch 3 (8.2640.17) and epoch 5
(8.48+0.19), which corresponds to a fractional change of
2.6+3.1 %. Therefore, we conclude that we do not detect
significant time variation of the Haom. /[S11] ratio, or the
broad Ha line, for MCG -3-34-64.

The left panel of Figure 5 shows the comparison be-
tween the observed SF of the Hacom./[ST] ratio and
that of the DRW model derived from Equations (5) to
(12) using the physical parameters of MCG -3-34-64.
The calculated parameters of the DRW model are tab-
ulated in Table 4. As a result, the SF' of the observed
Hacom, /[S1] ratio of MCG -3-34-64 is smaller than that
predicted by the DRW model at all time intervals by
about an order of magnitude, indicating that the fluc-
tuation of Haeom, /[ST] ratio in our observation is likely
to be smaller than the prediction from the DRW model.

The observation in this study is relatively sparse com-
pared to higher-cadence monitoring observations such as
e.g., the Zwicky Transient Facility (ZTF, see Figure 6),
hence the observed SF of Hacom, /[SI1] ratio is likely to
be affected by not only from observational uncertainty
but also from sampling bias. In Appendix B, we eval-
uate these effects based on the distribution of absolute
magnitude change |[Am| in observed time intervals us-
ing simulated light curves of the DRW model or constant
light curve model.

For MCG -3-34-64, the distribution of simulated |Am|
of the DRW model and constant model differed signifi-
cantly based on p-value (p < 0.05) for all time intervals.
In addition, we found that the constant model is statis-
tically preferable to explain the observed SF compared
to the DRW model even if we consider the sampling
bias and observational uncertainty, supporting the sug-
gestion of Figure 5.

5.2.2. UGC 5101

The middle panels of Figure 4 show the results of
UGC 5101. As shown in Table 3, the largest change
of the Hagom. /[S11] ratio is observed between the epoch
2 (6.68 £ 0.23) and epoch 5 (7.12£0.19). This is equiv-
alent to the fractional amplitude of 6.5 + 4.4 %, whose
significance level is about 1.50. Therefore, we conclude
that we do not detect a significant time variation of the
Hacom. /[ST1] ratio, or the broad Ha line, for UGC 5101.

The middle panel of Figure 5 shows the comparison
between the observed Haeom./[ST] ratio and the DRW
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Figure 4. (Left) Normalized continuum-subtracted spectra around Ha complex and [S1] doublet for each observational epoch

for each target. The spectra are vertically shifted by an interval of 0.15,
represent the data obtained in epoch 1 (2023 March), 2 (2023 April), 3

and the blue, green, yellow, red, and magenta spectra
(2023 December), 4 (2024 May), and 5 (2025 May),

respectively. The pale orange bands represent the same as in Figure 3. (Right) The time variation of the normalized flux
ratio of the Ha complex and [S11] doublet for each target. The colored diamonds connected with black dotted lines represent
observational data and each color corresponds to those of the spectra in the left panel. The gray band represents the +10 range

of each data point.
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Table 3. Observed He/[S 11] flux ratio of our targets in each observational epoch.

Epoch 1 2 3 4 5
(2023 Mar.) (2023 Apr.) (2023 Dec.) (2024 May) (2025 May)
MCG -3-34-64 8.30+£0.23 8.38+0.32 8.26=£0.17 8.43+0.23 8484+0.19
(normalized) 0.98+0.03 0.994+0.04 0.97+0.02 0.99+0.03 1.00+£0.02
UGC 5101 6.82+0.17 6.68 +0.23 - - 7.124+0.19
(normalized)  0.96 £0.02 0.94 £0.03 - - 1.00 £ 0.03
Mrk 268 3.61 £0.07 3.454+0.08 3.8740.06 - 3.73 £ 0.05
(normalized) 0.93+£0.02 0.894+0.02 1.00#£0.02 - 0.96 £ 0.01




Table 4. Parameters of the structure function of the
DRW model of each target.

S Foo(Hacom. /[S1T])  7(Haveom. /[SIT))

(mag) (days)
MCG -3-34-64 0.4+0.11 221 £ 127
UGC 5101 0.2+0.14 180 £ 97
Mrk 268 0.19+£0.11 230 £ 122

NOTE— These values are derived from the equations (6)
and (7) with Agr = 4450A (see the tesxt for detail).

model of UGC 5101. For UGC 5101, the observed SF
of the Haom, /[S11] ratio are systematically smaller than
the DRW model, while they are consistent with each
other within the uncertainty. This result may suggest
that the lack of the observed Hawom./[S11] variation in
UGC 5101 is due to its intrinsically small variations.
However, since no significant time variation was de-
tected for UGC 5101, it cannot be determined from this
observation alone whether weak variations are actually
present. This result is supported by the analysis of sim-
ulated |Am/| distribution in Appendix B.

5.2.3. Mrk 268

The bottom panels of Figure 4 show the results of
Mrk 268. The largest change of the Haeom, /[STT] ratio
is observed between epoch 2 (3.45 £+ 0.08) and epoch 3
(3.87 £ 0.06). This is equivalent to the fractional am-
plitude of 11.5 + 2.7 %, or a significance level of 4.3¢.
Therefore, unlike the other two targets, we conclude that
we detect a significant time variation of the Hagom, /[S11]
ratio, or the broad Ha line flux, in Mrk 268.

The right panel of Figure 5 shows a comparison be-
tween the observed SF of the Hocom. /[S11] ratio and the
DRW model of Mrk 268. As a result, the observed SF
data seems to be consistent with the DRW model within
the uncertainty. While the observed SF data appear to
be systematically smaller than the DRW model predic-
tion, Appendix B indicates that this apparent small SF
can be explained by sampling bias and observational un-
certainty.

Appendix B also shows that, while the DRW model
and constant model is not statistically different in repro-
ducing majority of the observed SF, the DRW model is
strongly preferable to reproduce the SF data measured
between epochs 2 and 3, where a significant flux varia-
tion was detected, even after sampling bias and obser-
vational uncertainty are taken into account. This re-
sult supports the significant detection of flux variation
in Mrk 268.

15

5.3. FEwaluation of optical continuum flux variation

The unobscured AGN generally exhibits flux varia-
tions in the optical continuum originating from the ac-
cretion disk. Since the amplitude of the flux variation
decreases when the AGN is obscured by dust grains (e.g.
J. Choloniewski 1981; H. Winkler et al. 1992; Y. Sakata
et al. 2010), the absence of time variations of the op-
tical continuum flux in confirmed AGNs suggests that
the accretion disk is attenuated by dust. In this section,
we investigate whether the accretion disk is obscured
by dust based on the presence of the optical contin-
uum variation, and compare the result with those of
the Hacom. /[ST1] ratio.

