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ABSTRACT

Context. Star-forming blue early-type galaxies at low redshift can give insight to the stellar mass growth of L, elliptical galaxies in
the local Universe.

Aims. We wish to understand the reason for star formation in these otherwise passively evolving red and dead stellar systems. The
fuel for star formation can be acquired through recent accretion events such as mergers or flyby. The signatures of such events should
be evident from a structural analysis of the galaxy image.

Methods. We carried out structural analysis on SDSS r-band imaging data of 55 star-forming blue elliptical galaxies, derived the struc-
tural parameters, analysed the residuals from best-fit to surface brightness distribution, and constructed the galaxy scaling relations.
Results. We found that star-forming blue early-type galaxies are bulge-dominated systems with axial ratio >0.5 and surface brightness
profiles fitted by Sérsic profiles with index (n) mostly >2. Twenty-three galaxies are found to have n < 2; these could be hosting a
disc component. The residual images of the 32 galaxy surface brightness profile fits show structural features indicative of recent
interactions. The star-forming blue elliptical galaxies follow the Kormendy relation and show the characteristics of normal elliptical
galaxies as far as structural analysis is concerned. There is a general trend for high-luminosity galaxies to display interaction signatures
and high star formation rates.

Conclusions. The star-forming population of blue early-type galaxies at low redshifts could be normal ellipticals that might have
undergone a recent gas-rich minor merger event. The star formation in these galaxies will shut down once the recently acquired fuel

is consumed, following which the galaxy will evolve to a normal early-type galaxy.
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1. Introduction

Early-type galaxies (ETGs) in the local Universe are morpho-
logically ellipticals or lenticulars with little or no ongoing star
formation, host evolved stellar population, and populate the red
sequence on the galaxy colour—-magnitude diagram (Faber 1973;
Visvanathan & Sandage 1977; Baldry et al. 2004). Early-type
galaxies populate the massive end of the galaxy stellar mass
function at least from redshift (z) ~1 and constitute a significant
fraction of the stellar mass in the local Universe. Recent observa-
tions suggest that the stellar mass of field L, ETGs almost dou-
bled from z ~ 1 to O (Bell et al. 2004; Faber et al. 2007; Brown
et al. 2007). The observed increase of stellar mass in L* ETGs
between z ~ 1 to 0 is in accordance with the current paradigm
of ACDM cosmology, which predicts hierarchical formation and
evolution for galaxies (De Lucia et al. 2006).

Galaxies follow different evolutionary paths over the last
8 billion years to account for the observed growth in stellar mass.
The galaxies can be at different stages of the evolutionary path,
which at different redshifts and varying environments can be
used to test our current understanding of galaxy formation and
evolution (Faber et al. 2007, for a detailed description of the vari-
ous galaxy evolutionary paths). Star-forming blue spiral galaxies
in the absence of continuous supply of molecular gas can quench
star formation and migrate from the star-forming blue cloud
to the passively evolving red sequence on the galaxy colour—
magnitude diagram. Major mergers between two star-forming
spiral galaxies go through a morphological destructive phase
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with intense star formation that depletes the gas reservoir and
makes the merger remnant an ETG on the red sequence (Toomre
1977). Major mergers are more common at high redshift when
the Universe was less than half of the current age (Conselice
et al. 2003). Minor mergers, on the other hand, are more fre-
quent and can contribute to the continuous build-up of galaxies
in the local Universe (Kaviraj et al. 2009; Kaviraj 2014). The
slow build-up of the outer galaxy until the present epoch, as ob-
served in the size evolution of elliptical galaxies, is now believed
to be due to minor mergers (Trujillo et al. 2011). Minor merg-
ers can also bring gas and induce star formation in an otherwise
gas-poor elliptical galaxy. HI surveys of relaxed nearby elliptical
galaxies demonstrate the presence of significant amounts of neu-
tral hydrogen, the origin of which is attributed to external sources
like minor mergers (Morganti et al. 2006; Oosterloo et al. 2010;
Serra et al. 2014). The processes responsible for bringing gas to
elliptical galaxies can be mergers or gas accretion from the inter-
galactic medium. Star formation can occur from this gas and can
account for some of the stellar mass build-up in ETGs. Galaxies
can then move from the red sequence to the blue cloud on the
galaxy colour-magnitude diagram.

