Astronomy & Astrophysics manuscript no. paper9

June 13, 2018

Studying star forming dwarf galaxies in
Abell 779, Abell 1367, Coma and Hercules clusters*

0. Vaduvescu! 23** V. Petropoulou®, D. Reverte>?, and V. Pinter’

! Isaac Newton Group of Telescopes (ING), Apto. 321, E-38700 Santa Cruz de la Palma, Canary Islands, Spain

2 Instituto de Astrofisica de Canarias (IAC), C/Via Lictea s/n, 38205 La Laguna, Tenerife, Spain

3 The University of Craiova, Doctoral School of Sciences, Str. A. I. Cuza nr. 13, 200585 Craiova, Romania

4 Centro di Ateneo di Studi ed Attivitd Spaziali “Giuseppe Colombo” (CISAS), University of Padova, Via Venezia 15, 1-35131
Padova, Italy

5 GRANTECAN S.A., Centro de Astrofisica de La Palma, C/Cuesta de San José s/n, 38712 Brefia Baja, La Palma, Spain

Submitted 27 March 2018; Re-submitted 12 May 2018; 31 May 2018; 13 Jun 2018

ABSTRACT

Context. We continue to study star formation in dwarf galaxies located in nearby clusters.

Aims. Known physical and chemical relations outlining the formation and evolution of dwarfs is compared in different environments,
including the Local Volume (LV) and some nearby clusters studied previously.

Methods. We used the TNG telescope for four nights in 2010 to acquire deep near-infrared imaging in K’ of 45 star forming dwarf
galaxies located in the Abell 779, Abell 1367, Abell 1656 (Coma), and Abell 2151 (Hercules) clusters.

Results. Surface photometry was approached based on past experience by using the sech law to account for the outer old stellar
contribution plus a Gaussian component to model the inner starburst, proving the blue compact dwarf (BCD) classification of most
targets. Sech central surface brightness, semimajor axis, sech, and total apparent magnitude were measured, allowing to estimate size,
absolute luminosity and mass for all targets.

Conclusions. The physical correlations between size, central brightness, and NIR luminosity appear to hold, but previously known
linear fits break above Mgk = —19 for Abell 779, Abell 1367 and especially for Hercules, while the dwarf fundamental plane (FP) is
probed by only half cluster members, suggesting harassment by the denser cluster environments. Nevertheless, the chemical relations
between the oxygen abundance, luminosity, gas mass, baryonic mass, and gas fraction in a closed box model are probed by most
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members of the four studied clusters, and the starburst grows linearly with the K’ luminosity.

1. Introduction

Star forming (SF) dwarf galaxies comprise dwarf irregulars (dIs)
and blue compact dwarfs (BCDs), which probably represent the
first galaxy entities to be formed at different times in the Uni-
verse. While dIs are mostly observed as more quiescent enti-
ties in isolation or loose groups including the Local Group (e.g.
Mateo 1998; Karachentsev et al. 2013), BCDs are encountered
mostly in denser environment and galaxy clusters and harbour
starburst possibly triggered by strong environmental influences
(e.g. Vilchez 1995; Meyer et al. 2014). The physical and chemi-
cal properties of dIs and BCDs are linked, suggesting that BCDs
represent the outcome of dIs or just some temporary stages of
dIs encountered in outburst (e.g. Thuan et al. 1985).

According to hierarchical clustering models, SF dwarf galax-
ies are believed to be the building blocks of larger galactic struc-
tures, being important probes for studying the evolution of mat-
ter in near-primordial state (White et al. 1991; Kauffmann et al.
1993). By comparing BCDs in isolation with those located in
looser and denser clusters, one could study the environmental
influences upon star formation in the universe.

The best method to trace star formation is via deep Ha
surveys, and Iglesias-Pardmo pioneered such work in galaxy
clusters (Iglesias-Paramo et al. 1997; Iglesias-Paramo 1998;
Iglesias-Paramo et al. 1999). In particular, this author presented
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a deep Ha survey of the central regions of the nearby clus-
ters Coma (Abell 1656 - denoted A1656) and A1367 (Iglesias-
Paramo et al. 2002, 2003). Continuing this work, Reverte et al.
(2007); Reverte (2008) studied five more Abell clusters: A779,
A634, A400, A539 and A2666, all of them being visible from
the north and located at the same distance (about 100 Mpc),
thus belonging to a semi-spherical shell of the local Universe.
Petropoulou et al. (2011) performed spectroscopic observations
and collected existing SDSS DR8 data for a large sample (781
objects) of low-mass SF galaxies in seven nearby clusters in or-
der to investigate the influence of the environment on the forma-
tion and chemical evolution of SF galaxies (Petropoulou et al.
2012a; Petropoulou 2012b). This sample of local Universe clus-
ters span a variety of physical properties (such as mass, X-ray
luminosity and evolutionary state) and these authors found that
the intracluster medium plays a relevant role on the chemical
evolution of low-mass SF galaxies located in massive clusters.
Part of a related project, Cedres et al. (2009) presented a deep
Ha survey of a small central region of other more distant clus-
ter, namely A2151 (Hercules).

Independently of this Spanish group, Vaduvescu (2005a)
studied the infrared properties of SF dwarf galaxies to trace the
evolutionary link between dIs and BCDs, selecting two galaxy
samples located in the Local Volume (LV, d < 10 Mpc) and
Virgo cluster. Physical and chemical links between dIs and
BCDs were found (Vaduvescu et al. 2005b, 2006, 2007), sug-
gesting strong links between these two classes. A new surface
photometry law for dIs was proposed using the hyperbolic se-
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cant (‘sech’) which models both the exponential outer profile
and the flat inner region, and another fit was proposed for BCDs
using the same sech law to model the extended old component
plus a Gaussian to mimic the younger central starburst. Using
available HI velocity line-widths which characterise the kinetic
energy, another result was the apparent discovery of a ‘dwarf
fundamental plane’ (FP) which links luminosity to rotation and
could be used as a distance indicator for dIs and BCDs located
in the nearby universe (Vaduvescu et al. 2008; McCall et al.
2012). During the last years, we extended this study to other
three nearby clusters: Fornax, Hydra (Vaduvescu et al. 2011)
and Antlia (Vaduvescu et al. 2014). Nevertheless, the main prob-
lem remains the lack of radio detection of the very faint dIs and
BCDs, especially at further distances.

