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Abstract

We use the recently discovered simple photometric parameter Central Intensity Ratio (CIR) determined for a
sample of 57 nearby (z < 0.02) Seyfert galaxies to explore the central features of galaxies and their possible
connection with galaxy evolution. The sample of galaxies shows strong anti-correlation between CIR and mass of
their central supermassive black holes (SMBHs). The SMBH masses of ellipticals are systematically higher for a
given CIR value than those for lenticulars and spirals in the sample. However, the correlation between CIR and
central velocity dispersion is weak. CIR appears less influenced by the excess flux produced by the central engine
in these galaxies, when compared to spectroscopic parameters like velocity dispersion and O IV flux, and proves to
be a fast and reliable tool for estimating central SMBH mass.
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1. Introduction

The central supermassive black hole (SMBH) residing in
massive galaxies is believed to play a key role in the evolution
scenario of host galaxies. The evolution mechanism of the
central engine of every galaxy is connected with the star
formation process in the host galaxy. It is commonly accepted
that the accretion mechanism is the prime reason for the origin
and growth of active galactic nuclei (AGNs) in the nuclear
region of galaxies (Kawakatu et al. 2006; Ellison et al. 2011;
Silverman et al. 2011; Villforth et al. 2012).

AGNs are hosted at the centers of elliptical galaxies or bulge
dominating spheroids across all redshifts (Kauffmann et al.
2003; Povi¢ et al. 2009), whereas the morphology of local
Seyfert galaxies is generally spiral (Ho et al. 1995; Ho 2008).
Intense circumnuclear star formation plays a crucial role in the
evolution and emission process of Seyfert galaxies, specifi-
cally, Sy2 galaxies (e.g., Terlevich & Melnick 1985; Cid
Fernandes et al. 1995; Maiolino et al. 1998; Cid Fernandes
et al. 2001; Gonzilez Delgado et al. 2001).

Seyfert galaxies are among the most studied objects in the
radio quiet (RQ) category, along with quasars (Weedman 1977;
Osterbrock & Martel 1993; Rashed et al. 2015). The role of
feedback by the central SMBH in the relationships between the
mass of the SMBH and bulge properties of Seyfert galaxies is
still unclear because the merger events govern the formation of
bulges while Seyfert galaxies are believed to be evolving
through secular evolution (Hopkins et al. 2006; Kormendy &
Ho 2013; Heckman & Best 2014). Recent studies revealed the
existence of fast outflows of ionized gas in nearby Seyfert
galaxies, but their influence on star formation is still under

debate (Christensen et al. 2006; Krause et al. 2007; Wang et al.
2012; Garcia-Burillo et al. 2014; Morganti et al. 2015;
Querejeta et al. 2016). However, if the host galaxies possess
such outflows, they could expel the gas from the central region
and suppress the star formation (Alexander & Hickox 2012;
Garcia-Burillo et al. 2014; Alatalo et al. 2015; Hopkins et al.
2016; Wylezalek & Zakamska 2016).

The masses of central SMBHs are reported to correlate well
with the stellar mass and stellar velocity dispersion of the
bulges of their host galaxies (see, e.g., Magorrian et al. 1998;
Ferrarese & Merritt 2000; Gebhardt et al. 2000; Marconi &
Hunt 2003; Hiring & Rix 2004; Kormendy & Ho 2013;
McConnell & Ma 2013; Savorgnan & Graham 2015). The
bulges and SMBHs seem to evolve together and regulate each
other (Alonso-Herrero et al. 2013). The relations (between
Mgy, bulge mass and stellar velocity dispersion) propose a
strong connection between the formation of black hole mass,
emergence of AGNs and the host galaxy evolution (Ferrarese &
Merritt 2000; Giiltekin et al. 2009) as well.

Central light concentration is a vital parameter, which can be
used as a tracer of the disk to bulge ratio, star formation activity
and galaxy evolution (Abraham et al. 1994; Conselice 2003).
The Central Intensity Ratio (CIR), a new photometric
parameter, is well correlated with the masses of central SMBHs
of the spheroid of early-type galaxies (ETGs, Aswathy &
Ravikumar 2018). Furthermore, CIR is an efficient photometric
tool to study the central and structural properties of spiral
galaxies, especially barred systems, and also gives some valid
information regarding nuclear star formation and AGN
formalism in host galaxies (Aswathy & Ravikumar 2020). In
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Table 1
Table 1 Lists the Properties of Sample Galaxies
Galaxy Distance ~ Seyfert Morphology CIR ACIR log Mgy Ref o O 1V Flux Log SFR  ASFR HST
(Mpc) Type M) (km s (erg em 2s7h M, yr’l) Obs.