The report of a sample of blue star-forming ETGs is interest-
ing in this context (Schawinski et al. 2009, hereafter S09). The
elliptical morphology of these L, galaxies is based on visual
classifications from the Galaxy Zoo (GZ). They are found in
low-density environments and also make up 5.7 + 0.4% of the
low-redshift ETG population.

A45, page 1 of 9


https://doi.org/10.1051/0004-6361/201629667
http://www.aanda.org
http://www.edpsciences.org

A&A 598, A45 (2017)

()

Fig. 1. SDSS r-band images of 55 star-forming blue ETGs taken with 54s integration time. Note the faint features at the galaxy outskirts with
shallow SDSS imaging. The S09 object identification number is given at the top of each image. The images showing the presence of recent
interaction features in residual analysis are marked with D. All images are of the same dimension, and a line of length 15" is shown in the first

image; this corresponds to the typical size of the galaxy.

Blue ellipticals have an r-band absolute magnitude
(Mr)<=20.5 and -r colour <2.5 mag. Based on the positions
on the line diagnostic diagram (Baldwin et al. 1981). SO9 have
classified 25% as only star-forming, 25% as both star-forming
and active galactic nucleus (AGN), 12% as AGN and 38% as
having no strong emission lines to classify. The star formation
rates (SFR) of galaxies are estimated from the Ha line lumi-
nosity using the calibration of (Kennicutt 1998, see S09 for a
comparison of SFR estimated with other proxies). The 55 purely
star-forming blue ETGs (out of a total of 204 blue ETGs) have
high SFR (0.45 to 21 M/yr) and very blue colours for any such
systems found in the local Universe. Few of these systems are
reported as ongoing or recently interacting galaxies (George &
Zingade 2015). The 55 star-forming blue ETGs are used in this
study to understand the existence of such systems in the cur-
rent paradigm of galaxy formation and evolution. We address the
following points: we confirm the elliptical nature, the trigger-
ing mechanism of star formation in an otherwise red and dead
elliptical galaxy, the availability of fuel for star formation, and
the fate of blue ETGs. Structural analysis can give insights into
the underlying morphology of these objects, and the estimation
of structural parameters allows us to make galaxy scaling rela-
tions. We first establish the elliptical nature of blue ETGs by a
detailed structural analysis and place these systems in the context
of galaxy scaling relations. We adopt a flat Universe cosmology
with Hy = 71kms™' Mpc™!, Qy = 0.27, Q4 = 0.73 (Komatsu
etal. 2011).

2. Data

The SDSS DR7 Abazajian et al. (2009) r-band images of 55 star-
forming blue ETGs from S09 were used for the structural anal-
ysis. We used the structural parameters data from the cata-
logue of Meert et al. (2015), which is constructed by applying
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two-dimensional point-spread function (PSF) corrected surface
brightness profile fits of 7 x 103 spectroscopically selected galax-
ies from SDSS DR?7. The fitting routine GALFIT (Peng et al.
2002) and analysis pipeline PyMorph (Vikram et al. 2010) were
used to estimate the structural parameters. The choice of fit-
ting the model (single or double) components to the galaxies
to measure the total magnitude and half-light radius was exten-
sively tested based on simulations of mock galaxies by Meert
et al. (2013). The authors concluded that a Sérsic + exponential
component can optimally measure the galaxy global parameters
across many galaxy types. Hence we used the structural param-
eters estimated with surface brightness profile fitting with a dou-
ble component, Sérsic (Sérsic 1968), and an exponential profile
to perform a best fit on the galaxy surface brightness distribution.
The measured total magnitude, effective radius, Sérsic index, and
the ratio between the major and the minor axis (axial ratio b/a)
of the galaxy brightness distribution were used. We further anal-
ysed the residual data from the profile fitting results for a detailed
structural study (residual images from a priv. comm. with Alan
Meert). We also used the structural parameters estimated with a
surface brightness profile fitting using a single Sérsic profile to
derive the galaxy global parameters and check the dependence of
the choice on the number of components that affect our residual
analysis.

