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Abstract

The lenticular galaxy IC 676 is a barred galaxy with double nuclei and active star formation in the central region. In
this work we present the long-slit spectroscopy and archival multiwavelength images to investigate the nature and
origin of the double nuclei in IC 676. Through photometric 1D brightness profiles and 2D image decomposition,
we show that this galaxy consists of a stellar bar with the length of ~2.5 kpc and two Sérsic disks both of which
with Sérsic index n ~ 1.3. There is probably little or no bulge component assembled in IC 676. The luminosities of
the double nuclei are primarily dominated by young stellar populations within the ages of 1-10 Myr. The northern
nucleus has stronger star formation activity than the southern one. The surface densities of the star formation rate in
the double nuclei are similar to those in starburst galaxies or the circumnuclear star-forming regions in spiral
galaxies. Each of the double nuclei in IC 676 likely consists of young massive star clusters, which can be resolved
as bright knots in the Hubble Space Telescope high-resolution image. Our results suggest that IC 676 likely has a
complex formation and evolutionary history. The secular processes driven by the stellar bar and external accretion
may dominate the formation and evolution of its double nuclei. This indicates that the secular evolution involving
the internal and external drivers may have an important contribution for the evolution of lenticular galaxies.
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1. Introduction

Galaxy morphology is fundamental for describing the galaxy
properties and inferring their evolution. Of the morphology
classifications, lenticular (SO) galaxies provide significant
information for studying galaxy evolution. SOs are armless
disk galaxies but with a smooth appearance like ellipticals and
they have few signs of star formation and a limited amount of
gas (Caldwell et al. 1993). They present an intermediate
morphology between spirals and elliptical galaxies on the
Hubble tuning fork diagram (Hubble 1936). Recently, they
were placed in a parallel sequence with the spirals in the
revised Hubble diagrams based on their photometric and
kinematic properties (van den Bergh 1976; Cappellari et al.
2011; Kormendy & Bender 2012). These different diagrams
depict different evolution scenarios of galaxies. Therefore,
studying SO galaxies is essential to understanding the formation
and evolution of the different types of galaxies.

Despite decades of research, a wide range of open questions
remains unanswered with respect to the origin and evolution of
SO galaxies. Recent efforts have shown that SO galaxies are not
a simple transitional class between ellipticals and spirals,
instead they unveil a wide range of physical properties such as
star formation, stellar populations, and kinematics (Gao et al.
2018). Multiwavelength observations have indicated that 75%-—
80% of SO galaxies contain certain amounts of dust and gas in
general, although much less than spirals (Welch & Sage 2003).
Evidence of recent star formation have also been found in local
SO galaxies (e.g., Sil’chenko et al. 2019). When compared with
elliptical galaxies, their bulge-to-total luminosity ratios B/T
can be significantly low (Temi et al. 2009; Kormendy &
Bender 2012; Erwin et al. 2015), and a large majority of them
contain disk-like pseudobulges in terms of having the Sérsic
indices close to 1-2 (Xiao et al. 2016; Mishra et al. 2017).

SO galaxies may encompass a wide range of formation
mechanisms and evolutionary pathways (e.g., Fraser-McKelvie
et al. 2018). Motivated by the fact that SO galaxies share similar
properties of bulges and disks with spirals, they are thought to
be formed from faded spiral galaxies (e.g., Elmegreen et al.
2002; Blanton & Moustakas 2009; Laurikainen et al. 2013).
Simulations reveal that SO galaxies in the field can also be
transformed from elliptical progenitors by acquiring a disk
(Diaz et al. 2018).

Observations have shown that SO galaxies exist in all
environments, from dense environments such as clusters and
groups to the field, although the fractional population of these
galaxies is larger in dense environments than in the field
(Wilman et al. 2009). Furthermore, both external and internal
processes have important contributions to the evolution of SO
galaxies. Many empirical studies have suggested that SO
galaxies can be formed via a variety of environmental
mechanisms including galaxy major/minor mergers (Eliche-
Moral et al. 2012; Querejeta et al. 2015), ram pressure stripping
(Poggianti et al. 2017), and harassment (Moore et al. 1996).
These processes can suppress or quench star formation in
galaxies, disrupt the stellar disks, lead to the disappearance of
spiral arms, and produce SO-like morphology (e.g., Rizzo et al.
2018; Mishra et al. 2019).

Internal secular evolution is also responsible for the
transformation of SOs. Stellar bars, one of the important
internal drivers, are ubiquitous in disks of SO and spiral
galaxies (Sheth et al. 2008; Melvin et al. 2014). Galactic bars
are thought to redistribute the angular momentum of gas and
stars in galactic disks, induce large-scale streaming motions,
and regularize the star formation in galaxies (Kormendy &
Kennicutt 2004; Zhou et al. 2015). In this process, bars can
grow, evolve, and self-destruct (Bournaud & Combes 2002).
The lenses in almost all SOs are suggested to be formed via bar
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Table 1

Global Parameters of IC 676
Property Unit Value
R.A.(J2000) [h:m:s] 11:12:39.8
Decl.(J2000) [d:m:s] +09:03:21.0
Redshift* 0.00471
Distance” [Mpc] 20.2
Scale® [pc arcsec '] 98.2
D,s major axis® [arcsec] 147.3
Mg© [mag] —18.36
M M) 1.3 x 10°
SFR* M yr 0.28
My:© [Ms] 1.0 x 108
My, (M) 5.1 x 10®
Notes.
% From SDSS.
® From NED.

