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Alessandro Boselli7, Stéphane Courteau8, Eric Emsellem9,10, Simona Mei11,12,13, Eric Peng14,15, Thomas H.
Puzia16, Joel Roediger2, Luc Simard2, Fred Boyer6, Matthew Santos2

Draft version v3.0, February 2, 2016

ABSTRACT

We investigate the intrinsic shapes of low-luminosity galaxies in the central 300 kpc of the
Virgo cluster using deep imaging obtained as part of the Next Generation Virgo Cluster Survey
(NGVS). We build a sample of nearly 300 red-sequence cluster members in the yet unexplored
−14 < Mg < −8 magnitude range, and we measure their apparent axis ratios, q, through Sérsic fits to
their two-dimensional light distribution–which is well described by a constant ellipticity parameter.
The resulting distribution of apparent axis ratios is then fit by families of triaxial models with
normally-distributed intrinsic ellipticities, E = 1− C/A, and triaxialities, T = (A2 −B2)/(A2 − C2).
We develop a Bayesian framework to explore the posterior distribution of the model parameters, which
allows us to work directly on discrete data, and to account for individual, surface brightness-dependent
axis ratio uncertainties. For this population we infer a mean intrinsic ellipticity E= 0.43+0.02

−0.02, and

a mean triaxiality T= 0.16+0.07
−0.06. This implies that faint Virgo galaxies are best described as a

family of thick, nearly oblate spheroids with mean intrinsic axis ratios 1 : 0.94 : 0.57. The core
of Virgo lacks highly elongated low-luminosity galaxies, with 95 per cent of the population having
q > 0.45. We additionally attempt a study of the intrinsic shapes of Local Group (LG) satellites
of similar luminosities. For the LG population we infer a slightly larger mean intrinsic ellipticity
E= 0.51+0.07

−0.06, and the paucity of objects with round apparent shapes translates into more triaxial
mean shapes, 1 : 0.76 : 0.49. Numerical studies that follow the tidal evolution of satellites within
LG-sized halos are in good agreement with the inferred shape distributions, but the mismatch for
faint galaxies in Virgo highlights the need for more adequate simulations of this population in the
cluster environment. We finally compare the intrinsic shapes of NGVS low-mass galaxies with samples
of more massive quiescent systems, and with field, star-forming galaxies of similar luminosities.
We find that the intrinsic flattening in this low-luminosity regime is almost independent of the
environment in which the galaxy resides–but there is a hint that objects may be slightly rounder
in denser environments. The comparable flattening distributions of low-luminosity galaxies that
have experienced very different degrees of environmental effects suggests that internal processes are
the main drivers of galaxy structure at low masses–with external mechanisms playing a secondary role.

Subject headings: galaxies: clusters: individual (Virgo) – Local Group – galaxies: dwarf – galaxies:
photometry – galaxies: fundamental parameters – galaxies: structure
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1. INTRODUCTION

The faint end of the satellite luminosity function is
dominated by systems with smooth appearance, low sur-
face brightness, and little gas content or recent star for-
mation activity–the so-called dwarf spheroidal (dSph)
galaxies (Mateo 1998; van den Bergh 2000; Grebel et al.
2003; Tolstoy et al. 2009, and references therein). In
the Local Group, their luminosities and stellar velocity
dispersions are similar to those of globular clusters, but
their much larger half-light radii imply substantial total
masses, making these faint galaxies the most dark matter
dominated systems known in the Universe (e.g., Walker
et al. 2009).

Two observed properties of this population of faint
satellites are known to place strong constraints on ΛCDM
models of galaxy formation. First, their number is short
by one to two orders of magnitude compared to the ex-
pectations from the mass function of cold dark matter
halos (Klypin et al. 1999; Moore et al. 1999; but see
Hargis et al. 2014). Attempts to resolve this discrepancy
traditionally invoke baryonic mechanisms that lower the
efficiency of, or even suppress, star formation at these
mass scales–including high gas cooling times, reioniza-
tion, stellar feedback, and early environmental effects
(White & Rees 1978; Dekel & Silk 1986; Bullock et al.
2000; Benson et al. 2003; Mayer et al. 2007; Okamoto
et al. 2008). In passing, we note that the abundance of
the gas-rich, star-forming counterparts which exist in the
same luminosity regime in the field also seems to be lower
than what is predicted by ΛCDM (Klypin et al. 2015).
Obviously, environmental effects can not be invoked in
this case. Second, the inferred central dark matter densi-
ties in these systems favor constant density cores instead
of the steeper density profiles found in dark matter sim-
ulations (Walker & Peñarrubia 2011). Hydrodynamic
simulations suggest that the removal of these dark mat-
ter cusps occurs through energetic outflows from super-
novae, a mechanism that requires frequent and centrally
concentrated bursts of star formation (Governato et al.
2010; Pontzen & Governato 2012; Teyssier et al. 2013).

Peñarrubia et al. (2012) point out that these two ef-
fects place competing requirements for the star formation
efficiency in low-mass halos, creating tension in CDM
models of galaxy formation. This friction can be alle-
viated, however, by a combination of baryonic physics
and (enhanced) tidal stripping that bring both the inner
mass profiles and the abundance of satellites in simula-
tions in agreement with the observations (Zolotov et al.
2012; Brooks et al. 2013). Indeed, low-mass quiescent
satellites tend to be found in the vicinity of luminous
(L & L∗) central galaxies (Geha et al. 2012; Sánchez-
Janssen et al. 2013), and dynamical processes have long
been proposed to influence their evolution (Peñarrubia
et al. 2008; Kazantzidis et al. 2011).

In order to put constraints on the plethora of internal
and external mechanisms potentially shaping the prop-
erties of faint satellites, it is mandatory to robustly char-
acterize these systems observationally. In this sense, it
is only natural to start with the most accessible observ-
ables, i.e., their shapes and structural parameters. Im-
portantly, the relatively shallow potential wells in which
these galaxies reside ensure that both photoionization
and stellar feedback processes, as well as environmental

effects, leave recognizable imprints on their stellar struc-
ture. For instance, Kaufmann et al. (2007) show that
baryonic processes that act to pressurize gas within low-
mass halos naturally lead to the formation of thicker,
puffier galaxies towards lower luminosities as a result of
their progressively diminishing angular momentum sup-
port. In particular, feedback from bursty star forma-
tion can result in strong potential fluctuations caused by
gas outflows and inflows. The ensuing heating of stel-
lar orbits can drive significant structural variation, in-
cluding outward migration and thickening of the stellar
body (Teyssier et al. 2013; El-Badry et al. 2015). Other
sources of internal heating, such as dynamical interac-
tions with dark subhalos, may play a role as well (Helmi
et al. 2012; Starkenburg & Helmi 2015). Alternatively,
tidal effects have the potential to significantly modify
the structural (and dynamical) properties of disky sys-
tems, creating pressure-supported triaxial objects that
in many aspects resemble the satellites of cluster- and
group-sized halos (Mastropietro et al. 2005; Smith et al.
2010; Kazantzidis et al. 2011;  Lokas et al. 2012; Bialas
et al. 2015). Gas stripping mechanisms have a smaller
direct impact on the stellar structure of low-mass sys-
tems, except for extreme cases where the gas component
represents a large fraction of the total mass budget (see
Smith et al. 2013a). They can nevertheless contribute to
the thickening of the stellar body on timescales of a few
Gyr by cutting the supply of young stars with low veloc-
ity dispersion, followed by subsequent diffusion through
two-body relaxation.

Until recently, the intrinsic shapes of faint quiescent
galaxies have not been studied extensively. This stems
from the fact that these are intrinsically faint objects,
and the great majority of known and well-characterized
dSphs are Local Group satellites–and the number statis-
tics there are low. For example, the complete sample of
Milky Way (MW) dSphs studied by Martin et al. (2008)
includes only 21 galaxies, 11 of which are fainter than
MV = −7.5 mag. Interestingly, while the classical MW
satellites show small apparent ellipticities, the faint pop-
ulation display more elongated shapes. This immedi-
ately prompts the suspicion that tidal interactions with
the MW are behind the origin of this highly elongated
galaxies. Along these lines,  Lokas et al. (2012) find good
general agreement between the apparent shapes of MW
satellites and simulations of tidally stirred disks orbiting
an MW-sized halo. Recently, Salomon et al. (2015) have
inferred the intrinsic ellipticity of M31 satellites under
the assumption that their visible components have pro-
late shapes, and after exploring different possibilities for
the orientation of the major axis. They find that the
population has a mean intrinsic axis ratio ≈ 0.5, but
several satellites are consistent with being intrinsically
more elongated. Because the orientation of individual
galaxies in the sky is hard to obtain, intrinsic shapes
are usually derived on statistical grounds using relatively
large samples. Low number statistics still make this task
challenging in the Local Group (but again, see Salomon
et al. 2015). It is however now possible to study large
numbers of faint, quiescent galaxies in the nearby Virgo
cluster thanks to the Next Generation Virgo Cluster Sur-
vey (NGVS).