3. Structural analysis
3.1. Star-forming blue early-type galaxies

The SDSS r-band imaging data of 55 star-forming blue ETGs
in the blue cloud were visually inspected for any signs of re-
cent interaction. We found that many galaxies show features
at high galactic radii that are indicative of recent interactions.
Figure 1 shows the r-band images of 55 blue ETGs. The galax-
ies with ObjID 41, 50, 56, 61, 72, 124, 129, 149, 172, 195, and
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Fig. 2. Residuals of Sérsic + exponential fit to SDSS r-band images of 55 star-forming blue ETGs from Meert et al. (2015). The S09 object
identification number is given at the top of each image. The galaxy residual images showing the presence of recent interaction features are marked
with D, indicating the presence of stellar debris. All images are of the same dimension, and a line of length 15” is shown in the first image; this
corresponds to the typical size of the galaxy. The location of the stellar debris feature is indicated with an arrow.

215 show features at the galaxy outskirts in r-band images taken
with 54s integration time. It is our interest to understand the ori-
gin of these features, which can shed light on the formation of
the blue ETGs. The visual analysis of r-band images was fur-
ther corroborated with the residuals of surface brightness profile
fits on the galaxy images. We analysed the difference image ob-
tained from the best-fit model and the galaxy image, which is
the residuals to the profile fits. The visual analysis of the resid-
ual images of 55 star-forming galaxies clearly shows the devi-
ation from a smooth featureless galaxy surface brightness pro-
file typical of elliptical galaxies. Figure 2 shows the residuals
from a Sérsic + exponential profile fit to the SDSS r-band im-
ages as explained in Meert et al. (2015). Analysing the residual
image, we found that in addition to signatures of recent inter-
actions, there are indications of deviations from a smooth fea-
tureless early-type morphology with galaxies hosting tidal tails,
shells, asymmetric excess light far of and near to the galactic
centre, which we collectively call stellar debris. We note that
the residual images show a point source at the central region
of the galaxy along with a ring structure, which demonstrates
the failure of a simple two-component model to fit the underly-
ing nature of the surface brightness profiles of blue ETGs. The
normal ETGs from the catalogue of Meert et al. (2015) do not
show such features in the residual images, as demonstrated in
Fig. 2 of Meert et al. (2013). Blue ETGs appear to have more
structural inhomogenities than normal ETGs. We also checked
the residual images from a single Sérsic component fit to the
galaxy surface brightness distribution, and the interaction fea-
tures remains, regardless of the number of components used to
model the galaxy surface brightness profile. We found that out
of 55 blue ETGs, 32 galaxies show features that are indicative of
recent merger events in the residual images, which we interpret
as stellar debris. Table A.1 provides the details of the structural

analysis based on visual inspection of the residual images along
with details of the galaxy u — r colours and star formation rates.
We note that deep imaging of these galaxies is expected to reveal
low surface brightness features that are otherwise not recorded
in shallow SDSS images taken with 54s integration time.

Nair & Abraham (2010) presented a detailed study of the
morphology and the presence of fine structures (including inter-
action signatures such as tails, shells, and collisional rings) based
on visual classifications for 14 034 galaxies in the Sloan Digital
Sky Survey (SDSS) data release 4 (DR4) for the redshift range,
0.01 < z < 0.1 and g-band magnitude <16 mag. We note that
25 galaxies (brighter than g ~ 16 mag) in our sample of 55 blue
ETGs are reported in their catalogue with galaxy details. Four
galaxies are classified as with SO and 21 with E morphology.
The galaxy with ObjID 58 is classified with an Sa morphology.
The number of galaxies listed with interaction features in their
study are different (10) from our residual analysis (21), which
is based on image decomposition. We note here in particular the
galaxies with objlds 50 and 215, which show signs of interac-
tion in our residual analysis (Fig. 2), but are not reported in the
analysis of Nair & Abraham (2010).

