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ABSTRACT

Context. Dwarf galaxies are the most common type of galaxies in galaxy clusters. Due to their low mass, they are more vulnerable to
environmental effects than massive galaxies, and are thus optimal for studying the effects of the environment on galaxy evolution. By
comparing the properties of dwarf galaxies with different masses, morphological types, and cluster-centric distances we can obtain
information about the physical processes in clusters that play a role in the evolution of these objects and shape their properties. The
Fornax Deep Survey Dwarf galaxy Catalog (FDSDC) includes 564 dwarf galaxies in the Fornax cluster and the in-falling Fornax A
subgroup. This sample allows us to perform a robust statistical analysis of the structural and stellar population differences in the range
of galactic environments within the Fornax cluster.
Aims. By comparing our results with works concerning other clusters and the theoretical knowledge of the environmental processes
taking place in galaxy clusters, we aim to understand the main mechanisms transforming galaxies in the Fornax cluster.
Methods. We have exploited the FDSDC to study how the number density of galaxies, galaxy colors and structure change as a function
of the cluster-centric distance, used as a proxy for the galactic environment and in-fall time. We also used deprojection methods to
transform the observed shape and density distributions of the galaxies into the intrinsic physical values. These measurements are then
compared with predictions of simple theoretical models of the effects of harassment and ram pressure stripping on galaxy structure.
We used stellar population models to estimate the stellar masses, metallicities and ages of the dwarf galaxies. We compared the
properties of the dwarf galaxies in Fornax with those in the other galaxy clusters with different masses.
Results. We present the standard scaling relations for dwarf galaxies, which are the size-luminosity, Sérsic n-magnitude and color-
magnitude relations. New in this paper is that we find a different behavior for the bright dwarfs (−18.5 mag<Mr′ < −16 mag) as
compared to the fainter ones (Mr′ > −16 mag): While considering galaxies in the same magnitude-bins, we find that, while for fainter
dwarfs the g′ − r′ color is redder for lower surface brightness objects (as expected from fading stellar populations), for brighter dwarfs
the color is redder for the higher surface brightness and higher Sérsic n objects. The trend of the bright dwarfs might be explained
by those galaxies being affected by harassment and by slower quenching of star formation in their inner parts. As the fraction of
early-type dwarfs with respect to late-types increases toward the central parts of the cluster, the color-surface brightness trends are
also manifested in the cluster-centric trends, confirming that it is indeed the environment that changes the galaxies. We also estimate
the strength of the ram-pressure stripping, tidal disruption, and harassment in the Fornax cluster, and find that our observations are
consistent with the theoretically expected ranges of galaxy properties where each of those mechanisms dominate. We furthermore
find that the luminosity function, color–magnitude relation, and axis-ratio distribution of the dwarfs in the center of the Fornax cluster
are similar to those in the center of the Virgo cluster. This indicates that in spite of the fact that the Virgo is six times more massive,
their central dwarf galaxy populations appear similar in the relations studied by us.

Key words. galaxies: clusters: individual: Fornax – galaxies: dwarf – galaxies: evolution – galaxies: interactions –
galaxies: luminosity function, mass function – galaxies: photometry
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1. Introduction

The local density of galaxies has been shown to play an impor-
tant role in galaxy evolution, leading the more quiescent galax-
ies to appear preferentially in high density regions in the local
Universe (Dressler 1980; Peng et al. 2010a). This is the case for
high mass galaxies and the tendency is even stronger for low
mass galaxies (Binggeli et al. 1990). A range of physical pro-
cesses has been suggested to be responsible for such environ-
mental variance (Boselli et al. 2008; Serra et al. 2012; Jaffé et al.
2018; Moore et al. 1998; Mastropietro et al. 2005; Ryś et al.
2014; Toloba et al. 2015). However, the properties of galaxies
do not only depend on their surroundings, but also on their
mass. For example, massive galaxies have been shown to host on
average older stellar populations (see e.g., Thomas et al. 2005;
Roediger et al. 2017; Schombert 2018), and to have more sub-
structure than the less massive galaxies (Herrera-Endoqui et al.
2015; Janz et al. 2014). In order to isolate the environmental
effects from internal processes, we need to study the galaxies
over a range of mass bins and environments. For such a study,
dwarf galaxies constitute an important resource. Dwarf ellipti-
cal galaxies (dE) are the most abundant galaxies in galaxy clus-
ters. They have low masses and low surface brightnesses, making
them relatively easily affected by the environment. Thus, due to
their abundance and vulnerability, they can be used to study the
effects of environment on galaxy evolution.

Studies concentrating on mid- and high-redshift galaxies
have shown an increase in the fraction of massive red quies-
cent galaxies in clusters since z = 1−2 up to present (Bell et al.
2004; Cassata et al. 2008; Mei et al. 2009). The emergence of
these quiescent galaxies is partly explained by their mass: mas-
sive galaxies form stars more efficiently (Pearson et al. 2018)
and therefore, if no more gas is accreted, run out of their cold
gas reservoir faster than less massive galaxies. Additionally,
the internal energy of gas and stars in these galaxies increases
due to merging of satellite galaxies (Di Matteo et al. 2005), and
due to feedback from active galactic nuclei (AGN) and super-
novae (Bower et al. 2006; Hopkins et al. 2014), which prevents
the gas from cooling and collapsing into new stars. The ensem-
ble of these processes is called mass quenching since they are
all related to the mass of the galaxy’s dark matter halo, rather
than to the environment. If the formation of early-type galaxies
(ETGs) would happen only via mass quenching, we should see
only very massive ETGs at high redshift, and an increasing num-
ber of lower mass ETGs toward lower redshift (Thomas et al.
2005). Indeed, observations have confirmed such evolution
among the quiescent galaxies (Bundy et al. 2006) showing that
mass-quenching is an important mechanism in galaxy evolu-
tion. However, strong correlations are also found with regard to
stellar populations and galaxy morphology (Peng et al. 2010a)
with the environment, indicating that mass quenching is not the
only process contributing to the formation of early-type systems.
Additionally, studies analyzing isolated ETGs (Geha et al. 2012;
Janz et al. 2017), for which the effects of the external processes
can be excluded, have shown that all such quiescent galaxies are
more massive than 1 × 109 M�, indicating that mass-quenching
is only effective in the mass range larger than that.

In dense environments, such as galaxy clusters, galaxies
experience environmental processes acting both on their stel-
lar and gas components. Harassment (Moore et al. 1998) is a
term used for the high velocity tidal interactions between clus-
ter galaxies, and between a galaxy and the cluster potential, that
tend to rip out stellar, gas and dark matter components of the
galaxies. Mastropietro et al. (2005) showed that harassment can

transform a disk galaxy into a dynamically hot spheroidal sys-
tem in time scales of a few Gyr. Additionally, these processes
may trigger bursts of star formation that quickly consume the
cold gas reservoir, transforming the galaxy into an early-type
system (Fujita 1998). Another consequence of harassment is that
galaxies should become more compact as their outer parts are
removed (Moore et al. 1998). Indeed, Janz et al. (2016a) found
that the sizes of field late-type dwarfs are twice as large as those
of early and late-type galaxies of the same mass located in the
Virgo cluster. However, Smith et al. (2015) showed that harass-
ment is effective in truncating the outer parts of only galaxies that
have highly radial orbits with short peri-center distances with
respect to the cluster center. This challenges the idea that harass-
ment alone can explain the difference between the galaxies in
different environments.

Another, more drastic consequence of the gravitational inter-
actions is that in the cluster center they are so strong that they
may cause complete disruption of dwarf galaxies (McGlynn
1990; Koch et al. 2012). The material of those disrupted galax-
ies then ends up in the intra-cluster medium, piling up in the
central regions of the cluster, and leaving an underdense core in
the galaxy number density profile of the cluster. In the Fornax
cluster, which is the object of this study, such a core has been
observed (Ferguson 1989). Also ultracompact dwarf galaxies, of
which some are likely to be remnant nuclei of stripped dwarf
galaxies are detected (Drinkwater et al. 2003; Voggel et al. 2016;
Wittmann et al. 2016), which gives further evidence for disrup-
tion of the dwarfs. Recently, Iodice et al. (2019) studied massive
ETGs in the central region of the Fornax cluster, and showed
that in the core of the cluster, the ETGs tend to have twisted
and/or asymmetric outskirts, and that patches of intra-cluster
light (Iodice et al. 2016, 2017a) have been also been detected
in that region. These findings suggest that in the core of the For-
nax cluster, harassment is shaping the massive galaxies. Also
D’Abrusco et al. (2016) have identified a population of intra-
cluster globular clusters (GCs) that may originate from globular
clusters stripped out of the cluster galaxies.

Another process affecting galaxies in clusters, but act-
ing only on their gas component, is ram-pressure stripping
(Gunn & Gott 1972). If a gas-rich galaxy moves through a
galaxy cluster that contains a significant amount of hot gas, pres-
sure between the gas components can remove the cold gas from
the galaxy’s potential well. This happens especially on galaxy
orbits near the center of the cluster, in which case all the gas of
the galaxy might be depleted in a single crossing, corresponding
to a time scale of half a Gyr (Lotz et al. 2018). If not all the gas
of the galaxy is removed at once, it is likely that the remaining
gas is located in its center where the galaxy’s anchoring force
is strong. This may lead to younger stellar populations in the
central part of the dwarf galaxies. Indeed, many dwarf galax-
ies in clusters have blue centers (Lisker et al. 2006), indicative
of their recent star formation. There is strong observational evi-
dence about the removal of gas from galaxies when they enter
the cluster environment: Long HI tails have been observed trail-
ing behind late-type galaxies falling into clusters (Kenney et al.
2004; Chung et al. 2009). Using Hα- and UV-imaging, ram pres-
sure stripping has been observed in action in infalling galaxies
(Poggianti et al. 2017; Jaffé et al. 2018). Also, galaxies in clus-
ters have shown to be mostly gas-poor, and those outside the
clusters gas-rich (Solanes et al. 2001; Serra et al. 2012).

As discussed above, both harassment and ram-pressure strip-
ping take place in the cluster environment. The physical theory
behind them is well understood. However, what is not known, is
the importance of these processes in shaping the dwarf galaxy
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populations in clusters. Our understanding of this problem is
limited on the theoretical side by the resolution of cosmolog-
ical simulations, which are not able to resolve small galaxies
in the cluster environment (Pillepich et al. 2018; Schaye et al.
2015). Observationally, it is due to the lack of systematic stud-
ies analysing the properties of dwarf galaxies for a complete
galaxy sample, spanning a range of different galactic envi-
ronments. Recently, some surveys including the Next Gener-
ation Fornax Survey (NGFS; Eigenthaler et al. 2018) and the
Fornax Deep Survey (FDS; Iodice et al. 2016) have been set
up to address these questions. In this study, we approach this
problem from the observational point of view using a size and
luminosity limited sample of galaxies in the Fornax cluster. This
sample is used to test some first order predictions arising from
the current theoretical understanding of the different environ-
mental processes.

The Fornax Deep Survey (FDS) provides a dataset that
allows to study the faintest dwarf galaxies over the whole For-
nax cluster area. The survey covers a 26 deg2 area of the cluster
up to its virial radius, covering also the non-virialized south-
west Fornax A subgroup. The deep u′, g′, r′, i′-data with wide
dynamical range allows us to study the galaxy properties and
colors down to the absolute r′-band magnitude Mr′ ≈ −10 mag.
The Fornax Deep Survey Dwarf galaxy Catalog (FDSDC) by
Venhola et al. (2018) includes 564 dwarf galaxies in the survey
area, and reaches 50% completeness at the limiting magnitude of
Mr′ = −10.5 mag, and the limiting mean effective surface bright-
ness of µ̄e,r′ = 26 mag arcsec−2. The minimum semi-major axis
size1 is a = 2 arcsec. Our sample is obtained from data with sim-
ilar quality to that of the Next Generation Virgo Survey (NGVS;
Ferrarese et al. 2012), thus allowing a fair comparison between
the faint galaxy populations in these two environments.

In this paper, our aim is to use the FDSDC to study how
the galaxy colors, the luminosity function, the fraction of mor-
phological types, and the structure parameters change from the
outer parts of the cluster toward the inner parts. If harassment
is the main environmental effect acting on galaxies, the galax-
ies are expected to become more compact (higher Sérsic indices
and smaller effective radii) and rounder in the inner parts of the
cluster, as their outer parts get stripped and their internal veloc-
ity dispersion increases (Moore et al. 1998; Mastropietro et al.
2005). On the other hand, if the main mechanism is ram pres-
sure stripping, the galaxies should not become more compact or
rounder toward the cluster center. However, they are expected to
become redder and to have lower surface brightnesses after the
ram pressure stripping has quenched their star formation. The
optical region where the contribution of young stars is signifi-
cant, is particularly favorable for this kind of studies. We also
compare our results with those obtained in the Virgo cluster by
NGVS.

In this paper, we first discuss the data and the sample in
Sect. 2. In Sects. 3–6, we present the distribution, luminosity
function, structure, and colors of the dwarf galaxies in the For-
nax cluster as a function of their cluster-centric distance and total
luminosity, respectively. Finally, in Sects. 7 and 8 we discuss the
results and summarize the conclusions, respectively. Through-
out the paper we use the distance of 20.0 Mpc for the For-
nax cluster corresponding to the distance modulus of 31.51 mag
(Blakeslee et al. 2009). At the distance of the Fornax cluster,
1 deg corresponds to 0.349 Mpc.