Here, we use the g-band photometric data from ZTF
(E. C. Bellm et al. 2019) to evaluate flux variations in
the optical continuum. We start from forced photometry
data of ZTF (F. J. Masci et al. 2019), which is based on
the photometric analysis for differential images.

From the g-band forced photometry data originally
provided, we selected high-quality light curve data based
on the following criteria: (i) The scisigpix param-
eter (sigma per one pixel of science images) is more
than 5 times its median absolute deviation and (ii) the
infobitssci parameter (flag for data quality of science
images) is 0. The final light curve data cover approxi-
mately 5 years from 2018 to 2023. We note that, since
the overlap between our observation and ZTF forced
photometry data is very limited, we do not directly
compare time variations in the optical continuum and
Hacom. /[S1] ratio.

We subsequently computed the SF data of the ZTF
light curve using Equation (4). Among the derived SF
data, we excluded those with values less than three times
their uncertainties from the following discussion.

5.3.1. MCG -3-3/-6/

The upper left panel of Figure 6 shows the light curve
of ZTF forced photometry g-band data for MCG -3-
34-64. Here, no clear flux variation is observed across
the entire observation period. The upper right panel of
Figure 6 shows the observed SF data of the ZTF light
curve for MCG -3-34-64 derived from Equation (4) and
the DRW model prediction at the effective wavelength
of the ZTF g band (\og = 4746.48A) estimated from
Equations (6) and (7). The green diamonds represent
the weighted average of observed SF data binned with
a time separation of 0.5 dex. This averaged SF data are
nearly constant regardless of time separation. From a
quantitative point of view, the observational result is at
least one order of magnitude smaller than the SF pre-
dicted by the quasar DRW model and shows no clear
power-law slope. This result indicates that the fluctu-
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Figure 5. Structure function of the Hacom. /[SI1] ratio in this study. The left, middle, and right panels show the results of MCG
-3-34-64, UGC 5101, and Mrk 268, respectively. The orange diamonds represent the observed SF data of the Hacom. /[S1T] ratio
for each time separation. The darkred line with pale red band represents the SF of the Hacom./[S11] ratio based on the DRW
model of typical quasars (see Section 4.4) and its +1o uncertainty.

ation in the observed ZTF light curve is dominated by
white noise, and the flux variation due to the AGN is not
clearly detected (S. Kozlowski et al. 2016). This result is
consistent with the absence of significant time variation
of the Hoveom. /[ST] ratio in this study, suggesting that
MCG -3-34-64 may be strongly attenuated by dust in
the direction of both the BLR and the accretion disk.

5.3.2. UGC 5101

The middle panels of Figure 6 show the ZTF g-band
light curve and its SF data for UGC 5101. Similarly to
MCG -3-34-64, no clear flux variation is observed across
the observation period in the ZTF light curve for UGC
5101. In addition, the observed SF data are smaller
than predicted by the DRW model and nearly constant
within the uncertainty, while the SF data have large
uncertainties due to a relatively small number of light
curve data for UGC 5101. These results indicate that, as
with MCG-3-34-64, the line of sight toward the accretion
disk is affected by dust extinction.

It is worth noting that the light curve of UGC 5101
shows a significant brightening of approximately 30%
between MJD=58800 and 59000. This isolated and
abrupt increase is also observed in r-band ZTF light
curve, hence it is likely to be a real flare-like phe-
nomenon. Although this observed flare may originate
from a tidal disruption event or supernova, its amplitude
is significantly smaller than those observed in previous
studies (factor of a few to tens, e.g. L. He et al. 2025). In
this study, we exclude this data point from calculation
of observed SF data. Detailed investigation of its origin
is beyond the scope of this paper.

5.3.3. Mrk 268

The bottom panels of Figure 6 show the ZTF g-band
light curve and its SF data for Mrk 268. Mrk 268 ex-
hibits no clear flux variation in the ZTF light curve dur-
ing the observation period, and similar to MCG -3-34-64,
its SF is almost constant regardless of time separation,
indicating that the fluctuation of the light curve is due
to white noise. Assuming that the absence of the flux
variation in the optical continuum is purely caused by
the dust extinction (e.g. J. Choloniewski 1981; H. Win-
kler et al. 1992; Y. Sakata et al. 2010), the lower limit for
dust extinction in the direction of the accretion disk can
be estimated as Ay ~ 2.2 mag. We note that this Ay
is an approximation assuming that the observed optical
continuum is a pure AGN component, and this lower
limit of Ay becomes even smaller if we consider a con-
stant host component.

In the above analysis, we do not consider the effect
of host galaxy emission. Our targets show large Ay,
suggesting significant effect from host galaxy emission
in the optical continuum. Since host galaxy emission
is generally constant and smears flux variability in the
observed light curve, continuum flux variability originat-
ing from the accretion disk may be detected when the
host component is appropriately subtracted, especially
in Mrk 268 where flux variability is detected in broad
Ha line.

To investigate this effect on Mrk 268, we calculated
the SF data from the ZTF light curve after subtracting
the host component assuming its contribution of 50% of
the minimum flux of the original light curve data. As a
result, while the derived SF values increase, it does not
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Figure 6. (Left) Normalized light curve of ZTF g-band forced-photometry data. Top, middle, and bottom panels shows those
of MCG -3-34-64, UGC 5101, and Mrk 268, respectively. The blue and green vertical lines in the light curves of MCG -3-34-64
and Mrk 268 represent the MJD of the epoch 1 and 2 in this study, respectively. (right) Structure function of the ZTF light
curve of MCG -3-34-64 (top), UGC 5101 (middle), and Mrk 268 (bottom), respectively. The gray points represent the all
observed SF data. The green diamonds represent the weighted average of the observed SF data binned at 0.5 dex intervals of
the time separation, with error bars indicating typical uncertainty calculated as the square root of the sum of squares of the
measurement errors and the standard deviations for each bin. The green line represents the SF of the DRW model in g band
estimated from Equations (5), (6), and (7). The pale green band represents its =10 uncertainty.

show a clear dependence on time separation as in the
original SF data. This result indicates that even when
considering host contamination, the ZTF light curve of
Mrk 268 does not show a significant flux variation due
to the AGN.

6. DISCUSSION
6.1. The possible origin of the observed broad Ha line
6.1.1. MCG -3-84-6/
Our observation demonstrates that MCG -3-34-64

does not show a clear variation in both Hacom. /[SI1] ra-
tio and optical continuum. Combining with heavy dust

extinction measured in the IR band (S. Mizukoshi et al.
2022, 2024), the line of sight to the central engine of
MCG -3-34-64 is likely to be heavily obscured and the
observed broad Ha line may not originate from the BLR.