IC 2560 40.7 S2 (R*)SB(r)b 1.44 0.03 6.64 1 136.5 5.43E-013 0.67 0.013  WFPC2_F814
IC 3639 353 S2 SB(rs)bc 1.27 0.02 6.83 2 97.1 3.55E-013 1.64 0.040  WFPC2_F606
NGC 0613 20.7 S? SB(rs)bc 0.86 0.02 7.60 3 122.1 091 0.007  WFPC2_F814
NGC 0788 54.1 S2 SA(s)0/a 1.16 0.03 7.51 2 134.4 1.80E-013 1.01 0.021  WFPC2_F606
NGC 1275 70.1 S2 E-cD 1.07 0.03 8.58 2 244.6 1.85E-013 222 0.170  WFPC2_F702
NGC 1358 53.6 S2 SAB()0/a 1.17 0.02 7.88 2 215.1 7.61E-014 WFPC2_F606
NGC 1365 215 S1.8 SB(s)b 1.78 0.03 6.05 4 141.1 1.58E-012 1.06 0.009  WFPC2_F814
NGC 1386 10.6 S2 SBO+(s) 1.10 0.02 7.23 2 133.1 8.70E-013 —0.11 0.001 WFPC2_F814
NGC 1399 19.4 S2 El pec 0.58 0.01 8.94 3 3322 WFPC2_F814
NGC 1433 133 S2 (R”)SB(r)ab 0.91 0.02 7.24 5 107 6.07E-014 0.38 0.002  WFPC2_F814
NGC 1566 19.4 S1.5 SAB(s)bc 1.03 0.03 7.11 4 97.7 8.88E-014 0.67 0.005  WFPC2_F814
NGC 1667 61.2 S2 SAB(r)c 1.09 0.03 7.88 2 169.4 9.28E-014 1.51 0.049  WFPC2_F606
NGC 1672 16.7 S2 SB(s)b 0.77 0.02 7.70 6 109.5 1.35 0.010  WFPC2_Fg814
NGC 1808 12.3 S2 (R)SAB(s)a 0.90 0.02 7.20 7 126.1 —0.11 0.001  WFPC2_F814
NGC 2273 28.4 S2 SB(r)a 1.15 0.03 7.30 2 141 1.47E-013 0.14 0.004  WFPC2_F791
NGC 2639 42.6 S1.9 (R)SA(r)a 0.69 0.03 7.94 2 175.3 3.27E-014 0.43 0.009  WFPC2_F814
NGC 2782 37 S2 SAB(rs)a pec  1.21 0.03 7.70 8 182.2 1.81 0.032  WFPC2_F814
NGC 2974 20.9 S2 E4 1.20 0.02 8.23 9 232.2 WFPC2_F814
NGC 3081 342 S2 (R)SAB(r)0/a  0.88 0.03 7.20 3 118.8 9.89E-013 WFPC2_F814
NGC 3169 17.4 S SA(s)a pec 0.74 0.02 8.01 10 184.9 —0.42 0.001  WFPC2_F814
NGC 3185 21.3 S2 (R)SB(r)a 1.58 0.03 6.52 2 76.1 4.70E-014 —0.44 0.001  WFPC2_F814
NGC 3227 20.6 S1.5 SAB(s)a pec 1.66 0.00 6.75 11 126.8 5.71E-013 ACS_F814
NGC 3281 447 S2 SA(s)ab pec 0.86 0.04 7.28 2 168.6 1.39E-012 WFPC2_F606
NGC 3486 7.4 S2 SAB(r)c 1.10 0.03 7.00 12 60.2 3.30E-014 —0.41 0.001  WFPC2_F814
NGC 3489 6.73 S2 SABO+(rs) 1.34 0.01 6.78 13 104.2 —0.41 0.001  WFPC2_F814
NGC 3516 389 S1.2 (R)SB(s)0 1.45 0.02 7.23 24 153.6 5.60E-013 1.83 0.037  WFPC2_F791
NGC 3982 17 S1.9 SAB()b 1.12 0.03 7.20 14 71.8 1.18E-013 WFPC2_F814