Light in visible is not the best quantity to trace mass in SF
galaxies, mainly because younger stars overwhelm most of the
old population. Instead, the near infrared (NIR) domain provides
an opportunity (especially in the K bands, redder than J and less
contaminated by the atmosphere which affects mostly H), being
also more transparent through the Galactic and internal dust (up
to about ten times more than in visible).

The present paper continues this past work of the authors,
proposing to study physical and chemical properties of another
sample of 45 SF dwarfs (mostly BCDs) located in four other
clusters, namely A779, A1367, A1656 (Coma) and A2151 (Her-
cules) for which we collected deep NIR imaging during one ob-
serving run using the TNG telescope in 2010. Section 2 presents
the cluster and galaxy sample, Section 3 the NIR imaging obser-
vations, and Section 4 the derived surface photometry. In Sec-
tion 5 we derive galaxy stellar masses and we test correlations
between physical and chemical parameters using metallicity and
radio data from the literature. We discuss findings in Section 6
and draw the conclusions in Section 7.

2. Sample
2.1. Cluster selection

Building on our past work, we chose the following criteria for
cluster selection:

1. location relatively close (distance d < 150 Mpc) at low red-
shift (z < 0.04);
2. previously studied in He and via spectroscopy by the

Granada group;
3. visible from La Palma during spring time during part of the

granted nights.

Based on these criteria, we selected the following four clusters:

2.1.1. Abell 779

According to NED database, A779 is located at a galactocentric
distance 91.9 + 7.3 Mpc (distance modulus (m — M) = 34.82
mag), receding with a heliocentric radial velocity v = 6742 km/s
(redshift z = 0.022489). It spans on sky 90" in diameter and has
a richness class 83.

The cluster A779 has a low velocity dispersion (Hwang et al.
2008; Coziol et al. 2009), however it presents a significant poten-
tial well as defined by a nearly circular X-ray emission detected
by ROSAT, with the well known cD galaxy NGC 2832 domi-
nating the inner region of the cluster. The cluster is elongated in
the north-south direction. A779 was surveyed in H-alpha by Re-
verte et al. (2007) and Reverte (2008) who encountered many
SF galaxy candidates (120 at 50) from which for this run we
selected nine targets.
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2.1.2. Abell 1367

Located at a galactocentric distance 89.7 + 6.3 Mpc ((m — M) =
34.76 mag), the cluster A1367 has a velocity v = 6595 km/s
(redshift z = 0.022), spanning on sky 155" in diameter and hav-
ing a population richness class 85. A1367 is an excellent place
to study the impact of the cluster environment on the transition
from gas-rich to stellar dominated systems because it is a dy-
namically young cluster at the intersection of two Great Wall
filaments (Cortese et al. 2008). Moreover, the Arecibo Galaxy
Environment Survey has completed a HI survey of 5 sq.deg.
centred on the cluster, and Cortese et al. (2003) reports optical
spectroscopy of 60 galaxies projected on the direction of A1367.

Kraiwattanawong et al. (2009) found that most galaxies with
strong emission lines in A1367 appear disturbed, which makes
this cluster an interesting sample to study environmental ef-
fects on star formation. A1356 was surveyed in Ha by Iglesias-
Paramo et al. (2002) and Iglesias-Paramo et al. (2003) who stud-
ied its luminosity function in both Ha and r. Among the 41
galaxies detected in Ha by this work, we selected 12 targets for
NIR imaging.

2.1.3. Abell 1656 = Coma

Coma is a very studied galaxy cluster (1535 references on NED!,
surpassing even Virgo). It is the richest cluster in our sample
(richness class 484), being located at a distance of 95.1 + 6.7
Mpc ((m — M) = 34.89 mag) and moving with a velocity v =
6925 kmy/s (redshift z = 0.023100). It spans on sky more than 5°
in diameter, appearing quite close to Abell 1367 (19° between
cluster centres).

Iglesias-Paramo et al. (2002) mapped the Ha luminosity
function in the centre of Coma (one square degree) and com-
pared it with that of Virgo, finding the star-formation rate (SFR)
contribution of Coma is about 0.25% of the SFR per unit volume
of the local Universe. This work includes four targets included
in the present paper.

Mahajan et al. (2010) used Spitzer 24um and SDSS DR7
data to investigate the properties of SF galaxies residing in the
central 2 x 2 sq.deg of the Coma cluster, finding that star forma-
tion in dwarfs is quenched at the centre while passively evolving
massive galaxies are found in all environments. They found that
many of the blue galaxies in Coma are post-starburst galaxies,
suggesting also that a significant fraction of the blue galaxies are
currently on their first infall towards the cluster. In their next pa-
per, Mahajan et al. (2011) employed SDSS DR7 data to study the
evolution of dwarf galaxies located in a very large area covering
500 sq.deg in the Coma supercluster. The blue colour of some
post-starburst dwarfs found within the Coma cluster virial ra-
dius suggests that the star formation was quenched very rapidly
in the last 500 Myr. The authors identified two populations of
blue dwarfs, suggesting that one represents the progenitors of
the passive dwarf galaxies abundantly found in the cores of low-
redshift rich clusters, such as Coma.

2.1.4. Abell 2151 = Hercules

Hercules is the farthermost from our cluster sample, located at a
galactocentric distance of 151.6 + 10.6 Mpc ((m — M) = 35.90
mag) and moving with a velocity v = 10972 km/s (redshift z =
0.036600). Like Coma, it appears very extended, with a diameter
of about 6°.

! https://ned.ipac.caltech.edu
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Iglesias-Paramo et al. (2003) selected a sample of 22 galax-
ies previously detected by a blind VLA HI survey of the Her-
cules cluster. In this paper we include six targets for which the
mentioned paper provide HI velocity line-widths W20, oxygen
abundances and deep imaging photometry in the visible. Sur-
face brightness profiles (SBPs) in BV appear exponential in the
outer part, but at the inner part (up to ~ 5”) they reveal an ex-
cess which levels off close to the centre, similar to a Gaussian
component.

Continuing these efforts, Cedres et al. (2009) performed a
deep Ha of the centre of the Hercules cluster (only about 0.2
sq.deg total), detecting 50 sources in He from which we selected
17 targets for our paper. Based on this sample, Petropoulou et al.
(2011) acquired longslit spectroscopy for 27 SF galaxies, from
which we include in this present paper nine dwarfs. Most Her-
cules SF galaxies follow typical MZ and LZ sequences, though
the dwarf galaxies located at the densest regions appear to be
outliers to these global relations, suggesting a physical reason.