One possible origin for the broad component observed
in an obscured AGN is a BLR emission component scat-
tered in the polar region. Some literature proposed the
presence of dusty gas structures extended into the po-
lar region of the AGN via mid-infrared (MIR) interfer-
ometry (e.g. D. Raban et al. 2009; S. F. Honig et al.
2012, 2013; K. R. W. Tristram et al. 2014; J. H. Leftley
et al. 2018; J. W. Isbell et al. 2022) or MIR imaging
(e.g. D. Asmus et al. 2016; D. Asmus 2019), and broad
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line emission scattered within these structures has been
detected in spectropolarimetric observations of multiple
type-2 AGNs (e.g. J. S. Miller & R. W. Goodrich 1990;
R. Antonucci 1993). S. Young et al. (1996) performed
a spectropolarimetric observation of several LIRGs, in-
cluding MCG -3-34-64, and detected a scattered broad
Ha component in MCG -3-34-64. While the result of S.
Young et al. (1996) indicates the presence of a scattered
component in the observed broad Ha line of MCG -3-
34-64, it is likely that this is not the primary component
from the quantitative point of view.

R. W. Goosmann & C. M. Gaskell (2007) investigated
the inclination dependence of the observed flux scattered
by the material cone in the polar region using radia-
tive transfer calculations. They found that the flux of
the scattered component toward the edge-on direction
is about < 10% of that of the intrinsic AGN emission,
due to either electron scattering or scattering by dust
grains.

In order to determine whether the scattered compo-
nent dominates the broad Ha line, we compared the ob-
served broad Ha luminosity with its expected intrinsic
value. In this study, we calculate the weighted average of
the observed broad Ha luminosity in each observation
based on Gaussian fitting, and use it as its represen-
tative value. For MCG -3-34-64, the weighted average
of the broad Ha luminosity is log(LuHa.obs./erg s71) =
41.96 £ 0.03. We calculated the intrinsic broad Ha lu-
minosity from the Swift/BAT intrinsic 14-150 keV lu-
minosity using the following equation (T. Caglar et al.
2023):

log(LbHa’im,/erg S_l) = 1.117><IOg(L14,150kev’int)—6.61.

(13)
As a result, we obtained the intrinsic broad Ha luminos-
ity of MCG -3-34-64 as log(LuHa,int./erg 1) = 41.82
with a typical uncertainty of 0.4 dex (T. T. Shimizu
et al. 2018). As a result, LypHa,obs. 1S consistent with
LyHa,int. Within the uncertainty. In other words, the
ratio of LyHa,obs. 10 LbHa,int. of MCG -3-34-64 is signif-
icantly larger than predicted from the scattering model.
We note that, while we do not account for stellar ab-
sorption of the Har line in our spectral fitting, its effect
is thought to be negligible because the typical equivalent
width (EW) of stellar absorption (EW ~ a few A, e.g.
J. Moustakas & R. C. Kennicutt 2006; A. Boselli et al.
2013) is much smaller than that of the fitted broad Ha
component of MCG -3-34-64 (EW ~ 300A).

Another possible origin is ionized-gas outflows, which
are typically observed as blueshifted components of op-
tical [O111] emission lines (e.g. J. R. Mullaney et al. 2013;
S. Rakshit & J.-H. Woo 2018; M. Singha et al. 2021).

The detection of blueshifted broad components in the
[Omm] lines and the presence of the [O1]A6300 line with
a very large width (> 1000 km s™!, see Section 5.1.1)
support this scenario for MCG -3-34-64.

To test the outflow scenario, we performed a spectral
fitting of the Ha complex of MCG -3-34-64 observed in
the epoch 5 adopting two Gaussian components (narrow
+ outflow) for each emission line and one broad compo-
nent for the broad Ha line as conducted in the litera-
ture (e.g. J. Rodriguez Zaurin et al. 2013; J. Kovacevié-
Dojéinovié et al. 2022). Thanks to the clear detection
of outflow components of [O111] lines, we fixed the line
width and flux ratio of the narrow and outflow compo-
nents and outflow velocity shift for each line to those
of [OmI]A5007 line in this spectral fitting. Here, we also
constrained [NII]A6583/[N11]A6548 ratio in the same way
as in Section 4.2 and assume the width of broad Ha line
to be broader than 2000 km s~'. We then performed
spectral fitting to estimate the appropriate scaling for
each emission line component, and the right panel of
Figure 7 shows the fitting result of MCG -3-34-64. As
a result, the outflow model can fit the Ha complex well
without the broad Ha component. We summarize all
the fixed and estimated parameters in the spectral fit-
ting of the outflow model in Table 8 in Appendix C for
all targets.

In summary, the broad line observed in the Ha com-
plex of MCG -3-34-64 is possibly originate from the ion-
ized outflow rather than direct BLR emission or scat-
tered emission. Currently, it is difficult to spatially re-
solve the outflow and BLR emission with our data be-
cause the typical seeing in Okayama Astronomical Ob-
servatory (~ 1.5”or ~ 0.55 kpc at MCG -3-34-64) is
not sufficient to resolve them. Future optical IFU ob-
servations with both higher spatial resolution and bet-
ter seeing using e.g., Subaru/FOCAS, Gemini/GMOS,
Keck/KCWI, or VLT/MUSE will spatially resolve out-
flow components and clarify their contribution to the
broad Ha emission line.

6.1.2. UGC 5101

Similarly to MCG -3-34-64, we did not detect signif-
icant variation of the Hacom. /[STT] ratio for UGC 5101.
In order to investigate the influence of the scattered
component, we compared the observed broad Ha lu-
minosity with the intrinsic value based on the hard X-
ray luminosity as done for MCG -3-34-64. As a result,
we derived log(LpHa,obs./erg s™1) = 40.91 £ 0.06 and
log(LbHaint. /erg s71) = 42.6, indicating that the ob-
served broad Ha luminosity is approximately 1-4% of
the intrinsic value. This is comparable to the prediction
of the scattering model by the polar materials (R. W.
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Figure 7. The best-fit result of spectral fitting for the Ha complex of MCG -3-34-64 (Left), UGC 5101 (middle), and Mrk 268
(Right) observed in the epoch 5 (2025 May) based on the outflow model. The color coding generally follows that of Figure 3,
while green dashed lines represent the outflow component and magenta dashed lines represent the broad Ha component here.

Goosmann & C. M. Gaskell 2007) and suggests that the
observed broad Ha line can be explained by the scat-
tered component of the broad line from the BLR.

In order to assess the outflow scenario for UGC 5101,
we performed the spectral fitting assuming the outflow
component for UGC 5101. Since [Orm11] lines are very
faint in UGC 5101, we tied the line widths, flux ratio,
and outflow velocity shift across all emission line com-
ponents in Ha complex and set them as free parameters
larger than 0, while we constrained [Ni1] flux ratio and
the width of broad Ha component in the same way as
for MCG -3-34-64. As a result, similarly to MCG -3-
34-64, the spectrum with the outflow components can
explain the observed spectrum without broad Ho com-
ponent (middle panel of Figure 7).