The NGVS (Ferrarese et al. 2012, F12 hereafter) is a
Canada-France-Hawaii Telescope (CFHT) optical imag-
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ing survey of the Virgo cluster covering 104 deg2, from its
core to the virial radius. The MegaCam deep imaging de-
livers a 2σ surface brightness limit µg ≈ 29 mag arcsec−2,
with excellent image quality (median FWHM = 0.54 arc-
sec in the i-band). This has allowed us to detect and
characterize, in the core region alone (Rp . 300 kpc),
hundreds of previously unknown low-mass galaxies down
to the luminosity limits of the classical MW satellites,
MV ∼ −8 mag. This constitutes a major breakthrough,
not only because of the order(s) of magnitude increase
in the sample size, but also because Virgo represents a
completely different environment from the Local Group.
Here we use the observed apparent axis ratios of a sample
of nearly 300 low mass galaxies in the core of the Virgo
cluster to infer the distribution of their intrinsic shapes.
We will show that these low-mass Virgo satellites are a
family of thick, nearly oblate spheroids.

This paper is organized as follows. In Section 2 we
present the dataset, and the detection and structural
characterization of faint Virgo galaxies. We then describe
the Bayesian framework developed to infer their intrinsic
shapes in Section 3, followed by the main results of our
analysis in Section 4. In Section 5 we discuss our results,
and compare them with previous efforts in the literature.
Finally, in Section 6 we summarize our findings.

Throughout this work we adopt the convention that
apparent (i.e., observed) quantities are represented with
lower case symbols, whereas upper case symbols are
used for intrinsic parameters. Thus, a triaxial galaxy
with intrinsic semi axes A ≥ B ≥ C has an appar-
ent ellipticity (ε) and an apparent axis ratio (q) related
through ε = 1 − q. We furthermore use a common dis-
tance modulus (m −M) = 31.09 mag for all candidate
Virgo members, corresponding to the mean distance of
D = 16.5 Mpc to the Virgo cluster derived through the
surface brightness fluctuations method (Mei et al. 2007;
Blakeslee et al. 2009).

2. DETECTION AND CHARACTERIZATION OF
LOW-MASS QUIESCENT GALAXIES IN VIRGO

2.1. Sample selection in the NGVS

In this work we use data from the NGVS. Here we
only provide a brief overview of the most relevant char-
acteristics of the survey, but the interested reader is
referred to F12 for a more detailed description of the
survey, datasets and science goals. The NGVS is a
CFHT/MegaCam imaging survey of the Virgo cluster
covering 104 deg2 in the u∗giz bandpasses, supplemented
with Ks-band imaging for a fraction of the area (Muñoz
et al. 2014), as well as a series of dedicated spectroscopic
follow-ups. The central 4 deg2 around M87 (R . 300
kpc) were observed in a Pilot Programme (PP) that in-
cluded the r-band as well, and all objects in this study
come from this core region. By design, the survey has
an excellent image quality, with a median seeing FWHM
≈ 0.8 arcsec in the g-band (corresponding to ∼ 65 pc
at the distance of Virgo). The Elixir-LSB reduction
pipeline (Ferrarese et al. 2012; Duc et al. 2015) delivers
a superb flattening of the sky background, with peak-
to-peak residuals of ∼ 0.2 per cent that result in a 2σ
surface brightness limit µg ≈ 29 mag arcsec−2 for the
final stacked frames. The NGVS is therefore perfectly
positioned to carry out, for the first time, an investiga-

tion of the properties of low-mass satellites in the Virgo
cluster. The identification and characterization of Virgo
cluster members will be discussed in detail in an upcom-
ing paper of this series (Ferrarese et al., submitted); here
we summarize the most relevant aspects.

The detection of extended, low surface brightness
Virgo galaxies in a field contaminated with a far larger
number of foreground stars and background objects is a
challenge; conventional codes, such as SExtractor (Bertin
& Arnouts 1996), tend to regard low surface brightness
objects as belonging to compact and/or brighter con-
taminants. To circumvent the problem, a ring median
filter (Secker 1995) was first applied to each g-band im-
age (the NGVS images with the highest signal-to-noise
ratio), with radius adjusted to suppress all unresolved
sources (stars and globular clusters), as well as compact
background galaxies. A specific optimization of SExtrac-
tor was then run on the median-kernel smoothed images,
thus enabling the identification of low surface brightness
sources that are potential Virgo members.

Our low-mass galaxy sample explicitly excludes the
class of so-called ultra-compact dwarfs (UCDs; Hilker
et al. 1999; Drinkwater et al. 2000). These objects have
sizes and luminosities bridging the main locii occupied
by low-mass galaxies and globular clusters in structural
scaling relations. As a result, the nature of UCDs is still
hotly debated in the literature, and they probably en-
compass objects of both galactic and star cluster origin
(e.g., Haşegan et al. 2005; Mieske et al. 2008; Chiboucas
et al. 2011; Penny et al. 2014; Norris et al. 2014; Seth
et al. 2014). We refer the interested reader to Durrell
et al. (2014) for an overview of the spatial distribution of
bright compact stellar systems in Virgo; to Zhang et al.
(2015), where we have published a kinematical analysis
of ∼ 100 spectroscopically confirmed UCDs in the same
Virgo core area we study here; and to Liu et al. (2015)
for an investigation of their photometric properties.

The resulting galaxy catalogue does of course not dis-
criminate between Virgo members and contaminants,
and therefore the next challenge is to define membership
criteria. These are based on the location of each galaxy
in a multi-parameter space defined by a combination of
i) galaxy structural parameters, specifically size and sur-
face brightness, measured in appropriately masked orig-
inal images using galfit (Peng et al. 2002); ii) pho-
tometric redshifts,1 based on u∗, g, i, z, and, when avail-
able, r-band photometry; and iii) an index measuring the
strength of residual structures in images created by sub-
tracting from each galaxy the best fitting galfit model.
The exact combination of axes in this space was selected
to allow for maximum separation of known Virgo and
background sources. The former comprise spectroscopi-
cally confirmed (mostly) VCC galaxies, while the latter
are identified, using the same procedure described above,
in four control fields located three virial radii away from
M87, and presumed to be devoid of cluster members.

The reliability of the procedure was tested in two in-
dependent ways. First, 36,500 artificial galaxies were

1 We note here that photometric redshifts are mainly useful to
identify and discard obvious background systems rather than se-
lecting Virgo members, as their typical accuracy at low redshift,
δz/(1 + z) ∼ 0.05, is not good enough to establish secure cluster
membership (e.g., Raichoor et al. 2014).
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injected in the frames spanning the full range of lumi-
nosity and structural parameters expected for genuine
Virgo galaxies, and then processed as described above.
With few exceptions (for instance galaxies that land in
the immediate vicinity of bright saturated stars or near
the cores of high surface brightness galaxies), all galaxies
with surface brightness high enough to be visible in the
frames were indeed recovered. A detailed discussion of
the completeness of the data and the biases in the re-
covered parameters is included in Ferrarese et al. (sub-
mitted). Second, four NGVS team members (LF, PAD,
PD, and FB) independently inspected the central four
square degrees of the PP region and identified, by eye,
all objects that appeared to be bona-fide Virgo members;
again with few exceptions all such galaxies were detected
and correctly identified as bona-fide Virgo members by
the code. We stress here that the proximity of the Virgo
cluster, together with the remarkable tightness of galaxy
scaling relations even at these faint luminosities, are key
in providing a clean separation between cluster members
and background galaxies even in the absence of spectro-
scopic information (see also Michard & Andreon 2008;
Rines & Geller 2008).

Figure 1 (top) presents the (g − i) color-magnitude di-
agram of all 404 candidate Virgo galaxies in the PP area
(except M87). As expected given that we cover the inner
regions of the cluster, the great majority of objects fall
on a well-defined red sequence all the way down to the
faintest luminosities probed (see also Sánchez-Janssen
et al. 2008; Boselli & Gavazzi 2014). In this work we
focus on the shapes of faint, low surface brightness, qui-
escent galaxies, analogous to the dSph satellites in the
LG. It is now well established that this label encom-
passes objects with quite varied star formation histories
(e.g., Weisz et al. 2014). Throughout this work we keep
this terminology when referring to LG satellites for his-
toric reasons, but we will avoid it as much as possible
when referring to faint, quiescent Virgo galaxies. Be-
cause detailed star formation histories are not available
yet for Virgo galaxies of these low masses, we construct
our sample of quiescent objects from galaxies with col-
ors consistent with being red-sequence cluster members
(see the shaded region in the top panel of Fig. 1). The
lower boundary is set at 0.25 mag below the best-fit color-
magnitude relation, whereas (g− i) = 1.1 defines the red
end of our selection function . Furthermore, we only se-
lect objects in the −14 ≤ Mg ≤ −8 mag range. 2 With
this luminosity cut we guarantee our galaxies to be gen-
uinely faint systems; we match the luminosity range of
other low-luminosity samples in the LG and in the Local
Universe that will serve as comparison; and we probe a
yet unexplored galaxy mass range in Virgo–or any other
cluster, for that matter.