In a recent WHT/AF2 spectroscopic work focused on the
central 45’ of Hercules, (Agulli et al. 2017) found that the cluster
is still in collapsing phase. The evolution of dwarfs is driven by
slow environmental processes in a hostile environment capable
to remove the gas reservoirs and quench the star formation.

2.2. Galaxy selection

We used the following selection criteria to select our targets:

1. SF galaxies detected in our previous Ha surveys;

2. cluster membership, defined by either SDSS spectroscopic
or photometric redshift consistent with cluster membership;

3. located in relatively quiet X-ray regions of the cluster, to
avoid complicated environmental influences;

4. dwarfs Mg > —18 or M, > —19;

5. preferably detected via spectroscopy by the SDSSS8 survey
(available in 2010);

6. having more (preferably at least five) 2MASS stars in the
small 4’ field to reduce our NIR photometry.

Based on these criteria, we selected a total of 45 objects: 9 galax-
ies in A779, 12 objects in A1367, four targets in Coma and 20
galaxies in Hercules. In Figure 1 we plot our targets overlaid on
the DSS images, by adding the ROSAT X-ray contours from all
sky surveys 0.1-2.4 kev.

3. Observations

Four nights were awarded at Roque de los Muchachos Obser-
vatory (ORM) by the Spanish TAC between 30 Apr and 3 May
2010 (programme number CAT_110). We used the Italian Tele-
scopio Nationale Galileo (TNG) which is equipped at one Nas-
myth focus with the Near Infrared Camera Spectrometer (NICS)
based on a HgCdT e Hawaii 1024 x 1024 array (pixel size 0.25”
used for imaging over a relatively small field FOV 4.2" x 4.2".
We used K’ band for all our targets. The weather was clear dur-
ing the first three nights with typical seeing ~ 0.5”, but became
cloudy during the fourth night when we needed to close after
only two hours. The Moon was bright (after Full Moon), known
to affect less K’ observations.

We exposed between 22-30 min all targets, using 1 min ex-
posures (ndit=4 on-chip 15s) and cycling the small targets in the
four quadrants of the chip, so that we could sample the sky back-
ground from the previous image.

Table 1 includes some published data regarding the TNG ob-
served galaxies ordered for each clusters in right ascension. We
list the following columns: the SDSS DR 14 galaxy name (which
includes the @ and ¢ J2000 coordinates), our short name (formed
by cluster number plus last four numbers), the observation date
(start of TNG night), total exposure time in K’ (in seconds), the
SDSS DRI12 r-band apparent magnitude, the logarithm of the
HI gas mass in 10° solar masses (Iglesias-Paramo et al. 2003)
and (Petropoulou 2012b), the oxygen abundance (Petropoulou
2012b), logarithm of Ha luminosity (10~ erg s~!) calculated
based on the Ha + N fluxes (Reverte 2008; Cedres et al. 2009),
the HI velocity line-width at 20% high (Iglesias-Paramo et al.
2003), and the distance in Mpc based on the Hubble flow dis-
tance (NED) or cluster distance in parenthesis where velocity
information was not available.
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Table 1: Star forming dwarf galaxies observed with the TNG in
A779, A1367, Coma, and Hercules clusters. Besides the TNG
observing log, we include some data from the literature used in

this paper.
Galaxy Shortname  Obs. date  Exp m, logMy; 124log(O/H) logL(Ha) Wy Dist
Abell 779
J091810.99+333955.3 779-9553 20100502 1500 17.67 — 8.19 40.09 — 101.8
J091852.59+343056.6 779-0566 20100502 1380 16.60 — — 3998 — 89.3
J091913.04+331856.2 779-8562 20100502 1500 17.22 — 8.53 39.60 — 91.8
J091931.13+333852.0 779-8520 20100502 1800 16.43 — 8.06 40.78 — 96.8
J091928.07+333909.2 779-9092 20100502 1800 17.47 — — 3995 — 96.7
J091931.26+332603.8 779-6038 20100503 1800 17.15 — 8.37 40.21 — 92.7
J091945.40+332357.1 779-3571 20100503 1500 17.78 — 8.41 3984 — 97.9
J091949.10+333159.6 779-1596 20100503 1800 17.45 — 8.19 40.23 — 87.6
J092111.29+331932.6 779-9326 20100502 1500 17.25 — — 4045 — 129.4
Abell 1367
J114141.22+200231.9  1367-2319 20100430 1500 17.45 — 8.13 3994 — 115.0
J114239.31+195808.1  1367-8081 20100501 1800 17.09 — 8.36 40.19 — 99.9
J114240.34+195717.0  1367-7170 20100501 1800 17.86 — — 3940 — 102.1
J114256.45+195758.3  1367-7583 20100502 1560 15.53 9.97 8.50 4126 — 99.0
J114313.09+200017.3  1367-0173 20100502 1800 15.57 9.94 8.38 4135 — 95.4
J114341.54+200137.0  1367-1370 20100501 1800 17.20 — 8.48 3982  — 87.7
J114348.89+201454.0  1367-4540 20100430 1500 16.01 — 8.55 4096  — 82.9
J114349.87+195834.8  1367-8348 20100501 1320 16.46 — — 40.11 — 102.6
J114355.78+192746.1  1367-7461 20100501 1500 18.82 — — 3929 — 87.3
J114454.61+194732.5  1367-7325 20100501 1800 19.98 — — 40.17 — 109.8
J114454.56+200101.4  1367-1014 20100430 1500 16.26 — 8.58 39.66 — 99.2
J114518.13+200009.0  1367-0090 20100501 1800 17.47 — — 39.51 — 72.3
Abell 1656 = Coma
J130006.25+281500.5 1656-5005 20100502 1800 18.41 — — 3955 — (951
J130037.14+283950.8  1656-9508 20100502 1380 16.93 — 8.52 39.41 — 97.2
J130114.95+283118.3  1656-1183 20100502 1500 17.13 — 8.30 40.16  — 115.8
J130211.94+281023.6  1656-0236 20100502 1800 16.41 — 8.16 40.62 —  (95.1)
Abell 2151 = Hercules
J160304.20+171126.7  2151-1267 20100501 1800 17.88 — 8.41 4042 — 149.7
J160506.81+174701.9  2151-7019 20100430 1500 17.85 8.95 8.27 40.01 189 137.1
J160508.79+174545.1  2151-5451 20100430 1500 20.48 — — 39.67 — (151.6)
J160510.46+175116.0  2151-1160 20100430 1500 17.08 9.53 8.35 40.29 183 136.2
J160520.66+175201.4  2151-2014 20100430 1500 18.51 — — 3980 — (151.6)
J160521.73+175156.2  2151-1562 20100430 1500 17.80 8.87 8.26 39.63 101 160.1
J160521.50+175337.8  2151-3378 20100430 1500 19.55 — — 39.00 — (151.6)
J160524.27+175329.3  2151-3293 20100501 1560 19.82 — 7.99 3953  — 153.4
J160524.99+175150.5  2151-1505 20100501 1560 18.04 — 8.56 39.86 — 142.5
J160528.22+175212.2  2151-2122 20100501 1560 19.72 — — 39.28  — (151.6)
J160523.66+174832.3  2151-8323 20100501 1800 18.66 — 8.41 39.84 — 142.9
J160528.84+174906.2  2151-9062 20100501 1800 18.19 — — 39.69 — (151.6)
J160531.84+174826.1  2151-8261 20100430 1560 17.88 — 8.65 3982  — 131.3
J160533.36+174548.2  2151-5482 20100430 1560 18.76 — — 3982 — (151.6)
J160534.05+174546.7  2151-5467 20100430 1560 24.03 — — 3944  — (151.6)
J160541.92+174758.3  2151-7583 20100430 1560 18.42 10.27 8.36 40.71 666 140.9
J160544.81+174220.1  2151-2201 20100430 1500 20.27 9.34 — 38.35 150 153.4
J160556.00+174233.9  2151-2339 20100430 1500 19.30 9.28 7.58 39.83 211 154.0
J160556.98+174304.1  2151-3041 20100430 1500 18.53 — 8.24 40.15 — 160.5
J160600.14+174551.9  2151-5519 20100501 1500 18.02 9.56 8.07 3956 — 165.6
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4. Surface photometry