¢ From Hyperleda.

4 From Zhou et al. (2018).

¢ From Haynes et al. (2011).
T from Alatalo et al. (2013).

dissolution, eventually terminating as nearly axisymmetric
structures (Kormendy 1979). Another internal driver that could
be responsible for the transformation of SOs is feedback
processes from active galactic nuclei (AGNs) or supernovae
(Penny et al. 2018).

The nuclear region is an important structural component in
galaxies, as it can provide useful information about the
formation and evolution of the host galaxies. In particular,
the peculiar nuclear morphologies such as double or multiple
nuclei deserve closer scrutiny. Galaxies with double nuclei
usually reach the stage of galaxy interaction or starburst
(Bridge et al. 2010; Mezcua et al. 2014), along with certain
normal field galaxies (e.g., Lauer et al. 1996; Menezes &
Steiner 2018). Based on spectroscopic investigations, many
sources with double nuclei have been identified as AGNs,
starburst nuclei, or giant HII regions (e.g., Mazzarella &
Boroson 1993; Moiseev et al. 2010; Koss et al. 2011). Galaxy
interactions and mergers have been shown to be some of the
mechanisms responsible for the generation of double nuclei in
disk galaxies (Gimeno et al. 2004). In this scenario, galaxies in
the merging phase may manifest double nuclei in their central
regions when their outer disks are already mixed with their
individual surviving nuclei (Mezcua et al. 2014). Thus single or
dual AGNs tend to be observed in the double nuclei resulting
from mergers (Mazzarella et al. 2012). The projected separa-
tions of the two nuclei in these systems fall in the range of
hundreds to thousands of parsecs based on the merger stages
(Mezcua et al. 2014). Besides the mergers, the presence of a
nuclear eccentric stellar disk and central supermassive black
hole can result in a double nucleus in galaxies (Tremaine 1995).
The double nuclei in M31, NGC 4486B, and NGC 1187 are
likely formed through this process along with only parsec-scale
separations with their double nuclei (Lauer et al. 1996, 2012;
Menezes & Steiner 2018).

In order to understand the formation and evolution of SO
galaxies, we investigated IC 676, a barred SO galaxy with
double nuclei. This galaxy is at a distance of 20.2 Mpc,
corresponding to a scale of ~98.2 pcarcsec ' (NASA
Extragalactic Database—NED). Table 1 gives the global
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properties of this galaxy. IC 676, which appears as early-type
morphology, has active star formation in the central region
(Contini et al. 1998). This galaxy shows nuclear morphology
consistent with the double nuclei (Mazzarella & Boroson 1993).
The projected distance between the double nuclei is about 200
pc along the major axis of the galaxy (Nordgren et al. 1995).
Although early studies considered IC 676 as a candidate in the
group or pair environment (Peterson 1979), recent observations
have suggested that IC 676 is an isolated galaxy (Yuan et al.
2010; Cappellari et al. 2011). There is an obvious narrow bar
but no evidence for a significant bulge in this system (Erwin &
Debattista 2013).

Given the nontypical phenomenon in an isolated early-type
galaxy, IC 676 is a promising candidate of SOs because its
peculiar properties may provide clues to the agents that drive
the evolution and morphology transformation of SO galaxies.
An analysis of the nature of the double nuclei in this galaxy
would set important constraints on the physical processes
included in galaxy evolution.

To analyze and investigate the origin of the double nuclei in
IC 676, we coupled our new optical long-slit spectroscopic
observations, together with archived images from the Canada—
France-Hawaii Telescope (CFHT) and Hubble Space Tele-
scope (HST). We perform multicomponent decomposition to
derive its accurate structural parameters, and analyze the stellar
populations, metallicities, and activity types of the double
nuclei.

This paper is organized as follows. Section 2 describes the
spectra and archival data that we used to investigate the
properties of IC 676. The analysis and results of the structural
decompositions and optical spectroscopy are presented in
Section 3. We discuss the nature and formation of IC 676’s
double nuclei in Section 4 and provide a brief summary in
Section 5.

Throughout this paper, we adopt a standard ACDM
cosmology with Hy, = 70km st Mpc_l, Qv = 0.3, and
Qp=0.7.