On the other hand, we cannot determine that the ob-
served broad line originates from the outflow only from
fitting result because it can be also explained with the
scattering scenario. Furthermore, as shown in Section
5.2.2 and Appendix B, we cannot rule out that the ab-
sence of significant variations of the Haom. /[SI1] ratio
in this study may be due to intrinsically small varia-
tion amplitude, observational uncertainty, and sampling
bias. In this case, the observed broad Ha line can be di-
rect emission from the BLR that is obscured by dust.
Future optical spectropolarimetric observations will al-
low us to distinguish between these three scenarios by
measuring the polarization degree and the luminosity of
the polarized broad Ha emission component.

6.1.3. Mrk 268

For Mrk 268, we detected a significant time variation
of the Haop,. /[S11] ratio of 11.5 £ 2.7 % (4.30) between
the epoch 2 (2023 Apr.) and 3 (2023 Dec.). This result
suggests that the observed broad Ha line is dominated
by the direct emission from the BLR. On the other hand,
we do not detect clear variability in the optical contin-

uum, suggesting that the line of sight to the central en-
gine is moderately attenuated.

To evaluate the validity of this result, we com-
pared the observed broad Ha luminosity with its ex-
pected intrinsic value for Mrk 268 in the same man-
ner as the other two objects. As a result, the
weighted average of the observed broad Ha luminosity is
log(LbHa,obs. /erg s71) = 41.76 + 0.05 and the expected
intrinsic value is log(Lpra,obs. /erg s~1) = 42.4. The ob-
served broad Ha luminosity is, therefore, slightly lower
than the intrinsic value. This result agrees with the pres-
ence of mild dust extinction suggested in Section 5.3.3,
and may also make the observed SF data of Hacom. /[STT]
ratio systematically lower than the DRW model (see Fig-
ure 5).

Similarly to MCG -3-34-64, we detect clear outflow
components in [O111] doublet, suggesting a possible con-
tribution of the outflow in broad component of Ha com-
plex. To evaluate this effect, we fit the observed Ha
complex of Mrk 268 with outflow components in the
same manner as for MCG -3-34-64 and the right panel
of Figure 7 shows the fitting result. As a result, the
observed spectrum is largely fitted with outflow compo-
nent. On the other hand, unlike the other two objects,
the BLR component is dominant for Mrk 268. This
result is consistent with what is expected from the de-
tection of Ha complex variability and suggests that the
outflow component is minor in the Ha complex of Mrk
268.

While it is difficult to explain the detection of the di-
rect BLR emission in heavily-obscured AGNs with the
smooth torus structure assumed in the classical unified
model (e.g. R. R. J. Antonucci & J. S. Miller 1985;
C. M. Urry & P. Padovani 1995), it may be explained
by assuming the clumpy torus model (e.g. J. H. Kro-
lik & M. C. Begelman 1986, 1988; M. Nenkova et al.
2008a,b), which is supported by theoretical prediction
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(e.g. S. F. Honig & T. Beckert 2007) and IR SED mod-
eling (e.g. S. F. Honig et al. 2006). The clumpy torus
model assumes that the dusty torus is composed of mul-
tiple dusty gas clumps. In this case, the effect of dust
extinction from the dusty torus varies depending on the
line of sight. We measured the heavy dust extinction
of our targets in a sight line of hot dust region, which
is the NIR radiation source, and its spatial scale is ap-
proximately 0.1 pc based on the IR RM analysis (e.g.
M. Suganuma et al. 2006; S. Koshida et al. 2014; T.
Minezaki et al. 2019; J. Lyu et al. 2019; Q. Yang et al.
2020). In contrast, the spatial scale of the BLR is several
times smaller (e.g. M. C. Bentz et al. 2013). Therefore,
the detection of the direct BLR emission and heavy dust
extinction can coexist if a large fraction of the hot dust
region is covered by dusty gas clumps while a small gap
of the clump exists in the direction of the BLR.

This clumpy torus model can also explain the pres-
ence of relatively small dust extinction in the line of
sight to the central engine, assuming the presence of
diffuse dusty gas that fills space between gas clumps in
the dusty torus (e.g. R. Siebenmorgen et al. 2015; M.
Stalevski et al. 2016).

6.2. Possibility of merging systems of obscured and
unobscured AGNs

Unresolved merging systems of obscured and unob-
scured AGNs (e.g. J. M. Comerford et al. 2015; M. J.
Koss et al. 2016; K. Rubinur et al. 2018) might explain
the detection of the broad Ha line and heavy dust ex-
tinction in IR measurements at the same time. For in-
stance, A. Trindade Falcao et al. (2024) found two spa-
tially resolved emission centroids at the center of MCG
-3-34-64 in Chandra Fe Ka band image, suggesting the
possibility of a dual AGN.

However, if this is the case, the broad H/ line should
also be detected, while we do not clearly detect it for
all targets. In addition, when both unobscured and
obscured AGNs coexist, radiation from the unobscured
AGN is expect to dominate in the optical regime (e.g.
R. C. Hickox & D. M. Alexander 2018), resulting in
a clear flux variation in the optical continuum. How-
ever, we do not detect clear flux variation in the ZTF
light curves for any of the objects in this study. Fur-
thermore, even unobscured AGN exhibit bright IR emis-
sion from hot dust, hence IR emission from unobscured
AGN could contaminate the dust-extinction measure-
ments and cause its significant underestimation. Based
on these observational results, we conclude that it is
unlikely that our AGN samples are merging systems of
unobscured and obscured AGNs.

On the other hand, we still cannot completely rule
out the merging scenario if the obscured AGN is not
merging with an unobscured AGN but rather with a
low-ionization nuclear emitting region (LINER) with the
broad Ha line (e.g. L. C. Ho et al. 1997; L. C. Ho 2008;
M. Eracleous et al. 2010), allowing us to explain the
absence of clear optical flux variations and the limited
contribution of the companion to dust extinction mea-
surements. We can evaluate the validity of this merging
scenario through optical high-dispersion spectroscopy
observations aiming detections of double-peak narrow
lines (e.g. H. Zhou et al. 2004; X. Liu et al. 2010) or di-
rect imaging of possible two radio cores with very-long-
baseline interferometry (VLBI, e.g. C. Rodriguez et al.
2006; P. Kharb et al. 2017).

6.3. Implication for single-epoch BH mass estimation
for obscured AGNs

As described in Section 1, the BH mass estimation
based on broad lines is based on the assumption that
the observed broad lines are the direct emission from the
BLR. This is generally expected in unobscured AGNs
considering that many BLR RM studies have detected
broad line variability in response to that of optical con-
tinuum (for review, e.g. B. M. Peterson 1993, 2014).
However, this study demonstrated that broad lines ob-
served in heavily-obscured AGNs are not necessarily di-
rect BLR emission. This result suggests that the BH
mass of heavily-obscured AGNs based on the broad Heo
line may contain significant uncertainty.