We also explored a visual morphological classification
with the aid of composite giz color images and unsharp-
masked g-band frames. Faint quiescent systems were de-
fined as objects with no evident star formation activity
and smooth, elliptical appearances. We found that both
the color and morphological classifications produced very
similar samples, and therefore our results do not strongly

2 This roughly corresponds to stellar masses 3×105 . M?/M� .
7 × 107, for a characteristic stellar mass-to-light ratio M?/LV =
1.6 M�/L� (Woo et al. 2008).
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Figure 1. Top: (g − i) color-magnitude diagram of galaxies
in the core of the Virgo cluster. Low-luminosity Virgo candi-
dates are selected as galaxies having absolute magnitudes in the
−14 ≤ Mg ≤ −8 mag range, and colors consistent with being
red-sequence cluster members–as indicated by the shaded region.
Bottom: apparent axis ratios for the low-luminosity sample as a
function of absolute magnitude. The solid line is a simple gaus-
sian kde estimate of the q distribution. Note the absence of very
elongated galaxies, and the lack of dependence on luminosity.

depend on the exact definition of what is a quiescent low-
mass galaxy. In the following analysis we use the color
selection simply because it results in a more quantitative
and reproducible selection function.

2.2. Measurements of apparent axis ratios

Structural parameters for low-luminosity galaxies in
the NGVS are obtained from both surface brightness pro-
files using the iraf task ellipse (Jedrzejewski 1987),
and two-dimensional model fits using galfit. The de-
rived structural parameters include, but are not limited
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Figure 2. NGVS negative postage stamps of six representative
faint Virgo galaxies. Rows correspond to galaxies with similar ab-
solute magnitudes, while systems with similar apparent axis ra-
tios are shown along columns. The left column displays objects
with significant apparent elongation (q ≈ 0.6), while nearly round
(q ≈ 0.9) objects are shown on the right column.

to, the effective radius and surface brightness, the Sérsic
shape parameter, the position angle, and the apparent
axis ratio q–which is the most relevant quantity for this
study. 3 Here we will only use structural parameters de-
rived in the g-band, as it is the band with the highest
signal-to-noise ratio in the NGVS. We have verified that
our results do not change if we use either the r- or the
i-band data. This is expected if these faint systems, like
the dSphs in the LG, have relatively uniform stellar pop-
ulations, and little obscuration caused by dust.

In both approaches the galaxy body is modeled with a
Sérsic (1968) function, but only in the case of the isopho-
tal analysis with ellipse is the ellipticity allowed to vary
with radius–galfit uses constant axis ratio models. If
necessary, a central nuclear component is included in the
fits. With typical half-light radii rh < 0.3 arcsec at the
distance of Virgo (Côté et al. 2006; Turner et al. 2012),
most of these nuclei remain unresolved in the NGVS im-
ages. They are simply modelled as PSF components (see

3 In this work we use the mean axis ratio derived by ellipse in
the 1 ≤ r/re ≤ 2 interval as a point estimate for q.

also den Brok et al. 2014). Finally, all the parameters de-
rived from galfit fits are seeing-deconvolved, while el-
lipse measures seeing-convolved axis ratios. Once again,
this should not impact the global structural parameters
of objects that have shallow surface brightness profiles
and are well resolved. For reference, the smallest effec-
tive radius for an Mg ≈ −8 Virgo galaxy in our sample is
re ≈ 2.5 arcsec (∼ 200 pc), which is more than a factor
three larger than the g-band FWHM.

In this work we use the galfit axis ratios for a prac-
tical reason. For a non-negligible fraction of the faintest
galaxies, the ellipse fits do not converge when all pa-
rameters are allowed to vary due to a combination of
small apparent ellipticity and very low central surface
brightness. For these objects the fits were carried out
with the axis ratio fixed at q = 0.95. Using the ellipse
parameters would create an artificial peak in the distri-
bution of observed axis ratios at this value, and would
prevent us from modeling it appropriately (see Sect. 3).

The observed distribution of galfit axis ratios for our
faint Virgo galaxies is plotted as a function of g-band
absolute magnitude in the bottom panel of Figure 1. It is
interesting to note the paucity of low-luminosity systems
in the core of Virgo displaying highly elongated shapes:
95 per cent of the population have q & 0.45. This is
an important result considering we are only sampling
objects with projected distances . 300 kpc from M87,
that is, the highest density regions of the cluster where
tidal forces are maximized. Additionally, and at least
in this mass regime and cluster region, there does not
seem to be any dependence of the apparent shapes q on
luminosity or clustercentric distance. This guarantees
that we can use the entire sample to infer the intrinsic
shape of the population. Figure 2 shows negative postage
stamps of six representative galaxies in the PP region,
illustrating the range of luminosities and apparent shapes
of this faint population, and the quality of the NGVS
imaging.

2.2.1. Low-luminosity galaxies in Virgo have flat ellipticity
profiles

One potential limitation of the galfit surface-
brightness-weighted q estimates is that they do not nec-
essarily represent the shape of the galaxy at any partic-
ular radius. This could introduce a bias if, for example,
the ellipticity profile presented significant radial varia-
tion, or if the amplitude of that variation was luminosity-
dependent. We can rule out this is the case for our sam-
ple of NGVS low-mass objects from an analysis of the
quality of the galfit fits. Sérsic models with constant
ellipticity provide excellent fits to this population, with
a median χ2

ν = 1.00, and a dispersion σχ2
ν

= 0.11. More-
over, fit residuals do not show any radial structure, thus
ruling out strong isophotal twisting as well.

We also use the ellipse fits to study the radial ellip-
ticity profiles in our sample. Thin lines in Fig. 3 show,
for objects having < µ>e < 27 mag arcsec−2, the indi-
vidual q and PA radial profiles after their mean value
has been subtracted. The solid thick line indicates the
median of the variation at fixed radius, and the thick
dashed lines enclose 68 per cent of all the curves. The
profiles are remarkably flat, with little variation about
the mean along a large radial range. We note that,
because of this flatness, this behavior holds even if we
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Figure 3. Radial variation about the mean of the isophotal axis
ratio (top) and position angle (bottom) for low-luminosity Virgo
galaxies. The light curves show the individual radial profiles, with
their mean value subtracted. The solid thick line indicates the
median of the variation at fixed radius, and the thick dashed lines
enclose 68 per cent of all the curves. These low-luminosity systems
exhibit almost flat axis ratio profiles, and no evidence for isophotal
twisting.

scale the profiles by each individual effective radius. We
however prefer this representation because it allows us
to show the radial range that is potentially affected by
the seeing PSF (shaded region in Fig. 3). The profiles
show larger scatter at r < 2 FWHM, with a slight pref-
erence for rounder shapes–consistent with mild circular-
ization caused by seeing, as well as the presence of nu-
clear star clusters in some of these galaxies. In summary,
low-luminosity quiescent Virgo galaxies are systems with
remarkable isophotal simplicity and well described by a
constant ellipticity parameter and major axis position
angle. This lends support to the notion that homolo-
gous triaxial models are a good representation of their
intrinsic shapes.

2.2.2. Accuracy of the axis ratio measurements

Figure 4. Error in the recovered axis ratios of simulated single-
Sérsic galaxies as a function of their mean effective surface bright-
ness (left panel), and axis ratio (right panel). The ordinates show
the difference between the input axis ratios and the recovered gal-
fit values, with the grey scale showing the density of galaxies in
bins of < µ >e and q. The long-dashed and short-dashed lines
enclose 68 and 95 per cent of the data points, respectively.