The contribution of the sky (especially affected by the bright
nearby Moon) and of the environment (telescope optics and
dome) could affect NIR imaging due to rapid variability in both
time and space, and this becomes very important when observ-
ing very faint dwarf galaxies (Vaduvescu and McCall 2004).
We adopted a prudent approach, by subtracting the background
taken from the previous science exposure in the nearby dithered
position.

The NIR image reduction was performed in IRAF using a
script developed in house. The script subtracts the sky observed
in the previous image from the current galaxy image, then aligns
and combines all individual exposures in the final galaxy image.
For each galaxy field we derived the photometric K’ zero points
based on a few (about 5) 2MASS stars available, resulting in zero
point errors typically less than 0.1 mag. We present the reduced
K’ images in the left panel of Figure 2, ordered by clusters and
right ascension.

Following our past work (Vaduvescu et al. 2006, 2011, 2014)
one could model galaxy profiles of SF dwarfs (BCD candidates)
with a sech law to account for the extended light associated with
the older stellar population plus a Gaussian law to fit the inner
starburst. Accordingly, the sech and Gaussian surface brightness
components us and yg at radius r are expressed as:

Hs = pos —2.5log (sech(L)) (D)
ros
and
2
1(r
HG = HoG — 2.51og (GXP [—5 (—) ]) (2)
oG

Here the central surface brightness ups and the sech scale
length rys characterise the outer component of the galaxy fitted
by the sech law (bearing the S subscript), while the central sur-
face brightness poc and the Gaussian scale length ro; model the
central outburst using the Gaussian fit (bearing the G subscript).

Using these two components, the total surface brightness u
at radius r can be expressed as:

1 2
M= Ho — 2.5 10g Ios SeCh(L) + lyg exp|—= (L)
ros 2 roG

3)

where zp is the ‘surface zero-point’ derived from a few 2MASS
stars identified in each field using the pixel scale of the instru-
ment, and /ys and /o represent the central intensities associated
with central surface brightness ps and pog, respectively.

The sech and Gaussian magnitude components myg and mg
are simply expressed as a function of the total flux of the two
components Iy and I as:

mg =zp —2.5log(ls) 4)

and

&)

In the right panels of Figure 2 we plot with round symbols
the K’ surface brightness profiles of all targets together with un-
certainties. The sech component is overlaid with a thick solid
line, the Gaussian component with a dashed line, and the sum of
these two with a thin line which matches very well most of the
observed surface brightness profiles.

mg =2zp — 2.5 10g (Ig) .

Table 2 includes the following data derived in the K’ band
in our TNG run: galaxy short name (following the same order
in Table 1), the ellipticity and position angle, the total (asymp-
totic) apparent magnitude (mrg), the sech apparent magnitude
(msk), the central surface brightness of the sech fit (ugg, in
mag/sq.arcsec) the apparent scale length of the sech fit (r{
in arcsec), the semimajor axis at surface brightness K’ = 22
mag/sq.arcsec of the sech fit (+},, in arcsec), the physical scale
length of the sech fit (rgs in kpc), the physical semimajor axis at
r2 (2 in kpc), the colour r — K’ (based on the SDSS m, from
Table 1), the sech absolute magnitude (Msg), the total (asymp-
totic) absolute magnitude M7k, and the logarithm of the stellar
mass of the sech component (logM5 ) calculated according to
Vaduvescu et al. (2007) (Eq. 8). A few targets have no radial
velocity data, in which case we calculated their distance scale
and physical radii by assuming average cluster scales taken from
NED; we include these values in parentheses.

Eight galaxies (seven in A779 and one in Coma) have been
covered by the UKIDSS Large Area Survey (LAS) using short
exposures 4 x 10 s (Lawrence et al. 2007) and other three have
been detected by 2MASS survey (in A1367) using very short ex-
posures of 8 s (Kleinmann et al. 1994). The UKIDSS DR9 Pet-
rosian magnitudes are in average 0.35 mag fainter than our TNG
total magnitudes (mrg), while the 2MASS extended magnitudes
are only 0.04 mag shallower than our TNG measurements.