Galaxy Zoo classifications of blue ETGs are done purely
based on visual morphology, and only those galaxies that se-
cure >80% votes are selected for the clean sample, as described
in S09. This does not exclude SO galaxies from our sample of
55 star-forming blue ETGs, and as described in S09, a few of our
galaxies can have an SO morphology. We call our sample ETGs,
which includes both ellipticals and SOs. The bias in the GZ clas-
sification process had been statistically studied by Bamford et al.
(2009), who showed that contamination from other morpholog-
ical types (particularly spirals) is 4%, and for our star-forming
blue ETGs, this translates into 2 galaxies. It therefore follows
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that one of our galaxies is classified with an Sa morphology in
the list of 25 blue ETGs from Nair & Abraham (2010).

The very recent galaxy morphology classification from
Galaxy Zoo 2 supercedes the original GZ and compiles the
morphologies for galaxies in the SDSS DR7 along with deeper
images from Stripe 82 (Willett et al. 2013). Fifty-two galaxies
(from our sample of 55 star-forming blue ETGS) in the GZ2 cat-
alogue have a smooth morphology, which confirms the original
GZ classification.

3.2. Normal early-type galaxies

The structural analysis of blue ETGs shows features that are in-
dicative of recent interactions. The interesting question is how
common these features are for normal ETGs on the red sequence
of the galaxy colour-magnitude diagram. Tidal features are re-
ported for ETGs on the red sequence for galaxies with an r-band
absolute magnitude Mr < —20.5 in the redshift range z < 0.05 by
visual inspection of the SDSS Stripe82 imaging data by Kaviraj
(2010). The SDSS Stripe 82 imaging is ~2 mag deeper than the
normal SDSS r-band imaging and hence is an ideal data set in
which to search for faint features that are indicative of recent
interactions around ETGs that are otherwise not seen in the shal-
low SDSS imaging (and which can be revealed without an im-
age decomposition technique). The galaxies reported by Kaviraj
(2010) consist of 238 relaxed ETGs without any morphological
disturbances and 67 ETGs with tidal features exhibiting shells,
fans, tidal tails, and dust lanes at the depth of the Stripe82 im-
ages. The analysis based on the position of galaxies on the BPT
diagram (Baldwin et al. 1981) shows that 1.3% of the relaxed
ETGs and 4.5% of the ETGs with tidal features and dust lanes
host ongoing star formation. However, the ETG populations with
relaxed and the tidal features have a similar distributions in (z—r)
colour (median ~2.5 mag), indicating that any triggered star for-
mation that is due to the interaction is weak and did not change
the optical colours. The recent interaction may not have brought
an amount of gas sufficient for star formation to change the
colours of these galaxies, as in the case of star-forming blue
ETGs. It is worth noting that only 28 + 3% of the galaxies from
the deeper Stripe 82 imaging data of Kaviraj (2010) show fea-
tures that are indicative of recent interaction, whereas 58 + 7%
of blue ETGs (with normal SDSS imaging) have interaction fea-
tures in residual analysis. The uncertainties are calculated from
considering the galaxy sample following a binomial probability
distribution.

The tidal features are more common around massive galax-
ies (stellar mass >10'° M), and galaxies on the red sequence
are twice as likely to show tidal features than galaxies in the
blue cloud (Atkinson et al. 2013). The presence of tidal fea-
tures around galaxy images depends on the depth of the data,
and as summarised in Table 3 of Kim et al. (2012), deeper imag-
ing data retrieve more tidal features around ETGs. We expect a
similar trend for blue ETGs in data from deep imaging (~2 mag
lower than SDSS) surveys like the DECam Legacy Survey of
the SDSS Equatorial Sky (DECaLS). It has been demonstrated
that the probability of finding features around blue ETGs is in
general higher than for normal ETGs with deeper imaging data.