Assessing the reliability of the axis ratio measurements
for galaxies of such low central surface brightness is of
paramount importance for this study, and we have car-
ried out several consistency checks. First, as we have al-
ready mentioned, we simulated and added 36,500 single-
Sérsic model galaxies to the images, sampling a range in
structural parameters. The galaxy models are added to
real NGVS frames after being convolved with the appro-
priate PSF for that randomly selected image location,
and the simulated galaxy is fitted with galfit in the
same way the real Virgo galaxies are. Figure 4 shows the
difference between recovered and input axis ratios for the
simulated galaxies as a function of their true mean effec-
tive surface brightness (left panel), and their true axis
ratio (right panel). The grey scale shows the density of
galaxies in bins of constant < µ >e,in or qin, with the
solid line indicating the median offset. The long-dashed
and short-dashed lines enclose 68 and 95 per cent of the
data. It is clear that the axis ratios are very robustly
determined down to mean effective surface brightnesses
as low as < µ >e≈ 28 mag arcsec−2, displaying no bi-
ases and a maximum 1σ error ≈ 0.1. At fixed < µ >e
the error distribution is reasonably well described by a
normal function. The right panel shows that the error
distribution as a function of input axis ratio is highly
peaked around zero. The bias toward recovering smaller
axis ratios for larger qin is only a natural consequence of
the limitation that, by definition, q ≤ 1. This is an of-
ten neglected but important bias, and in Sect. 3.2 we will
discuss how to properly account for it in the analysis.

The uncertainties in q derived from these simulations
can be regarded as lower limits only, in the sense that
both the PSF and the galaxy light profile are perfectly
described by the fitting functions, and the ellipticity is
radially constant by construction. To obtain a better
understanding of the amplitude of the measurement un-
certainties, in Fig. 5 we compare the axis ratios from the
ellipse fits with those derived from the galfit models
for the NGVS galaxies. The former measurements corre-
spond to the mean q in the 1 ≤ r/re ≤ 2 range. The left
and right panels in Fig. 5 show the axis ratio difference as
a function of the galfit <µ>e and q, respectively. The
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Figure 5. Difference between the mean axis ratios measured with
ellipseand the galfit q values for NGVS low-mass galaxies. The
left panel shows differences as a function of their mean effective sur-
face brightness, whereas the right panel shows them as a function
of the galfit axis ratio measurements. Symbols are color-coded
according to their q and <µ>e, respectively. The solid grey lines
in the left panel indicate the 1σ <µ>e-dependent uncertainty we
use in our analysis.

distributions of axis ratio differences are similar, both in
shape and amplitude, to those in Fig. 4. The q values
derived from these two completely different methods are
remarkably consistent, and especially so for objects with
high mean surface brightness. Of course, the disagree-
ment increases at fainter < µ >e, simply because this
parameter is directly related to the mean signal-to-noise
ratio across the galaxy body. It is also clear that there
is no bias in the determination of axis ratios for either
round or elongated galaxies.

In the analysis that follows we therefore use a <µ>e-
dependent uncertainty for the axis ratio measurements.
At fixed <µ>e the uncertainty follows a normal distri-
bution, with a 1σ dispersion that includes two compo-
nents. The first one is the root-mean-square deviation
of the ellipse and galfit measurements, σq = 0.02,
and represents the minimum uncertainty in the axis ra-
tio estimates. This component is added quadratically to
a <µ>e-dependent σq computed through fits to the error
distribution obtained from the simulations. The final 1σ
uncertainty is indicated by the solid lines in Fig. 5, and
describes well the distribution of q differences. It is thus
clear that the axis ratios for these faint Virgo galaxies
are robustly determined irrespective of both the mean
effective surface brightness and the apparent ellipticity
of the galaxy.

2.3. Galaxy detection rate as a function of axis ratio
and surface brightness

Under the assumption that these low mass galaxies are
a family of optically thin triaxial ellipsoids (see Sect. 3.1),
their observed surface brightness at fixed luminosity will
depend on the intrinsic triaxiality and the orientation
on the sky. For example, purely oblate (prolate) sys-
tems have brighter surface brightness when seen edge-on
(face-on) as a result of larger integration of the emit-
ted light along the line of sight. This can introduce a
bias against small q values–if the population is oblate–or
large q values–if prolate–in the distribution of observed
axis ratios at surface brightnesses close to the detection
limit of the survey.
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Figure 6. Completeness as a function of mean effective surface
brightness for simulated Sérsic galaxies. The grey scale shows the
fraction of recovered simulated galaxies as a function of true mean
effective surface brightness and true axis ratio. The solid line shows
the detection rate as a function of < µ >e only. NGVS reaches
50 per cent completeness at < µ >e = 27.75 mag arcsec−2. The
symbols correspond to the distribution of real Virgo galaxies.

In Figure 6 we show, for the subsample of red-sequence
low-mass galaxies, the distribution of measured axis ra-
tios as a function of mean effective surface brightness.
There is no obvious bias in the distribution of q as a
function of < µ >e. The background grey-scale image
shows the detection rate for the sample of 36,500 simu-
lated Sérsic galaxies as a function of these two parame-
ters, and the solid line indicates the completeness as a
function of <µ>e only. The few bins showing high in-
completeness at high surface brightness levels are caused
by a combination of low number statistics, and geomet-
rical non-detections–i.e., objects near the cores of very
luminous galaxies, or galaxies that land in the vicinity
of bright saturated stars. The NGVS reaches 50 per
cent completeness at a remarkably faint < µ >e,lim =
27.75 mag arcsec−2. We prefer to be conservative, and
in this work we further discard objects with <µ>e val-
ues larger than this limit. We additionally discard five
objects whose proximity to very bright stars or galax-
ies render their structural parameters highly uncertain.
The final sample of Virgo low-mass galaxies in this study
consists of 294 objects. We however note that the results
of our analysis do not change if we include the fainter
<µ>e > <µ>e,lim objects, which simply is a reflection
of the unbiased distribution of q values, and the small
subsample size.

3. BAYESIAN INFERENCE OF INTRINSIC SHAPES

3.1. A family of triaxial galaxy models

The ultimate goal of this study is to derive the under-
lying distribution of intrinsic shapes for faint galaxies in
the Virgo cluster. While, strictly, full shape information
for individual objects can only be derived by a combina-
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Figure 7. Projected axis ratio distributions for three families of
triaxial ellipsoids. The populations share a common mean intrinsic
ellipticity E= 0.6, as well as dispersions of ellipticities and triax-
ialities, namely σE = σT = 0.05. The families only differ in the
mean triaxiality of the population T = 0.01, 0.5, and 0.99 for the
nearly oblate, triaxial, and nearly prolate populations, respectively.
The mean intrinsic axis ratios 1 : B/A : C/A for each family are
indicated, together with a visualization of the corresponding three-
dimensional ellipsoid.

tion of structural and kinematical data (e.g., Franx et al.
1991; Statler 1994; van den Bosch & van de Ven 2009), it
is still possible to constrain the intrinsic shapes of a given
population through the observed distribution of apparent
axis ratios and a model for their three-dimensional shape.
In the most general case, galaxies with similar elliptical
isophotes are best described by triaxial models (Binney
1978). One can then try to invert the distribution of
apparent axis ratios to infer the distribution of intrinsic
shapes (Lambas et al. 1992; Lisker et al. 2007; Weijmans
et al. 2014), but this deprojection problem has no unique
solution unless some degree of axisymmetry is assumed–
e.g., that the spheroids are either purely oblate, or purely
prolate systems (Fall & Frenk 1983). Alternatively, one
can try to reproduce the observed distribution of appar-
ent axis ratios by varying the triaxial model parameters,
and assuming the galaxies are randomly oriented on the
sky (Hubble 1926; Sandage et al. 1970; Lambas et al.
1992; Ryden & Terndrup 1994; Sung et al. 1998; Vincent
& Ryden 2005). This is the approach we follow in this
work.

We model faint galaxies in Virgo as a family of optically
thin triaxial ellipsoids. Following Franx et al. (1991),
we assume that the three-dimensional galaxy density is
structured as a set of coaligned ellipsoids characterized
by a common ellipticity E = 1 − C/A, and a triaxiality
T = (A2 − B2)/(A2 − C2), where A ≥ B ≥ C are the
intrinsic major, intermediate, and minor axis of the el-
lipsoid, respectively. Special cases of this model include
the previously mentioned oblate (B = A, or T = 0) and
prolate (C = B, or T = 1) spheroids. More general cases
include the oblate-triaxial (C/B < B/A) and prolate-

triaxial (C/B > B/A) spheroids. In our modeling we
further assume that the ellipticity and triaxiality param-
eters for our galaxy population are normally distributed
(see Lambas et al. 1992; Ryden & Terndrup 1994; Ryden
2006; Holden et al. 2012), with means and standard de-
viations E, σE , T , and σT , respectively. Given values for
the distributions of intrinsic axis ratios and random view-
ing angles for each model galaxy, one can easily compute
the distribution of apparent axis ratios q (Stark 1977;
Binney 1985).