Article number, page 5 of 24



A&A proofs: manuscript no. paper9

Table 2: Physical parameters of the galaxies observed in A779,
A1367, Coma, and Hercules clusters derived in this paper. Please
refer to the Section 4 for the meaning of each column. The typi-
cal error bars are plotted in Figures 3-13, being evaluated in the

Section 6.2.
Short name e PA mrg msg Hos r(’)’s ré’z ros 120%) r—K’ MS[( MT[( IOgM;vK
Abell 779
779-9553 04 +80 1570 15.84 19.64 2.2 6.3 1.1 3.1 1.97 -19.19 -19.34 8.90
779-0566 04 -70 14.17 1399 1990 5.8 15.1 2.5 6.5 243 -20.78 -20.58 9.53
779-8562 0.6 +30 1473 14.84 1837 24 95 1.1 4.2 249 -19.97 -20.08 9.21
779-8520 02 +10 14.07 1460 16.76 0.9 4.9 0.4 2.3 236 -20.33  -20.86 9.35
779-9092 04 -45 1558 16.00 1854 12 48 0.6 2.3 1.89 -18.93 -19.35 8.79
779-6038 0.6 +90 1478 1538 17.18 1.1 5.5 0.5 2.5 2.37 -19.46 -20.06 9.01
779-3571 02 -40 1524 1544 1840 13 5.2 0.6 2.5 2.54 -19.52 -19.71 9.03
779-1596 0.4 -5 15115 15.61 1861 1.5 5.8 0.6 2.5 230 -19.10 -19.56 8.86
779-9326 04 -80 15.09 1506 20.00 3.7 9.3 2.3 5.8 2.16 -20.50 -20.47 9.42
Abell 1367
1367-2319 04 -50 15.28 17.05 18.77 0.8 3.1 0.4 1.7 217 -18.26 -20.02 8.53
1367-8081 0.4 +20 1493 1497 1891 23 8.3 1.1 4.0 2.16 -20.03 -20.07 9.23
1367-7170 0.4 +60 1537 1550 2025 34 7.8 1.7 3.9 249 -19.55 -19.68 9.04
1367-7583 0.0 0 1297 1298 1898 4.8 16.7 2.3 8.0 2.56 -22.00 -22.01 10.02
1367-0173 0.6 -75 1299 13.11 18.63 59 225 27 104 2.58 -21.79 -21.91 9.94
1367-1370 0.7 -20 15.04 16.10 18.30 1.5 6.1 0.6 2.6 2.16 -18.62 -19.67 8.67
1367-4540 0.2 -10 13.65 1423 17.77 1.7 7.7 0.7 3.1 236 -20.36 -20.94 9.37
1367-8348 0.6 +60 13.58 13.77 16.07 1.3 8.3 0.6 4.1 2.88 -21.29 -21.48 9.74
1367-7461 03 +40 1647 1634 21.37 3.6 4.2 1.5 1.8 2.35 -18.36 -18.24 8.57
1367-7325 0.2 +90 1649 1696 18.98 0.8 2.9 0.4 1.5 349 -18.24 -18.71 8.52
1367-1014 0.1  -80 13.76 15.23 18.03 1.1 4.9 0.5 2.4 2.50 -19.75 -21.22 9.12
1367-0090 0.4 +60 1537 15.60 2034 34 74 1.2 2.6 2.10 -18.69 -18.93 8.70
Abell 1656 = Coma
1656-5005 0.7 -5 1487 16.16 18.18 1.4 58 (0.6) (2.7) 3.54 -18.74 -20.02 8.72
1656-9508 0.4 +25 1426 15.14 1732 1.0 52 0.5 2.4 2.67 -19.80 -20.68 9.14
1656-1183 0.4 +60 14.83 14.80 20.04 43 10.6 24 6.0 230 -20.52 -20.49 9.43
1656-0236 0.3 +30 13.46 1337 1954 6.0 17.8 (2.8) (8.2) 295 -21.52 -21.43 9.83
Abell 2151 = Hercules
2151-1267 0.8 +80 14.29 1427 1732 2.7 134 2.0 9.7 3.59 -21.61 -21.59 9.87
2151-7019 0.2 +50 16.00 16.05 19.68 1.8 5.0 1.2 3.3 1.85 -19.64 -19.69 9.08
2151-5451 0.1 +10 17.17 17.02 19.68 1.1 3.0 (0.8) (2.2) 331 -18.88 -18.73 8.78
2151-1160 0.5 -40 1483 14772 2041 5.7 123 3.8 8.1 2.25 -20.95 -20.84 9.60
2151-2014 0.3 +50 16.03 16.12 2040 2.5 54 (1.8) (4.0 248 -19.78 -19.87 9.14
2151-1562 0.2 -50 1526 1540 1847 14 53 1.1 4.1 2.54  -20.62 -20.76 9.47
2151-3378 0.2 -20 16.83 16.68 2146 3.0 32 (22) 24 272 -19.22  -19.07 8.91
2151-3293 0.1 +90 17.68 18.01 18.79 04 1.6 0.3 1.2 214 -17.92 -18.25 8.39
2151-1505 0.5 -40 1573 15.80 20.28 3.3 7.4 2.3 5.1 231 -19.97 -20.04 9.21
2151-2122 0.3 +30 1632 16.84 17.82 0.6 2.5 (04) (1.8) 340 -19.06 -19.58 8.85
2151-8323 0.6 -40 15.81 1593 1997 3.0 7.6 2.1 5.3 285 -19.84 -19.84 9.16
21519062 0.6 -40 1594 1693 18.09 0.8 34 (0.6) (2.5 2.25 -18.98 -20.09 8.81
2151-8261 0.5 -20 1485 15.06 1679 09 5.1 0.6 3.2 3.03 -20.53 -20.74 9.43
2151-5482 0.2 -30 16.24 1645 18.08 0.7 3.0 (0.5) (2.2 2.52 -19.45 -19.66 9.00
2151-5467 04 +45 16.01 1641 1899 12 43 (09) (3.2) 8.02 -19.49 -19.89 9.02
2151-7583 0.5 -80 16.78 16.71 20.82 2.8 4.8 1.9 3.3 1.64 -19.03 -18.96 8.74
2151-2201 0.5 +15 16778 1638 21.14 3.7 5.3 2.8 3.9 349 -19.55 -19.15 9.04
2151-2339 0.1 0 1746 17.56 19.81 09 2.4 0.7 1.8 1.84 -18.38 -18.48 8.57
2151-3041 0.6 -75 1691 16.80 19.25 14 4.7 1.1 3.7 1.62 -19.23 -19.12 8.92
2151-5519 0.8 +5 16,55 1586 20.70 6.1 114 4.9 9.2 1.47 -20.24 -19.55 9.32
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5. Correlations

We study SF dwarfs in clusters by comparing our previous data
in the Local Volume (LV - plotted with black solid circles)
and nearby clusters Virgo, Fornax, Hydra, and Antlia (acronym
VFHA, plotted with black open circles) with data presented in
this paper in Abell 779 (red triangles), Abell 1367 (blue stars),
Coma (magenta crosses) and Hercules clusters (green squares).