J. E. Mejia-Restrepo et al. (2022) investigated the
properties of optical spectra of type-1.9 AGN samples
selected from the BASS catalog as in this study. As a re-
sult, they found that the broad Ha line becomes weaker
and its line width becomes narrower as Ny increases,
and consequently, their BH masses estimated from broad
lines is likely underestimated by up to approximately 2
dex at log(Nyg/cm™2) ~ 24. They explain the decrease
in line width and flux of the broad line by preferential
dust extinction of broad lines originating from the inner
part of the BLR. In addition to this effect, we suggest
that the multiple origins of broad lines observed in the
obscured AGN may also contribute to the observational
properties of the broad line of type-1.9 AGNs.

The results of this study also provide insights for
BH mass estimation for high-redshift AGNs. The sam-
ple of this study shares similar observational proper-
ties to high-redshift AGNs recently detected by JWST
such as broad Ha detection (e.g. Y. Harikane et al.
2023; F. Pacucci et al. 2023; R. Maiolino et al. 2024; J.
Matthee et al. 2024), weak X-ray emission or large Ny
of log(Ng/em~2) > 23.5 (e.g. M. Yue et al. 2024; T. T.



Ananna et al. 2024; A. Sacchi & A. Bogdan 2025), and
little flux variation in rest-frame UV-optical continuum
in the time scale of months to years (e.g. M. Kokubo &
Y. Harikane 2024; Z. Zhang et al. 2025).

In this study, we do not perform SED fitting anal-
ysis, hence it is unknown whether our targets exhibit
the V-shaped UV-optical SED that is characteristic of
JWST AGNs. Furthermore, the BH mass of local type-
1.9 AGNs estimated from the broad Ha line tend to
be underestimated (J. E. Mejia-Restrepo et al. 2022).
S. Yamada et al. (2021) shows four BH masses esti-
mated from different methods for MCG -3-34-64 and
UGC 5101, and they spans about an order of mag-
nitude (log(Mpu/Mg) = 7.54-8.34 for MCG -3-34-64
and log(Mpu/Mg) = 7.45-8.98 for UGC 5101). Al-
though they covers lower Mpy than those in BASS
DR2 catalog, Mpy based on the broad Ha line is cal-
culated as log(Mpu/Mg) ~ 7 for MCG -3-34-64 and
log(Mpu/Mg) ~ 6.5 for UGC 5101, which are still much
smaller than those in the literature. This trend is con-
trary to the trend observed in JWST AGN measure-
ments (e.g. Y. Harikane et al. 2023; F. Pacucci et al.
2023; R. Maiolino et al. 2024). Nevertheless, this study
still indicates that the broad Ha line observed in AGNs
with similar properties to JWST AGNs may have mul-
tiple origins other than the BLR, potentially introduc-
ing a new sources of uncertainty in BH mass measure-
ments for JWST AGNs. In the future, high-sensitivity,
high-cadence monitoring data obtained by e.g., Rubin
Observatory Legacy Survey of Space and Time (LSST),
will constrain the origin of broad lines observed in high-
redshift obscured AGNs, enabling more precise BH mass
estimates for them.

7. SUMMARY

In this study, we performed multi-epoch optical spec-
troscopic observations on three local AGNs (MCG -3-34-
64, UGC 5101, Mrk 268) that exhibit both heavy dust
extinction and broad Ha detection. The characteristics
of these AGNs cannot be explained by the classical AGN
unified model. Determining the origin of the observed
broad Ha emission lines is crucial for understanding the
nature of the AGN and the validity of BH mass estima-
tion using broad lines. In our observations, we focused
on the time variation in broad Ha line flux to constrain
its origin. Our findings of this study are summarized as
follows:

1. For Mrk 268, we detected a maximum variation of
the Havcom, /[S11] ratio of 11.54+2.7 % (4.30), which
suggests a significant time variation of the broad
Ha line. In contrast, we did not detect significant
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variation in the Hacom. /[SI1] ratio for either MCG
-3-34-64 (2.6 £3.1 %) or UGC 5101 (6.5+ 4.4 %).

2. The optical continuum light curve obtained by
ZTF showed no clear flux variation for all targets,
except for flare-like fluctuations in UGC 5101. Al-
though a direct comparison with broad Ha varia-
tions in our spectroscopic observation is not pos-
sible, this indicates that the line-of-sight direction
of the accretion disk is affected by dust extinction.

3. For the two objects without clear broad Ha varia-
tion (i.e., MCG -3-34-64 and UGC 5101), we com-
pared the intrinsic broad Ha luminosity with the
observed value to assess the possibility that the ob-
served broad Ha line is dominated by a scattered
component from polar material. For MCG-3-34-
64, the observed broad Ha luminosity was sig-
nificantly larger than predicted by the scattering
model. In contrast, for UGC 5101, the observed
broad Ha luminosity was about 1-4 % of the in-
trinsic value, consistent with the prediction of the
scattering model. This suggests that, if the broad
Ha emission line in UGC 5101 is not direct emis-
sion, it is dominated by the scattered component.

4. The spectral fitting with outflow components can
well fitted the observed spectrum of MCG -3-34-
64, suggesting that its broad emission line compo-
nent possibly originates from the ionized outflow.

5. Our targets in this study share several common
properties with high-redshift AGNs recently re-
vealed by JWST. Considering our suggestion that
the observed broad Ha line in obscured AGNs may
have multiple origins, this diversity may cause an-
other uncertainty to the BH mass estimated using
the broad Ha line for JWST AGNs.
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APPENDIX

A. ALL BEST-FIT RESULTS OF THE SPECTRAL FITTINGS

In this study, we performed multi-epoch spectroscopic observations of three local dust-obscured AGNs with broad Ha
detection. We then conducted a spectral fitting analysis on the spectra of all objects obtained in all epochs following
the method described in Section 4.2. In this section, we show the best-fit results of the spectral fitting for all spectra
of MCG -3-34-64, UGC 5101, and Mrk 268 in Figures 8, 9, and 10, respectively. We also tabulate the derived physical
properties of each emission lines from these spectral fittings of MCG -3-34-64, UGC 5101, and Mrk 268 in Tables 5, 6,

and 7, respectively.
B. EVALUATION OF SAMPLING BIAS AND
OBSERVATIONAL UNCERTAINTY USING
SIMULATED LIGHT CURVES

In Section 5.2, we discuss the similarity between the
observed SF and that of the DRW model expected from
physical properties of our targets. In order to investigate
the effect of sampling bias and observational uncertainty
on the assessment of the time variability and interpreta-
tion of observed SF, we here simulate light curves of the
DRW model and that with constant emission, and then
compare the distribution of simulated |Am/| of these two
models. In addition, we compare the observed SF and
these simulated |Am| distributions to statistically eval-
uate the preferred model to explain the observation.