Figure 7 shows three examples of apparent axis ratio
distributions constructed from these ellipsoidal models
for nearly oblate, nearly prolate, and triaxial families. In
this example all models share a common mean intrinsic
ellipticity E = 0.6, as well as the same narrow disper-
sions of ellipticities and triaxialities, namely σE = σT =
0.05. The three models only differ in the mean triaxi-
ality of the population, which takes values of T = 0.01,
0.5, and 0.99 for the oblate, triaxial, and prolate families,
respectively. Fig. 7 illustrates the dramatic impact that
this difference makes in the distribution of projected axis
ratios, especially at high q. While all three populations
exhibit a peak around q = 1 − ε ∼ 0.4 (associated with
the intrinsic mean ellipticity E = 1−C/A = 0.6), the rel-
ative number of apparently round objects progressively
decreases as a function of T . This is because the loca-
tion of the secondary peak in the observed distribution
of q is essentially determined by the mean B/A. A rela-
tive paucity of nearly round projected shapes is a generic
feature of families of triaxial and prolate ellipsoids.

These apparent axis ratio distributions are equivalent
to the likelihood of observing a given axis ratio given the
model parameters, and we use this likelihood function to
infer the intrinsic shape of low-luminosity galaxies using
Bayesian statistics.

3.2. Bayesian analysis

Given some data D that we want to describe by a
model with parameters θ, for which we have some prior
information I, Bayes’ theorem states that:

p(θ|D, I) = p(D|θ, I) p(θ|I)/p(D|I). (1)

Here p(θ|D, I) is the posterior probability density func-
tion (pdf) of the parameters θ given the data D and prior
information I; p(D|θ, I) is the likelihood function; p(θ|I)
is the prior joint probability of the model parameters in
the absence of data; and p(D|I) is the marginal prob-
ability, i.e., the a priori probability of having the data
marginalized over all possible parameters. In our partic-
ular case, D consists of the observed projected axis ratios
for each individual galaxy, qi; the model parameters are
θ = {E, σE , T , σT }; and the likelihood of apparent
axis ratios is calculated as explained in Section 3.1. This
approach has several formal and practical advantages.
First, it does not require binning but works directly with
discrete data, thus preserving the full information con-
tent of the dataset. This is always advantageous, but
generally not mandatory when the inference is done on
large samples of several thousand, or even hundreds of
thousand objects (e.g., Ryden 2004; Holden et al. 2012).
However, the analysis on discrete data becomes really
powerful when the sample size is relatively small. Choos-
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ing the optimal binning in these cases is not trivial, it
always smears the underlying signal to a certain degree,
and statistical uncertainties become non-Gaussian when
the bins contain few objects.

In practice, in our Bayesian approach each distribution
of axis ratios predicted by the models is convolved with
another distribution representing the individual axis ra-
tio qi and its uncertainty. This is particularly useful when
working with non-uniform and/or non-Gaussian uncer-
tainties, or when the full probability distribution for the
measurement of each individual axis ratio is available
(e.g., Martin et al. 2008). For the very same reason, it is
also straightforward to include the effects of biased mea-
surements, and/or to account for lower or upper limits in
the measured axis ratios–e.g. we only know our galaxy
has q > 0.9. In this work we model the observed axis
ratios as truncated normal distributions with means in
the q ∈ [0, 1] interval, and dispersions that are dependent
on each galaxy’s mean surface brightness, as discussed in
Section 2.2.2. This naturally reproduces the bias towards
lower recovered axis ratios at high true q also discussed
in that Section. The excess probability from a regular
normal distribution at q > 1 (which is non-physical) gets
redistributed towards q ≤ 1 values, creating a more ex-
tended tail that accounts for the fact that we tend to
recover flatter shape measurements due to the bounded
nature of axis ratios (see Fig. 4).

We use flat priors for the location parameters of our
model normal distributions, i.e., the priors for E and T
are uniformly distributed in the interval [0, 1]. For the
standard deviations σE and σT we adopt scale-invariant
priors of the form p(σ) ∝ σ−1. In order to efficiently
sample the posterior distribution of our parameters θ we
use Markov Chain Monte Carlo (MCMC) methods. In
particular, we use the affine-invariant MCMC algorithm
implemented in the Python emcee package (Foreman-
Mackey et al. 2013). We use a set of 100 ’walkers’ that
explore the parameter space at each of the 1000 steps we
run. The MCMC chain converges to an equilibrium dis-
tribution after approximately 200 ’burn-in’ steps, which
we discard when exploring the posterior distributions.

4. THE INTRINSIC SHAPES OF LOW-LUMINOSITY VIRGO
GALAXIES

Figure 8 shows the MCMC posterior distributions for
E, σE , T , and σT for our sample of faint satellites in
Virgo. The panels on the diagonal show the marginal-
ized posteriors for each parameter, and the dotted lines
indicate the corresponding 2.5, 16, 50, 84 and 97.5 per-
centiles. The non-diagonal panels correspond to the joint
posterior pdfs, and contours in these panels enclose the
regions that contain 68 and 95 per cent of the cumulative
posterior probability. There are several interesting re-
sults worth discussing in detail. First, the distribution of
intrinsic ellipticities is well constrained by the data, with
median and 68 per cent confidence values E= 0.43+0.02

−0.02,

and σE= 0.11+0.02
−0.01. The inferred triaxiality distribution

of the population is T= 0.16+0.07
−0.06 and σT= 0.04+0.12

−0.03. It
is clear that the triaxiality distribution is not well con-
strained with photometric data alone, something known
since the early work from Binggeli (1980). Nevertheless,
the data clearly favor nearly oblate models over nearly
prolate ones, although in any case some degree of triax-

iality seems to be required. This is best appreciated in
the marginalized posterior panel for T : the maximum of
the distribution is clearly different from zero, but fully
triaxial and prolate shapes (T & 0.4) are essentially ruled
out by the data.

Figure 9 shows in grey a gaussian kernel density esti-
mate of the observed axis ratio distribution. Each galaxy
is represented by a truncated gaussian located at the
corresponding measured qi, and a with dispersion deter-
mined by its mean surface brightness (see Sect. 2.2.2).
Thin lines correspond to 100 random samples from the
MCMC chain, and the thick solid line indicates the
model corresponding to the median of the samples in
the marginalized distributions. For reference, the me-
dian estimates for E and T correspond to a triaxial el-
lipsoid with intrinsic axis ratios 1 : 0.94 : 0.57–or, alter-
natively, it implies that faint Virgo galaxies are nearly
oblate, thick spheroids.

The slight deviation from axisymmetry implied by T
6= 0 has to be taken with some caution. It is mostly
driven by the secondary peak at q ∼ 0.94 in the observed
distribution of axis ratios, and by the rapid decline in the
number of even rounder galaxies. This relative paucity
of round objects has been observed before, notably most
recently by Weijmans et al. (2014) in their study of the
intrinsic shapes of early-type galaxies in the ATLAS3D

sample. The positive bias toward lower q introduced by
the bounded nature of axis ratio measurements is too
small of an effect to explain the lack of round objects in
their sample of fast rotators. Perhaps even more puzzling
is the fact that incorporating the kinematic misalignment
information in their analysis resulted in a strong support
for axisymmetry. Hence real triaxiality–understood as
B/A 6= 1 and a non-axisymmetric orbital structure–may
not be the only explanation for the relative paucity of
round galaxies. Alternative possibilities include the exis-
tence of a small m = 1 mode, the presence of faint tidal
features, or the suggestion that these galaxies may not
be fully relaxed. We lack kinematic information for our
NGVS low-mass galaxies, and therefore it is hard to say
whether the small degree of triaxiality we infer is real, or
related to the previous effect. In any case, if we impose
pure oblateness as a prior (T = σT= 0) we infer an intrin-
sic flattening E= 0.42±0.01 and σE= 0.10±0.13, which
are identical to the results from the full analysis–but in
this case we of course cannot reproduce the observed q
distribution at the roundest shapes.

We finally note that the models we are using implicitly
assume that any obscuration by dust is independent of
the viewing angle. This is a reasonable assumption, as
we expect quiescent galaxies of these low masses to be
optically thin systems with negligible amounts of dust
(De Looze et al. 2010; Boselli et al. 2014). This is true
for any low-mass, quiescent galaxy, but more so for these
objects in the core of Virgo, where the stripping of the
gas and dust components by ram-pressure from the intr-
acluster medium occurs on short timescales (e.g., Boselli
et al. 2008).

5. COMPARISON WITH OTHER GALAXY SAMPLES AND
SIMULATIONS

5.1. Comparison with luminous early-type galaxies
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Figure 8. Posterior probability density functions for E, σE , T , and σT for faint satellites in Virgo. The panels in the diagonal show
the posterior pdfs for each of the parameters, marginalized over all the other ones. The grey scale in the non-diagonal panels shows the
corresponding joint posterior pdfs. Contours enclose the regions that contain 68 and 95 per cent of the cumulative posterior probability.
The dotted lines in the diagonal panels indicate the 2.5, 16, 50, 84 and 97.5 percentiles of the corresponding marginalized posteriors.