2. Data Acquisition
2.1. Long-slit Spectroscopy

Long-slit spectroscopy was performed on 2016 March 15
using the BAO Faint Object Spectrograph and Camera
(BFOSC) on the 2.16 m telescope at Xinglong Observatory
of the National Astronomical Observatories of China (Fan et al.
2016). The spectra were taken with a slit along the major axis
of the stellar bar that covers the two nuclei in the central region
simultaneously. The slit width was 2”3 in accordance with the
typical local seeing of 2”5. In this observation, the G4, G7, and
G8 gratings were used, corresponding to the wavelength range
of 3800-8700 A, 3780-6760 A, and 5800-8280 A, giving
dispersions of roughly 4.45, 2.13, and 1.79A pixel ',
respectively. Exposure time for each grating was 1200 x 3
seconds. A Fe—Ar lamp of each grating was observed for
wavelength calibrations. The standard star Feige 34 was
observed on the same night for flux calibration. The calibration
images, including bias and dome flats, were obtained at the
beginning and end of the night.

The slit spectra were reduced and calibrated using standard
CCD procedures in the IRAF environment. The preprocessing
included bias subtraction, flat-field correction, and cosmic-ray
removal. The spectra were extracted for each grating by
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Figure 1. CFHT g and r images of IC 676. Top: the original images of g (left)

and r (right) band. Bottom: the star-cleaned images of g (left) and r (right)
bands.
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employing rectangular apertures on the slit. After extraction,
the spectra were wavelength- and flux-calibrated.

2.2. Archival Data

Besides our own observations, we also used photometric
images from archival sources where the data were of high
quality. We searched for archival optical images of IC 676 on
the Canadian Astronomy Data Centre (CADC) and selected the
images observed with CFHT as part of Proposal #14BP07
(Duc et al. 2015). These data were obtained with the MegaCam
camera on CFHT, and consist of seven g-filter and seven r-filter
exposures with the exposure time of 7 x 345 s for each filter.

HST F160W

AD (arcsec)
o

Ab (arcsec)
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The raw data were reduced with the pipeline Elixir-LSB and
described in Duc et al. (2015).

We derived the single images after reduction and combined
them for each filter using the AstrOmatic resampling package
SWARP (Bertin et al. 2002; Bertin 2010). The coadded images
have a projected pixel size of 0”187 and the full width at half
maximum (FWHM) of ~1”. The surface brightness limits are
28.5-29 mag arcsec > in the g- and r-bands. The resulting
images are shown in Figure 1.

Besides CFHT images, the far-ultraviolet (FUV) image and
high-resolution near-infrared (NIR) image of IC 676 were
retrieved from the Mikulski Archive for Space Telescopes. This
NIR image was observed with the HST NICMOS Camera 2
(NIC2) and F110W filter (HST Proposal # 11219, PIL
Alessandro Capetti; Baldi et al. 2010). This observation was
taken on 2008 January 3 with the exposure time of 1151 s, and
it pointed to the central 1972 x 19”2 region of IC 676 with a
projected pixel size of 07075. The FUV image was observed
with the Galaxy Evolution Explorer (GALEX; Martin et al.
2005), and it is characterized by a point-spread function with an
FWHM of ~6" and a pixel size of 1”5. Furthermore, the
continuum-free Ho narrowband image was derived from Zhou
et al. (2018), which was observed with the BFOSC on the
2.16 m telescope at Xinglong Observatory with a resolution of
FWHM = 2”5. Because the FUV and Ha emissions are
mainly concentrated in the central region of IC 676, Figure 2
presents these images for the central 20” x 20" region of this
galaxy in the left panel, and the most inner region from the HST
image in the right panel.

2.3. Object Masking and Cleaning

To obtain accurate results, we removed the signals
contributed by unrelated objects, such as foreground bright
field stars and background galaxies in CFHT images. The
object masking was performed mainly by following the method
in Ho et al. (2011) though with certain adjustments. First, we
created a mask FITS file that contains the affected pixels. We
used SExtractor (Bertin & Arnouts 1996) to detect the objects
in the image and produced the corresponding catalog and
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Figure 2. Central region of IC 676, with north up and east to the left. Left: the images are GALEX FUV, continuum-free Ho, HST F160W, and CFHT color (g — ),
respectively. The double nuclei are marked with the blue (the northern one) and red (the southern one) circles in each panel. The circles are 1”5 in radius. Right: the
zoom-in HST F160W image is shown. The bright knots of the double nucleus regions are marked with small circles (radius ~0” 1). The yellow cross in all panels

marks the photometric center of the galaxy.
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segmentation image. To avoid mistaking the pixels of the main
body for the affected ones, we carefully tested the input
parameters of SExtractor and checked the results visually. In
addition, we compared the peak values and its background to
identify the masking pixels in the region of the target galaxy. In
the given parameters of SExtractor, the initial segmentation
image could miss the faint outer halos of the bright affected
objects. Thus, we extended the masking region of each object
with the growth radius of several to dozens of pixels.