1 Semi-major axes from SExtractor (Bertin & Arnouts 1996) were
used.

2. Data

2.1. Observations

We use the FDS, which consists of the combined data of Guar-
anteed Time Observation Surveys, FOrnax Cluster Ultra-deep
Survey (FOCUS, P.I. R. Peletier) and VST Early-type GAlaxy
Survey (VEGAS, P.I. E. Iodice), dedicated to the Fornax clus-
ter. Both surveys are performed with the ESO VLT Survey Tele-
scope (VST), which is a 2.6-m diameter optical survey telescope
located at Cerro Paranal, Chile (Schipani et al. 2012). The imag-
ing is done in the u′, g′, r′ and i′-bands using the 1◦ × 1◦ field of
view OmegaCAM instrument (Kuijken et al. 2002) attached to
VST. The observations cover a 26 deg2 area centered to the For-
nax main cluster and the in-falling Fornax A subgroup in which
NGC 1316 is the central galaxy (see Fig. 1). Full explanations of
the observations and the AstroWISE-pipeline (McFarland et al.
2013) reduction steps are given in Peletier et al. (in prep.), and
Venhola et al. (2018).

The photometric errors related to the zeropoint calibration
of the data were defined by Venhola et al. (2018), and they are
0.04, 0.03, 0.03, and 0.04 mag in u′, g′, r′ and i′, respectively.
The completed fields are covered with homogeneous depth with
the 1σ limiting surface brightness over one pixel area of 26.6,
26.7, 26.1 and 25.5 mag arcsec−2 in u′, g′, r′ and i′, respectively.
When averaged over one arcsec2 area, these numbers correspond
to 28.3, 28.4, 27.8, 27.2 mag arcsec−2 in u′, g′, r′ and i′, respec-
tively. The data is calibrated using AB-magnitude system.

The FDS has provided two galaxy catalogs: The catalog
containing all dwarf galaxies in the whole FDS area has been
presented in Venhola et al. (2018), and the photometry of the
ETGs in the central 9 deg2 area of the cluster by Iodice et al.
(2019). This study mostly considers only the dwarf galaxies, but
in Sect. 9, we also use the stellar masses of the ETGs from the
catalog of Iodice et al.

2.2. Galaxy sample

We use the FDSDC (Venhola et al. 2018) that is based on the
whole data set of the FDS. In Venhola et al. (2018), we ran
SExtractor (Bertin & Arnouts 1996) on the stacked g′ + r′ +
i′-images to detect the objects, and then selected those with
semi-major axis lengths larger than a > 2 arcsec for further anal-
ysis. The galaxy catalog contains the Fornax cluster dwarfs with
Mr′ > −18.5 mag, and reaches its 50% completeness limit at the
r′-band magnitude Mr′ = −10.5 mag and the mean effective sur-
face brightness µ̄e,r′ = 26 mag arcsec−2. In Appendix A, we show
how the minimum size and magnitude limits affect the complete-
ness of the FDSDC in the size-magnitude space.

In Venhola et al. (2018), we produced Sérsic model fits for
these galaxies using GALFIT (Peng et al. 2002, 2010b) and the
r′-band images of the FDS. For the dwarf galaxies with nuclear
star clusters we fit the unresolved central component with an
additional PSF component. We also measured aperture colors
within the effective radii using elliptical apertures. The effec-
tive radius, position angle and ellipticity of the apertures were
taken from the r′-band Sérsic fits. For the total magnitudes and
the other structural parameters, we use the values adopted from
the same r′-band fits. In the u′-band color analysis, we exclude
galaxies that have µ̄e,r′ > 25 mag arcsec−2, since their colors are
uncertain due to the low signal-to-noise.

We analyze all the galaxies that we classified as likely cluster
members in Venhola et al. (2018). We also use the same division
of galaxies into late- and early-types as was used in that work.
This morphological division was made visually by classifying
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Fig. 1. Locations of the likely cluster galaxies in the FDSDC (Venhola et al. 2018). The red, black and blue symbols correspond to non-nucleated
dwarf ellipticals, dE(nN), nucleated dwarf ellipticals, dE(N) and late-type dwarfs, respectively. The black dotted lines show the extent of the FDS
observations. The inner and outer blue circles show the core (Ferguson 1989) and virial radius (Drinkwater et al. 2001) of the Fornax main cluster
respectively, and the green dotted circle encloses an area within one degree from the Fornax A subgroup (Drinkwater et al. 2001). The green,
yellow, and red contours around the center of the cluster and Fornax A correspond to the 0.96, 1.15, and 1.34× 10−3 counts arcmin−2 s−1 isophotes
of the ROSAT X-ray observations, respectively (Kim et al. 1998; Paolillo et al. 2002). In the figure north is up and east is toward left.

the red and smooth galaxies as early-types, and the galaxies that
have star formation clumps as late-types. For the low mass galax-
ies for which the visual morphological classification was uncer-
tain, we used a combination of colors, concentration parameter
C, and Residual Flux Fraction RFF, to separate them into the dif-
ferent types. RFF (Hoyos et al. 2011) measures the magnitude
of the absolute residuals between the galaxy’s light profile and
a best-fitting Sérsic profile, and C (Conselice 2014) is defined
using the ratio of the galactocentric radii that enclose 80% and
20% of the galaxy’s light. Details of the morphological classifi-
cations and measurements are explained in Venhola et al. (2018).
Due to a lack of more detailed morphological classifications
of the FDSDC galaxies, in this study we refer to the late-type
dwarfs as dwarf irregulars, dIrrs, and early-type dwarfs as dwarf
ellipticals, dEs. We emphasize that this leads into those classes
consisting of several types of objects, for example that follow-
ing the classification system of Kormendy & Bender (2012),
spheroidals and “true dwarf ellipticals” would all be classified
as dEs in this work, and the irregulars would belong to dIrr.

Our total galaxy sample in this work consists of 564 For-
nax cluster dwarf galaxies. Of these 470 are classified as early-
types and 94 as late-types. The early-types are further divided
into nucleated, dE(N) (N = 81), and non-nucleated, dE(nN)
(N = 389), dwarf ellipticals. Our sample is at least 95% com-
plete within the given limits. Since most of the sample galax-
ies have no spectroscopic confirmations, it is likely that there
is some amount of galaxies that are actually background objects.

According to the estimation of Venhola et al. (2018), there might
be at maximum 10% background contamination in the sample,
corresponding to few tens of misclassified background galaxies.

2.3. Stellar masses

We estimate the stellar mass of the sample galaxies using the
empirical relation observed between the g′ − i′ color and mass-
to-light (M/L) ratio by Taylor et al. (2011):

log10

(
M∗
M�

)
= 1.15 + 0.70 × (g′ − i′) − 0.4Mi′ . (1)

In the equation, Mi′ is the absolute i′-band magnitude. As we
have done the Seŕsic model fitting only for the r′-band images,
and thus do not have the i′-band total magnitudes for the galax-
ies, we transform the r′-band total magnitudes into i′-band, by
applying the r′ − i′ color (measured within Re) correction:

log10

(
M∗
M�

)
= 1.15 + 0.70× (g′ − i′)−0.4Mr′ + 0.4× (r′ − i′). (2)

The relation between the stellar masses and r′-band magni-
tudes for the galaxies in our sample are shown with the black
symbols in Fig. 2. According to Taylor et al. (2011) the accu-
racy of the transformed stellar masses is within 0.1 dex. How-
ever, their sample does not contain galaxies with M∗ < 107.5 M�,
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Fig. 2. Upper panel: stellar masses of the galaxies as a function of
their r′-band absolute magnitude (Mr′ ). The black symbols show the
transformations when using the relations of Taylor et al. (2011) and the
red and blue symbols show the relations when using Bell & de Jong
(2001) transformations with the assumed metallicities of 0 and −0.4,
respectively. Lower left panel: histogram of the differences between
stellar masses obtained using the formulae of Taylor et al. (2011) and
Bell & de Jong (2001). Lower right panel: differences in stellar masses
when using the models of Bell and de Jong, but assuming two different
metallicities.

where we have to use an extrapolation of their relation to obtain
the lowest stellar masses. This caveat makes our mass estima-
tions for the lowest mass galaxies uncertain. For quantifying that
uncertainty, we estimate the masses also using another method.

To have an independent test for the low mass galaxies
and to assess the feasibility of Eq. (1) for the galaxies with
M∗ < 107.5 M�, we compare our estimates with those of
Bell & de Jong (2001). We adopted the linear fit model of
Bell & de Jong (2001) that uses the stellar population models
of Bruzual & Charlot (2003). In this model, a Salpeter initial
mass function was used2 and metallicities of log10(Z/Z�) =
0 and −0.4. Any lower metallicities are not covered by the
Bell & de Jong (2001) models and thus we are limited to use
these rather high metallicities, although for example a dwarf
galaxy with M∗ = 107.5 M� has log10(Z/Z�) = −1 (see Janz et al.
2016b). Assuming solar metallicity, the equation for the mass to

2 The models of Bell & de Jong (2001) are limited to Salpeter-like ini-
tial mass functions, which restricts us from using for example Kroupa
initial mass function.

light ratio is

log10

(
M
LR

)
= −0.80 + 1.21 × (V − I), (3)

where V and I are magnitudes in the Johnson V and I band fil-
ters, and LR is the luminosity in Johnson R-band. In the case of
log10(Z/Z�) = −0.4, the formula becomes

log10

(
M
LR

)
= −0.87 + 1.27 × (V − I). (4)

Using the transformations of Jordi et al. (2006) between the
Johnson V , R, I-and the SDSS g′, r′, i′-filters (see Appendix E),
and transforming luminosity to magnitudes we can rewrite
Eq. (3) as follows:

log10

(
M∗
M�

)
= 1.04+0.817×(g′−i′)−0.4×Mr′+0.1×(r′−i′). (5)

While comparing Eqs. (2) and (5) (see Fig. 2), we find that the
Bell and de Jong calibration is very similar to the one of Taylor et
al., differing only by having a lower constant term and a slightly
different dependence on the g′− i′ and r′− i′ colors. As the range
in the colors of FDSDC galaxies is quite narrow and the color
terms in Eqs. (1) and (5) are small, r′-band magnitudes work
as a good proxy for the stellar mass. The effects of metallicity
in the model is negligible (see the lower right panel of Fig. 2).
Thus, these mass estimates give consistent results within ≈10%
accuracy.

Due to the systematic uncertainties in the M/L-ratios for low
luminosity galaxies, we do most of the analysis in this work
using the r′-band luminosity as a proxy for the stellar mass.
However, in crucial parts of the analysis, we also check that the
results hold when using the estimated stellar masses instead of
luminosities. For the stellar masses we adopt the values from
Taylor et al. (2011) (Eq. (2)). Also the stellar masses for the giant
ETGs in Sect. 9 have been calculated in the same way.

3. Dwarf galaxy distribution

3.1. Locations of the galaxies and their environment

In Fig. 1 we show the locations of the galaxies in our sample.
It is clear that most of the galaxies are strongly concentrated
around the center of the Fornax cluster forming a relatively sym-
metrical and dense main cluster. Another clear but less mas-
sive and more loose structure is the Fornax A group southwest
from the main cluster, where the galaxies are grouped around
the shell galaxy NGC 1316 (Iodice et al. 2017b). The Fornax A
galaxy distribution seems to be skewed toward the main cluster.
The Fornax cluster is located in a filament of the cosmic web
so that the filament crosses the cluster in the north-south axis
(see Nasonova et al. 2011 and Venhola et al. 2018). One would
expect the infall of galaxies to be enhanced from the direction of
the filament, but no clear overdensities toward those directions
can be seen in our data.

In order to better see the sub-structures, we convolved the
galaxy distribution with a Gaussian kernel with a standard devi-
ation of σ = 15 arcmin. We also used mass weighting for the
smoothing. The smoothed distributions with and without mass
weighting are shown in Fig. 3. As expected, in the smoothed
images the two overdensities in the main cluster and in the For-
nax A subgroup are clearly pronounced. From the non-weighted
distribution it appears that the galaxy distributions are not per-
fectly concentrated around NGC 1399 and NGC 1316, but are
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Fig. 3. Smoothed distributions of the galaxies in the Fornax cluster.
Upper panel: surface number density distribution of galaxies using
a Gaussian convolution kernel with σ = 15 arcmin. Lower panel:
smoothed surface mass density distribution using the same kernel. The
colored contours in the upper and lower panels highlight the iso-density
curves with linear and logarithmic spacing, respectively. The green and
blue crosses show the locations of NGC 1399 and NGC 1316, respec-
tively. The red lines frame the area covered by the FDS. In the figures
north is up and east is toward left.

slightly offset toward the space between those two giant galax-
ies. The distribution of the galaxies in the center of the clus-
ter has the same two-peaked appearance as the one found by
Ordenes-Briceño et al. (2018), who analyzed the distribution of
the Fornax dwarfs using the Next Generation Fornax Survey data
(NGFS; Muñoz et al. 2015). Also the giant ETGs and GCs in
the cluster are concentrated to this same area (Iodice et al. 2019;
D’Abrusco et al. 2016).