The body of literature on the intrinsic shapes of early-
type galaxies is enormous, and it is beyond the scope
of this paper to present a comprehensive review. We
will however discuss two important aspects of these stud-
ies: the shape dependence on stellar mass, and the con-
straints provided by kinematic studies.

In general, studies that make use of large photometric
samples find that early-type galaxies have mean intrinsic
minor-to-major axis ratios in the 2:3 to 2:5 range. Differ-
ences arise because of selection effects, including the def-
inition of what is exactly an early-type galaxy, as well as

the mass range under study (Lambas et al. 1992; Vincent
& Ryden 2005; Padilla & Strauss 2008). Holden et al.
(2012) find that at the high mass end (M? > 1011 M�) in-
trinsically flattened quiescent galaxies are almost absent–
they only constitute ∼ 10 per cent of the population–
and that these systems are best described as a family
of triaxial spheroids with T= 0.45 and E = 0.37. This
leads them to suggest that M? > 1011 M� sets a mass
scale above which disk-destroying multiple major merg-
ers are the dominant method of mass assembly (van der
Wel et al. 2009). The fraction of oblate spheroids in-
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Figure 9. The grey area shows a gaussian kernel density estimate
of the observed axis ratios of faint galaxies in Virgo. The model
corresponding to the median of the samples in the marginalized
distributions is shown as a thick solid line, and corresponds to a
family of nearly oblate spheroids with mean intrinsic ellipticity E
= 0.43. Thin lines correspond to 100 random samples from the
MCMC chain.

creases toward lower masses, where disks or flattened
ellipticals populate the mass function. Note that pure
prolate shapes have long been ruled out for this popu-
lation of massive early-type galaxies (e.g., Saglia et al.
1993).

This result is perhaps best understood by separating
early-types into distinct kinematical classes. As dis-
cussed above, Weijmans et al. (2014) combined photo-
metric and kinematic data for early-type galaxies in the
ATLAS3D survey to carry out a comprehensive inves-
tigation of their intrinsic shapes. They find that fast
rotators (FRs) are much more flattened than slow ro-
tators (SRs). The former population is predominantly
axisymmetric, with intrinsic shapes similar to those of
spiral galaxies, whereas the latter are best described as
mildly triaxial systems. The relative abundance of these
two families as a function of mass–with SRs dominat-
ing at higher masses–naturally explains the prevalence
of rounder shapes at the highest masses found by the
photometric studies mentioned above.

5.2. Comparison with luminous dEs in Virgo

The first statistical study on the intrinsic flattening
of Virgo quiescent galaxies was carried out by Ichikawa
(1989) using a sample of nearly one hundred galaxies in
the −17 < MB < −13 magnitude range. This early
study already showed that Virgo dEs are best described
as a population of nearly oblate spheroids with mean in-
trinsic thickness ≈ 0.6. Ryden & Terndrup (1994) mod-
eled the intrinsic distribution of axis ratios for a sample
of 70 Virgo dEs in the −17 . MB < −14 mag range.
They found mean intermediate-to-major and minor-to-
major axis ratios of B/A = 0.95 and C/A = 0.54, re-

spectively. These values are remarkably similar to ours
for the fainter population; dEs in their sample also are
thick, nearly oblate spheroids. We however note that
the subclass of bright nucleated dEs was found to be sig-
nificantly rounder (C/A = 0.88) than the non-nucleated
dEs (C/A = 0.45; see also Ferguson & Sandage 1989).
Here we do not attempt such separation, but it will be
explored in a future paper in this series where we extend
the analysis to the entire Virgo cluster–hence improving
the statistics.

More recently, Lisker et al. (2007) studied a much
larger sample of ∼ 400 Virgo dEs as faint as MB = −13
mag using SDSS imaging data. They inferred the in-
trinsic axis ratio distribution by inverting the observed
q distributions under the assumption that the popula-
tion is either purely oblate, or purely prolate. They also
distinguished between nucleated and non-nucleated sys-
tems and, like Ryden & Terndrup (1994) before, found
that the latter are significantly flatter than the former.
In both cases, though, oblate shapes are favored over
prolate ones. For the class of nucleated dEs they found a
wide distribution of intrinsic thickness, ranging from 0.5
to 0.8 irrespective of luminosity. They found even more
flattened shapes for dEs that show evidence for the pres-
ence of spiral arms or residual star formation, suggesting
that these systems are probably disky in nature (see also
Aguerri et al. 2005).

As discussed above, kinematic data, and especially
integral-field observations, are crucial to advance intrin-
sic shape studies. There is a growing amount of such
data for luminous cluster dEs (e.g., Toloba et al. 2014;
Ryś et al. 2014), and it would be desirable to augment
even more the sample size so that kinematics can be in-
corporated into the inference process. This will not only
help on constraining axisymmetry, but also in separat-
ing the dEs into distinct kinematical classes. For very
faint systems like the ones studied here, however, we will
have to rely on building statistically large photometric
samples to constrain their shapes.

5.3. Comparison with Local Group satellites

The Local Group provides a natural comparison sam-
ple, because its satellite system comprises objects of simi-
lar intrinsic physical properties–e.g., luminosity, gas con-
tent, or current star formation rate–to those in Virgo.
While low number statistics made the task of deriving
the intrinsic shapes of LG satellites almost insurmount-
able in the past, the advent of large panoramic surveys in
the last decade has boosted the number of known satel-
lites around both the MW (e.g., Koposov et al. 2008),
and M31 (e.g., Richardson et al. 2011).

We carry out an investigation on the intrinsic shapes
of LG satellites using the machinery developed in
Sect. 3. We use the structural information for low-
luminosity galaxies in the nearby Universe compiled by
McConnachie (2012). In order to select a sample of
LG satellites comparable to the ones in Virgo, we in-
troduce a series of cuts. First, we limit the sample to ac-
tual LG satellites by selecting only low-luminosity galax-
ies within the zero-velocity surface of the LG (see fig. 5
and discussion in McConnachie 2012). Second, we se-
lect ’classical’ satellites having −14 ≤ MV ≤ −8 mag,
thus matching our luminosity range for Virgo systems.
Note that restricting the analysis to that luminosity in-
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Figure 10. Same as Fig. 8, but for Local Group dSphs. The panels show the posterior probability density functions for E, σE , T , and σT
for faint satellites in the LG. The panels in the diagonal show the posterior pdfs for each of the parameters, marginalized over all the other
ones. The grey scale in the non-diagonal panels shows the corresponding joint posterior pdfs. Contours enclose the regions that contain 68
and 95 per cent of the cumulative posterior probability, respectively. The dotted lines on the diagonal panels indicate the 2.5, 16, 50, 84
and 97.5 percentiles of the corresponding marginalized posteriors.

terval is further justified given the claimed discontinu-
ity in apparent dSph shapes below MV ≈ −7.5 (Mar-
tin et al. 2008). Finally, we discard all systems with
MHi/LV > 0.1 M�/L�. By limiting our sample to ob-
jects with low gas mass fractions–or, equivalently, little
current star formation activity (e.g., Weisz et al. 2011)–
we better mimic our selection of red-sequence faint clus-
ter galaxies. Satellites with a significant neutral gas
component can have different intrinsic shapes than their
gas-poor counterparts (e.g., Roychowdhury et al. 2013),

which is natural in a scenario where young stars form
within the highest density regions of a kinematically cold
H i disk. With this cut we avoid potential biases in our
analysis, and it results in a final sample of 23 LG satel-
lites. By combining galaxies from both M31 and the
MW, we mitigate to some degree the potential complica-
tions arising from observing the latter population from a
preferred viewing angle (Barber et al. 2015). The axis ra-
tio measurements for most M31 satellites come from the
homogeneous statistical analysis by Martin et al. (2015).
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Figure 11. Same as Fig. 9, but for Local Group dSphs. The grey
area shows a kernel density estimate of the observed axis ratios of
faint satellites in the LG. The model corresponding to the median
of the samples in the marginalized distributions is shown as a thick
solid line, and corresponds to a family of triaxial spheroids with
mean intrinsic ellipticity E = 0.51. Thin lines correspond to 100
random samples from the MCMC chain.

For the remaining galaxies, we use the q values and un-
certainties as compiled by McConnachie (2012).