We used IRAF task fitpix to clean the contamination from
foreground stars and background galaxies based on the object
mask created above. This task could replace regions of an
image by linear interpolation using the edges across the
narrowest dimension. For one image, fitpix was performed
twice along the lines and columns, respectively. Thereafter, we
combined the two fixed images to derive the final star-cleaned
image. Figure 1 presents our original and star-cleaned images.

3. Analysis
3.1. Morphological Analysis

We first visually analyzed the galaxy and its nuclei with the
optical maps of the whole galaxy (Figure 1) and the
multiwavelength images of its inner region (Figure 2). IC
676 features an obvious ring, a long stellar bar, and two bright
nuclei 2” (~200 pc) apart in projection. The northern nucleus
(hereafter Nucleus-N) manifests as a dense core in the optical
images, while the southern nucleus (hereafter Nucleus-S)
shows more extended and elongated structures. FUV and Ha
emissions are typical tracers of the star formation activity of
galaxies. Hence the FUV and continuum-free Ha images
indicate that most of the star formation of IC 676 is
concentrated in its galactic central region, although these
images cannot yet enable us to resolve the double nuclei owing
to lower spatial resolution. The color map g—r in Figure 2
shows that the double nuclei are bluer than other regions of the
galaxy, indicating more active star formation.

To further explore the nature of the double nuclei in IC 676,
we derived the archival HST F160W image with a high spatial
resolution of 0”15. As is evident in Figure 2, the double nuclei
resolve themselves into tens of point sources that are candidate
massive star clusters. Nucleus-N primarily consists of three
bright clusters in the region of ~50 pc. The clusters in Nucleus-
S manifest as two groups with a distance of ~60 pc, and the
northern one is made of three to five clusters and the southern
one is dominated by one bright cluster. We measured the sizes
of the clusters to be about 0”12, which is close to the FWHM
of the PSF in F160W images. Although we cannot constrain
the accurate size of our clusters, we can make sure by
considering the effect of PSF that they are securely below ~12
pc at a distance of 20.2 Mpc.

3.2. Structural Analysis

We used the IRAF task ellipse to fit elliptical isophotes of IC
676, and produce the radial surface brightness (w), ellipticity
(e), and position angle (PA) profiles. Because the CFHT r-band
image has deeper magnitude limiting and better seeing than the
g-band one, the fitting was only derived on the star-cleaned r-
band image of IC 676. The results are shown in Figure 3.

In the most inner region of the galaxy, an obvious hump can
be found in the brightness profile owing to the second nucleus.
The bar structure could be identified and measured using these
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profiles by the method of Jogee et al. (2004). When a bar exists,
the ellipticity steadily increases until it reaches a maximum
while the position angle remains constant. Beyond the end of
the bar, the ellipticity drops by more than 0.1 and the position
angle changes by more than 5° in 1”-2". Based on the r-band
image of IC 676, a typical stellar bar was detected. The length
of the bar is about 21”7 (~2.5 kpc) and its ellipticity is 0.70.

Besides the 1D profiles, we further performed 2D multi-
component decomposition of the r-band image with GALFIT
(Peng et al. 2002, 2010). We started the fitting with a single
Sérsic disk, which produced a disk component with the Sérsic
index of 2.36 and effective radius of 23726. With this initial
model we obtained the magnitude of the entire galaxy though
the stellar bar was missed. Then we added another Sérsic model
for the stellar bar in the subsequent fitting while the outer disk
remains in the residual image. Based on the two-component
model, the third Sérsic disk was added to produce the best
fitting, which has given clean residuals for most regions of the
galaxy. The structural parameters from the best fittings are
presented in Table 2. The top panels of Figure 3 present the
final best fitting results along with the residual image. The 1D
surface brightness profiles of the 2D models from our fitting are
also plotted in this figure.

We did not model the two nuclei separately since they,
especially the southern nucleus, manifest as compact irregular
structures and thus are hard to fit with a single model. In
addition, we masked the double nuclei in our fit to avoid their
influence on the fit of the stellar bar. Thus, the components of
the double nuclei are presented as the obvious excess of the
galactic center in the residual image. Our 2D fitting produces a
galactic bar with an effective radius of ~8”7 (~1 kpc) and axis
ratio of 0.30, which is consistent with the results from 1D
profiles. Furthermore, the absence of a bulge component in the
fitting models indicates the possibility of either a negligible or
nil fraction of the bulge being assembled in IC 676, which is
consistent with the results in Erwin & Debattista (2013).

Based on the 1D profiles, the photometric center of IC 676 is
located between the double nuclei as marked in Figure 2. The
centers of the three components in our 2D fit are consistent
with the 1D result, whereas they have a little offset with each
other (<0”5).

3.3. Spectrum Analysis

In order to analyze the properties of the two stellar nuclei in
IC 676, we extracted the spectra of rectangular apertures on the
slit, centered on the two nuclei in the galactic center. The
apertures are shown in Figure 4 and listed in Table 3. The size
of the apertures is set to 273 x 2”7, corresponding to a
physical scale of 283 x 340 pc” with the distance of IC 676. In
Figure 4, we present the extracted spectra. For each object, both
the blue- (from G7 grating) and red-side (from G8 grating)
spectra are shown, in which the red side is scaled to match the
flux level of the blue side.