Due to the relatively symmetric distribution of the galaxies
in the Fornax cluster, it is tempting to use the cluster centric dis-
tance as a proxy for the galaxy environment and the infall time.
We expect the galaxies in the outskirts of the cluster to have
spent less time in the cluster environment than the ones in the
inner parts. To test how well the cluster-centric distance corre-
lates with the projected galaxy density, we calculate the number
of cluster galaxies within 30 arcmin projected radius from each
galaxy. We then measure this parameter for all the galaxies and
in Fig. 4 plot this parameter against the cluster-centric distance.
The number of the projected neighbors drops almost monotoni-
cally toward the outer parts of the cluster. Only in the Fornax A
group deviations from this relation occur. In principle, the pro-
jected galaxy density would be a sufficient measure to define the

Fig. 4. Galaxy surface density as a function of the distance from
NGC 1399. The red points show the galaxies projected within one
degree from the NGC 1316, which is the central galaxy of Fornax A
group. The blue points show the other galaxies.

galaxy environment, but since there are some galaxy clumps that
may be due to projection effects without any physical meaning,
the cluster-centric distance provides a more robust measure. In
summary, for our sample, a shorter cluster-centric distance can
be interpreted as higher galaxy density environment. Addition-
ally, galaxies located at short cluster-centric distances have on
average entered the cluster earlier than those in the outskirts.
Thus cluster-centric distance is a more fundamental parameter
than the projected galaxy density.

A higher galaxy density is expected to increase the
strength of harassment between galaxies, whereas higher rela-
tive velocities weaken the strength of individual tidal interac-
tions (Eq. (8.54) of Binney & Tremaine 2008 and Eq. (10) of this
study). According to Drinkwater et al. (2001) the line of sight
velocity dispersion of the main cluster is σV = 370 km s−1 and
in the Fornax A sub-structure σV = 377 km s−1. Assuming that
both structures are virialized, Drinkwater et al. (2001) estimated
masses of 5 ± 2 × 1013 M� and 6 × 1013 M�, for the main clus-
ter and Fornax A, respectively. However, they also stated that,
most likely, Fornax A is not virialized and thus the virial mass
estimation is only an upper limit. Assuming the same mass-to-
light ratios for these two sub-clusters, Drinkwater et al. (2001)
estimated the mass of the Fornax A to be 2 × 1013 M�, being
thus ≈1/3 of the mass of the main cluster. However, this approx-
imation might still be underestimating the relative masses, since
the galaxy population of the Fornax A is dominated by late-type
dwarfs, which have on average younger stellar populations and
thus lower mass-to-light ratio.

In addition to galaxy density, also hot X-ray emitting gas
is an important factor affecting the evolution of the galaxies
via ram pressure stripping. Paolillo et al. (2002) and Kim et al.
(1998) studied the X-ray gas around NGC 1399 and NGC 1316,
respectively, using the RÖntgen SATellite’s (ROSAT) X-ray
telescope’s Position Sensitive Proportional Counters (PSPC;
Pfeffermann et al. 1987) for imaging. In order to compare the
distribution of the X-ray gas in the cluster with that of the dwarf
galaxies, we took the archival ROSAT data and overlaid intensity
contours on Fig. 1. The total mass of the X-ray gas within 0.3 deg
from the NGC 1399 is Mgas ≈ 1011 M� (Paolillo et al. 2002),
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Fig. 5. Upper panels: surface number
density of the galaxies as a function of the
cluster-centric radius (left panels) and the
distance from Fornax-A (right panels).
Mid panels: corresponding cumulative
number fractions as function of radii.
The black solid lines corresponds to the
giant galaxies with M′

r < −18.5 mag, the
green dashed and red dotted lines corre-
spond to dE(N)s and dE(nN)s, respec-
tively, and the blue dash-dotted lines
corresponds to the late-type dwarfs. For
a reference, the purple opaque lines
show the cumulative profile for a uni-
form radial surface density distribution
without any cluster-centric concentration.
Bottom panels: deprojected volume den-
sities of the galaxies obtained from
the radial surface density profiles using
the onion peeling technique described in
the Appendix B. The shaded areas corre-
spond to the uncertainties in the depro-
jected profiles, estimated with Monte
Carlo method. The vertical gray dotted
lines in the left panels correspond to the
virial radius of the cluster.

whereas the mass of the X-ray gas associated to Fornax A is
only Mgas ≈ 109 M� (Kim et al. 1998). The X-ray gas of the
main cluster is detected up to radii of 150 kpc from the center,
but due to the small spatial extent of the X-ray observations, in
reality it might extend much further. The X-ray emitting gas is
also misaligned with respect to NGC 1399. The gas is lopsided
toward northwest, which is opposite to the giant ETGs in the
center. Based on the X-ray gas distribution, the galaxies trav-
eling through the center of the Fornax cluster are expected to
experience much stronger ram-pressure stripping, due to larger
gas-density, than the galaxies located in the Fornax A subgroup.

3.2. Radial distribution of dwarf galaxies

Morphological segregation is known to exist in Virgo
(Lisker et al. 2007) and in other clusters (Binggeli et al. 1984),
and an analysis of the density-morphology relation in the For-
nax cluster, and in Fornax A, gives an interesting comparison
with the previous works. In particular, we expect the different
environmental properties in the core and outskirts of the main
cluster, and in the Fornax A subgroup, to manifest in the mor-
phology and the physical parameters of the galaxies.

In order to test whether we see different cluster-centric radial
distributions among the studied morphological types, we derive
radial cluster-centric surface density profiles for the late-types,
dE(N)s and dE(nN)s, and compare them with the distribution
of giant galaxies (Mr′ < −18.5 mag) in Fornax. We derive the
morphology–density relation also with respect to Fornax A. We
use circular bins centered on the central galaxies of the Fornax

cluster, NGC 1399, and of the Fornax A, NGC 1316. We calcu-
late the number of galaxies in each bin and divide them by the
bin area to get the surface density of the galaxies. We assume
a simple Poissonian behavior for the uncertainty in counts in
the bins. The partially incomplete coverage of the FDS in the
outermost bins is taken into account in the radial profiles. The
obtained radial surface density profiles are shown in the upper
panels of Fig. 5. In the middle panels the radial cluster-centric
cumulative fractions are also shown.

We find a clear sequence in the distributions of the differ-
ent morphological types in the main cluster (upper left panel in
Fig. 5): from the least centrally concentrated to the most concen-
trated groups are the late-type dwarfs, dE(nN)s, and dE(N)s. We
use a Kolmogorov–Smirnov test to see whether these differences
are statistically significant. In Table 1 we show the p-values for
the assumption that the observed distributions are drawn from
the same underlying distribution. In this and later tests in this
paper, we require p < 40.05(>2σ deviation from the normal
distribution) for concluding that two samples differ significantly.
We find that the differences are indeed significant between all
the samples except between the dE(N)s and giants.

In Fornax A (upper right panel in Fig. 5) the morphology–
density relation is not as clear as in the main cluster. The giants
are more centrally concentrated than the dwarfs, but the distri-
butions of the early- and late-type dwarfs do not differ signifi-
cantly from each other, and are only slightly concentrated toward
NGC 1316 in the innermost 0.5 deg area.

To further understand the spatial distribution of the galax-
ies in the center of the Fornax cluster, we used the onion peel-
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Table 1. Results of the pairwise Kolmogorov–Smirnov tests used for
comparing the radial distributions of the different types of galaxies.

Giants dE(nN) dE(N)

dE(nN) 5.5e−04
dE(N) 3.1e−01 6.5e−04
dIrr 4.5e−05 5.9e−03 2.0e−05

Notes. The p-values correspond to the hypothesis that a pair of samples
is drawn from the same underlying distribution.

ing deprojection method (described in Appendix B) for obtain-
ing the galaxy volume densities. The deprojected distributions
of the main cluster and the Fornax A subgroup are shown in
the bottom row of Fig. 5. The deprojected radial distributions
reveal that there are no dE(nN)s nor late-type dwarfs within
the innermost 0.5 deg from the cluster center. This radius also
roughly corresponds to the projected radius, which encloses the
area where the giant ETGs are densely concentrated and where
their outer parts are disturbed (Iodice et al. 2019). The distribu-
tion of the late-type dwarfs shows an even larger de-populated
core than for the dE(nN)s, extending to r = 1.5 deg. The large
core devoid of late-type galaxies and dE(nN)s implies that the
environment in the cluster core causes either morphological
transformations in those galaxies that enter the core, or that the
late-type dwarfs and dE(nN)s get dissolved in that part of the
cluster.

Since our analysis of the radial profiles showed that the clus-
ter core is almost devoid of the dE(nN) and late-types, and yet we
observe them with the projected locations near the cluster cen-
ter, it is useful to quantify how the projected cluster-centric 2D-
distance correlates with the 3D-distance. To find the expected
3D-distance for any given 2D-distance, we integrate along the
line of sight through the previously obtained volume density dis-
tributions, and calculate the density weighted mean 3D-radius
of the galaxies. We show the relation between the 2D- and 3D-
distances in Fig. 6. To quantify the width of the distribution,
we also calculate the 25% and 75% quantiles at the given 2D-
distance.

We know that in the Virgo cluster the relative abundance of
the dE(nN)s, dE(N)s, and the late type dwarfs correlates with
the density of the galaxy environment (Lisker et al. 2007). To
quantify the behavior in our data, we plot the ETG fraction
(Nearly/Nall) and the nucleation fraction (Nnuc/Nearly) in the main
cluster and Fornax A, as a function of the radius from the central
galaxies NGC 1399 and NGC 1316, respectively (see Fig. 7).
From the upper left panel we see that the early-type fraction
declines toward the outskirts of the cluster, being 95% in the
center and 80% in the outer parts. Also, the nucleation fraction
of the early-types decreases from ≈0.5 in the cluster center to 0.1
in the outskirts. Neither the early-type fraction nor the nucleation
fraction in the Fornax A increase significantly in the vicinity of
NGC 1316, and they are clearly lower than in the main cluster,
being much closer to the value found in the field, where ≈50%
of the dwarfs are of late type (Binggeli et al. 1990).

4. Luminosity function

4.1. In the whole cluster

In Fig. 8 (upper panel) we show the r′-band luminosity functions
and the cumulative luminosity functions of the different types of
dwarf galaxies. Late-type dwarfs in our sample are slightly more

Fig. 6. Relations between the projected 2D distances and the likely
3D distances for the different morphological types. The green, red,
and blue lines correspond to dE(N), dE(nN), and late-type dwarfs. The
shaded areas show the range within the 25% and 75% in the probability
distributions.

Fig. 7. Left panels: early- type fraction (upper left) and the nucleation
fraction (lower left) as a function of projected 2D distance from the
central galaxy NGC 1399 of the Fornax cluster. Right panels: same rela-
tions as a function of 2D distance from the central galaxy NGC 1316 of
the Fornax A subgroup. The red horizontal lines in the left panels show
the virial radius of the main cluster.

luminous than dE(nN)s (p = 0.034), and dE(N)s are on average
more luminous than the other two types (p < 10−5 for both). If
we compare the luminosity functions of the early- and late-types,
without considering nucleation, the luminosity functions do not
differ (p = 0.17).

We also show the nucleation and early-type fraction of
the Fornax cluster dwarfs as a function of galaxy magnitude
(see Fig. 9). We find that the nucleation fraction peaks at
Mr′ ≈ −16 mag and decreases quickly toward higher and
lower luminosity galaxies. This seems to be true independent
of the cluster-centric distance. Ordenes-Briceño et al. (2018)
analyzed the NGFS galaxy sample in the center of the For-
nax cluster (Eigenthaler et al. 2018). They found a nucleation
fraction of ≈90% at Mr′ ≈ −16 mag. In the same area, the
nucleation fraction obtained by us agrees well with the value
of Ordenes-Briceño et al. (2018). For comparison, Côté et al.
(2006) who studied the nucleation fraction in the Virgo clus-
ter using the Hubble Space Telescope (HST) images, found a
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Fig. 8. Upper panel: r′-band luminosity function for the dE(nN) (red
solid line), dE(N) (black dotted line) and late-type dwarf galaxies (blue
dashed line). Lower panel: cumulative luminosity function of the galax-
ies with the corresponding colors, respectively.

similar peak of the nucleation fraction as we found, around
MB = −16.5 mag. Near the peak at least 80% of the galaxies
have nuclei, consistent with our study. The result of Côté et al.
(2006) for the Virgo dwarfs was later confirmed by
Sánchez-Janssen et al. (2018) who identified a similar peak in
the nucleation fraction, and using the deep dwarf galaxy sam-
ple of the NGVS showed that the nucleation fraction steeply
decreases toward the lower luminosities. The early-type fraction
(the lower panel of Fig. 9) has some dependence of the magni-
tude as well, so that for galaxies with Mr′ < −16 mag the early-
type fraction is lower than for the less luminous galaxies. The
same result holds also in stellar mass bins.

4.2. Luminosity function in radial bins

We calculate the luminosity distributions of the galaxies in four
spatial bins: at R < 1.5 deg3 from NGC 1399 (Bin 1), at 1.5 deg<
R < 2.5 deg (Bin 2), at R > 2.5 deg (Bin 3), and the galaxies
within one degree from the Fornax A group (Bin A). In all spatial
bins we make a histogram of the galaxy luminosity distribution
and fit it with a Schechter function (Schechter 1976):

n(M)dM = 0.4 ln(10)φ∗
[
100.4(M∗−M)

]α+1
exp

(
−100.4(M∗−M)

)
dM, (6)

where φ∗ is a scaling factor, M∗ is the characteristic magnitude
where the function turns, and α is the parameter describing the
steepness of the low luminosity end of the function. We only
fit the galaxies with magnitudes between −18.5 mag< Mr′ <
−10.5 mag, since their parameters can be well trusted and where
our sample is at least 50% complete even in the faintest bin.