NGC 4168 16.8 S1.9 E2 0.74 0.04 9.01 15 182 1.39E-014 WFPC2_F702
NGC 4235 35.1 S1.2 SA(s)a 0.99 0.03 7.64 2 133.6 4.33E-014 —0.17 0.003  WFPC2_F606
NGC 4258 8 S1.9 SAB(s)bc 0.72 0.08 7.58 2 132.8 7.49E-014 0.25 0.001 ACS_F814
NGC 4303 13.6 S2 SAB(rs)bc 1.69 0.01 6.58 16 95.1 WFPC2_F814
NGC 4374 18.5 S2 El 0.60 0.01 8.97 1 277.6 WFPC2_F814
NGC 4472 17.1 S2 E2 0.53 0.02 9.18 17 282 6.64E-014 WFPC2_F814
NGC 4477 16.8 S2 SBO(s) 0.79 0.02 791 2 172.5 1.69E-014 0.08 0.002  WFPC2_F606
NGC 4501 16.8 S2 SA(rs)b 1.22 0.02 7.30 3 166.2 3.98E-014 0.02 0.004  WFPC2_F606
NGC 4507 59.6 S2 (R”)SAB(rs)b 1.34 0.02 7.58 2 149 3.31E-013 WFPC2_F814
NGC 4552 154 S2 EO-1 0.91 0.01 8.63 18 250.3 WFPC2_F814
NGC 4579 16.8 S1.9 SAB(rs)b 1.13 0.02 7.70 19 165.8 2.83E-014 0.22 0.004  WFPC2_F791
NGC 4594 20 S1.9 SA(s)a 0.91 0.01 8.76 2 225.7 2.62E-014 0.38 0.003  WFPC2_F814
NGC 4698 16.8 S2 SA(s)ab 1.03 0.02 7.61 2 137.4 2.03E-014 —0.53 0.001  WFPC2_F814
NGC 4725 124 S2 SAB(r)ab pec  0.87 0.01 7.51 2 131.5 1.24E-014 —0.01 0.002  WFPC2_F606
NGC 5005 21.3 S2 SAB(rs)bc 0.60 0.00 7.84 20 171.5 1.99E-014 1.91 0.013 ACS_F814
NGC 5033 18.7 S1.9 SA(s)c 0.96 0.02 7.64 2 133.9 1.59E-013 —0.28 0.001  WFPC2_F814
NGC 5135 57.7 S2 SB(s)ab 1.11 0.02 7.34 2 125.5 5.83E-013 1.95 0.069  WFPC2_F606
NGC 5194 8.4 S2 SA(s)bc pec 1.27 0.02 6.95 2 87.9 2.46E-013 —0.62 0.000 WFPC2_Fg814
NGC 5273 21.3 S1.5 SAO(s) 1.47 0.03 6.61 3 65.9 3.72E-014 —0.10 0.001  WFPC2_F791
NGC 5322 243 S E3-4 0.96 0.02 8.51 21 230 WFPC2_F814
NGC 5427 404 S2 SA(s)c pec 1.16 0.03 7.58 3 69.9 2.68E-014 1.00 0.013  WFPC2_F606
NGC 5643 14.4 S2 SAB(rs)c 1.45 0.02 6.44 22 8.16E-013 WFPC2_F814
NGC 5806 27.4 S2 SAB(s)b 1.10 0.03 7.07 23 124.3 WFPC2_F814
NGC 6814 25.6 S1.5 SAB(rs)bc 1.29 0.03 7.26 2 108.1 2.13E-013 1.55 0.025  WFPC2_F606
NGC 6951 24.1 S2 SAB(rs)bc 0.73 0.02 7.34 2 114.8 8.37E-014 0.60 0.014  WFPC2_F814
NGC 7469 67 S1.2 (R)SAB(rs)a  1.06 0.00 7.08 2 132.9 3.67E-013 2.99 0.281 ACS_F814
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Table 1
(Continued)