We applied the spectral synthesis to the extracted spectra by
using the STARLIGHT software (Cid Fernandes et al. 2005)
and BCO3 stellar population model (Bruzual & Charlot 2003).
These template spectra range in age between 0.001 and
13.0 Gyr and in metallicity of 0.004 < Z < 0.05. The Cardelli
etal. (1989) law was adopted for the dust extinction. The blue-
side spectra in the wavelength range of 3900-6700 A are used
in the fitting, and all the prominent emission lines were masked
out during our fitting. We show the results of the spectral
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Figure 3. Best-fit 2D models and isophotal analysis of IC 676. The top row shows, from left to right, the star-cleaned r-band image with gray scale, the 2D model
image and the residual image from the three-component fitting. The bottom left panel shows the radial surface brightness profiles of the date image and the total and
individual component models from GALFIT fitting, which are illustrated in the legends. The fitting residual is plotted below. The inset panel shows the profile of the
galactic central region in 10”. The bottom right panel shows the radial profiles of ellipticity (e) and position angle (PA).

synthesis fits in Figures 5 and 6, together with the fit residuals
and the distributions of stellar population components,
weighted by luminosity and stellar mass, respectively. The
values derived from the fits are summarized in Table 3. There is
a large fraction of luminosity from the contribution of young
stellar populations with ages of 1-10Myr in both nuclei.
Especially for Nucleus-N, about 50% of the luminosity is
dominated by populations with ages of about 1 Myr, indicating
the much stronger star formation activity recently. Considering
the old stellar populations mainly from the background of the
galactic central region, the double nuclei are dominated by
young stellar populations. We also found that the stellar
metallicities of the double nuclei are similar to each other,
while Nucleus-N has a higher dust extinction than Nucleus-S.

Based on the spectral synthesis, we also estimated the stellar
masses of the star clusters or bright knots in both nuclei (see the
HST F160W image in Figure 2). Assuming three to five
clusters in each nucleus and removing the old stellar
populations from the galactic background, the stellar mass is
(1-3) x 10° M, for each cluster.

To determine the source of gas ionization in the double
nuclei, we employ two standard BPT optical spectroscopic
diagnostic diagrams (Baldwin et al. 1981), as shown in
Figure 7. The fluxes of the optical emission lines in each
nucleus were measured, including Hg3, [O II]A5007, He, [N 11]
A6584 in the G7-grating spectra and [S1IJA6717,6731 in the
G8-grating spectra. The emission-line fluxes of the bar regions
were not measured owing to the low signal-to-noise ratio.
These fluxes are listed in Table 3. Both the nuclei fall into the
star formation region in the two BPT diagrams, indicating that
the star formation activity has contributed to the photoioniza-
tion of the nuclei beyond reasonable doubt. However, both the
nuclei are also located in the composite region of star formation
and AGN in the left BPT diagram in Figure 7, and thus both
nuclei may also harbor AGNs.

The star formation rates (SFRs) of the two nuclei were
calculated based on the basis of the Ha emission line. The
intrinsic extinction correction of Ha luminosity was performed
with the assumption of Calzetti et al. (2000) extinction law and
intrinsic Ho/HB = 2.86 for the Case B recombination at a
temperature 7, = 10* K, besides an electron density
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Table 2
Structural Parameters from GALFIT Decomposition
Component  m (mag) R, (") n b/a PA Co X,z,
1 (@) 3 @ () ©) Q) ®
1-Component Fitting
disk 12.29 2326 236 052 —17.29 432
2-Component Fitting
bar 13.79 1129 0.77 027 —1958 111 274
disk 12.69 2642 094 0.5 —9.64
3-Component Fitting
bar 14.09 1022 0.65 024 —1758 1.07 245
disk1 14.18 1876 129 0.84 —32.74
disk2 12.85 30.69 1.00 0.71 3.26

Note. Columns: (1) basic components of the GALFIT model; (2) total
magnitude of each model for the CFHT r band; (3) effective radius in
arcseconds; (4): Sérsic index; (5) axis ratio (b/a) of each component; (6)
position angle measured in degrees east of north; (7) diskyness/boxyness (with
Co < 0, the shape is disky, and conversely, boxy as Cy > ); (8): reduced x? for
the best-fit model.

ne = 10> cm™3 (Osterbrock 1989). The SFRs are derived using
the calibration from Kennicutt (1998):
SFR(M, yr™Y = 7.9 x 107*[L(Ha)](erg s~"), where L
(Ha)] is the extinction-corrected Ha luminosity. With the
assumption that all Ho emission in IC 676 is from the star
formation activity, we obtained SFRs of 0.19 M, yr~! and 0.08
M, yr~!, corresponding to 3.21 and 1.40 M., yr—' kpc=2 for
Nucleus-N and Nucleus-S, respectively. This confirms more
active star formation in Nucleus-N than in Nucleus-S. In
addition, these values are similar to SFR surface densities of
starburst galaxies or the circumnuclear star-forming regions in
spiral galaxies (Kennicutt 1998; Kennicutt & Evans 2012). The
total SFR of IC 676 is 0.28 M, yr~! based on the measurement
of Zhou et al. (2018). Therefore, nearly all of the star formation
activity in this galaxy is concentrated in the double nuclei,
consistent with our finding displayed in Figure 2.