The completeness of a sample is often defined by finding the
surface brightness and size limits where at least 50% of the galax-

3 1.5 deg corresponds to two core radii (Ferguson 1989) or ∼450 kpc
at the distance of the Fornax cluster

Fig. 9. Nucleation fractions as a function of absolute r′-band magnitude
at different cluster-centric radii. The red dotted, blue dashed, and black
dash-dotted lines show the nucleation fraction within 1.5 deg and out-
side 2.5 deg from the cluster center, and for all galaxies, respectively.

ies having those parameters are included. This means that, for a
given magnitude and surface brightness we have a certain proba-
bility of detecting a galaxy, which probability decreases near the
completeness limits, and causes a bias to the sample. Another bias
may be caused by the selection limits of the galaxy sample. As we
show in Appendix A (Fig. A.1), around Mr′ = −12 to −10 mag
galaxies with very small or very large Re start to be excluded due to
the detection limits. To correct for the completeness bias, a mag-
nitude dependent completeness correction can be applied to the
luminosity function. This correction thus scales up the number of
galaxies especially in the lowest luminosity bins where the sample
is the most incomplete. However, there is a caveat in this approach:
as galaxies with a given magnitude, have a range of surface bright-
nesses, and the completeness drops toward lower surface bright-
nesses, the completeness of the galaxies is thus dependent on the
galaxies’ surface brightness distribution. Venhola et al. used flat
Re and µ̄e,r′ distributions within the ranges of Re = 100 pc–3 kpc
and µ̄e,r′ = 22–30 mag arcsec−2 for defining the completeness
of the FDSDC detections. As there is no way to know the sur-
face brightness distribution of the galaxies that are too faint to
be detected, the only way to make the completeness correction
is to assume some distribution as Venhola et al. (2018) did. Due
to these uncertainties in the completeness corrections, we make
the luminosity function fits both without any corrections and by
correcting the luminosity bins for the completeness according to
the completeness tests by Venhola et al. (2018). As Venhola et al.
(2018) showed, the FDSFC sample misses some known LSB
galaxies in the Fornax cluster, and therefore the real slope of the
luminosity function is likely to be somewhere between the values
found for the completeness corrected and non-corrected luminos-
ity functions.
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Fig. 10. Upper panels: luminosity function in the different spatial bins around the Fornax main cluster and the Fornax A group. At the distance of
the Fornax cluster one degree corresponds to 350 kpc. The gray dashed histograms show the observed number of galaxies, and the black histograms
show the numbers after correcting for the completeness. The black vertical lines indicate the 50% completeness limit of our catalog. The gray
and black curves shows the fitted Schechter function for the observed and completeness corrected luminosity functions, respectively, and the red
line in the upper left panel shows the fit for the innermost bin, when the late-type galaxies are excluded from the fit. The fit parameters of each
bin are shown in the upper left corner of the panels with the colors corresponding to the colors of the fitted functions. Lower panels: luminosity
distribution for the different types of galaxies in the bins.

In Fig. 10 (upper panels) we show the luminosity functions
and the corresponding Schechter fits in the four spatial bins.
Shown separately are also the luminosity functions for the dif-
ferent morphological types (lower panels). From the raw data we
obtain the faint end slopes of α = −1.14 ± 0.10, −1.13 ± 0.06,
−1.25 ± 0.13 and −1.44 ± 0.13 in the bins from the innermost
to the outermost, and with the completeness corrections α =
−1.31±0.07,−1.27±0.05,−1.38±0.11 and−1.58±0.16, respec-
tively. The Schechter fits for the dwarf galaxies give similar faint
end slopes in the three bins located in the main cluster area. Appar-
ently, Fornax A differs from the other bins, showing a power-law
like distribution. The difference can be also clearly seen from the
cumulative luminosity functions shown in Fig. 11. The peculiar
luminosity function of Fornax A can be related to the massive stel-
lar streams around NGC 1316 (see Iodice et al. 2017b), of which
some may originate from disrupted dwarf galaxies. However, due
to the small number of galaxies we cannot robustly exclude the
possibility that the underlying distribution in Bin 4 is similar to
the other bins (see Table 2), and we do not see the exponential part
of the function due to the low number of galaxies. The luminosity
functions of different morphological types look qualitatively sim-
ilar in all four bins, except that the number of dE(N)s decreases
toward the outskirts of the cluster.

In the upper left panel of Fig. 10, we also show (with the red
line) the luminosity function after removing the late-type dwarfs
that are likely to appear in the central parts of the cluster only
due to the projection effects. This correction further flattens the
faint end slope of the luminosity function, compared to the com-
pleteness corrected value.

The faint end slope of the luminosity function in the center of
the Fornax cluster have been studied by Hilker et al. (2003) and
(Mieske et al. 2007). Both of those studies apply a completeness

Fig. 11. Cumulative luminosity functions in the bins defined in the
Fig. 10.

correction and find a slope of α = −1.1±0.1, which is consistent
with the faint end slope that we find in the center of the clus-
ter when the completeness correction is not applied or when the
late-type dwarfs are excluded. Our completeness corrected value
of α is slightly steeper than theirs.

For comparison, Ferrarese et al. (2016) who measured the
faint end slope in the core of the Virgo cluster using the NGVS
galaxy sample, find a completeness corrected α = −1.34+0.017

−0.016,
which is in good agreement with our value (−1.31 ± 0.07). For
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Table 2. Kolmogorov–Smirnov-test p-values for the hypothesis that
given two luminosity distributions are drawn from the same underly-
ing luminosity function.

Bin 1 Bin 2 Bin 3

Bin 2 0.83
Bin 3 0.98 0.50
Bin 4 0.11 0.229 0.31

Notes. The bins correspond to different cluster-centric distances so that
Bin 1 includes galaxies within R < 1.5 deg from NGC 1399, Bin 2:
1.5 deg<R < 2.5 deg, and Bin 3: R > 2.5 deg. Bin 4 includes the galax-
ies within one degree from the NGC 1399.

the NGVS the luminosity function in the outer parts of the Virgo
cluster has not been studied. Other works, including also the
outer parts of the Virgo cluster, have shallower observations
than ours, and there is no clear consensus about the slope in
the outer parts (see the discussion of Ferrarese et al. 2016). In
the Coma cluster, which is an order of magnitude more massive
than Virgo and Fornax clusters, Bernstein et al. (1995) measure
α = −1.42 ± 0.05, which is consistent within the errors with
the values obtained by Ferrarese et al. (2016) in the Virgo and
by us in the Fornax cluster. Ferrarese et al. (2016) also study
the luminosity function in the Local Group using similar sam-
ple selection criteria as they used in Virgo, but without apply-
ing the completeness correction, and obtain a faint end slope of
α = −1.22 ± 0.04. The obtained value is slightly shallower than
in the clusters. An additional study that has a similar depth as
the above mentioned ones is by Trentham & Tully (2002), who
analyze the mean faint-end slope (−18 mag< MR < −10 mag)
of the luminosity functions in five different groups and clus-
ters including Virgo and Coma clusters. Like us, they also made
the membership classifications for the faint-end galaxies based
on their optical morphology, but did not apply any complete-
ness correction for the luminosity function fitting. They found a
mean slope of α = −1.2. Interestingly, the differences between
the faint-end slopes of the luminosity functions in these differ-
ent environments are smaller than the difference between the
completeness corrected and non-corrected α-values in the For-
nax cluster, which indicate that these differences might emerge
artificially from the correction.

The faint end slopes of the ETG luminosity functions in
Hydra I, α = 1.13±0.04, and Centaurus clusters, α = 1.08±0.03,
were studied by Misgeld et al. (2008) and Misgeld et al. (2009),
respectively. In these two works the luminosity functions have
been corrected the same way as Hilker et al. (2003) did in the
Fornax cluster. The faint-end slopes that they find are similar to
the value we found for the early-type dwarfs in the center of the
Fornax cluster, α = 1.09 ± 0.10.

From our data we conclude that the luminosity function does
not change significantly in different parts of the Fornax cluster
nor between the compared environments. A caveat in our analy-
sis of the Fornax cluster is that our imaging extends only slightly
outside the virial radius. To further consolidate the universality
of the luminosity function, one should have a control sample fur-
ther away from the Fornax cluster center.

5. Dwarf galaxy structure

5.1. Structural scaling relations

In Fig. 12 we show the measured structural parameters of the
galaxies in our sample as a function of their total absolute

r′-band magnitude Mr′ . Both for the late- and ETGs the parame-
ters show correlations with Mr′ . In the size-magnitude plane (top
panels in Fig. 12) the late-type galaxies show almost linear rela-
tion between Mr′ and log10 Re, whereas the ETGs show a knee-
like behavior so that while the galaxies with −18 mag<Mr′ <
−14 mag have nearly constant Re, the galaxies fainter than that
become smaller. One should keep in mind that the largest galaxies
among those fainter than Mr′ = −14 mag might not be detected4

because of their low µ̄e,r′ . Thus the knee might be partially reflect-
ing the completeness limits of our sample. However, the increased
number of small dwarfs (Re < 0.5 kpc) among the low luminos-
ity galaxies is not due to any selection effect. We do not find sig-
nificant differences between the scaling relations of dE(N) and
dE(nN). The different relations between Mr′ and Re of the early-
and late-type galaxies can also be seen in the mean effective sur-
face brightnesses µ̄e,r′ . The late-type dwarfs with Mr′ > −14 mag
have brighter µ̄e,r′ than the corresponding early-types, but for the
galaxies brighter than that, the order changes.

The bottom panels of the Fig. 12 show the Sérsic n param-
eters of the galaxies as a function of Mr′ . Sérsic n describes the
shape of the galaxy’s radial intensity profile so that n = 1 cor-
responds to an exponential profile, whereas larger values mean
increased peakedness of the center. The values less than one cor-
respond to a flatter profile in the center. The Sérsic indices are
taken from the GALFIT models, which take into account the PSF
convolution, and thus prevent artificial flattening of the galaxy
centers for small and peaked galaxies. As mentioned before,
the ETGs in the magnitude range between −14 mag>Mr′ >
−18 mag have nearly constant Re. However, for these morpho-
logical types the Sérsic index in this magnitude range grows
from n ≈ 1 to n ≈ 2, which means that the brighter galaxies
become more centrally concentrated. A similar trends between
Sérsic index and absolute magnitudes of the early-type dwarfs
have also been found in Hydra I (Misgeld et al. 2008) and Cen-
taurus (Misgeld et al. 2009) clusters. The fainter galaxies have
nearly constant Sérsic n. For the late-types, the Sérsic n grows
slower than for the dEs, from slightly below one to slightly above
one with increasing luminosity. As the Mr′−n relations are differ-
ent for the two types, the Sérsic n of Mr′ < −15 mag galaxies are
higher for dEs than late-types, whereas for the galaxies fainter
than that they are similar.

5.2. Axis-ratios

The axis-ratios of the FDSDC galaxies were obtained from the
2D Sérsic profile fits made using GALFIT. In Fig. 13 we show
the apparent minor-to-major axis ratio b/a distributions of the
different types of dwarf galaxies in our sample. It is clear that the
b/a distributions move closer to unity in a sequence from late-
types to dE(nN)s and dE(N)s. Qualitatively this can be inter-
preted as galaxies becoming rounder.

In order to more accurately quantify the shape distributions,
we need to take into account the fact that we observe a 2D projec-
tion of the intrinsic 3D shape distribution of the galaxies. We use
the same deprojection method as Lisker et al. (2007) (described
in detail in Appendix C) for obtaining the intrinsic minor-to-
major axis (c/a = q. In order to do the deprojection, we need
to assume that the whole galaxy distribution consists of either
prolate or oblate spheroids. In the middle panels of Fig. 14, we
show the q distributions for both prolate and oblate cases.

4 We will study those LSB galaxies in more detail, in a future paper
(Venhola et al., in prep.), in which we use a new algorithm to detect
those galaxies.
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Fig. 12. From top to bottom, the panel rows show effective radii (Re), mean effective surface brightness in r′-band (µ̄e,r′ ), and Sérsic indices (n)
for our sample of galaxies as a function of their total r′-band absolute magnitude (Mr′ ). Left panels: individual galaxies, and right panels: running
means of three different types using a filter size of ∆Mr′ = 0.5 mag. The blue, red, and black symbols and lines correspond to late-type dwarfs,
dE(nN)s, and dE(N)s, respectively. The shaded areas in the right panels correspond to the standard deviations of the points using the same running
filter as for the means. For readability, we do not show the standard deviations of the dE(N)s, but they are similar to the ones of dE(nN)s. The
black crosses in the left panels show the typical errorbars associated to the values at given magnitudes.