3.3. Enhanced star formation rate and presence of tidal
debris

The presence of stellar debris in the residual images of galax-
ies can be interpreted as an indication of recent galaxy-scale
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Fig. 3. SFR of 55 star-forming blue ETGs plotted against the galaxy
r-band absolute magnitude. Galaxy with interaction features are shown
in blue and those without detected features in red. Galaxies are sepa-
rated into three SFR bins using the dotted lines at 1 and 6 My/yr.

interactions. The detailed knowledge of the mass ratios, stellar
population content, and the gas exchanged during these galaxy-
scale interaction is crucial for our understanding of the formation
and evolution of blue ETGs. We are interested in knowing the
influence of recent interaction on the ongoing star formation in
blue ETGs. We therefore investigated the SFR of the blue ETGs
with and without stellar debris in the residual images. We per-
formed a Kolmogorov-Smirnov (KS) test on the SFR of galaxies
with and with out stellar debris in residual images and found
that with a 95.73% probability, they are drawn from two differ-
ent galaxy distributions. This clearly indicates that galaxies with
stellar debris show a different trend in star formation rate from
galaxies without detected features. The r-band absolute magni-
tude (based on SDSS petromag, which measures the total light
of the galaxy) of blue ETGs is plotted against the SFR in Fig. 3.
Blue ETGs with stellar debris identified in the residual analy-
sis are shown in blue and those without detected features in red.
We divided the galaxies into three bins of SFR: SFR< 1, 1 to 6,
and >6 My/yr. Blue ETGs with SFR<1 Mg/yr show no fea-
tures that would be indicative of recent interaction (5 galaxies),
whereas galaxies of SFR 1 to 6 My/yr are a mix of galaxies with
(17 galaxies) and without (15 galaxies) tidal features. Finally, the
>6 My/yr region is dominated (15/18) by galaxies with tidal in-
teraction features. We note that there is a general trend for galax-
ies with higher luminosity to display interaction signatures and
high SFR, as confirmed with a KS test. The high SFR are respon-
sible for the higher luminosity of these galaxies, and based on the
position of galaxies in the SFR plot, we argue that the recent in-
teraction might have brought in the sufficient fuel (cold molecu-
lar hydrogen gas or molecular gas) for the observed intense SFR
in an otherwise normal elliptical galaxy. The galaxies with high
SFR might have acquired the gas very recently, where the in-
tense ongoing star formation makes the galaxies both bluer and
brighter. The SFR and the absolute magnitude will decrease and
the colour will increase depending on the depletion of molecular
gas (once acquired from interaction) and will decide the fate of
the blue ETG.

4. Scaling relations of blue early-type galaxies

The Kormendy relation is a scaling relation observed between
the effective radii R, (kpc) and the mean surface brightness at the
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Fig. 4. 55 star-forming blue ETGs on the galaxy scaling relations. The parameters used in the diagram are derived from the r-band SDSS imaging
data. Grey points are normal elliptical galaxies in the redshift range 0.02 > z > 0.05.

effective radius (u.) (mag/arcsec2) of ETGs (Kormendy 1977).
The ETGs in all environments are found to follow this tight rela-
tion up to redshift ~1 (La Barbera et al. 2003; Reda et al. 2004;
di Serego Alighieri et al. 2005). The circularised effective radius
is first computed from the measured effective radius (a.) and ax-
ial ratio (b/a) using the equation R, = a. Vb/a. The mean sur-
face brightness is calculated from the circularised effective ra-
dius (arcsec), total magnitude (mag), and redshift (z) using the
following equation:

(ue) = mag + 2.5log (27R?) — 101log(1 + 2).