Galaxy Distance  Seyfert Morphology CIR ACIR log Mgy Ref o O 1V Flux Log SFR  ASFR HST

(Mpc)  Type Me) (km s™)  (ergemZsTh)  (Moyrh) Obs.
NGC 7479 324 S1.9 SB(s)c 0.85 0.04 7.68 2 151.3 2.67E-013 WFPC2_F814
NGC 7582 22 S2 (R")SB(s)ab 1.84 0.02 7.74 2 1184 2.22E-012 —-0.10 0.002  WFPC2_F606
NGC 7590 22 S2 SA(rs)be 1.09 0.02 6.79 2 91.5 6.88E-014 0.52 0.005  WFPC2_F606
NGC 7743 24.4 S2 (R)SBO+(s) 1.49 0.02 6.72 2 83.5 3.30E-014 WFPC2_F606

Note. Name of the galaxy (column 1), Distance (2), Seyfert type (3), Morphology (4), CIR computed in the corresponding filter (5), uncertainty of CIR (6), SMBH
mass (7) and corresponding references (8), stellar velocity dispersion adopted from Hyperleda (9), O 1V flux taken from Diamond-Stanic et al. (2009) (10), estimated
circumnuclear SFR (11), uncertainty of SFR (12), and HST observation (13). References: (1) Kormendy & Ho (2013); (2) Diamond-Stanic & Rieke (2012); (3) van
den Bosch (2016); (4) Davis et al. (2014); (5) Smaji¢ et al. (2014); (6) Combes et al. (2019); (7) Busch et al. (2017); (8) Dong & De Robertis (2006); (9) Savorgnan &
Graham (2016); (10) Dong & Wu (2015); (11) Onken et al. (2003); (12) Koliopanos et al. (2017); (13) Nowak et al. (2010); (14) Beifiori et al. (2012); (15) Magorrian
et al. (1998); (16) Davis et al. (2018); (17) Graham & Soria (2019); (18) Pellegrini (2010); (19) Barth et al. (2001); (20) Izumi et al. (2016); (21) Dullo et al. (2018);

(22) Goulding et al. (2010); (23) Dumas et al. (2007).

this light, we perform an optical analysis by utilizing the
parameter, CIR, to study the central properties and evolution of
Seyfert galaxies.

This paper is organized as follows; Section 2 describes the
properties of the sample galaxies and the data reduction
techniques employed in this study, and Section 3 deals with
results consisting of various correlations. Discussions and
conclusions are provided in Section 4.

Throughout this paper, we have used the cosmological para-
meters: Hy = 73.0km s~ "Mpc ™" Qumater = 0.27; Quacuum = 0.73.

2. The Data and Data Reduction

For this work, we consider a complete sample of Seyfert
galaxies drawn from the Revised Shapley-Ames (RSA) catalog
(Shapley & Ames 1932; Sandage & Tammann 1987) analyzed
by Diamond-Stanic et al. (2009), Diamond-Stanic & Rieke
(2012), which includes 114 nearby (z < 0.02) Seyfert galaxies
brighter than By = 13.2. We took archival images of the sample
observed by the Hubble Space Telescope (HST) to estimate
CIR. Among the 114 galaxies, 83 had HST observations in
optical bands. From these, 13 galaxies consisting of bad pixels
or defects on their images within the region of the central 3”
were removed from the sample. Also, we excluded 10 small
galaxies, in which the size of their images is less than the 3”
aperture, and 3 highly inclined galaxies (i > 70°). The final
sample consists of 57 Seyfert galaxies comprising 40 spiral, 9
lenticular and 8 elliptical galaxies. We chose galaxy images
observed with Wide Field and Planetary Camera 2 (WFPC2). It
is already reported that though there exist slight variations
among values of CIR estimated from nearby filters, the
variations are not strong enough to disrupt the observed
correlations involving CIR (Sruthi & Ravikumar 2021). Hence
we included observations using all filters of WFPC2 from
F606W to F814W, giving preference to the filter in the highest
wavelength region available. Further, we added four observa-
tions using F814W with Advanced Camera for Surveys to

improve the statistics for which no WFPC2 images were
available. Since the sample galaxies possess an AGN, we have
checked the central region of the sample galaxies by
constructing residual images using the ellipse task in IRAF.
Many sub -structures like bar, ring and spiral-arms are visible
in the residual images, however, no significant optical excess
flux could be identified in these galaxies that could affect
determination of CIR.