We first simulated a light curve of the DRW model
that consists of 1500 data with 1-day cadence (Figure
11). When creating the light curve, we selected SF
and 7 randomly from a normal distribution with the
average and standard deviation shown in Table 4 for
each target. Next, we selected several light curve data

from the simulated light curve to calculate |[Am|. We
here randomly determined the starting point in the light
curve and then selected light curve data at the same
time intervals as the observation. In this selection pro-
cess, we added a random value following a normal dis-
tribution with standard deviation of the error of the ob-
served Hacom. /[S11] ratio in Table 3 as observational un-
certainty to the selected light curve data after converting
them to magnitude unit. We conducted the above selec-
tion process 1000 times for 1000 independently-created
DRW light curves, and finally obtained 10° datasets
of simulated |[Am| for each time interval. We created
datasets of |Am| with the same size as that of the DRW
model using the same process for the constant light
curve.

Finally, to statistically evaluate which model better
explains the observations, we calculated Bayesian factor
BF¢ p using the simulated |Am| data from the DRW
model and the constant model and the observed SF data


https://docs.scipy.org/doc/scipy/reference/generated/scipy.optimize.curve_fit.html
https://docs.scipy.org/doc/scipy/reference/generated/scipy.optimize.curve_fit.html
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Figure 8. (Left)The entire spectra of MCG -3-34-64 in all epochs and the best-fit result of the spectral fitting analysis. The
colors are used in the same manner as Figure 3. (Right) Zoom-in spectra of Ha complex and [S11] doublet.
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Table 5. Best-fit results of Gaussian fitting for observed emission lines (MCG
-3-34-64).

Component Line center Peak intensity FWHM
[A] [1071% erg s™' em ™2 A1) [km s™1]
broad Ha 6563.4 £ 0.5 28.1+4.3 2215 £ 809
narrow Ha 6562.3 £ 0.5 14.6 £ 3.7 522 + 82
[NII]6548 6548.5 £ 0.9 10.1 £ 2.5 694 + 40
[NII]6583 6582.7 £ 0.3 32.6 £27.9 691 + 40
Epoch 1 [SII]6716 6714.0 £ 0.7 6.8+ 0.6 803 £ 65
(2023 Mar.) [SI1]6731 6729.6 £ 0.7 7.6 £0.6 801 + 45
[01]6300 6298.9 £ 0.6 4.7+ 0.3 1221 + 97
Hp 4858.5 + 0.4 82404 1320 + 60
narrow [OIII]4959 4957.7 £ 0.3 20.0+1.6 721 £ 31
narrow [OIII)5007 5006.0 + 0.2 55.5 £ 5.0 714 £+ 30
broad [OIII]4959 4955.1 £ 0.4 19.3+1.3 1709 + 60
broad [OIII]5007 5002.3 £ 0.2 60.4 + 3.4 1565 + 64
broad Ha 6562.0 £ 0.8 20.7 £ 4.0 2244 £ 715
narrow Ha 6562.5 £ 0.4 16.1 + 3.3 516 + 66
[NII]6548 6549.0 £ 0.9 9.6 2.5 715 £+ 40
[NII]6583 6582.1 £ 0.3 31.1 £26.5 712 + 39
Epoch 2 [SII]6716 6714.0 £ 1.2 5.3 £0.8 849 + 88
(2023 Apr.) [S11]6731 6729.4 £ 1.0 6.2+0.7 847 + 74
[01]6300 6297.8 £ 0.8 4.240.3 1094 + 130
Hp 4858.8 £ 0.7 6.3+ 0.6 992 + 108
narrow [OIII]4959 4958.0 + 0.4 16.5 + 2.2 694 + 42
narrow [OIII)5007 5005.9 + 0.2 45.8 £ 6.6 688 + 41
broad [OIII]4959 4955.1 + 0.7 15.8+1.8 1621 + 100
broad [OIII]5007 5002.1 £0.3 46.7 £ 3.7 1557 + 108
broad Ha 6563.2 £ 0.4 21.0 £ 2.8 2237 £ 727
narrow Ha 6562.3 £ 0.3 13.1+2.3 549 + 52
[NII]6548 6548.3 £ 0.6 83+1.6 731 + 29
[NII]6583 6582.4 £ 0.2 26.8 £ 15.2 728 + 29
Epoch 3 [SI1]6716 6714.0 £ 0.7 51404 853 + 54
(2023 Dec.) [SI1]6731 6729.6 £ 0.6 59+04 851 + 42
[01]6300 6299.0 £ 0.5 3.8+0.2 1172+ 79
Hp 4858.9 + 0.4 5.8£0.2 1297 4+ 56
narrow [OIII]4959 4958.4 £+ 0.2 13.9+1.0 764 £ 23
narrow [OIII)5007 5006.2 + 0.1 42.0 £ 2.9 756 £+ 23
broad [OIII]4959 4955.3 £ 0.4 15.0 £ 0.8 1663 + 47
broad [OIII]5007 5002.6 £ 0.2 43.6 £ 2.0 1611 4+ 53
broad Ha 6563.2 £ 0.5 27.3+3.9 2158 £+ 1016
narrow Ha 6562.3 £ 0.4 15.1+3.4 480 £ 67
[NII]6548 6548.3 £ 0.7 10.1 £ 2.3 671 + 37
[NII]6583 6582.3 £ 0.3 32.8 £26.0 668 + 37
Epoch 4 [SII]6716 6714.0 £ 0.9 5.8£0.7 857 + 73
(2024 May) [SI1]6731 6729.2 £0.8 6.8+ 0.6 855 + 56
[01]6300 6298.1 £ 0.6 4.54+0.3 1111 £+ 102
HpB 4859.7 £ 0.4 7.54+0.4 1195 + 59
narrow [OIII]4959 4957.6 + 0.3 179+ 1.6 690 + 31
narrow [OIII)5007 5005.9 + 0.2 49.6 £4.9 683 + 31
broad [OIII]4959 4955.1 + 0.4 18.4+1.3 1688 4 61
broad [OIII]5007 5002.4 £ 0.2 56.9 £+ 3.0 1543 4+ 65
broad Ha 6563.1 £ 0.4 35.3+4.2 2210 £ 679
narrow Ha 6562.2 £ 0.3 19.7 £ 3.7 528 + 61
[NII]6548 6548.3 £ 0.7 13.1+2.5 681 + 29
[NII]6583 6582.4 £ 0.2 42.6 £+ 34.5 677 + 29
Epoch 5 [SI1]6716 6714.0 £ 0.6 8.6 + 0.6 807 + 51
(2025 May) [SII]6731 6729.6 £ 0.5 9.3+ 0.6 805 + 38
[01]6300 6298.8 £ 0.5 6.3+ 0.3 1135 + 76
Hp 4858.3 + 0.3 9.8+ 0.3 1277 4+ 46
narrow [OIII]4959 4957.8 + 0.2 21.4+1.4 693 + 20
narrow [OIII)5007 5005.8 + 0.1 67.2 +4.8 686 + 20
broad [OII1]4959 4955.1 + 0.3 25.6 £ 1.2 1625 + 39

broad [OIII]5007  5002.3 £ 0.1 73.7£26 1572 + 44
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Figure 10. The same as Figure 8, but for Mrk 268.
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Table 6. Best-fit results of Gaussian fitting for observed emission lines