To judge whether the galaxies are better described by pro-
late or oblate spheroids, we can study the relation between
their b/a and differential surface brightness ∆µ̄e,r′ . By ∆µ̄e,r′ we
mean the difference in the surface brightness with respect to the
mean surface brightness of galaxies with the same morpholog-
ical type and luminosity. For oblate spheroids, ∆µ̄e,r′ brightens
with decreasing b/a, since when b/a = 1 we see the system
through its shortest axis. For prolate systems there should be an
anticorrelation between those quantities since when b/a = 1,
we look through the longest axis of the system. The relations
between b/a and ∆µ̄e,r′ are shown in the right panels of the
Fig. 14. We also tested the statistical significance of these cor-
relations using Spearman’s rank correlation test that is robust for
outliers. We find that for the dEs, the trends behave as expected
for oblate spheroids, but for late-types there is no correlation
with b/a and ∆µ̄e,r′ . The lack of correlation for the late-types can
be explained if they have a significant amount of dust in their
disks, which attenuates the light when observed edge-on. We
argue that this is likely the case, since late-types, by definition,
are gas-rich, star-forming systems, which are typically
disks.

Assuming that all the dwarfs are oblate spheroids, the mode
of q grows from 0.3 of the late-types, to 0.5 of dE(nN)s and
0.8 of dE(N)s. This means that the disks of the galaxies become
thicker in the same order.Taking into account that the dEs appear
deeper in the cluster than the late-types (Sect. 3.2), the disks of
the galaxies become thicker toward the inner parts of the cluster.
Since the nucleus and Sérsic components are fitted separately
for the dE(N)s, the nucleus does not bias the b/a distribution of
those galaxies.

In the Virgo cluster, the b/a-distributions were ana-
lyzed by Lisker et al. (2007) and Sánchez-Janssen et al. (2016).
Lisker et al. (2007) studied the b/a distributions of the MB <
−13 mag early-type dwarfs. They analyzed dE(N)s and dE(nN)s
similarly to us, but they divided their galaxies into bright and
faint dEs with the division at Mr = −15.3 mag. Since most of
the dE(nN)s in our sample are fainter than that magnitude limit
and most dE(N)s are brighter, it makes sense to compare our
b/a-distributions with the “dE(N) bright” and “dE(nN) faint”
samples of Lisker et al. (2007). The distribution of q of dE(N)s
in the Fornax cluster shows a similar potentially double-peaked
distribution as the one found by Lisker et al. (2007). A small
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Fig. 13. Axis ratio distributions of the dE(nN)s, dE(N)s, and late-type
dwarfs are shown with the red, black and blue histograms, respec-
tively. Upper panel: normalized distributions and lower panel: cumu-
lative ones. The diagonal line in the lower panel represents a flat b/a
distribution.

difference between the distributions is that, in the Fornax sample,
the galaxies are more abundant at the peak located at q = 0.8,
whereas in Virgo the more dominant peak is at q = 0.5. Also the
dE(nN) distributions are very similar in the two clusters, both of
them showing a clear a peak at q = 0.5. Sánchez-Janssen et al.
(2016), who also study the b/a distribution of the dwarf galaxies
projected in the center of the Virgo cluster, did not divide dEs
into different morphological subgroups. Their sample is com-
plete down to Mg′ > −10 mag. Their b/a distribution is qualita-
tively very similar to the one of dE(nN)s in our sample. As the
dE(nN)s are the most abundant type of galaxies in our sample,
we conclude that there are no significant differences between the
isophotal shapes of dEs in the Virgo and Fornax clusters.

5.3. Effects of the environment on the dwarf galaxy structure

If the environment plays an important role in galaxy evolution
we should see the galaxies of the same luminosity to have dif-
ferent structures and/or stellar populations depending on their
locations in the cluster. In Fig. 15, we divide our sample into
four magnitude bins, and study how the galaxy properties vary
as a function of their cluster-centric distance. We study the
radial trends in the same three cluster-centric bins as in Fig. 10.
According to Sect. 3.2, the late type galaxies with projected
cluster-centric distances R < 1.5 deg are likely to have 3D dis-
tance larger than 1.5 deg, and the dE(nN)s projected within the
inner R < 0.8 deg, are likely to have 3D distance larger than 0.8
deg. Thus, we perform the cluster-centric trend analysis also by
excluding those galaxies. In Fig. 15, we show the radial trends
for all galaxies (purple lines) and for the galaxies remaining after
excluding the galaxies from the inner parts of the cluster that are
likely to appear there only due to the projection effects (the green
lines). We also test the significance of all the correlations using

the Spearman’s rank correlation test, and show the correlation
coefficients in the panels of Fig. 15. We base our analysis on the
values that are obtained by removing the likely projection bias
(green lines). All the bin means and the corresponding uncer-
tainties are tabulated in Table F.1.

In Fig. 15, we find that some of the parameters behave sim-
ilarly with respect to the cluster-centric distance in all the lumi-
nosity bins, and some parameters have different trends for the
high (Mr′ < −16.5) and low luminosity (Mr′ > −16.5) galax-
ies. For all the mass bins, the mean g′ − r′ colors of the galaxies
become redder and the Residual Flux Fraction (RFF) decreases
when going inward, meaning that the galaxies in the center are
smoother than the galaxies in the outer parts. For the low lumi-
nosity dwarfs, Re becomes larger, and µ̄e,r′ systematically fainter
from the outer parts toward the cluster center, meaning that the
galaxies become more diffuse. For the bright dwarfs Re becomes
smaller, Sérsic n larger, and µ̄e,r′ stays constant from the outer
parts toward the cluster center. An important observation is that
these cluster-centric trends are dependent on the galaxy mass.

Janz et al. (2016a) found that the low-mass galaxies outside
the clusters are larger than the similar mass galaxies in the Virgo
cluster. If we assume that galaxies gradually decrease in size,
not only while entering the cluster, but also within the clus-
ter, becoming smaller toward higher density regions, we would
expect to see the same trend in our study. This trend seems to
appear among the brightest dwarf galaxies in our sample, but not
among the fainter ones that comprise the majority of the galax-
ies. As the smallest galaxies of Janz et al. (2016a) have stellar
masses of a few times 107 M� (similar to our bright dwarfs), our
results for the bright dwarfs are consistent with the results of
Janz et al. (2016a) in the mass range they studied.

6. Colors of the dwarf galaxies

6.1. Color–magnitude relation

In Fig. 16 we show the color–magnitude (CM) relations of the
galaxies in the Fornax cluster. We show separately dE(nN),
dE(N) and late-type galaxies. It is obvious that the morpholog-
ically selected late-type galaxies are bluer than early-types in
all the CM relations. In addition to their offsets, the relations
of the early- and late-type galaxies show also different slopes.
The CM relations of the late-type galaxies are rather flat, so that
there is not much correlation with the magnitude, whereas the
ETGs become bluer with decreasing total luminosity in all col-
ors. Since the ETGs become bluer toward lower luminosity, the
late- and ETGs have almost similar colors in the low luminosity
end. This phenomenon is particulary visible in the colors includ-
ing the u′-band. The dE(N)s seem to follow the same CM rela-
tion as the dE(nN)s.

6.2. Dependence on the environment

We have already shown that the ETGs are redder than the late-
type systems, and that their fraction increases toward the inner
parts of the cluster. This makes the average color of the galaxies
in the center of the cluster to be redder than in the outer parts.
Here we concentrate on the ETGs in order to see if we see pos-
sible environmental dependency also on their colors separately
(see Fig. 17).

To test this, we divided our ETG sample into three spatial
bins and measured their CM relations using a running mean
in each bin. We measured separately the galaxies within two
core radii, within the virial radius, and outside that. The CM
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Fig. 14. Intrinsic shape distributions deduced from the observed b/a distributions. Left panels: observed b/a distribution with the black lines,
and the reprojected b/a distributions obtained from the modeled intrinsic shape distributions with the red dashed and the green dash-dotted lines
for an oblate and prolate models, respectively. Middle panels: intrinsic minor-to-major axis (q) distributions obtained via modeling for the oblate
and prolate models. Right panels: relation of the difference from the magnitude–surface brightness relation with the observed axis ratio. The
Spearman’s rank correlation coefficient p and its uncertainty are reported in each scatter plot. Rows from top to bottom: analysis for dE(N), dE(nN)
and late-type dwarfs, respectively.

relations in the different spatial bins, and the CM relations in
the core of the Virgo cluster (Roediger et al. 2017) for com-
parison, are shown in Fig. 17. We transformed the MegaCAM
magnitudes used by Roediger et al. (2017) into the SDSS ones
by using the formulas provided at the MegaCAM web pages5.
We find that when compared with Roediger et al. (2017), the
CM relation in the inner bin of the Fornax cluster is in good
agreement with the galaxy colors in Virgo in all the colors
except in g′ − i, where there is an offset of ≈0.1 mag, between
−14 mag< Mg′ < −10 mag. As there is some uncertainty related
to the filter transformations, we do not want to over-interpret the
physical meaning of the offset. Within the accuracy of our mea-
surements, we find that the CM relations of the ETGs are similar
in the cores of the Virgo and the Fornax clusters.

When comparing the CM relations within the Fornax clus-
ter, we find that for a given magnitude the u′ − g′, u′ − r′, and
u′ − i′ colors become redder toward the inner parts of the clus-
ter, whereas for g′ − r′ no significant differences are seen. Since
the u′-band covers a wavelength range on the blue side of the
Balmer jump at 4000 Å, it is very sensitive to ongoing or recent
star formation. It seems that, regardless of the fact whether the
low-mass galaxies in the outer parts of the cluster are classified
as dEs or not, their star formation seems to have been stopped
more recently than the star formation of those galaxies in the
inner parts of the cluster. Alternatively, the bluer colors of outer
galaxies might be explained by them having a slightly lower

5 http://www.cadc-ccda.hia-iha.nrc-cnrc.gc.ca/en/
megapipe/docs/filtold.html

metallicity than the galaxies in the inner parts. Furthermore, this
color difference might be intrinsically even more significant than
we observe, since as shown in Sect. 3, we see the galaxies in pro-
jection, which causes some of the galaxies apparently located in
the cluster center to actually in the outskirts of the cluster.

Radial color trends in the Fornax cluster were also found
for the giant ETGs by Iodice et al. (2019). They showed that the
giant ETGs that are located within projected distance of ≈1 deg
from the cluster center are systematically redder than the galax-
ies outside that radius. This trend is thus similar as the dwarfs
have, but the color difference of the giant ETGs is also clear in
the g′ − r′ and g′ − i′ colors, which is not the case for the dwarfs.

7. Discussion

In the previous sections we have extensively studied the struc-
tures, colors, and distributions of dwarf galaxies in the Fornax
cluster. When similar observations are available in the literature,
we have also compared our measurements with those. In the fol-
lowing sub-sections we discuss how these observations can be
understood in the context of galaxy evolution.

7.1. Trends in the dwarf galaxy populations as a function of
cluster-centric distance

We studied how the properties of the dwarf galaxies in the For-
nax cluster change as a function of the cluster-centric distance,
and found the following changes in their structure and colors:
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Fig. 15. Panel rows from top to bottom: g′ − r′ color, effective radius (Re), Sérsic index (n), Residual Flux Fraction (RFF), and the mean effective
surface brightness (µ̄e,r′ ) of the Fornax dwarf galaxies as a function of their cluster-centric distance. The columns correspond to different luminosity
bins. The lines and shaded areas show the bin means and uncertainties of the mean for the parameters. The green and purple colors correspond to
the values when the projection effects are taken in account (dE(nN)s and late-types excluded from the inner parts as found in Sect. 3.2), and when
raw data is used, respectively. The late-type and early-type dwarfs are shown with the blue and red symbols, respectively. The unfilled symbols
correspond to the galaxies excluded from the inner parts in order to minimize the projection bias. The ρ parameter indicates the Spearman’s
correlation coefficient for the correlation of the parameter with distance, and its uncertainty.

– For all the galaxies, their colors become redder
(Sects. 5.3 and 6.2, Figs. 15 and 17) and RFF decreases
when moving inward that is they become more regular.

– The low-luminosity dwarf galaxies (Mr′ > −16 mag)
become more diffuse toward the inner parts of the cluster
(Fig. 15).

– For the brightest dwarfs, their µ̄e,r′ stays constant, Sérsic n
increases and Re decreases toward the inner parts of the clus-
ter Fig. 15).

– The shape of the galaxies become rounder (Sect. 5.2) in
a sequence from late-types, to dE(nN)s to dE(N)s. As the
galaxies are also mostly located at different cluster-centric
radii in that same order, the mean cluster-centric distance
decreasing from late types to dE(N)s (Sect. 3.2), we can con-
clude that the shapes of the galaxies become rounder toward
the inner parts of the cluster.

We found that the luminosity function remains constant in the
different parts of the cluster (Sect. 4.2), but the fractions of the

relative contributions of the morphological groups change. The
least centrally concentrated are late-type dwarfs, then dE(nN),
and dE(N) (Sect. 3.2). When taking into account the projection
effects, we found that there are probably no late-type galaxies
within 1.5 deg from the cluster center, and no non-nucleated dEs
within the innermost 0.8 deg of the cluster. This innermost area
of the cluster is densely populated by giant ETGs (Iodice et al.
2019) and intra-cluster X-ray gas (Paolillo et al. 2002), and in
this area also asymmetric outer parts have been detected in the
giant ETGs (Iodice et al. 2019), indicating strong tidal forces
in that area. The ETGs in the center of the cluster are also
systematically redder than the giant ETGs outside that dense
core, indicating that their star formation was quenched early
on (Iodice et al. 2019). These observations, combined with the
structural trends strongly suggest that the cluster environment is
transforming the dwarf galaxies both structurally and morpho-
logically, and that these transformations are not independent of
the galaxy mass.
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Fig. 16. Color–magnitude relations of
the galaxies in the Fornax cluster. The
blue and red symbols correspond to the
late-type galaxies and dE(nN)s, respec-
tively, and the black squares correspond
to the dE(N)s. The black and blue lines
show the 2σ-clipped running means for
late-types and dEs, respectively, with a
kernel width of 1.6 mag.