Following Aswathy & Ravikumar (2018), the CIR is
determined for the sample galaxies by using the aperture
photometry (MAG_APER) technique, which is provided in
Source-Extractor (SExtractor, Bertin & Arnouts 1996).

Il 100.4(m27ml)
L—1L 1 —10040m=m)’

CIR = (1)

where I, and I, are the intensities and m; and m, are the
corresponding magnitudes of the light within the inner and
outer apertures of radii R, and R,, respectively. The inner
radius is chosen such that it is a few times the point spread
function (PSF). The outer radius (conventionally 2R,) is chosen
such that the aperture is lying fairly within the galaxy image.
For the sample, we chose the inner and outer radii as 1”5 and
3", respectively.

Ultraviolet (UV) observations are vital in providing
recent star formation activity in galaxies (e.g., Thilker et al.
2005; Gil de Paz et al. 2005, 2007; Koribalski & Ldpez-
Sanchez 2009). For the estimation of circumnuclear star
formation rate (SFR), we examined far-UV (FUV, 1350-
1750 10%) data on the sample galaxies observed by the Galaxy
Evolution Explorer (GALEX) mission. We considered an
aperture size of 10” at the center of the image to estimate the
circumnuclear SFR following Lépez-Sanchez (2010) using
the calibration reported by Salim et al. (2007) which is
provided in Table 1.
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Figure 1. Correlation between the CIR and mass of the SMBH of the sample
galaxies. Filled circles, triangles and squares represent spiral, lenticular and
elliptical galaxies, respectively. Estimations of masses of SMBHs using
dynamical methods are signified as red data points, while gray color is used to
represent those from the stellar velocity dispersion measurements of host
galaxies.

3. Results

Scaling relations displayed by various structural and
dynamical observables of galaxies can shed vital information
on formation and evolution processes in galaxies. We have
estimated the CIR at the optical centers of 57 Seyfert galaxies
observed using HST. The sample properties, along with the
estimated values of CIR, are tabulated in Table 1. We next
explore various trends involving CIR.

3.1. Variation of CIR with SMBH Mass

The scaling relations of black hole mass are generally
determined and explored utilizing the bulge properties of the
host galaxies, specifically in ETGs (Kormendy & Richstone
1995; Ferrarese & Merritt 2000; McConnell & Ma 2013).
Structural properties of late-type galaxies (LTGs), like the pitch
angle of spiral arms, share an intriguing scaling relation with
black hole mass (Davis et al. 2018, 2019).

Figure 1 shows the variation of CIR with mass of SMBH for
the sample galaxies. Filled circles, triangles and squares
represent spiral, lenticular and elliptical galaxies, respectively.
We find a strong correlation between the CIR of the Seyfert
galaxies and the mass of their central SMBH. However, the
ETGs in the sample hosts systematically have high black hole
mass when compared to lenticulars and spirals, for the same
value of CIR considered. The Pearson’s linear correlation

Vinod et al.

coefficient, r, for the correlation exhibited by spirals and
lenticulars together is —0.74 with a significance, s, >99.99%
(Press et al. 1992) while that for elliptical galaxies is -0.94 with
a significance of 99.40%.

Two galaxies, NGC 4594 and NGC 7582, exhibit significant
deviation from this correlation. NGC 4594, the Sombrero
Galaxy, is reported to have an unusually large bulge mass and a
very massive SMBH at the center of the galaxy. It is usually
classified as a normal spiral, Sa, galaxy (de Vaucouleurs et al.
1991) but it follows many scaling relations of ellipticals
(Gadotti & Sénchez-Janssen 2012). NGC 7582 is reported to
host a ring with active star formation within the pc scale radius
(=190 pc) surrounding the nucleus of the galaxy, along with a
high stellar velocity dispersion (Riffel et al. 2009). The intense
nuclear starburst activity (Cid-Fernandes et al. 2001; Bianchi
et al. 2007) can affect its CIR value.