The mean surface brightness (i), effective radii R. (kpc), ax-
ial ratio b/a, and total magnitude (mag) is used to construct the
scaling relations of blue ETGs.

4.1. Double-component case: Sérsic + exponential profile

We constructed the Kormendy relation of star-forming blue
ETGs using the measured structural parameters from a double-
component model fit to the galaxy surface brightness distri-
bution. Figure 4 shows the r-band structural parameters of
55blue ETGs on the scaling relations. We also plot the scal-
ing relation of normal elliptical galaxies in the redshift range
0.02 > z > 0.05 from the Meert catalogue (in grey) along

with the 55 star-forming blue ETGs (red). We selected only
those galaxies that are morphologically ellipticals confirmed
from GalaxyZoo (Lintott et al. 2008) to assemble the normal
elliptical galaxy list. It is clear from figure that blue ETGs and
normal elliptical galaxies share similar structural properties. The
Sérsic index of the 55 blue ETGs is shown in Fig. 5.

Two galaxies (ObjID 30 157) are having unrealistic errors in
the measured structural parameters and hence we did not use
them when we constructed the scaling relation. We note that
5 galaxies (Objld 52, 103, 105, 139, 148) have low surface
brightness and high effective surface brightness for their mea-
sured absolute magnitude. These 5 galaxies have high Sérsic
index values (saturating at n ~ 8). There are 23 galaxies with
Serisc index values <2, which implies that they are disc systems.
The size-magnitude relation of normal ellipticals and blue ellip-
ticals shows the similar trend. Blue ETGs are bulge-dominated
systems with b/a values greater than 0.5, which further confirms
the morphological classification.

4.2. Single-component case: Sérsic profile

We also constructed the scaling relation using the galaxy struc-
tural parameters estimated with the single Sérsic model fit to
the surface brightness distribution. The 55 blue ETGs fall on
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Fig. 5. Sérsic index (n) of 55 star-forming blue ETGS plotted against
the r-band absolute magnitude. The parameters used in the diagram are
derived from the r-band SDSS imaging data. Grey points are normal
elliptical galaxies in the redshift range 0.02 > z > 0.05.

the scaling relation along with normal elliptical galaxies. We
note that for the single Sérsic component case, 9 galaxies have
a Sérsic index value <2 and 3 have a Sérsic index saturating
at index value 8. We checked the r-band images and the resid-
ual images of the low Sérsic index galaxies and conclude with
the following inferences. For the galaxies with ObjID 7 and 58,
the galaxy image is in the corner of the fitting box region and
the fitting process may be affected by this artefact. The galaxies
with ObjID 30, 52, 157, 180, and 213 show features in the resid-
ual images that are indicative of an intrinsic disc nature of the
galaxy. The galaxy with ObjID 148 has a bright object nearby
that might affect the fitting process. The galaxy with ObjID 101
shows a patch in the residual images that might be due to the
presence of dust lanes. The galaxies with a Sérsic index value 8,
with objld 14 and 146, have a point source in the centre region
of the residual images that is suggestive of a steep core, and the
galaxy with ObjID 84 has bright objects nearby that affect the
fitting process.

The main inferences from the scaling relation of star-forming
blue ETGs are the following: blue ETGs obey the Kormendy re-
lation and the size-magnitude relation of normal (red and dead)
elliptical galaxies. The stellar population content may be dif-
ferent (with blue colours and ongoing star formation), but the
structure and the dynamical state of blue ETGs are comparable
to normal elliptical galaxies in the local Universe. The double-
component fits (Sérsic + exponential) shows galaxies with low
Sérsic index values following a shallow declining light distribu-
tion in contrast to the steep distribution of the single-component
case (see Table A.1). We infer that this is due to the presence
of a disc component in a good fraction (23/55) of blue ETGs
where star formation might be occurring. The star formation in
blue ETGs is expected to be due to recent events that occurred in
a normal elliptical galaxy that did not alter the overall morpho-
logical structure of the galaxy. It is therefore worth investigating
events in the local Universe that can cause star formation without
disturbing the structure of a normal elliptical galaxy.
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5. Discussion