(UGC 5101).
Component  Line center Peak intensity FWHM
[A] [1071% erg s™! em ™2 A1) [km s1]
broad Ha 6560.0 £ 1.7 0.5+0.1 2186 + 201
narrow Ha  6564.6 £ 0.1 2.3+£0.1 575 + 21
[NII]6548 6548.6 £ 0.3 0.9+0.1 576 £+ 12
[NII}6583 6583.8 £ 0.1 3.1+04 573 + 12
Epoch 1 [SIT]6716 6717.6 £0.3 0.6 £ 0.0 618 + 28
(2023 Mar.) [SI1]6731 6732.5£0.4 0.5+ 0.0 617 + 24
[01]6300 6301.2 £0.5 0.2+ 0.0 471 £ 62
HB * 4861.8 + 0.5 0.24+0.0 331 £ 69
[OII1}4959 4958.1 + 1.0 0.1 4+0.0 TAT + 47
[OIII}5007  5006.7 £ 0.4 0.44+0.1 739 + 46
broad Ha 6560.0 £ 2.2 0.44+0.1 2519 £ 325
narrow Ha  6564.5 £ 0.1 1.9+£0.1 569 + 22
[NII}6548 6548.4 £ 0.3 0.84+0.1 570 + 14
[NII]6583 6583.7 £ 0.1 2.54+0.3 567 £+ 14
Epoch 2 [SI1]6716 6716.2 £ 0.4 0.5+ 0.0 612 4+ 34
(2023 Apr.) [SIT]6731 6731.9 £ 0.5 0.4 4+ 0.0 611 4+ 31
[O1]6300 6301.9 £ 1.4 0.14+0.0 397 4+ 154
HB * 4860.7 + 0.9 0.14+0.1 224 + 111
[OIII}4959  4960.0 £ 1.6 0.14+0.0 482 + 72
[OIII}5007  5005.4 £ 0.5 0.3+0.2 477 £ 71
broad Ha 6560.0 £ 1.8 0.3+0.1 2344 4 384
narrow Ha  6564.7 £ 0.1 1.5+0.1 524 + 14
[NII]6548 6549.4 £ 0.2 0.6 0.0 574 + 11
[NII}6583 6584.0 £ 0.1 1.9+ 0.2 571+ 11
Epoch 5 [SIT]6716 6717.0 £0.2 0.4 4+ 0.0 550 4+ 21
(2025 May) [SII]6731 6732.4£0.3 0.34+0.0 548 + 18
[01]6300 6301.4 £0.7 0.1+0.0 368 £ 78
HB * 4862.3 + 1.3 0.14+1.7 145 + 2996
[OIII)4959  4956.0 £ 1.4 0.1+0.0 726 + 69
[OIII}5007  5007.2 £ 0.5 0.24+4.8 718 4+ 68
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Figure 11. Example of the DRW model light curve using
parameters estimated for MCG -3-34-64. The base is set to

zero to focus on the variability amplitude.
as follows,

_ p(SFgps.|Const.)

BF ¢ p = 2o obs: [ZOUS)
D (SFobs. [DRW) ’

where SFps. is the observed SF data and p(SFops.|X)
is the marginal likelihood of model X. Assuming that
the uncertainty of the observed SF follows the normal
distribution with standard deviation equal to the error
of SFobs. (= 0Oobs.); P(SFobs.|X) can be calculated as
follows,

N
1 1 (SFopbs. — x1)2}
SFope|X) = 3 ———— exp |- o T
P(SFobs. | X) N = V2T obs. p[ 207

obs.

(B2)
where N = 10° is the number of simulated SF data and
x; is the i-th simulated SF data for model X. BF¢c p > 1
(< 1) suggests that the constant (DRW) model is pre-
ferred, and a larger (smaller) value for BF¢c p > 1 (< 1)
means greater significance.

Figure 12 presents the distributions of simulated |Am)|
data of the DRW model (blue) and constant model (yel-
low) for MCG -3-34-64. We also show the observed SF
value with magenta line. The p-value between the two
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Table 7. Best-fit results of Gaussian fitting for observed emission lines (Mrk 268).