In Section 3.2, we notice that there is no apparent correlation
between CIR and stellar velocity dispersion of host galaxies in
our sample, even though the latter and mass of SMBH are
reported to share a strong correlation. In order to explore this
discrepancy, we also employed a color code to distinguish the
method adopted to estimate the masses of SMBHs. Masses
estimated using a dynamical method (e.g., reverberation
mapping, stellar dynamics, maser dynamics and gas dynamics)
are shown in red while mass estimations based on stellar
velocity dispersion are displayed in gray in Figure 1. If we
include only dynamically estimated masses, the correlation
coefficient improves to —0.77 at a significance of s = 99.97%,
while it reduces drastically to —0.68 (s =99.98%) when these
data points are excluded.

3.2. Variation between the CIR and o

The variation of CIR with stellar velocity dispersion of the
sample galaxies is depicted in Figure 2(a). As already
mentioned, there is no significant correlation between CIR
and stellar velocity dispersion (o) of Seyfert galaxies.
However, if we exclude the eight ETGs in the sample, the
velocity dispersion measurements of galaxies with dynamical
estimation of SMBH (red triangles and circles) exhibit larger
scatter compared to their gray counterparts. Such a discrepancy
is not clear in ETGs. The extreme emission from AGN activity
can complicate the measurement of central velocity dispersion
in these galaxies (Riffel et al. 2013).

Measurements of stellar velocity dispersion may be biased
by the contribution of rotating stellar disks because of the
rotational broadening of the stellar absorption lines and the
velocity dispersion measurements could be noticeably
increased by the rotational effect (Woo et al. 2015). Due to
higher velocity-to-dispersion (V /o) ratios, the rotational effect
is significantly more prominent in LTGs than in ETGs.
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Figure 2. Variations between the CIR and (a) stellar velocity dispersion adopted from HyperLEDA database, (b) circumnuclear SFR, (c) O IV flux of AGN and (d) the
inter-connection between Mgy and O 1V flux of the sample galaxies. O IV flux values are taken from Diamond-Stanic et al. (2009). The symbols used to represent the

galaxies are same as those in Figure 1.

3.3. Variation between the CIR and SFR

In Figure 2(b), we explore the connection between CIR and
circumnuclear SFR traced by the UV luminosity (FUV) in an
aperture of radius 10” at the galactic center. We find that there
is no correlation between CIR and circumnuclear SFR. The
properties of sub-structures in the nuclear region of host
galaxies may influence the star formation process, thereby
affecting CIR. The galaxies IC 2560, NGC 0788, NGC 1667,
NGC 3516, NGC 5427 and NGC 6814, denoted by numbers 1
to 6 respectively in the figure, possess nuclear dust spirals,
which can regulate the nuclear SFR at the central region of
the galaxies (Evans et al. 1996; Pérez-Ramirez et al. 2000;
Martini et al. 2003; Mufioz Marin et al. 2007). The galaxies
IC 3639, NGC 2782, NGC 5135 and NGC 7582, numbered 7
to 10, with nuclear starburst activity (Boer et al. 1992;

Gonzdlez Delgado et al. 2001; Mufioz Marin et al. 2007;
Bianchi et al. 2007) are also apparent outliers in the figure.
NGC 1365 and NGC 7469 are the galaxies showing intense
nuclear SFR, with star-forming regions concentrated in hot
spots around the nucleus (Davies et al. 2007; Ramos Almeida
et al. 2009), which are displayed in the figure by the numbers
11 and 12 respectively. By excluding these galaxies, we may
see a negative trend in CIR and SFR. However, it is insufficient
to confirm any connection between CIR and SFR, necessitating
a thorough investigation with larger sample size.

3.4. Variation Between the CIR and O IV Flux

In Figure 2(c), we show the observed correlation between
CIR and O 1V flux of the host galaxy, which is taken from
Diamond-Stanic et al. (2009). O 1V flux is an accurate measure
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Table 2
The Table Lists the Best-fitting Parameters for the Relation x = oo CIR + 3 and Correlation Coefficients for Various Relations