Figure 10 shows the MCMC posterior distributions for
E, σE , T , and σT for the final sample of 23 LG satellites.
It is immediately clear that the much smaller sample
size translates into poorer constraints on their intrinsic
shapes compared to the Virgo sample. Nevertheless, the
intrinsic ellipticity is relatively well constrained, and the
mean and dispersion of the population distribution are
remarkably similar to those of faint Virgo galaxies: E =
0.51+0.07

−0.06 and σE= 0.12+0.06
−0.05, respectively. The intrinsic

triaxiality of the LG population, however, is significantly
different from that of the Virgo sample. LG satellites are
best reproduced by triaxial models (T = 0.55+0.21

−0.22).
The difference in mean triaxiality between the LG and

Virgo low-mass galaxies can be readily understood with
the help of Fig. 11. As before, the grey area shows
a kde estimate of the observed axis ratios in the LG.
Thin lines again correspond to 100 random samples from
the MCMC chain, and the thick solid line indicates the
model corresponding to the median of the samples in the
marginalized distributions. The relevant feature of this
figure is the marked paucity of objects with very round
apparent shapes. As discussed in Sect. 3.1 and illustrated
in Fig. 7, this is a characteristic of intrinsically triaxial or
prolate populations, simply because random projections
on the sky of these objects rarely result in perfectly cir-
cular shapes.

The inferred mean values for the model distributions
correspond to a triaxial ellipsoid with intrinsic axis ratios
1 : 0.76 : 0.49. We note that purely oblate shapes (T=
0) provide a poor description of the observed axis ratio

distribution. Purely prolate shapes (T=1), on the other
hand, do a better job at reproducing the distribution in
Fig. 11, but result in thicker spheroids, E= 0.41 ± 0.04
and σE= 0.13+0.04

−0.03. This is already evident in the E-T
panel of Fig. 10, where the contours enclosing 95 per cent
of the posterior probability extend toward less flattened
shapes at high T .

Martin et al. (2008) presented a comprehensive analy-
sis of the structural properties of faint satellites around
the MW, including their apparent ellipticities. They
found that objects in the −14 . MV . −7.5 magnitude
range (essentially the very same ones used here) have
relatively round shapes, with a mean observed q ≈ 0.7
(compare with the peak of the observed distribution in
Fig. 11). Remarkably, there seems to be a transition
in galaxy shape around this luminosity, as fainter sys-
tems have more elongated shapes (mean q ∼ 0.5), and
a broader distribution of apparent axis ratios. They ex-
plore several possibilities for the origin of these very elon-
gated shapes, including flattening by rotation, a more
elongated shape of their dark matter halos, and tidal
distortions. They argue that the latter scenario–that
tidal interactions with the MW drive dSph shapes–is
slightly preferred over the other mechanisms, and sug-
gest that the broad distribution of observed ellipticities
(0.2 . ε . 0.8) may correspond to different stages in the
disruption process (cf. Sect. 5.4).

Recently, Salomon et al. (2015) have inferred the in-
trinsic ellipticity of M31 satellites under the assumption
that their visible components have prolate shapes, and
after exploring different possibilities for the orientation
of the galactic major axis. They find that the population
has a mean intrinsic axis ratio C/A ∼ 0.5, which is virtu-
ally identical to the value derived here. A non-negligible
fraction of the studied satellites (6/25) are found to be in-
trinsically significantly elongated, and these authors sug-
gest they may be strongly affected by tides. This, in turn,
would have important implications for the orbital distri-
bution of M31 dSphs, because significant tidal stretching
is known to be a short-lived phase mostly limited to peri-
centric passages (Barber et al. 2015).

It would be extremely interesting to test the disruption
hypothesis in the case of extremely faint Virgo galaxies
because they reside in a much more dense environment
than the MW, and have done so for longer times. Re-
cently, Jang & Lee (2014) reported the serendipitous dis-
covery of a candidate ultra-faint (MV ≈ −6.5) galaxy in
very deep HST/ACS images of the Virgo cluster. The
fact that the apparent ellipticity of this one object is
much lower (ε ≈ 0.1) than what is generally found in the
LG opens up the exciting possibility that these ultra-
faint systems have different intrinsic shapes in groups
and clusters. This is admittedly pure speculation, as one
single object hardly constrains the intrinsic shape of a
population. But, unfortunately, relatively large samples
of such galaxies in this very low-mass regime will remain
inaccessible in Virgo for years to come.

5.4. Comparison with numerical simulations of tidal
evolution for satellites

Tidal interactions between a satellite and its host, as
well as with other subhalos, are essentially inevitable dur-
ing their orbital evolution. Numerical simulations show
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that tidal stripping and shocking generally result in sig-
nificant mass loss from the dark matter halo (e.g. Gnedin
2003; Peñarrubia et al. 2008; Smith et al. 2013b). De-
pending on the strength and duration of the interaction,
and on the properties of the progenitor galaxy, tidal ef-
fects can also drive significant morphological transforma-
tion, redistribution of the stellar orbits, and even inflict
stellar mass losses.

Barber et al. (2015) studied the shapes of the grav-
itational potential of subhalos in the Aquarius simula-
tions at radii comparable to the typical half-light radii
of LG dSphs. They show that inner isopotentials are
nearly prolate, with intrinsic axis ratios B/A ≈ 0.8 and
C/A ≈ 0.75. While departure from sphericity is in good
agreement with our results for the LG satellites, the mean
thickness inferred from observations, C/A ≈ 0.5, is sig-
nificantly lower than that of simulated subhalos (see also
Salomon et al. 2015). The cumulative effect of continuous
tidal stripping, however, is to reduce the asphericity of
the subhalos. It is tempting to associate this effect to the
rounder shapes we have inferred for Virgo low-luminosity
galaxies compared to LG dSphs. Not only is tidal strip-
ping stronger in the cluster potential, but a large fraction
of cluster galaxies have spent many Gyr orbiting within
group-sized subhalos before being accreted onto the clus-
ter (Lisker et al. 2013). For this to be the case, however,
requires the host subhalo of these galaxies to be heavily
stripped (> 85−90% of the initial dark matter mass; see
Smith et al. 2013b, 2015; Mistani et al. 2016). Strong
tidal stripping can occur as the satellite galaxies orbit
a more massive host during their infall onto the clus-
ter (e.g., Paudel et al. 2013), or by the cluster potential
itself. In fact, the field under study contains some obvi-
ous cases of tidally stripped low-luminosity galaxies–like
VCC1297, which is a prototype for the more luminous
cE class (see also Guérou et al. 2015).

An even more dramatic transformation, in terms of
both mass loss and redistribution of stellar orbits, can
occur if the progenitor galaxy is a dynamically cold disk.
In this case, the cumulative effects of tidal stripping, tidal
shocking, and resonant stripping result in the creation
of a lower mass, spheroidal-like system (Moore et al.
1996, 1998; Mayer et al. 2001; Mastropietro et al. 2005;
D’Onghia et al. 2009; Smith et al. 2010; Kazantzidis et al.
2011). Naturally, these mechanisms have been invoked
to account for the morphology-density relation in both
galaxy-sized and cluster-sized halos.

In Figure 12 we compare the intrinsic shapes of faint
galaxies in the LG and Virgo inferred in the present work
with the predictions from two sets of numerical simula-
tions of tidally transformed disks. For the comparison
with the LG satellites we use the set of simulations from
 Lokas et al. (2012), who follow 10 Gyr of orbital evolution
of a galaxy with initial stellar mass M? ≈ 2 × 107 M�
within an MW-sized halo. The final intrinsic elliptic-
ity and triaxiality of the remnants is shown with round
symbols in Fig. 12 (left panel). The shaded region cor-
responds to 1000 random bivariate normals from the
MCMC chain for the model parameters of LG satellites
(Sect. 5.3). The dashed line marks the transition between
prolate-triaxial and oblate-triaxial spheroids. There is
reasonably good agreement between the data and the
simulations, with the majority of the simulated remnants
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Figure 12. Comparison between the inferred intrinsic ellipticity
and triaxiality for faint galaxies in the Virgo cluster and in the
Local Group, and the predictions from numerical simulations of
tidally modified disks orbiting cluster- and galaxy-sized halos, re-
spectively. In both panels, the shaded region corresponds to 1000
random bivariate normals from the MCMC chain for the model
parameters. The dashed line marks the transition between prolate-
triaxial and oblate-triaxial spheroids. In the left panel, the sym-
bols show the results for the set of simulations of low-mass disks
evolved in a MW-like potential by  Lokas et al. (2012). In the right
panel we show the final shapes of discs evolved within a Virgo-like
halo (Mastropietro et al. 2005). Note that, while the LG simula-
tions roughly match the inferred distribution of intrinsic shapes,
the remnants simulated in the cluster environment are both too
flattened and too prolate compared to observed faint Virgo galax-
ies (but see text for discussion).

being oblate-triaxial spheroids with moderate to small
intrinsic ellipticities. The three simulated galaxies with
the roundest shapes–which are the most tidally stripped
systems–are the least consistent with the distribution of
intrinsic shapes inferred in this work. It is however im-
portant to note that, in their set of simulations,  Lokas
et al. (2012) vary not only the orbital parameters of the
satellite, but also their overall stellar and dark matter
halo properties (including the initial stellar thickness and
mass, and the dark halo concentration, spin, and mass).
Their simulations can only be interpreted as being rep-
resentative of the range of shapes one can expect from
the evolution under the tidal stirring scenario, and never
as predicting a full distribution of realistic shapes. As
discussed before, the paucity of observed LG satellites
with very round apparent shapes strongly suggests that
the population must have a certain degree of intrinsic
triaxiality.