5.1. Physical correlations

Figure 3 plots the semimajor axis rypsx in kpc (Vaduvescu et
al. 2005b) as a function of the sech absolute magnitude My,
both calculated based on the Hubble flow distance given by
NED. The previously known linear correlation in the LV and
the four nearby clusters is plotted as a dashed line (Vaduvescu
et al. 2006). The growing trend is probed by the four distant
Abell clusters but the linear trend breaks above Mggx = —19,
with brightest SF dwarfs up to three times larger than expected
from the linear fit. 2151-5519 (LEDA 140568, classified as S-
type in NED) is extremely faint and clearly shows two entities in
the SDSS image separated by about 5. In the TNG image they
appear linked and were included in the fit, resulting in a larger
size (possibly double than real) for this target.

Figure 4 shows the sech scale length rosx as a function of
the sech absolute magnitude Myg. The previous correlation for
dwarfs in the local universe is plotted with a dashed line. The
growing trend is continued by members of more distant clus-
ters, but again the previous linear trend is broken and the cores
vary up to five times in size. Again, 2151-5519 could be actu-
ally smaller, while 2151-1160 (classified as S ¢ in NED) actually
resembles with a spiral in the SDSS image surrounded by a few
blue clumps not detected in the TNG image.

Figure 5 represents the sech central surface brightness s g
as a function of the sech absolute magnitude Mgg. The dashed
line represents the fit to most dIs and BCDs in the LV and Virgo
cluster (Equation 14 and Figure 6 from Vaduvescu et al. (2006)).
This linear correlation does not hold for BCDs in the Abell clus-
ters which have fainter sech cores (up to ~ 2 mag/sq.arcsec).
Most galaxies in A1367, Hercules and Coma show fainter cores
compared to galaxies in other clusters with similar Mg, and the
environmental influences could be the origin of these differences,
taking into account the compactness of these clusters visible in
the X-ray maps presented in Figure 1.

Figure 6 plots the r — K’ colour of the targets observed with
the TNG (K’ total asymptotic magnitude) having known Sloan
r model magnitudes in SDSS DR12. The colours range between
1.5 and 3.5 mag and have a larger spread for fainter targets, most
probably due to larger uncertainties in the measurements.

Figure 7 shows the flux excess of the TNG Abell targets,
expressed as the difference between the sech and the total mag-
nitudes. Most of the galaxies are spread between -0.5 and +0.5
mag suggesting good sech fits for most SBPs, while a few galax-
ies have larger Gaussian components, between +0.5 and about
+1.5 mag. Once again, the spread is larger for fainter objects.

Figure 8 represents the dwarf FP defined by 50 dIs (black
solid circles) from the LV (McCall et al. 2012). Virgo, Fornax,
and Hydra SF dwarfs (mostly BCDs) are plotted with black open
circles, while TNG Hercules targets having known Arecibo Wy
line widths are overlaid with green squares. Overall, about half
clusters galaxies are located outside the dwarf FP defined by dls
in isolation, showing that the FP relation does not hold for SF
dwarfs located in denser environments.

5.2. Chemical correlations

Figure 9 plots the well known luminosity - metallicity relation
based on the sech magnitude. The dashed line shows the linear fit
(Vaduvescu et al. 2007) based on dIs in the LV and Virgo cluster
whose oxygen abundances are derived mostly using the precise
T, direct method. Most targets in the four Abell clusters match
this linear trend, albeit with larger scatter due to larger uncer-
tainties in Hubble distances and the abundance indirect method
(Pilyugin et al. 2010).

Figure 10 draws the metallicity - gas mass relation using
mostly 7, oxygen abundance of dwarfs located in the LV and
Virgo cluster (Vaduvescu et al. 2007). The TNG targets in Abell
1367 and Hercules having known HI gas masses match this lin-
ear relation at the massive end.

Figure 11 shows the metallicity - baryonic mass relation (gas
plus stellar mass found from our TNG K’ data), drawing with a
dashed line the linear fit using 28 dIs from LV and Virgo (Vadu-
vescu et al. 2007). The eight Abell 1367 and Hercules objects
appear to confine quite well with this linear trend, probing the
fundamental metallicity - mass relation for SF dwarfs.

Figure 12 represents the theoretical correlation assuming a
closed box model (Lee et al. 2003) between the oxygen abun-
dance and the gas fraction y of SF dwarfs in isolation. From
the eight targets with available data, only three galaxies in Her-
cules agree this model, while the others in Hercules and A1367
are more faraway. 2151-7583 (IC 1182:[S72] d) is the most evi-
dent outlier, known as a tidal dwarf candidate in interaction with
IC1182 (Iglesias-Paramo et al. 2003; Petropoulou et al. 2011).

Figure 13 plots the correlation between the logarithm of Ha
luminosity (expressed in erg/s and calculated from the He flux
and the galaxy distances) as a function of the absolute sech mag-
nitude of the objects. The known linear trend published by Ce-
dres et al. (2009) and Iglesias-Paramo et al. (2002) is confirmed,
although there is not much improvement going from visible (B
band) to the NIR (K”). The sech magnitude fit Mg gives better
trend than the total magnitude Mg fit (/\/2 = 0.28 versus 0.31),
proving that the sech law in K band is a better gauge of the mass
than the total light. We found the following linear fit, plotted with
a dashed line

log (Lya) = —0.30 X Mgk + 34.06. (6)