The position of star-forming blue ETGs on the colour-mag-
nitude/colour—stellar mass diagrams has been interpreted as pos-
sible migration from the red sequence to the blue cloud after ac-
quiring sufficient fuel for star formation or fading post-starburst
galaxies (Kannappan et al. 2009; Huertas-Company et al. 2010;
Thilker et al. 2010; Marino et al. 2011; Moffett et al. 2012, 2015;
Mclntosh et al. 2014; Rutkowski et al. 2014; Wong et al. 2015).
The sample of a few blue ETGs from other studies was found to
host a significant amount of molecular gas (~10""? M) with a
linear dependence on star formation surface density within the
galaxy and a higher molecular gas star formation efficiency than
in normal star-forming late-type galaxies (Wei et al. 2010; Stark
et al. 2013). The higher efficiency in converting the molecu-
lar gas to stars is expected to rapidly deplete the fuel for star
formation, and in the absence of an external supply of fresh
gas, the galaxy can rapidly change to a normal red and dead
ETG. Stark et al. (2013) analysed the relationship between mass-
corrected blue centredness (tracing recent enhancements of cen-
tral star formation) and total molecular-to-atomic (H,/HI) gas
ratios for early- to late-type field galaxies with stellar masses
of ~10727112 pf,. Blue ETGs are found to follow a different
relation (compared to spiral galaxies, for which a positive cor-
relation exists, which is interpreted as a result of local galaxy
interactions and molecular gas supply) and are found to be late
or starburst merger remnants with the starburst (keeping the cen-
tre blue) rapidly depleting the molecular gas. We consider the
extreme case of our sample with star formation rate of 21 My/yr
holding molecular gas content of ~10° M, as seen in other stud-
ies of blue ETGs (Wei et al. 2010; Stark et al. 2013). If we con-
sider a 50% molecular gas star formation efficiency, then half of
the molecular gas content will be converted into stars in 10% yr.
The gas content will be completely exhausted in 2 x 10% yr and
will change the blue ETG back to a normal galaxy on the red
sequence (in <1 Gyr timescale). Blue ETGs would then be a
transient phase in the evolution of a normal ETG and explain
why they contribute only a low fraction (5.7 £ 0.4%) to the low-
redshift ETG population.

We found that 58% of the star-forming blue ETGs host sig-
natures of recent interactions and fall, along with normal ellip-
ticals, on the galaxy scaling relations. This demonstrated that
the sample of 55 galaxies has characteristics of normal elliptical
galaxies except for the high SFR and blue colours. We suggest
that the star formation seen in these otherwise passively evolving
red and dead stellar systems is related to the recent interactions.
The intense star formation found in these galaxies needs a huge
reservoir of molecular gas (particularly for those galaxies with
high SFR that reach as high as 21 M/yr), which is generally not
available in intrinsically gas-poor elliptical galaxies (Young et al.
2011, 2014). We invoke the scenario of a recent interaction with
a gas-rich galaxy that could provide the fuel for intense star for-
mation along with the imprint of interaction in the form of tidal
tails and stellar debris. The nature of the interaction could be a
major merger (1/1 in mass ratio), minor merger (<1/3 in mass
ratio), or a fly-by, depending on the strength of the tidal features
and the dynamical state of the galaxy.

The ETGs in the local Universe are known to host a low level
of recent star formation (Trager et al. 2000; Yi et al. 2005), and
there is accumulating evidence that indicates that minor mergers
are responsible for this low-level star formation (Kaviraj et al.
2009, 2011; Kaviraj 2014). The majority of ETGs in the lo-
cal Universe are found to have signatures of recent interaction
and a low level of recent star formation (Kaviraj 2010). The
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recent interaction may have provided the fuel for the observed
low level of star formation. The reported ETGs in low-density
environment with reservoirs of neutral hydrogen in regular ro-
tating discs and extended morphologies further support this ar-
gument (Serra & Oosterloo 2010). Numerical simulations have
also demonstrated the occurrence of gas rings and the accretion
of fresh gas in ETGs from minor mergers (Mapelli et al. 2015;
Kaviraj et al. 2009; Peirani et al. 2010).