Component Line center Peak intensity FWHM
[A] [1071% erg s71 em ™2 A1) [km s™1]
broad Ha 6563.4 £ 1.0 2.5+0.6 2360 £ 303
narrow Ha 6564.5 +£ 0.4 2.24+0.5 648 + 80
[NII]6548 6550.0 £ 1.4 1.3+0.4 839 + 45
[NII]6583 6584.2 £ 0.4 41+1.6 835 + 45
E [SII]6716 6714.0 £ 2.1 1.0+£0.4 1247 + 137
poch 1
(2023 Mar.) [SIT]6731 6728.0 + 2.4 1.5+0.3 1244 + 119
[O1]6300 6301.9 £ 0.5 0.8£0.0 972 4+ 106
Hp 4860.3 £ 0.6 0.7+0.1 975 + 87
narrow [OIII]4959 4962.0 £ 0.4 1.3+£0.2 701 £+ 36
narrow [OIII]5007 5009.1 £+ 0.1 4.1+0.6 695 + 36
broad [OIIT]4959  4959.0 £ 1.1 0.8+0.2 1427 £ 146
broad [OIII]5007  5007.0 + 0.5 2.0£0.3 1506 + 183
broad Ha 6560.2 £ 1.7 1.5+0.3 2553 £ 466
narrow Ha 6564.3 + 0.5 2.1£0.3 627 + 76
[NII]6548 6551.0 £ 1.6 1.3+0.3 872 + 48
[NII]6583 6583.3 0.4 3.6 £1.0 868 + 48
Epoch 2 [SI1]6716 6714.0 £ 3.3 09+04 1347 + 202
(2023 Apr.) [SII]6731 6728.0 &+ 3.7 1.1+£0.3 1344 + 188
[01]6300 6300.5 = 0.6 0.6 £ 0.0 782 4+ 128
Hp 4859.6 £ 1.7 0.3+0.1 1064 £ 246
narrow [OIII]4959 4961.3 £ 0.4 1.6 £0.1 786 £+ 25
narrow [OIII]5007 5008.8 £+ 0.1 43+£04 778 + 25
broad [OIII]4959  4947.6 + 6.1 0.5+0.1 2854 + 581
broad [OIII]5007  5007.0 + 2.4 1.0£0.1 2820 £+ 679
broad Ha 6565.1 + 0.7 2.7+0.6 2342 + 424
narrow Ha 6564.2 + 0.4 2.0£04 639 + 68
[NII]6548 6549.4 £ 1.0 1.2£0.3 834 £ 42
[NII}6583 6583.7 £ 0.4 39+1.5 829 + 42
Epoch 3 [SII]6716 6714.0 £ 1.5 1.1£0.2 1204 £ 108
poc
(2023 Dec.) [SI1]6731 6728.0 £ 1.7 1.44+0.2 1202 + 89
[O1]6300 6301.6 £ 0.5 0.6 £ 0.0 903 + 86
HB 4859.7 £ 0.6 0.6 +0.0 1248 + 94
narrow [OIII]4959 4961.6 + 0.4 1.3£0.2 805 + 49
narrow [OIII]5007 5009.7 £+ 0.2 3.9+0.6 797 £ 49
broad [OIII]4959  4959.0 +£1.4 0.6 +0.2 1635 £ 198
broad [OIII]5007  5007.0 &+ 0.9 1.7+0.6 1383 + 215
broad Ha 6565.8 = 0.6 3.2+0.6 2387 £+ 299
narrow Ha 6564.4 + 0.3 23+04 612 + 57
[NII}6548 6550.1 £ 0.9 1.44+0.3 841 + 39
[NII]6583 6583.8 £ 0.3 44+1.4 836 £ 39
Epoch 5 [SI1]6716 6714.0 £ 1.5 1.24+0.3 1254 + 106
(2025 May) [SII]6731 6728.0 £ 1.7 1.6 £0.2 1251 + 88
[01]6300 6301.0 £ 0.4 0.8£0.0 881 + 77
Hp 4860.8 £ 0.5 0.8+ 0.0 1082 + 70
narrow [OIII]4959 4961.7 + 0.3 1.6 £0.1 671+ 25
narrow[OIII]5007  5009.6 + 0.1 4.8+0.4 664 £ 25
broad [OIII]4959  4959.0 + 0.8 0.9+0.1 1650 + 123
broad [OIII]5007 5007.0 £ 0.4 2.5+0.3 1435 + 124
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Figure 12. Distribution of absolute value of simulated magnitude differences |Am| optimized for MCG -3-34-64, Each panel
shows the result corresponding to the time interval between epochs shown in the upper left corner. The blue and yellow
histograms represent the distributions of the DRW model and constant model, respectively. The black dashed line with shaded
region represents the theoretical value and its 1o uncertainty of the DRW model tabulated in Table 4, and the magenta line
with pale band represents the observed SF data and its 1o uncertainty.
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simulated |Am| distribution is much smaller than 0.05
(p < 1073°), which suggests that these distributions are
statistically different. Similarly, the simulated |Am| dis-
tributions of two models are also statistically different
for the other two objects.

For MCG -3-34-64, the median of the Bayesian fac-
tors derived for each time interval is BF¢ p = 4.2 and
9 out of 10 BF¢ p are greater than three. According
to Jeffreys’ criteria (H. Jeffreys 1998) or other litera-
ture (e.g. R. E. Kass & A. E. Raftery 1995), BF¢ p
larger than three is substantial evidence to support the
constant model, which is consistent with the suggestion
from Figure 5.

Figure 13 shows the distribution of the simulated |Am|
data optimized for UGC 5101. The Bayesian factors cal-
culated for each time interval spans BF¢ p = 1.6 to 2.1
and the median is BF¢ p = 1.7. Although these BF¢ p
being larger than unity may support the constant model,
this result is statistically insignificant based on Jeffreys’
criteria. Therefore, we cannot rule out the possibility
that the observed broad Ha line of UGC 5101 actu-
ally exhibits flux time variation, which may have been
smeared out by observational uncertainty and sampling

bias. Similar to MCG -3-34-64, this result is consistent
with that from Figure 5.

Figure 14 shows the the result of Mrk 268. The
Bayesian factors calculated for each time interval spans
BFc p = 0.06 to 2.4 and the median is BF¢ p = 0.91.
Although this median BF¢ p being smaller than unity
may suggest that the DRW model is more preferable, the
significance is quite small. This is mainly because we did
not detect significant flux variation for Mrk 268 except
between the epoch 2 and 3. On the other hand, BF¢ p
corresponding to the epoch 2 and 3 is BF¢ p = 0.06.
According to Jeffreys’ criteria, this is strong evidence
that the DRW model is more preferable to explain the
flux variation between these two epochs. Therefore, we
conclude that we detected flux variation between the
epochs 2 and 3 for Mrk 268 and it can be well explained
by the DRW model even after observational uncertainty
and sampling bias are taken into account.

C. FITTING RESULTS OF THE Hao COMPLEX
WITH THE OUTFLOW MODEL

In Section 6.1, we performed spectral fitting analysis
based on the outflow model for our targets to investigate
the effect of ionized outflows on the broad component of
the Ha complex. In this section, we show the fixed and
estimated parameters of the spectral fitting in Table 8.
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Figure 14. The same as Figure 12, but for Mrk 268.
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Table 8. Best-fit results of the spectral fitting of the Ha complex with the outflow model.

Component Properties MCG -3-34-64 UGC 5101 Mrk 268
Narrow line width (A) ® 4.9 5.140.3 4.7
a outflow line width (km s™') 1570 802 £ 295 1440
Shared parameter 1
outflow velocity shift (km s™) —210 —470 £ 190 —160
outflow/narrow flux ratio 1.1 0.09 £+ 0.09 0.5

Line center (A)
Broad Ha properties

FWHM (km s~ 1)

Peak (10715 erg s™' ecm™2 A1)

not converged not converged 6569.1 + 2.9
0.0£8.2 0.0+£0.4 4.3£0.5
not converged not converged 2030 £ 160

Line contor Ho 6564.94+ 0.6  6564.6 £0.2 6561.3 2.3
(A) [N1]A6548 6552.1+£1.0  6548.9+£0.6  6545.3+2

[N1]A6583 6586.6 £ 0.2  6584.0£0.2  6585.1+£0.7
Narrow line peak Ha 16.3+3 1.4+0.3 0.8+0.4
(10715 org 51 em~2 A-1) [N1A6548 9.8+3 0.6+0.1 0.8+0.4
[N1]A6583/[N11] A6548 ratio 31+1 3.2+40.7 3.2+20

NoTE— “ These parameters are fixed for MCG -3-34-64 and Mrk 268. b We adopt line width in wavelength unit

due to relatively low spatial resolution of the data.
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