Fig. 17. Running means of the color–magnitude relations in different colors for the dEs. The red, green, and blue lines corresponds to inner, middle
and outer bins in the Fornax cluster, respectively. The black lines show the Roediger et al. (2017) color–magnitude relation in the core of the Virgo
cluster. We use the g′-band absolute magnitudes on the x-axis instead of r′-band, since the analysis for the Virgo was done using g′-band.

7.2. What causes the cluster-centric relations?

Unfortunately the current large-scale hydrodynamical simula-
tions, like Illustris-TNG, cannot accurately model the galaxies
with stellar masses of M < 108 M� due to resolution issues.
However, we can still try to understand the mechanisms that
are taking place in the Fornax cluster. If we make a simple
assumption that the transformation of galaxies from star form-
ing late-types to the quiescent early-types happens only through

harassment or gas-stripping, what would we expect to see in the
dwarf galaxy populations?

In the case of harassment, the high velocity encounters strip
off material from the galaxies, but it is relatively inefficient in
removing a significant number of stars (Smith et al. 2015). How-
ever, even if the harassment is not very important, it is known to
slowly increase the Sérsic n of the galaxies, increase their surface
brightness in the center, and make them redder, as the star for-
mation stops (Moore et al. 1998; Mastropietro et al. 2005). The
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Fig. 18. Upper and lower panels: g′ − r′ color and the concentration parameter C of the galaxies as a function of their mean effective surface
brightness in the r′-band ( µ̄e,r′ ), respectively. The different columns show the relations for different luminosity ranges. The lines show the evo-
lutionary track of single stellar population for a Kroupa-like IMF with metallicities of log10(Z/Z�) = 0.0, −1.0 and −1.8 from 0.5 Gyr to 13 Gyr
(the colored dots on the lines correspond to 0.5, 1, 2, 3, 4,. . . , 13 Gyr). We have also shaded the color ranges corresponding the stellar population
ages between 3 and 13 Gyr with the colors matching the corresponding evolutionary tracks. The ρ-values reported in the upper part of the panels
correspond to the Spearman’s correlation coefficient and it’s uncertainty calculated for the point in the corresponding panel.

observational consequences of this process would then be that
at a given mass, the galaxies become redder with brighter µ̄e,r′ ,
and increasing C. Harassment also heats the stars in a galaxy,
resulting in thickening of its disk.

In the case of ram-pressure stripping, the stars are not
affected, and thus their evolution after the gas-removal happens
via fading of their stellar populations. A direct observational
consequence of this would be that a galaxy with a given mass
should become redder with fading µ̄e,r′ , while for C no correla-
tion with color is expected.

A caveat in distinguishing these two scenarios from each
other is that in a case where ram-pressure stripping is unable to
remove all the gas from a galaxy, it will start working from out-
side in. This means that the gas is first stripped from the outer
parts of the galaxy, and the star formation may still continue
in the center. This process is able to accumulate more stellar
mass into the galaxy center after its outer parts are quenched,
and thus lead to higher surface brightness and increased peaked-
ness of the luminosity profile. The stellar populations will con-
tain also younger stars in the galaxy center with respect to the
outskirts. Some dwarf galaxies in the clusters indeed have nega-
tive color gradients (Urich et al. 2017), which may indicate this
process being important as well. As these two processes, harass-
ment and partial ram-pressure stripping, leave similar imprints to
the galaxies and both work most effectively in the center of the
cluster, it is not possible to distinguish between them from our
observational data, but we can still distinguish between complete
ram pressure stripping and the other scenarios.

Using our sample, we can test these theoretical predictions
in a straightforward manner. In Fig. 18, we divide the galaxies
in four luminosity bins to reduce the degeneracy caused by the

luminosity correlations of the parameters, and, using these bins,
compare the galaxy colors with their C and µ̄e,r′ . We test the
significance of the correlations between those parameters also
using Spearman’s rank correlation test, and show the correlation
coefficients of each bin in the corresponding panels. We find that
the galaxies in the highest luminosity bin (Mr′ < −16.5 mag)
become redder with increasing surface brightness, whereas in
the case of the less luminous galaxies, their µ̄e,r′ fades while
they get redder. The increase in C and surface brightness in the
high-luminosity bin with increasing g′ − r′ is consistent with
the harassment and imperfect ram-pressure stripping scenarios,
whereas the low-luminosity galaxies are in agreement with the
complete ram-pressure stripping showing no clear correlation
between C and colors.

To confirm that the trend between the surface brightness and
color for faint dwarfs is consistent with fading of the stellar pop-
ulations, we show in Fig. 18 the evolutionary models of a sin-
gle stellar population using the models of Vazdekis et al. (2010).
We use a Kroupa initial mass function (IMF), and show the mod-
els for stellar populations with metallicities log10(Z/Z�) = 0.0,
−1.0 and −1.8 dex. The initial surface brightness of the stellar
population models is set manually, but the colors are predicted
purely by the model. We find that the relation between colors
and µ̄e,r′ of the Mr′ > −16.5 mag galaxies is roughly similar to
the stellar population isochrones.

Since the use of luminosity bins may involve some bias
caused by some red and blue galaxies moving from one bin to
another, we also repeat the analysis in mass bins. In Fig. 19 and
Fig. 20, we show that the same trends between µ̄e,r′ , g′−r′, and C
as seen in the luminosity bins, are visible also when using mass
bins.
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Fig. 19. Left panels: µ̄e,r′ versus g′ − r′ relation for the individual
galaxies, and right panels: running medians and linear fits for the dif-
ferent bins. In the upper panels luminosity bins are used, and in the
lower panels mass bins are used.

As a summary, we find that the colors, C and µ̄e,r′ of our
galaxies are consistent with the scenario in which the most lumi-
nous dwarf galaxies (Mr′ < −16 mag) get quenched via harass-
ment and/or by impartial gas stripping, since they become redder
and their C increases with increasing surface brightness. The
quenching of the low-mass galaxies is rather consistent with
complete gas-stripping and subsequent fading. These two differ-
ent mechanisms taking place in the different luminosity-ranges,
can explain also why at the low-mass end (Mr′ > −14 mag) the
late-type galaxies are smaller than the ETGs, while in the low-
luminosity end the opposite is true (see Fig. 12).

7.3. Effects of environmental processes

The properties of dwarf galaxies in our sample are consistent
with a scenario in which the massive dwarfs are transformed by
harassment and imperfect ram-pressure stripping, and the less
massive by complete ram-pressure stripping. In order to confirm
that this is indeed a physically feasible scenario, we next esti-
mate the physical strengths of the different environmental pro-
cesses using analytic formulae.

In the following calculations we assume the cluster to be a
static entity whose potential and galaxy density does not change.
This is clearly not true in time scales of several Gyrs. However, the
assumption of static cluster is necessary, since we lack informa-
tion about the past evolution of the Fornax cluster and the analyti-
cal calculations would become difficult without such assumption.
Thus, our following calculations are more accurate for processes
that are effective in short time scales, and the results regarding
longer time scales should be interpreted with caution.

7.3.1. Ram-pressure stripping

For estimating the strength of ram-pressure stripping, we fol-
low the approach of Jaffé et al. (2018). The pressure between
the hot intra-cluster gas and cold gas of an infalling galaxy, can
be calculated using the relative speed of the galaxy with respect
to the cluster ∆vcl and the density of the intra-cluster gas ρICM
(Gunn & Gott 1972)

Fig. 20. Same as Fig. 19, but shows C versus g′ − r′.

Pram = ρICM(∆vcl)2. (7)

We estimate the radial gas density profile using the integrated
gas mass profile from Paolillo et al. (2002, their Fig. 17), which
we approximate within one degree from the cluster center with a
power law M(< R) = 5 × 105R1.5 M�, where R is in arcsec.

In order to calculate how much gas of the galaxy gets stripped,
we need to calculate the anchoring force per unit area of the gas in a
galaxy, Πgal. The upper limit of the anchoring force at the galacto-
centric distance r′ can be estimated by Gunn & Gott (1972)

Πgal(r′) = 2πGΣs(r′)Σg(r′), (8)

where Σg and Σs are the surface density profiles of the gas and
stars of the galaxy, respectively. We acknowledge that this ana-
lytical form gives only an upper limit for the anchoring force
and it may thus lead to overestimating the radius where the gas
can be bound within the galaxy. However, for our purpose it is
not important to find the exact maximum radius where the gas
can be bound, but to find the mass range where the galaxies can
retain gas bound at least in their central parts. For simplicity, we
estimate both the gas and stellar profiles of the galaxies with an
exponential disk6

Σs/g(r′) = Σs/g,0 exp
(
−r′/Rd

)
, (9)

where Rd is the disk scale length (corresponding to 1.678Re),
and Σ0 = Md/(2πR2

d), where Md is the mass of the disk. For the
stellar disk Md,s we use the masses from Sect. 2.2.1 and take Re,s
from the r′-band Sérsic profiles. For the gas component we use
the values from Popping et al. (2014), who found that the HI and
HII masses for log(M∗/M�)≈ 7 galaxies are both on the order of
150% of the stellar mass. We realize that the relative fractions of
the HI and HII masses and their total mass both depend on the
stellar-mass of the galaxy (Catinella et al. 2018; Popping et al.
2014), but as we aim to make an order of magnitude estimate,
we do not take these factors into account in our model. The
gas extent is approximated to be Rd,g = 1.7 × Rd,s, as found by
Cayatte et al. (1994) for the Virgo gas-rich spirals. This results
into Σg,0 = 0.3 × Σs,0.

6 Exponential disk corresponds to a Sérsic profile with n = 1.
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Using the ρICM and Πgal profiles, we calculate the galacto-
centric stripping radii Rs (where Πgal = Pram), at the cluster-
centric distances 0.3 deg and 1 deg for galaxies traveling with
velocities of ∆vcl = 370 km s−1 and 550 km s−1. As Πgal depends
on Rd, we use the mean Rd of a given galaxy mass for calcu-
lating Rs. The Rs as a function of the galaxy mass are shown in
the left panel of Fig. 21. We find that ram-pressure strips all the
gas from galaxies with M∗ < 107.5−8 M� that enter the sphere
within the inner 1 deg (≈0.5 Rvir) of the cluster. Ram-pressure
is also capable of stripping the gas of more massive galaxies at
galacto-centric distances larger than r = 2−3 kpc, but a remark-
able finding is that ram pressure-stripping cannot strip the gas of
the M∗ > 108 M� galaxies from their inner ≈ kpc areas. Thus,
in order to get rid of the remaining cold gas of these massive
dwarfs, either star-formation has to consume the gas, or tidal
interaction play an important part in removing it.

There are some caveats in the analytic ram-pressure model
adopted by us (see the discussion of Jaffé et al. 2018). The
model assumes a disk-like galaxy that is falling into the cluster
face-on, and does not take into account the dark matter poten-
tial. As we showed in the Sect. 4.2, the late-type dwarfs have
rather low intrinsic q ratios, which supports the disk assumption.
Roediger & Brüggen (2006) showed that the inclination angle
of the infalling galaxy does not play a major role in the signifi-
cance of the gas mass-loss in the ram-pressure stripping. Finally,
the mass of the dark matter halo is not as flattened as the stel-
lar disk, and Díaz-García et al. (2016) showed that only 4% of
the total mass of the dark matter halo is within the optical part
of the disk. This means that DM does not significantly alter our
estimation of the anchoring force in the disk plane. However, a
larger DM halo clearly makes the potential well of the galaxy
deeper, and thus makes it harder for the gas to escape from the
halo. We argue that even if the gas does not escape from the halo,
but is pushed significantly outside the stellar disk, it is likely to
be stripped due to the tidal forces in the cluster that are effective
outside a few effective radii (see the next sub-sections). Thus,
we can likely rely on these ram-pressure stripping approxima-
tions at least as order of magnitude estimations of the removal of
cold gas from the disk plane.

7.3.2. Tidal disruption from the cluster’s tidal field

The effects of the tidal interactions on galaxy structure are diffi-
cult to quantify without using full galaxy simulations. However,
we can calculate for a given orbit and galaxy mass what is the
maximum galacto-centric radius where it can keep material grav-
itationally bound.