6. Discussion
6.1. Sample completeness

Sample selection is a very important step in observational as-
tronomy and any possible bias needs to be taken into account in
the interpretation of the results. There are very few large, deep
field surveys aiming to discover dwarf galaxies, as they require
very large telescopes, dark time and careful image reduction.
The popular large field NIR surveys 2MASS, VISTA VHS and
UKIDSS LAS are pretty shallow and therefore affected by large
photometric errors for dwarfs, as we pointed out in Section 4
and our past work (Vaduvescu et al. 2005b, 2014). Deep spectro-
scopic surveys are even more scarce, with the SDSS remaining
the main reference and being used in our paper to derive abun-
dances of 17 galaxies in the A779, A1637, and Coma clusters.
Based on the photometric and spectroscopic data from the
existing surveys available in 2009 when we planned the TNG
observations, probably our galaxy sample is biased towards
brighter objects. This fact can be actually observed in Figures 3-
4, where most of the TNG targets (plotted with coloured sym-
bols) occupy the brighter part of the plots (Msx > —19 mag),
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in comparison with our previous galaxy samples of SF dwarfs in
nearby clusters (-19 < Mgk < —17 mag, plotted with open cir-
cles) and with the faintest LV targets (—17 < Msx < —13 mag,
plotted with black solid circles). In consequence, some of the
results of this paper are probably biased towards the bright lumi-
nosity end in comparison with any theoretical ‘complete sample’
which should characterise homogeneously the entire SF dwarf
population in clusters. This fact was actually expected, due to
the increasing difficulty to detect and characterise targets located
in more distant clusters in comparison with galaxies observed in
the LV (located about 100 times closer than most objects in our
sample) or Virgo (residing more than ten times closer).

6.2. Possible contamination

We checked the possible contamination of our sample with
non-dwarf species such as spirals, as suggested nowadays by
NED for the following targets in A1367 (1367-7170, 1367-
0173, 1367-1370, 1367-4540, 1367-8348, 1367-7325 and 1367-
1014), Coma (1656-9508, 1656-1183 and 1656-0236) and Her-
cules (2151-3378, 2151-3293, 2151-9062, 2151-8261, 2151-
2339, 2151-3041 and 2151-5519). Only three of them (1367-
0173, 1656-1183, 2151-5519) are evident outliers labelled in
Figures 3-5.

We also checked the possible contamination of our sam-
ple with galaxies actually located outside the clusters. Two
Coma targets (1656-5005 and 1656-0236) and seven Hercules
targets (2151-5451, 2151-2014, 2151-3378, 2151-2122, 2151-
9062, 2151-5482, and 2151-5541) miss velocity data and there-
fore Hubble distances, and we adopted for them the common
cluster distances included in parentheses in the last column of
Table 1, leading to physical sizes included in parantheses in
Columns 9 and 10 of Table 2. Only two of these galaxies ap-
pear deviant from the past known linear trends (1656-0236 and
2151-2014 - labelled in Figures 3-5).

6.3. Uncertainties

The uncertainty in the absolute magnitudes Mggx and Mrg is
o(Mg) = 0.35 mag. This is composed from the uncertainty in
the measured apparent magnitude (0.2 mag - due to the 2MASS
zero-point 0.1 mag and the photometry errors 0.1 mag), plus the
uncertainty in the galactocentric distance modulus (0.15 mag,
according to NED assuming a Hubble flow model). We plot this
typical uncertainty in Mgk and Mg as horizontal error-bars un-
der the legend in Figures 3-9 and Figure 13.

The uncertainty in the physical size of the galaxies in all four
clusters amounts to 14%, being dominated by the uncertainties
in the Hubble flow distances (accordingly to NED data). Conse-
quently, the scales (expressed in kpc/arcsec) are affected by the
same uncertainty, thus most galaxies with radius ryx between
2-7 kpc (Figure 3) generate uncertainties between 0.2-1.0 kpc
with an average of o-(rak) = 0.6 kpc (plotted as a vertical bar in
Figure 3), and most galaxies with scale lengths between 0.5-3.0
kpc generate uncertainties between 0.1-0.4 kpc with an average
o(rox = 0.25 kpc (plotted as a vertical bar in Figure 4).

The uncertainty in abundance is o(12 + log(O/H)) = 0.1
dex, according to the bright line method. This is about five times
larger than the those of LV galaxies derived from the direct tem-
perature method.
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6.4. Comparison and interpretation

The size of SF dwarfs from the LV and the nearby clusters has
been known to scale with the absolute magnitudes (Vaduvescu et
al. 2005b, 2006, 2014)). This linear trend seems to break above
My g = —19 for targets of more distant clusters, with most galax-
ies appearing larger at brighter luminosity end (Figures 3-4).

Moreover, the central surface brightness of SF dwarfs from
the LV and the nearby clusters has been correlated with the sech
absolute magnitudes, but this trend becomes unsustainable for
most members of A779, A1367 and especially Hercules (Fig-
ure 5) whose half members with available radio data are clear
outliers on our dwarf FP relation well defined in the LV (Fig-
ure 8). These findings actually confirm structural differences ob-
tained in the visible by Barazza et al. (2001) and (Parodi et al.
2002) between field and cluster environments which could be
explained by some popular puff up and gas stripping scenarios
suggested to take place in denser environmental due to the envi-
ronmental impact of higher density regions in the clusters.

Despite the evidence of the physical harassment of SF
dwarfs, their chemical evolution seems unaffected by denser en-
vironments. Albeit the larger metallicity scatter in the bright line
method compared with the direct method available for most LV
and some Virgo members, the oxygen abundance continues to
satisfy the tight linear correlations with the K sech absolute mag-
nitudes (Figure 9), the gas mass (Figure 10), the baryonic mass
(Figure 11) and the closed box model (Figure 12).

7. Conclusions

Forty five SF dwarf galaxies located in A779, A1367, A1656
(Coma) and A2151 (Hercules) clusters were imaged with the
TNG telescope in the NIR (K”) for four nights in 2010. The
clusters and targets were selected based on our past work (Ha
imaging and spectroscopy) and taking into account SDSS DRS
data (available at the time) and the literature.

The SBPs were fitted with a sech component to count the
older stellar component at the exterior, plus a Gaussian compo-
nent to model the inner starburst, proving the BCD classifica-
tion for most targets. Sech central surface brightness, semimajor
axis, sech and total apparent magnitudes were measured, allow-
ing us to extract physical sizes, absolute luminosity and masses,
assuming Hubble flow distances taken from NED. Using oxygen
abundances, Ha fluxes and some HI radio data from the litera-
ture, we compared the physical and chemical correlations of the
observed sample with SF dwarfs previously studied by us in the
LV and other nearby clusters (Virgo, Fornax, Hydra and Antlia).