X @ 5 r s n
log Mgy —1.25+0.16 8.67 £0.19 —0.74 >99.99% 47
(spiral+lenticular)

log Mgy —1.16 £0.15 9.67 £0.13 —0.94 99.40% 8
(elliptical)

log O 1V flux 1.49 £0.24 —14.60 £ 0.28 0.70 >99.99% 38

of intrinsic AGN luminosity (Diamond-Stanic et al. 2009) and
we find a positive correlation with CIR (r=0.70 with
§>99.99%). O 1V emission (25.9 um) is a tracer of highly
ionized gas of the order of 35-97 eV, and these types of mid-
infrared emission lines can be produced in the vicinity of hot
stars in the central region of AGN host galaxies (Pottasch et al.
2001; Smith et al. 2004; Devost 2007). AGN luminosity
depends upon the fuel consumed by the SMBH at the nuclear
region of the galaxy, and ETGs have less fuel than LTGs
(Rieke 2002). This suggests that AGN power is likely to
decrease while SMBH grows in the host galaxy. However,
NGC 3081, NGC 3185, NGC 3281, NGC 5273 and NGC 7743
deviated from this correlation.

4. Discussion and Conclusion

We report photometric analysis of Seyfert galaxies using the
recently discovered parameter CIR. The CIR shows good
correlations with many structural parameters of host galaxies,
especially with the mass of the SMBHs residing at the centers
of galaxies (Aswathy & Ravikumar 2018, 2020). For Seyfert
galaxies also, the CIR shows strong anti-correlation with the
mass of SMBHs. However, the massive SMBHs hosted by
ellipticals in the sample display a distinctive trend from that
displayed by lenticulars and spirals, in the sense that ellipticals
host more massive SMBHs than those hosted by lenticulars and
spirals. The disky systems are indistinguishable in the
correlation. It is possible that the more massive the central
SMBH, the higher the suppression of star formation due to
feedback (Harrison 2017). As a decrease in the light in the
inner aperture reduces the value of CIR, we can expect the anti-
correlation between CIR and mass of SMBH.

The AGN feedback mechanism has a significant role in the
evolution process of galaxies, in which the energy released by
an AGN to the surrounding galactic medium halts the cooling
of gas in the central region of galaxies and also removes the gas
in the form of massive outflows (Morganti 2017). The AGN
feedback process is considered to be a key factor of galaxy
evolution and has been included in several simulations and
analytical models for years (e.g., Kauffmann & Haehnelt 2000;
Di Matteo et al. 2005; Schaye et al. 2015; Sijacki et al. 2015).
This feedback may suppress star formation at the central part of
the galaxy and may decrease or stall completely the growth of
the SMBH (e.g., Croton et al. 2006; Sijacki et al. 2007), thus

setting up a co-evolution scenario for the galaxy and its SMBH
(Aswathy & Ravikumar 2018). Around 30% of Seyfert
galaxies are reported to possess outflow incidents (Crenshaw
et al. 2003; Crenshaw & Kraemer 2007; Crenshaw et al. 2012).
The pc scale AGN-driven outflows in the massive galaxies can
expel the gas from the nuclear region, which may reduce the
gas accretion toward the center of the galaxy and lead to
quenching of star formation at the central region (Morganti
2017). This interesting phenomenon has been observed in
optical, UV and X-ray emissions, and could be traced to such
outflows using ionized gas and absorption lines (e.g., Veilleux
et al. 2005; Bland-Hawthorn et al. 2007; Tadhunter 2008; King
& Pounds 2015).

Different studies argued for the probability of AGN feedback
by a thermal process in the vicinity of the SMBH (e.g., Di
Matteo et al. 2005; Springel et al. 2005; Johansson et al. 2009).
Simulations of the AGN feedback mechanism suggest that the
Compton heating effect can raise the temperature of the the gas
at the nuclear region, about 10-35 pc, to ~10° K (e.g., Gan
et al. 2014; Melioli & de Gouveia Dal Pino 2015). This AGN
heating may also reduce star formation in the central region of
the galaxy, and thus the value of CIR.