The tidal radius Rtidal is the maximum galacto-centric radius,
where material can still be gravitationally bound to a galaxy. For
an orbit with a cluster pericenter distance Rperi and eccentric-
ity e, the tidal radius can be calculated as follows (King 1962;
Wittmann et al. 2016):

Rtidal = Rperi

(
Mobj

Mcl(< Rperi)(3 + e)

) 1
3

, (10)

where Mobj is the mass of the galaxy and Mcl(< Rperi) is the
cluster’s mass within the pericenter distance of the orbit from
the cluster center. For the eccentricity of the orbit, e, we adopt
a value of 0.57. The Rtidal as a function of galaxy stellar mass
7 This value is not based on any observational evidence of the typical
orbits in the Fornax cluster, but is rather adopted to represent an orbit
between a radial and circular orbit. The results are not very sensitive for
this parameter, since its variation between 0 and 1 only results into a
15% difference between the estimated tidal radii.

are shown with the dotted lines in the middle panel of Fig. 21
for three orbits with different Rperi. It is evident that, if we only
take into account the stellar mass of the galaxies, many galaxies
should be tidally disrupted even on orbits with large pericen-
ter distances. However, it is generally believed that dwarf galax-
ies are typically dark matter dominated, which has to be taken
into account in the calculation. We adopt the stellar-to-halo mass
relation of Moster et al. (2010) (see Appendix D for details) to
estimate the halo masses of the sample galaxies. Since the DM-
halo is more extended than the stellar component of the galax-
ies, we only take into account the DM-halo mass within 2Re.
Díaz-García et al. (2016) found that by multiplying the halo-to-
stellar mass relation of Moster et al. by a factor of 0.04, the
relation becomes consistent with the dark matter masses within
the optical radii of the S4G (Sheth et al. 2010) galaxies, esti-
mated using the HI rotation amplitudes and stellar gravity fields
calculated from 3.6 µm images. We thus use the Moster et al.
DM masses multiplied by the factor of 0.04 in our calculations.
We acknowledge that the harassment in the cluster affects also
the DM halo, by stripping material out from it (Ryś et al. 2014;
Smith et al. 2015). Therefore our estimations for the radii where
the material can be gravitationally bound to the galaxies should
be considered as upper limits. We show Rtidal where the dark mat-
ter contribution has been taken into account shown with the solid
lines in Fig. 21. In this case, the material is bound to the galax-
ies up to the radius of r = 2−3Re’s even on the orbit with the
smallest pericenter distance. Analogously, this same test could
be done to probe whether the dwarfs could survive in the cluster
when Modified Newtonian Dynamics is applied. However, this
is out of scope of this paper.

7.3.3. Galaxy-galaxy harassment

Another process that disrupts galaxies in the cluster environment
is harassment. Since the relative speeds of the galaxies are large
(
√

2 × 370 km s−1 ≈ 500 km s−1) in the cluster, we can use the
high-velocity impulse approximation. If the relative velocities
are high enough, the potentials of the galaxies do not change dur-
ing the interactions, and the internal kinetic energy of a galaxy
can be assumed to change instantaneously. Binney & Tremaine
(2008) approximate that in a galaxy cluster with the velocity
dispersion of σ and galaxy number density of np of Mp mass
galaxies, the disruption time for galacto-centric radius a, can be
calculated as (see their Eq. (8.54))

td =
0.043

W

√
2σMs]r2

h

GM2
pnpa3

, (11)

where Ms is the mass of the subject galaxy, rh is the perturbers’
half mass radius, and W is a parameter related to the shape of
the perturbing galaxy’s mass distribution (we assume W = 1).
We obtain np = 25 Mpc−3 by calculating the number density of
the giant galaxies (Mr′ <−18.5 mag) within the virial radius of
the cluster. We take the masses and effective radii for those galax-
ies from Iodice et al. (2019) whenever available, and for those
with no measurements by Iodice et al. (2019), we use the mag-
nitudes and effective radii from the FCC. From the magnitudes
we estimate the stellar masses of those galaxies, and use them
for obtaining the halo masses using the stellar-to-halo mass rela-
tion of Moster et al. For Mp, we take the median of those galaxy
masses Mp = 1011.6 M�. Since we cannot measure rh from the data,
we need to obtain the relation between rh and Re from the sim-
ulations. We select a cluster with a similar mass as the Fornax
cluster has from the Illustris simulation (Pillepich et al. 2018),
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Fig. 21. Effectiveness of the different environmental processes in the galaxy stellar mass–effective radius plane. The black points correspond
to the FDSDC galaxies. Left panel: lines show the stripping radius as a function of galaxy’s stellar mass. For the areas at the right side of the
lines Πgal < Pram, and thus all the gas gets stripped. The blue and green lines show the stripping radii at the cluster-centric distances of 100 and
300 kpc (≈0.3 deg and 1 deg), respectively, and the solid and dotted lines correspond to galaxy velocities of 370 km s−1 and 550 km s−1, respectively.
Middle panel: lines show the relation between the tidal radius and galaxy mass for three orbits with different peri-center radii. The solid and dotted
lines show the tidal radii for the galaxies when assuming DM-halo and without DM-halo, respectively. Right panel: solid and dotted lines show
the disruption times against harassment for the given mass and effective radius galaxies, when assuming a dark matter halo and when using only
the stellar mass for the calculation, respectively.

and take the median rh/Re of the giant galaxies in that cluster. More
precisely, we selected the giant galaxies of the Illustris group 11
(Mvir = 7.9 × 1013 M�), and found the median rh/Re = 3.6. For rh
we thus multiply the median Re of the Fornax giant galaxies, and
obtain a value of rh ≈ 14 kpc.

In the right panel of Fig. 21, we show the disruption times
for the given mass and Re of the galaxies. We show again the
disruption times with and without the dark matter halo contribu-
tions, indicated with the solid and dotted lines, respectively. We
find that a large fraction of galaxies would be short lived without
any dark matter halos. While taking into account the dark matter
contribution, we find that most of the galaxies can keep the stars
bound within their Re for more than 10 Gyr. Especially the low-
mass dwarfs are all very resistant against the harassment due to
their high M/L-ratios.

7.3.4. Are theory and observations consistent?

In Sects. 5.3 and 7.2, we discussed that the properties of
the galaxies with M∗ > 108 M� are consistent with them being
affected by harassment and outer disk gas stripping in the clus-
ter environment, whereas the galaxies smaller than that are con-
sistent with being mostly quenched by ram-pressure stripping.
By calculating the strengths of the different environmental pro-
cesses, we found that ram-pressure stripping is indeed efficient
in removing all the gas from M∗ < 108 M� galaxies, but can
not remove the gas in the innermost ≈1 kpc of the galaxies
more massive than that. As ram-pressure stripping quenches the
galaxy more rapidly than the other processes, our finding that
the early-type fraction in the high-luminosity end of the lumi-
nosity function is lower than in the low-mass end (Fig. 9), seems
to be compatible with the scenario that the high-mass galaxies

will remain longer as late-type than the low-mass galaxies. We
found that tidal disruption of galaxies due to the cluster potential
is very rare, but over time the galaxy–galaxy interactions cause
the outskirts of the most extended galaxies to disrupt. Indications
of such interactions have also been observed for the giant ETGs
in the center of the cluster (Iodice et al. 2019).

The physical processes that we suggest to explain our obser-
vations in the Fornax are also consistent with the conclusions
of the kinematic studies of dwarf galaxies in the Virgo cluster
(Ryś et al. 2014; Toloba et al. 2015). Toloba et al. (2015) found
that the specific stellar angular momentum dwarf galaxies in the
Virgo cluster decreases toward the inner parts of the cluster and
that the dEs which rotate fast have often disk structures like spi-
ral arms. Ryś et al. (2014) also found that dwarfs in the central
parts of the Virgo have lower M/L-ratios than those in the out-
skirts. Those observations can be explained with the scenario
where ram-pressure stripping quickly quenches majority of the
galaxies, and harassment then slowly rips off DM from the outer
parts of their halos and heats up the stellar disks of the galaxies.
In the Fornax cluster similar studies have not yet been made.

For the low-mass galaxies the observed properties are well in
agreement with the ram pressure-stripping scenario. All the low-
mass dwarfs will lose their gas when they enter the inner 1 deg
of the cluster, and their star formation will thus stop and stellar
populations start fading. Harassment seems to be less important
for these galaxies since they reside in massive DM haloes. How-
ever, in 10 Gyr, these galaxies start to lose their material outside
the galacto-centric radii of 2 kpc, which corresponds to several
effective radii. For an exponential profile the stellar mass outside
that radius is small.

The gas of the M∗ > 108 M� galaxies is also removed from
their outer parts by ram-pressure stripping, but they can not be
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fully quenched just by that process. Thus to fully deplete the
gas of a massive dwarf galaxy it must experience harassment or
transform the remaining cold gas in the center into stars. This is
also consistent with our observations. We acknowledge that also
internal processes like feedback from active galactic nuclei and
supernovae (Silk 2017; Dashyan et al. 2018) can play a role in
the quenching of dwarfs in the different mass ranges, but as those
processes are yet poorly constrained we focus our discussion to
the external processes only. As the gas depletion time scales by
ram-pressure stripping are longer then the crossing time scales,
it is likely that there are some galaxies with central star forma-
tion also in the cluster center. However, according to the galaxy
density profiles in Fig. 5 such galaxies seem to be rare. The dis-
ruption time scales also show that the outer R > 5 kpc parts of the
massive dwarf galaxies will be tidally disrupted in about 5 Gyr,
which also explains why we do not see many galaxies with such
large Re in the Fornax cluster. To differentiate the effects between
the ram-pressure stripping and harassment in massive dwarfs, it
would require to study the radial chemical abundances of the
stellar populations and look at the radial surface brightness pro-
files in detail for truncations. This is out of reach of this study,
and should be studied in future.

A point that should be considered also in the case of these
massive dwarfs, is that their progenitors have likely had slightly
different size than the present day late-types in the Fornax clus-
ter. van der Wel et al. (2014) show that the median Re of galaxies
with stellar mass 109 M� < M∗ < 109.5 M� has grown by ∼30%
since z = 1. This indicates that the environmental effects are only
partially responsible for the contraction of Res of massive dwarfs
from the outer to inner parts of the cluster, and it is partly also
resulting from the fact that the progenitors of the innermost dEs
were smaller than the late-types that we observe now falling into
the cluster.

In Sect. 4.2, we did not find significant changes in the lumi-
nosity function in different parts of the Fornax cluster. This find-
ing is consistent with the theoretical expectation that not many
galaxies should be disrupted due to the cluster potential, and that
the disruption time scales are mostly long even within the inner
parts of the Fornax cluster.

To conclude, our observations and the theoretical predic-
tions of the efficiency of the different environmental processes
are in agreement. Qualitatively, these environmental processes
can explain the cluster-centric distribution of different types of
dwarfs (Sect. 3), shapes of the parameter scaling relations and
the cluster-centric trends (Sect. 5), as well as the changes in
the galaxy colors (Sect. 6). Clearly, it is necessary to test
these results with more elaborated simulations and follow-up
observations.

7.4. Are the dwarf galaxies in the Virgo and Fornax clusters
different?

The most complete dwarf galaxy sample in terms of luminos-
ity in the Virgo cluster is the one of the NGVS (Ferrarese et al.
2012). The multifilter observations of the NGVS have similar
depth and resolution as ours. What makes the comparison dif-
ficult is that, up to now, the NGVS collaboration has only pub-
lished the results for the core part of the cluster.

In the previous sections, we have shown that the color-
magnitude relations of the ETGs are similar in the cores of the
Fornax and Virgo clusters, the axis-ratio distributions are simi-
lar, and that the faint end of the luminosity functions have sim-
ilar shapes in these clusters. Additionally, the segregation in the
spatial distributions of the galaxies with different morphologi-

cal types has also been observed in both clusters. Thus, there is
no observational evidence that the dwarf galaxies in these two
clusters are different.

As the Virgo and Fornax clusters have different total masses
and Virgo seems to contain more sub-structure than Fornax, it
is surprising that we did not find differences in their dwarf pop-
ulations. The galaxy number density in the center of the For-
nax is two times higher than in the Virgo cluster (Jordán et al.
2007), and the velocity dispersion in the Virgo cluster is two
times higher ≈700 km s−1 (Binggeli et al. 1993) than in Fornax,
making the harassment time scales in the Virgo cluster four times
longer with respect to the Fornax cluster. The mass concentration
around M 87 (Fabricant et al. 1980) in the center of the Virgo
cluster is only slightly higher than the one around NGC 1399,
which makes the tidal disruption of the dwarfs similar around
these two galaxies. On the other hand, the density of the X-ray
gas in the center of Virgo (Fabricant et al. 1980) is roughly five
times higher than in the Fornax cluster (Paolillo et al. 2002)
which, combined with the two times higher velocities of the
Virgo dwarfs, makes ram-pressure in the Virgo cluster ≈20 times
more efficient than in the Fornax cluster. By converting the gas-
density and galaxy velocity dispersion of the Virgo cluster into
the ram-pressure stripping model of Sect. 7.3.1, we find that in
Virgo, ram-pressure stripping should be able to deplete all the
gas from three times more massive galaxies than in the Fornax
cluster.

Since the low mass dwarf galaxies (log10(M∗/M�) < 7.5)
seem not to be effected by harassment even in the Fornax cluster
due to their massive DM haloes, and they are likely quenched
by ram-pressure stripping in both clusters, there should be no
difference in their properties due to the environmental effects
discussed here. Since ram-pressure stripping is effective for
more massive galaxies in the Virgo cluster, we should see there
more dEs with larger effective radii (Re > 2 kpc) than in the
Fornax cluster with masses 7.5 < log(M∗/M�)< 8.5. These
galaxies that fall into the category of Ultra Diffuse Galaxies
(UDG), have been detected both in the Fornax (Bothun et al.
1991; Muñoz et al. 2015; Venhola et al. 2017) and Virgo clus-
ters (Sandage & Binggeli 1984; Mihos et al. 2015), but system-
atic studies of the abundance of UDGs in both clusters are still
lacking. In order to perform a more quantitative and less specu-
lative comparison between these clusters we need to wait for the
publication of the full sample of the NGVS.