Size (rypsk and rosx derived from the sech fit) continues to
increase with luminosity (sech absolute magnitude Mgy ) but the
former linear trend is broken around Msx = —19, with more
luminous dwarfs in clusters being larger than expected. Central
surface brightness (ups k) increases with the absolute magnitude,
but the tight linear trend defined in the LV becomes very loose
for the members of the four Abell clusters which are fainter at
their centre. Colours (m, — mrg) vary between 1.5 and 3.5 mag,
and the outburst excess (msgx — mrg) spread between -0.5 and
+0.5 mag, suggesting that sech law fits accurately most targets.
The dwarf FP is probed by only half targets with available HI
data, while the other half joins other formerly studied cluster
data located above the plane.

The oxygen abundances fit linearly with sech absolute mag-
nitude mg g, the logarithm of the gas mass and with the baryonic
mass, matching previous results derived in the LV and other clus-
ters, while the closed box model (metallicity versus gas fraction)
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is probed by most targets, with one exception known as interac-
tion. The starburst (quantified as the logarithm of Ha luminosity)
increases with absolute luminosity, matching previous results in
visible, but the linear trend remains quite lose.
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Fig. 1: Dwarf galaxies observed in the clusters A779, A1367,
ARRIOH rsppapd Al (Hercules) with the TNG. We mark
the targets with red squares overlaid on the DSS images and the
ROSAT X-ray contours. The field is about two degrees and the
sky orientation is normal (N up, E left).
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orientation. Right: Surface brightness profiles in K’ fitted by sech
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Figure 2 (continued - A1367 targets).
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Figure 2 (continued - A1367 targets).
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Figure 2 (continued - A1656 Coma targets).
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Figure 2 (continued - A2151 Hercules targets).
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Figure 2 (continued - A2151 Hercules targets).
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Figure 2 (continued - A2151 Hercules targets).
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Figure 2 (continued - A2151 Hercules pairs targets).
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Fig. 3: Semimajor axis rysk (in kpc) of the star forming (SF)
dwarf galaxies studied before in the Local Volume (LV), Virgo,
Fornax, Hydra, Antlia (denoted jointly by VFHA, based on our
previous work), and the four Abell clusters observed with the
TNG (this paper) as a function of the luminosity - sech abso-
lute magnitude Msk. The cross in the upper left shows typical
uncertainties in the two parameters.
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Fig. 4: Sech scale length rosx (in kpc) of the SF dwarfs as a
function of the sech absolute magnitude Mgg. The previously
known linear trend is marked with a dash line, but is broken for
more luminous objects whose cores vary up to five times in size.
The cross in the upper left shows typical uncertainties in the two
parameters.
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Fig. 5: Sech central surface brightness s x of the SF dwarfs as a
function of sech absolute magnitude Myg. The dashed line rep-
resents the fit of most dIs and BCDs in the LV and Virgo cluster
(Vaduvescu et al. 2006). Most galaxies in A1367, Hercules and
Coma show fainter cores compared to galaxies in other clusters
with similar luminosity, and the environmental influences could
be the origin of these differences. The cross in the upper left
shows typical uncertainties in the two parameters.
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Fig. 6: Colour r — K’ of the SF dwarfs as a function of total
absolute magnitude M7k, with Sloan r model magnitudes taken
from SDSS DR12. The colours range between 1.5 and 3.5 mag
and have a larger spread for fainter targets, probably due to larger
uncertainties in the measurements. The cross in the bottom right
shows typical uncertainties in the two parameters.
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Fig. 7: Starburst excess, expressed as the difference sech minus
total apparent magnitude (mgg — mrg) in function of their lumi-
nosity (sech absolute magnitude Mg ). Most galaxies are spread
between -0.5 and +0.5 mag suggesting good sech fits, while a
few others have larger Gaussian components, suggesting more
intensive star forming activity. The cross in the upper right shows
typical uncertainties in the two parameters.
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Fig. 8: Fundamental plane (FP) of star forming dwarf galaxies
(McCall et al. 2012) defined by 50 dIs from the LV (black solid
circles). Formerly studied Virgo, Fornax, and Hydra SF dwarfs
(mostly BCDs) are plotted with black open circles, while TNG
Hercules targets with available Arecibo data are overlaid with
green squares. About half clusters galaxies are located outside
the dwarf FP defined by dIs in isolation, suggesting that the FP
relation does not hold for SF dwarfs located in denser environ-
ments. The cross in the upper left shows typical uncertainties in
the two parameters.
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Fig. 9: Luminosity - metallicity relation of SF dwarfs. The
dashed line shows the linear fit based on dIs in the LV and Virgo
cluster with very precise 7, oxygen abundances (Vaduvescu et
al. 2007). Most targets in the four Abell clusters match this lin-
ear trend, but have larger scatter due to larger uncertainties in the
Hubble distances and the abundance indirect method. The cross
in the upper left shows typical uncertainties in the two parame-
ters.
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Fig. 10: Metallicity - gas mass relation of SF dwarfs. The dashed
line fits dwarfs located in the LV and Virgo cluster, most having
precise T, oxygen abundance (Vaduvescu et al. 2007). The few
TNG targets from A1367 and Hercules with available HI gas
masses match this linear relation at the massive end. The cross in
the upper left shows typical uncertainties in the two parameters.
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Fig. 11: Metallicity - baryonic (gas and stars) mass relation of SF
dwarfs. The dashed line represents linear fit using 28 dIs from
LV and Virgo (Vaduvescu et al. 2007). The few A1367 and Her-
cules objects confine quite well with this linear trend, probing
the fundamental metallicity - mass relation for SF dwarfs. The
cross in the upper left shows typical uncertainties in the two pa-
rameters.
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Fig. 12: <Metallicity - gas fraction u of SF dwarfs, assuming a
closed box model (Lee et al. 2003). From the eight Abell TNG
targets with available data, only three galaxies in Hercules agree
this model, while the others do not. 2151-7583 (IC 1182:[S72]
d) is the most evident outlier, known as a tidal dwarf candi-
date in interaction with IC1182 (Iglesias-Paramo et al. 2003;
Petropoulou et al. 2011). The cross in the upper left shows typi-
cal uncertainties in the two parameters.
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Fig. 13: Ha - luminosity relation of SF dwarfs, expressed as the
logarithm of Ha luminosity (erg/s) as a function of the sech ab-
solute magnitude. The previous linear trend is confirmed (Cedres
et al. 2009; Iglesias-Paramo et al. 2002) by the following fit in
NIR (Eq. 6, plotted as a dashed line). The cross in the upper left
shows typical uncertainties in the two parameters.
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