4. Discussion
4.1. The Nature of the Double Nuclei in IC 676

In the previous section, we have inferred the physical
properties of the double nuclei in SO barred galaxy IC 676. The
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Table 3

Emission-line and Stellar Population Parameters for two Nuclei of IC 676
Parameter Nucleus-N Nucleus-S
Position
R.A.(J2000) 11:12:39.7 11:12:39.8
Decl.(J2000) +09:03:24.83 -+09:03:21.30
Stellar Population® (light-weighted)
Young (%) 50.8 70.6
Median (%) 0.0 9.1
Old (%) 49.2 20.3
Emission-line flux (10~ erg s~! cm~2)
Hp 77 +£03 25+£05
Ha 62.0 £ 0.2 219+ 03
[O 1] A5007 25+ 04 1.0 £ 0.6
[N ] A6584 395 +£0.2 145 £ 04
[SH]A 6717,6731 11.6 £ 0.2 7.8 +£04

Note.

4 The percentage of stellar population with different ages weighted by
luminosity. Young is the population with age <100 Myr, 100 Myr—1 Gyr for
Median, and age >1 Gyr for Old.

residual image of the GALFIT 2D decomposition revealed
certain peculiar morphological features of these nuclei. We
found that Nucleus-S manifested more extended and elongated
structures while that of Nucleus-N presents as a dense core in
our optical images. The spectrum analysis indicated that there
is a large percentage of young stellar populations in the two
nuclei and both nuclei have active star formation.

Furthermore, the double nuclei can be resolved into several
massive star clusters with parsec-scale size in the HST image.
We assume that these clusters in IC 676 are young massive star
clusters (YMCs). YMCs are abundant in interacting gas-rich
galaxies and dwarf starbursts (Cao & Wu 2007; Portegies
Zwart et al. 2010). YMCs are typically found to be within 20
pc with the mass of 10°-10° M, (Larsen & Richtler 1999;
Portegies Zwart et al. 2010). YMCs appear to be formed in
giant molecular clouds, and they are often associated with
violent star formation activity (Portegies Zwart et al. 2010).
Thus, a large number of YMCs are formed younger than about
100 Myr, which is consistent with the starburst age of their host
galaxies (de Grijs et al. 2013).

The photometry from CFHT and HST images of IC 676 has
demonstrated that the size of each bright knot in the double
nuclei is below 12 pc. The spectrum analysis revealed the

Nucleus-N
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Figure 4. Left: the positioning of the spectroscopic long slit overlapped on the r-band image. The inset shows the nuclei region of IC 676. The rectangles indicated in
yellow are the apertures where spectra are extracted in two nuclei. North is up, and east is left. Right: the spectra of the double nuclei. Nucleus-N is the northern one
and Nucleus-S is the southern one. The G7- and G8-grating spectra are shown in blue and red, respectively. The G8-grating spectrum is scaled to the flux level of the
G7-grating spectrum based on the overlapped wavelength region.
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Figure 5. STARLIGHT spectral synthesis for Nucleus-N of IC 676. The top two panels show the observed spectrum (gray), the model spectrum (red), and the residual
spectrum. The spectra in the two panels are normalized by the flux intensity at 6200.0 A. The bottom two panels present the resulting luminosity-weighted (left) and
mass-weighted (right) stellar population fractions x; and M; as a function of age of the stellar population templates.
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Figure 6. Same as in Figure 5, but for spectral synthesis results of Nucleus-S.

young stellar population with ages of ~10°-10% yr in the
double nuclei (Figures 5 and 6). The FUV and Ha images of IC
676 present typical giant H1I regions in the galactic center,
while these images cannot yet allow us to resolve the double
nuclei owing to less spatial resolution (Figure 2). Furthermore,
the CO-integrated intensity map observed by the IRAM 30 m
telescope shows intense molecular gas accumulated in the
nuclei region of IC 676 (Alatalo et al. 2013). Therefore, most of
the properties of the knots in the double nuclei are consistent

with the characters of the YMCs that we have mentioned
above.