Stellar velocity dispersion (o) of the bulge component is
strongly connected with the central SMBH (Ferrarese &
Merritt 2000; Gebhardt et al. 2000; Tremaine et al. 2002;
Giiltekin et al. 2009). Active galaxies also obey the 0 — Mgy
relation, but with significant scatter (Caglar et al. 2020). It is
also reported that CIR of ETGs is well correlated with the
stellar velocity dispersion (Aswathy & Ravikumar 2018). In the
present study, however, Seyfert galaxies show a large scatter in
the CIR-o relation, even though there is a strong CIR - Mgy
relation. The uncertainties present in the measurement of stellar
velocity dispersion could be high when excessively illuminated
by the central AGN (Riffel et al. 2013). Furthermore, stellar
velocity dispersion measurements may be skewed due to the
rotational effect of stellar disks (Woo et al. 2015). In order to
explain this further, we have plotted the variation of My with
o in Figure 3. The velocity dispersion measurements for
galaxies with dynamical estimation of mass of the SMBH
available, shown in red, clearly display a larger scatter than
those of galaxies without dynamical estimation of Mgy (gray
points). For the 0 — Mgy correlation in the combined sample of
spirals and lenticulars, we obtained a linear correlation
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Figure 3. Variation between stellar velocity dispersion and mass of the SMBH
of sample galaxies along with the best fit adopted from Caglar et al. (2020).
The symbols used to represent the galaxies are the same as those in Figure 1.

coefficient of r=0.65 with significance s> 99.99%. At the
same time, the correlation coefficient of the CIR - Mgy (for
spirals + lenticulars) relation is r = —0.74 with significance
§>99.99%. The scatters of the correlations o — Mgy and
CIR-Mpgy are 2.63 and 2.04 dex respectively, further establish-
ing that the CIR is, in fact, a better tracer of the Mgy than the
central velocity dispersion.

The observed correlation between CIR and O 1V flux, shown
in Figure 2(c), also displays the possibility of larger
uncertainties present in measurement of emission lines in
galaxies associated with AGNs (e.g., Lutz et al. 2003; Armus
et al. 2006, 2007; Diamond-Stanic et al. 2009; Veilleux et al.
2009). In this case also, the correlation coefficient increases to
0.76 with a significance of s=99.38% if we just consider
galaxies with dynamically estimated SMBH masses, but it
drops to 0.62 (s=99.74%) when these data points are
excluded. Seyfert galaxies with high O Iv flux emission
possess enhanced nuclear star formation (Diamond-Stanic &
Rieke 2012), and an increase in CIR is expected in galaxies
with increased O IV emission. However, the O IV flux of the
sample galaxies shows only a weak anti-correlation (r = —0.58
with §=99.95%) with the mass of SMBH shown in
Figure 2(d), possibly due to the increased uncertainties
involved in both the quantities.

Generally, Seyfert galaxies can be observed and located
through the UV emission coming out from the sources
(Rieke 2002). Apart from age and morphological classification,
the common feature of Seyfert galaxies is their intense star

Vinod et al.

formation (Cid Fernandes et al. 2004; Davies et al. 2007; Sarzi
et al. 2007; Kauffmann & Heckman 2009). We explore the
variation of the estimated circumnuclear SFR by the excess UV
with CIR, as depicted in Figure 2(b). We notice that the
galaxies harboring central structures such as pc scale nuclear
dust spiral, nuclear starburst and the galaxies possessing high
SFR exhibit large deviation in the observed CIR — SFR
relation. The measure of nuclear SFR has been shown to
increase from the central region to the outskirts of galaxies
(Diamond-Stanic & Rieke 2012; Esquej et al. 2014). The
outflow from the central part of the galaxy due to the AGN
feedback mechanism can interact with the interstellar medium
(ISM) effectively (Ostriker et al. 2010; Weinberger et al. 2017;
Yuan et al. 2018). The feedback-driven outflow of gas
enhances the star formation at larger radii from the core of
the galaxy (Ishibashi et al. 2013; Ishibashi & Fabian 2014).
This outflow of gas can be responsible for enhancing the
circumnuclear SFR. All these can affect measurements of both
SFR and CIR, rendering a weak correlation between the two.

We employed CIR to explore the presence of central features
in Seyfert galaxies and their role in galaxy evolution. The
analysis shows that CIR measured for Seyfert galaxies predicts
the mass of central SMBHs even better than the estimates
obtained by spectroscopic parameters like the central velocity
dispersion. Being a photometric tool, this promises a cheap and
fast technique to explore large galaxy samples, which has great
potential in observations of new generation facilities like the
James Webb Space Telescope.
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