8. Summary and conclusions

In this paper, we have analyzed the photometric properties of the
dwarfs in the FDSDC. The used sample consists of 564 dwarf
galaxies within the stellar mass range of 2 × 105 M� < M∗ <
2 × 109 M� corresponding to r′-band absolute magnitude range
of −9 mag>Mr′ > −18.5 mag. Using the photometric mea-
surements and morphological classifications of Venhola et al.
(2018), and the statistical analysis in this work, we wanted to
understand how the properties of the dwarf galaxies are affected
by the cluster environment, and what are the most important pro-
cesses transforming the galaxies.

We showed that the cluster environment changes the
morphology of the galaxies from late-type to early-type, man-
ifested as an increasing early-type fraction and a drop of
late-types toward the inner parts of the cluster. We also showed
evidence that the environmental transformation happens via dif-
ferent mechanisms depending on the mass of the galaxy. The
most massive dwarf galaxies (Mr′ <−16 mag) became more con-
centrated and redder toward the center of the cluster, which is
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consistent with the effects of harassment and outer disk gas strip-
ping. The less luminous galaxies are redder in the cluster center
but they have systematically lower surface brightnesses than the
population in the outer parts of the cluster. These trends are con-
sistent with the scenario in which star formation is shut down via
complete gas-stripping. The further evolution is explained by a
passive fading of the stellar populations. We also showed that
the theoretical predictions of the effects of harassment and ram-
pressure stripping in the Fornax cluster, are consistent with our
observations, thus giving further support for the theory.

Our main conclusions are:
– We find that morphology and spatial distribution of the dwarf

galaxies in the Fornax cluster are strongly correlated, so that
the most concentrated are dE(N)s, then dE(nN)s, and least
concentrated are the late-type dwarfs (Fig. 5). By deproject-
ing the radial galaxy surface number density profiles into
3D number density profiles, we have shown that the cluster-
center is devoid of late-type dwarfs and dE(nN)s.

– The early-type fraction and nucleation fraction increase
toward the center of the main cluster (Fig. 7). In Fornax A
the fractions of nucleated and ETGs are lower than in the
main cluster and they do not show clear correlation with the
group-centric distance.

– The late-type dwarfs and early-type dwarfs have similar
luminosity functions, but only if both dE(N)s and dE(nN)s
are considered into the early-type population (Fig. 8). The
nucleation fraction is a strong function of magnitude and it
reaches its peak around Mr′ = −16 mag, and then quickly
declines toward the low luminosity end (Fig. 9).

– The luminosity function of the dwarf galaxies does not sig-
nificantly change in the different parts of the cluster (Fig. 10).
We also showed that this is not in contradiction with the the-
oretical predictions, since the cluster tidal field in the center
of the Fornax cluster can only disrupt galaxies on orbits with
small cluster-centric pericenters. The luminosity function in
the Fornax cluster is also identical to those in the Virgo and
Coma clusters, but has steeper low mass end than the lumi-
nosity function in the Local Group, if the completeness cor-
rection is applied.

– We find that the size (Re), colors, peakedness (Sérsic n), and
surface brightness (µ̄e,r′ ) of the early- and late-type galaxies
in the Fornax cluster follow different relations with respect to
the absolute magnitude of the galaxies (Fig. 12). Their shape
distribution differs as well (Fig. 14). However, dE(N)s have
identical colors and sizes as the dE(nN)s of a given mass.

– We show that the color–magnitude relation of the dEs in our
sample does not show statistically significant variations with
respect to the cluster-centric distance in the colors that do
not include u′-band (Fig. 17). When considering the colors
including the u′-band, we find that the dEs become signif-
icantly redder toward the inner parts of the cluster, indicat-
ing that the galaxies in the outer parts were quenched more
recently that those in the inner parts.

– We find that in luminosity bins the low-luminosity galax-
ies (Mr′ > −16 mag) become redder, more extended and
have lower surface brightnesses toward the center of the
cluster (Fig. 15). The most luminous dwarf galaxies (Mr′ <
−16 mag) become more peaked and redder toward the inner
parts of the cluster. The result that the low-luminosity dwarf
galaxies become redder with decreasing surface brightness
seems to be consistent with an evolution where the gas reser-
voirs of these galaxies are fully removed by gas stripping,
and they then simply fade to red and old systems. The galax-
ies with Mr′ < −16 mag become redder with increasing

surface brightness, which is consistent with both harass-
ment and imperfect ram-pressure stripping, in which their
inner parts continue to form stars longer than their outskirts.
It is likely that both of these processes take place. These
observations are in good agreement with our calculations in
Sect. 6.2, which showed that the ram-pressure stripping can
not remove all the gas from the most massive dwarfs and thus
they need to be quenched some other way, possibly by tidal
interactions or by feedback from active galactic nuclei.
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Appendix A: Completeness of the FDSDC

Fig. A.1. Total r′-band apparent magnitudes (mr′ ) and effective radii
(Re) are shown for the late-type (blue symbols) and early-type (red
symbols) galaxies of the FDSDC. The vertical and horizontal dashed
lines show the minimum magnitude (Mr′ > −19 mag) and minimum
size limits (a > 2 arcsec) of the sample, respectively. The solid line
shows the selection curve resulting from the SExtractor detection. An
object can be detected is it has diameter larger than 4 arcsec at the
26.5 mag arcsec−2 isophote. The upper x-axis and the right y-axis show
the absolute magnitudes and effective radii of the galaxies at the dis-
tance of the Fornax cluster.

Since the FDSDC is a size and magnitude limited galaxy sam-
ple we show in Fig. A.1 how these selection limits restrict
our analysis to a certain area in the size-luminosity parame-
ter space. The galaxies are detected using SExtractor, which
uses minimum isophotal size threshold for detecting objects.
Ferguson & Sandage (1988) showed that if a sample is limited
by a minimum diameter dlim at isophote µlim, a galaxy with an
exponential light profile and effective radius Re should have a
total apparent magnitude

mtot < µlim −
rlim

0.5487Re
− 2.5 log10

[
2π (0.5958Re)2

]
, (A.1)

in order to be selected into the sample. For the FDSDC dlim =
4 arcsec and µlim ≈ 26.5 mag arcsec−2. In Fig. A.1 we show this
relation with the solid line.

Appendix B: Onion peeling deprojection method

In order to analyze 3D radial distributions of galaxy number den-
sities instead of projected distributions, we derived deprojected
distributions from the observed ones, by using the “onion peel-
ing” method (Fabian et al. 1981; Kriss et al. 1983). In order to
perform this transform, we need to do two assumptions:

– Spherical symmetry: We assume that the galaxies are dis-
tributed with spherical symmetry around the cluster.

– No blending bias: We assume that we see all the galaxies
within our selection limits, so that we do not need to estimate
how many galaxies are hiding behind large galaxies.

Both of the above mentioned assumptions can be argued against,
but they are necessary to do in order to perform the deprojec-
tion. However, since Fornax (especially within the virial radius)
is fairly compact and relaxed system the assumption of spherical
symmetry is not completely unrealistic. Also, since the galaxy
density in the central parts is ≈50 galaxies deg−2 and a typical

Fig. B.1. Test of the onion peeling method for a Plummer sphere. The
black line in the left panel shows the analytically calculated surface
density for a Plummer sphere as a function of radius. The black line
in the right panel show the corresponding analytical volume density.
The red dashed lines in the right and left panels show the deprojected
volume and surface density, respectively, obtained from the analytical
surface density profile using the onion peeling method.

size for a galaxy is Re ≈ 10 arcsec that corresponds to area of
2.5 × 10−5 deg2, blending seems to not be a severe problem in
our case.

We first assume that the cluster can be described as a set of
concentric spherical layers with constant densitiesρi. We can only
observe the projected densities θi at the different cluster-centric
radii, but using the spherical geometry of our cluster model we
can deduce the intrinsic structure. If our bins have radial width of
h, we can write the projected density of a bin k as:

θk =
Σi,i≥k Vk

i ρi

π
[
(rk + h

2 )2 − (rk −
h
2 )2

] , (B.1)

where rk is the radius of the bin k, and Vk
i is the volume of the

intersection of a sphere with radius ri and a co-centric hollow
cylinder with edge thickness of h and outer radius of rk + h/2.
The density of the outermost bin i = o can be straightforwardly
obtained from the observations as:

θo =
Vo

o ρo

π
[
(ro + h

2 )2 − (ro −
h
2 )2

] → ρo =
θkπ

[
(ro + h

2 )2 − (ro −
h
2 )2

]
Vo

o

(B.2)

and it can be used to solve the other densities iteratively from
outwards-in.

For estimating the uncertainty, we did 100 Monte Carlo
simulations of the observed radial distribution, and in each real-
ization we varied the number of galaxies in the bin assuming
a Poisson uncertainty. We ran the onion peeling deprojection
methods for each Monte Carlo realization, and estimated the
uncertainty by taking the standard deviation of the results.

To confirm that the method works, we tested it with a Plum-
mer sphere (Plummer 1911), for which the volume density is
related to radius r as follows (we used M = a = 1):

ρ(r) =

(
3M

4πa3

) (
1 +

r2

a2

)− 5
2

, (B.3)

and the projected surface density can be solved (Dejonghe
1987):
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ρp(rp) =
M

πa2(1 +
r2

p

a2 )2
· (B.4)

We applied the onion peeling method for the analytical surface
density profile, and solved the corresponding volume density. The
results are shown in Fig. B.1. It is clear that the method is capa-
ble of solving the volume density very accurately, only differing
slightly in the very outer parts. This small deviation is expected,
since the analytical model extends to infinity, whereas the onion
peeling method has to be started from some finite radius.

Appendix C: Method for obtaining intrinsic axis
ratio distributions

In Sect. 4, we analyze the observed axis-ratio (b/a) distribu-
tion, and use it to obtain the intrinsic axis ratios. We used the
analytic approach of Fall & Frenk (1983) (see also Lisker et al.
2007) to obtain the intrinsic distributions. In order to use the
analytic formulae, we need to assume that all the galaxies have
either oblate or prolate spheroidal shape. Assuming oblate galax-
ies with observed b/a-distribution function φ(p), where p is the
observed b/a, we can obtain the intrinsic axis ratio distribution
function as follows:

ψ(q) =
2

π
√

1 − q2

d
dq

∫ q

0
dp

φ(p)√
p2 − q2

, (C.1)

where q is the intrinsic axis ratio. When prolate intrinsic shapes
are assumed, the intrinsic distribution can be obtained as

ψ(q) =
2

πq2
√

1 − q2

d
dq

∫ q

0
dp

p3φ(p)√
p2 − q2

· (C.2)

In order to avoid the singularity in the formulae, we apply
a variable change x = p/q. This variable change allows us to
write the integral in form

∫
dx f (x)(1 − x2)−1/2. Using Gauss-

Chebyshev quadrature for the integral, we can write in the form:∫ 1

0
dx

f (x)
√

12 − x2
= Σi∈Awi f (xi), where A = {i|xi > 0} , (C.3)

with

xi = cos
(

2i − 1
2n

π

)
, (C.4)

and

wi =
π

n
. (C.5)

We used n = 100, for calculating the integrals. When deriving
φ(p), from the observed b/a distribution, we smooth the distri-
bution using convolution. In the convolution we use a Gaussian
filter with σ = 0.075.

Appendix D: Halo-to-stellar mass relation

In Sect. 7, we use the stellar-to-halo mass relation from
Moster et al. (2010). The used relation between the stellar mass

Fig. D.1. Relation between the stellar mass of a galaxy and its dark
matter halo mass. The black line shows the Eq. (D.1) (Moster et al.
2010), and the blue shaded area indicates the mass range of the FDSDC
galaxies.

of a galaxy M∗ and its dark matter halo mass Mhalo is

M∗(Mhalo)
Mhalo

= 2
(

M∗
Mhalo

)
0

( Mhalo

MI

)−β
+

(
Mhalo

MI

)γ−1

, (D.1)

where
(

M∗
Mhalo

)
0

is a normalization factor, MI is a characteris-
tic mass, and β and γ are the slopes in the low and high
mass ends, respectively. The constants in the relation were
obtained by Moster et al. (2010) by applying abundance match-
ing between the theoretical halo-mass function and observed
galaxy-mass function and then fitting the stellar-to-halo mass
function. The obtained constants were log10

(
MI
M�

)
= 11.884,(

M∗
Mhalo

)
0

= 0.02820, β = 1.057, and γ = 0.556. In Fig. D.1,
we show the halo-to-stellar mass relation used in this
work.

Appendix E: Transformations between photometric
filters

In Sect. 2.3 we transformed the Johnson R-band magnitudes and
V − I filter colors into the SDSS g′, r′, and i′ bands using the
transformations from Jordi et al. (2006). The used transforma-
tion between the R-band magnitude, MR, and r′-band magnitude,
Mr′ , is:

MR − Mr′ = −0.153 × (r′ − i′) − 0.117, (E.1)

where r′ − i′ corresponds to the SDSS color. The V − I color,
V − I, was transformed to g′ − i′ as follows:

V − I = 0.675 × (g′ − i′) + 0.364. (E.2)
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