We also considered the probability that the bright knots in
the double nuclei are nuclear star clusters (NSCs). NSCs are
dense stellar systems in galaxy centers, and they are present in
a wide variety of galaxies across the entire Hubble sequence
(den Brok et al. 2014; Carson et al. 2015). Based on the criteria
of Boker et al. (2002), NSC is often the brightest and only
cluster within a kiloparsec from the photometric center of the
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Figure 7. Two BPT optical spectroscopic line ratio diagrams of the double nuclei. Left: the demarcations separating star-forming galaxies and AGNs are from
Kauffmann et al. (2003; red dashed curve) and Kewley et al. (2001; black solid curve). Right: the Kewley et al. (2001) extreme starburst classification line (black solid

curve) separates star-forming galaxies from Seyfert and LINER galaxies.

host galaxy. However, in the sources from this study, there is
not a single dominant, isolated point-like source that can be
detected at or close to the galaxy center. Therefore, we did not
classify our clusters as NSCs.

4.2. Possible Formation Scenarios of IC 676’s Nuclei

We have shown above that there is active star formation in
the galactic center of IC 676, and its double nuclei consist of
several bright knots, which are identified as YMCs. Moreover,
our recent work has derived that IC 676 has a stellar mass of
1.3 x 10° Mg, an extinction-corrected Ho star formation rate
(SFR) of 0.28 M., yr~!, and neutral hydrogen (HI) gas mass of
1.0 x 108 Mg (Zhou et al. 2018). Thus, the star formation
efficiency (SFE) of neutral gas is 1078 yr~! (e,
2.7 x 10~ yr~1), obviously higher than the mean SFE of
10799 yr~! derived for the ALFALFA H I-selected galaxies by
Huang et al. (2012). The total mass of molecular gas H,
measured from the CO observation is 5.13 x 108 M, taken
from Alatalo et al. (2013). Thus, the SFE of total gas is
~107%34yr=! for IC 676, similar to that of normal disk
galaxies (Kennicutt 1998).

As mentioned before, IC 676 is a barred SO galaxy.
However, such phenomena as above appear to be nontypical
in this type of galaxy. The factors that trigger the star formation
in this galaxy, and the reason behind the presence of two nuclei
in the galactic center need to be understood. A major merger is
an important driver for the evolution of SO galaxies (Prieto
et al. 2013) and YMCs in galaxies (Kruijssen et al. 2012).
However, a major merger could be excluded in the recent
physical processes of IC 676. Although IC 676 was previously
classified as the merger candidate (Gimeno et al. 2004), optical
images of IC 676 show no indication of tidal features resulting
from galaxy interactions (Figure 1). While it is also plausible
that this galaxy might be in the post-merger stage of a merger
event when the features of galaxy interaction have already
vanished (Mezcua et al. 2014). IC 676 is located outside of the
Virgo Cluster with a projected distance of about 7.5 Mpc to the
cluster center, much larger than the radius of the cluster. Based
on the MPA-JHU spectroscopic sample of the Sloan Digital
Sky Survey (SDSS; York et al. 2000; Brinchmann et al. 2004),
the nearest galaxy to IC 676 is CGCG 039-068 at a distance of
~0.5 Mpc, which is significantly larger than the virial radii of

both galaxies. Thus, the effects on IC 676 from other galaxies
can be ignored.

Furthermore, there is a large-scale stellar bar and two regular
rings (inner and outer) in the disk of IC 676. Given that the bar
is long-lived, this galaxy must be free of major or even minor
mergers for a long time, since merger events could scramble
disks and destroy the bar and rings (Kormendy & Kenni-
cutt 2004). Moreover, the inner and outer rings in IC 676 are
the features related to specific orbital resonances with the
pattern speed of the stellar bar (Buta 2017). They are
considered to be the result of secular evolution processes from
long-lived nonaxisymmetries that redistribute the material and
angular momentum in disks (Comerén et al. 2014; Buta et al.
2015). Besides that, there is not a bulge component found in IC
676, especially the classical bulge that is assumed to be the
product of the major merger (Athanassoula 2005). These
features in IC 676 completely ruled out a recent merger event.

Another possible driver of the galaxy evolution in IC 676 is
the stellar bar. In Section 3.1, our images and structural
analysis have indicated the existence of a strong bar in IC 676
(Figure 3). Multiwavelength observations have also shown that
strong bars are common in disks of SO galaxies (Laurikainen
et al. 2007; Lansbury et al. 2014). Lots of numerical
simulations and multiwavelength observations have established
that the gas in disks can lose its angular momentum in the
effect of stellar bars and then move inward toward the inner
region of galaxies followed by a trigger for active star
formation in the dense molecular gas reservoirs (e.g.,
Athanassoula et al. 2013; Consolandi et al. 2017). Radio CO
observations have indicated that IC 676 has high molecular gas
concentrations in its central kiloparsecs, and the gas is
distributed along the bar region (see Figure Al in Alatalo
et al. 2013). This may indicate the bar-driven gas inflow in IC
676. Furthermore, the star formation activity and the young
stellar populations in the central region of IC 676 are also
consistent with the outcome of bar-driven secular evolution.