The formation of shells and tidal tails has been reproduced
in N-body simulations of galaxy minor mergers (Quinn 1984;
Feldmann et al. 2008). Feldmann et al. (2008) were able to re-
produce the types of tidal features we observed here with mass
ratios of 1:10 between the accreting elliptical and the accreted
disc galaxy. The authors argued that mergers between a disc
galaxy and an elliptical galaxy can form tidal features that last
for ~2 Gyr in comparison to mergers between equal-mass galax-
ies, which lasts for a few million years.

The connection between the star-forming blue ETG and
polar-ring galaxies in the local Universe is worth investigating.
A polar-ring galaxy system consists of a gas-poor SO galaxy with
a gas-rich star-forming polar ring held perpendicular to the semi-
major axis of host galaxy (Whitmore et al. 1990). The favoured
scenario of the polar-ring formation is the accretion of a gas-rich
dwarf galaxy by an ETG (Bournaud & Combes 2003). The po-
lar ring of the galaxy is found to be stable, young, and gas rich
(molecular gas mass of the range ~10'" M) compared to the old,
gas-poor host galaxy (Galletta et al. 1997; van Driel et al. 2000,
2002; Iodice et al. 2002a,b,c; Combes et al. 2013). We consider
the case where the central host galaxy is replaced by a normal
gas poor elliptical galaxy, which is then allowed to interact with
a gas-rich dwarf galaxy. The system may not be stable like in the
case of a polar-ring galaxy, but instead results in the formation
of a gas-rich elliptical galaxy with intense star formation from
the freshly acquired gas, showing signs of recent interaction in
the form of tidal tails and shells. The end product of this scenario
is a blue ETG with the characteristics of the galaxies we studied
here.

We have considered possible triggers of star formation in an
otherwise red and dead elliptical galaxy. While we cannot point
to one compelling source, we showed signatures of recent inter-
action in images of galaxies with high SFR, and we suggest that
the interaction with a gas-rich companion could have triggered
the star formation in elliptical galaxies. (We note that the inter-
action features have been detected around images of blue ETGs
with low SFR and also around normal galaxies.) The interaction
with the gas-rich companion may have provided the fuel for star
formation. Star formation occurs in discs where gas settles and
stabilises. We showed signatures of disc component in 23 blue
ETGs from the structural analysis. The star-forming phase might
be transient (<1 Gyr), which is supported by the low fraction
of such galaxies in the local Universe. The intense star forma-
tion rate, in the absence of a continuous supply of molecular
gas, will rapidly deplete the fuel for further star formation. Blue
ETGs will then move from the blue cloud to the red sequence on
the galaxy colour—-magnitude diagram. The transient path in the
evolution of a normal elliptical galaxy will then contribute to the
build-up of the stellar mass of ETGs in the local Universe.

6. Summary

We presented a structural analysis of the SDSS r-band imaging
data of 55 star-forming blue ETGs. We found that the residu-
als of the 32 galaxy surface brightness profile fits show struc-
tural features that are indicative of recent interactions. Galaxies

with higher luminosity display interaction signatures and high
SFR. The star-forming blue ETGs follow the Kormendy rela-
tion and show characteristics of normal elliptical galaxies on
the galaxy scaling relations. The star-forming population of blue
ETGs at low redshifts could be normal ellipticals that may have
undergone a recent minor-merger event. The star formation in
these galaxies will shut down once the recently acquired fuel is
consumed, and the galaxies will evolve into normal ETGs. Blue
ETGs are probably transient systems that are depleted of the fuel
for star formation and become a normal ETG there by increasing
the stellar mass on the red sequence in the local Universe.
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