Given that the material is redistributed by the stellar bar in
the galactic disk, the external origin of the material fueling the
star formation is still not clear. Various studies have suggested
that the external mechanisms such as cosmological accretion
and minor mergers can bring in gas and resume the formation
of stars in early-type galaxies (e.g., Davis et al. 2015; Bryant
et al. 2019). A key signature of the external gas replenishment
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is that the angular momentum of the gas is misaligned from the
stars in the galaxy (Davis & Young 2019). For IC 676, Davis
et al. (2011) measured its kinematic position angles (PAs) of
gas and stars, and found that the ionized gas is likely to be
kinematically misaligned for the stars with
APA = 30°5 £ 29°6, while its molecular gas seems to be
kinematically  aligned with respect to the stars
(APA = 2° 4+ 1598). However, based on the large uncertainty
of the position angles, we cannot ascertain the effect of the
external accretion of the gas. Furthermore, the ionized gas
kinematic PA of IC 676 is probably affected by its stellar bar
(Davis et al. 2011).

Additionally, the offset of the ionized gas component in IC
676 is also probably heated and influenced by AGN activity.
Many studies have confirmed that AGN feedback can drive gas
outflows and affect star formation in host galaxies (e.g.,
Ishibashi et al. 2013; Manzano-King et al. 2019). While there is
not a clear sign of an AGN in IC 676 on the BPT diagram
(Figure 7), both nuclei are located on the composite region of
AGN and star formation. Thus, we cannot rule out IC 676 as an
AGN host, and AGN activity may also make a contribution to
the star formation and evolution of this galaxy.

As shown in Figure 2, the double nuclei in IC 676 are two
groups of YMCs in the galactic central region, which are
different from the double or multi-nuclei in the merging
systems. This indicates that the evolution of IC 676’s nuclei is
governed by secular processes rather than by major mergers.
Furthermore, there is not a (classical) bulge component found
in this galaxy, and the double nuclei are likely a part of the
pseudobulge of IC 676, or will transform to the pseudobulge in
the future. The bar-driven gas inflow makes the dense
molecular gas reservoir in the galactic central region, and then
it triggers the formation of YMCs. The radio observation shows
that the 5GHz continuum emission in IC 676 is mainly
concentrated on the northern nucleus, and characterized by
nonaxisymmetric, extended morphology, which could be the
result of SF, or a mixture of AGN and SF (Nyland et al. 2016).
It is interesting that negligible emission is coming from the
southern nucleus. Maybe the gas on the southern nucleus is
(mostly) consumed by SF, or dispelled by some physical
processes such as feedback from AGN or supernova. Besides
that, the presence of a nuclear eccentric stellar disk can also
result in double galactic nuclei such as M31 (Lauer et al. 2012).
Although we could not confirm the existence of an eccentric
stellar and gas rotating nuclear disk in IC 676 based on our
current data, this opens the possibility for the formation of the
double nuclei.

Overall, our results suggest that the barred SO galaxy IC 676
likely has a complex formation and evolutionary history.
Various mechanisms, especially the secular processes driven by
the stellar bar and external accretion, provide contributions to
the formation of the double nuclei and evolution of IC 676.
This indicates that the secular evolution involving the internal
and external mechanisms may have a significant contribution to
the formation and evolution of lenticular galaxies.

5. Summary

In this paper we utilize available multiwavelength images
and optical long-slit spectra to investigate the nature of the
double nuclei in the isolated barred lenticular galaxy, IC 676.
We perform detailed 1D profiles and 2D decompositions of this
galaxy’s CFHT r-band data, and apply the spectral synthesis to
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analyze the stellar populations and activity types of the double
nuclei. Our primary results can be summarized as follows.

1. Based on 1D brightness profiles and 2D image decom-
positions, the best-fit 2D model for IC 676 consists of one
bar component and two Sérsic disks with Sérsic index
n ~ 1.3. The stellar bar in IC 676 has a length of
~2.5 kpc and an axis ratio of 0.30. There is probably little
or no bulge component assembled in IC 676.

2. The luminosities of the double nuclei are mainly
dominated by young stellar populations with ages of
1-10 Myr. Compared with the southern nucleus, the
northern one has stronger star formation activity and
higher dust extinction, though with similar stellar
metallicity. BPT diagrams indicate that the star formation
activity is the main source of gas ionization in the double
nuclei, while a certain contribution may also come
from AGNs.

3. Nearly all of the star formation in IC 676 is concentrated
on the double nuclei. The northern nucleus has more than
twice the SFR surface density of the southern one. Both
of them are similar to those in the starburst galaxies or the
circumnuclear star-forming regions in spiral galaxies.

4. We have discussed the nature of the double nuclei, and
suppose that each of them consists of several YMCs,
which can be resolved as bright knots in the HST high-
resolution image. The secular processes may primarily
contribute to the formation and evolution of the double
nuclei. The gas in IC 676 is likely affected by the stellar
bar, and driven into the inner regions of the galaxy,
resulting in the star formation activity. The interference of
galaxy interaction is likely to be negligible. This indicates
that the secular evolution involving the internal or
external drivers may have an important contribution for
the evolution of lenticular galaxies.
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