We compare the intrinsic shapes of low-luminosity
Virgo galaxies with the set of simulations from Mastropi-
etro et al. (2005). These authors follow the evolution of
a Large Magellanic Cloud-type disk galaxy infalling into
a Virgo-sized halo at z = 0.5. Their simulated galaxies
undergo significant mass loss and morphological evolu-
tion, and their final intrinsic shapes are shown in the
right panel of Fig. 12. It is clear that the remnants from
this set of simulations do not resemble the population of
faint galaxies in the core of Virgo: they are both too flat-
tened and too prolate compared to the inferred intrinsic
shapes of low-luminosity galaxies in the NGVS. We note
that in Fig. 12 we only include the simulated remnants
that by z = 0 have experienced at least one orbit with a
pericentre bringing them within the virial radius.

However, this striking difference is probably just a lim-
itation of using this particular set of simulations for the
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comparison. The galaxies simulated by M05 are initially
too massive to be the progenitors of the faint Virgo galax-
ies in our sample: even their most heavily stripped rem-
nant has a final stellar mass at z = 0 roughly seven times
larger than our most massive object. This relatively high
initial mass (M? ≈ 4× 109 M�) also implies a high disk
self gravity, which coupled to a very thin and cold ini-
tial configuration makes the galaxy rather bar-unstable.
Indeed, the severe morphological transformation expe-
rienced by the galaxy in these simulations is essentially
driven by the formation of a strong bar in the early stages
of its tidal evolution. The low surface density material
remaining around the bar is subsequently easily stripped
by tidal forces, leaving behind a prolate-triaxial stellar
body (essentially, a naked bar). The bar usually buckles,
and the system becomes progressively rounder as addi-
tional tidal interactions and heating occur.

It is important to note that the model galaxy in M05 is
so bar-unstable that all of their twenty simulated galax-
ies form a bar at some point during their evolution–
including all of the less-perturbed galaxies that do not
even penetrate the cluster virial radius during their or-
bital evolution (see their table 1, and the discussion in
section 3 of that paper). This is probably unrealistic.
While it is true that the bar fraction in the field peaks
at about 50 per cent around a stellar mass M? ∼ 109

M�, only one out of five Virgo disk galaxies are barred
in this stellar mass regime–and the bar fraction quickly
drops to zero at even lower masses (Méndez-Abreu et al.
2010, 2012). This suggests that bar-driven evolution due
to tidal interactions in the cluster environment is less im-
portant than these simulations predict. This scenario is
fully consistent with the lack of prolate, bar-like satellites
in Virgo.

It is possible that the apparent discrepancy between
the inferred intrinsic shapes of faint Virgo galaxies and
those predicted by numerical simulations of tidal inter-
actions can be reconciled simply by simulating more ade-
quate models for their progenitor galaxies. For instance,
it is clear now that ’central’ (as opposed to satellite)
galaxies with masses M? < 109 M� are not thin disks,
but rather thick oblate spheroids (Sánchez-Janssen et al.
2010; Roychowdhury et al. 2013) in which pressure sup-
port is dominant (Wheeler et al. 2015). Additionally,
Kazantzidis et al. (2011) show that tidal shocks heat
the stellar body more effectively in lower mass systems,
and as a result the remnants evolve into more spherical
shapes. Note, however, that these simulations do not
succeed in fully removing rotation, but rather decrease
v/σ by increasing the stellar velocity dispersion. There-
fore, they do not provide a perfect description of the
faintest LG satellites–which lack rotation support–, but
transformation through tidal stirring may be an appro-
priate scenario for more massive dE-type galaxies. In any
case, and to our best knowledge, no simulations have yet
studied the tidal evolution of galaxies in the low lumi-
nosity regime explored in this work within a Virgo-like
environment.

5.5. Comparison with low-luminosity, star-forming
galaxies in the field

Finally, our results can also be compared with the
intrinsic shape of faint star-forming galaxies, i.e., simi-
lar mass objects residing in lower density environments

and having later-type morphologies and measurable star
formation rates. Sung et al. (1998) already noted that
faint star-forming galaxies do not conform to the belief
that they are highly flattened systems; much on the con-
trary, they actually are relatively puffy objects. Sánchez-
Janssen et al. (2010) later showed that, under the as-
sumption that low-mass galaxies are well described as
oblate spheroids, their thickness systematically increases
towards fainter luminosities. They argued this trend to
be an intrinsic property–faint galaxies in their sample are
mostly centrals, not satellites–related to the complex in-
terplay between mass, specific angular momentum, and
stellar feedback effects. Simply put, the increasing im-
portance of turbulent motions over rotational support in
lower mass galaxies leads to the formation of thicker sys-
tems (e.g. Kaufmann et al. 2007). The recent kinemat-
ical analysis of low-mass galaxies in the Local Volume
by Wheeler et al. (2015) provides strong support for this
scenario. These authors find that the great majority of
M? < 108 M� galaxies, regardless of whether they are
isolated or satellites, are pression-supported.

A more quantitative comparison with the results pre-
sented here can be made by using the recent analysis of
Roychowdhury et al. (2013). They follow a similar ap-
proach to ours to derive the intrinsic shapes of a sample
of several hundred star-forming faint galaxies in the Local
Volume. Their optical axial ratios were measured at the
Holmberg isophote, µB = 26.5 mag arcsec−2, and conse-
quently they should be a fair representation of the under-
lying galaxy shape rather than being affected by recent
star formation events. These authors find the same trend
as Sánchez-Janssen et al. (2010), namely that fainter
star-forming systems are systematically rounder. Their
lowest-luminosity subsample (−13 . MB . −7 mag) is
a reasonably good match to the luminosities of the faint
Virgo systems studied in this work. These nearby dIrrs
are best described by a family of oblate spheroids with
mean intrinsic ellipticity E = 0.52. This is again a very
similar value–though implying slightly flatter shapes–to
the one we derive here for both Virgo and, especially, LG
quiescent galaxies of the same luminosity. This finding
strongly indicates that, to first order, the mechanisms
shaping the structure of these low-mass systems are al-
most independent of the present local environment. If
the progenitors of low-luminosity Virgo galaxies did have
shapes similar to present-day faint dIrrs–an assumption
that does not necessarily have to hold–then the environ-
mental effects that transformed them into non-star form-
ing galaxies have resulted in a relatively small amount of
thickening of their stellar bodies.

6. SUMMARY AND CONCLUSIONS

We have investigated the intrinsic shapes of faint, red-
sequence galaxies in the central 300 kpc of the Virgo
cluster using deep imaging obtained as part of the NGVS.
We have built a sample of nearly 300 red-sequence clus-
ter members in the −14 < Mg < −8 magnitude range,
and we measure their apparent axis ratios through Sérsic
fits to their two-dimensional light distribution in the g-
band. The resulting distribution of apparent axis ratios
is then fit by a family of triaxial models with normally-
distributed intrinsic ellipticities and triaxialities. We de-
velop a Bayesian framework to explore the posterior dis-
tribution of the model parameters. This approach al-
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lows us to work directly on discrete data (i.e., without
binning), as well as to account for individual, surface
brightness-dependent axis ratio uncertainties.

We find that faint galaxies in the core of Virgo are best
described as thick, nearly oblate spheroids, with mean in-
trinsic axis ratios 1 : 0.94 : 0.57. Using the machinery de-
veloped for this investigation, we additionally carry out a
study of the intrinsic shapes of satellites of similar lumi-
nosities in the Local Group. For this population we infer
a slightly larger mean intrinsic ellipticity, but the lack
of objects with round appearances translates into more
triaxial shapes, 1 : 0.76 : 0.49. We compare these results
with numerical simulations that follow the tidal evolution
of satellites within cluster- and group-sized halos. The
LG simulations generally match the inferred distribution
of dSph intrinsic shapes, but the remnants simulated in
the cluster environment are both too flattened and too
prolate compared to observed faint Virgo galaxies. We
discuss possible reasons for this discrepancy, and con-
clude that more adequate simulations of cluster galaxies
in the luminosity regime explored in this work are needed
in order to compare with the observations.

We finally compare the intrinsic shapes of the NGVS
low-luminosity galaxies with samples of more massive,
quiescent cluster systems, and with star-forming galaxies
of similar luminosities residing in lower-density environ-
ments. Remarkably, all these low-mass galaxy samples
are also best described as thick, nearly oblate spheroids,
and their intrinsic ellipticities and triaxialities are consis-
tent, within the uncertainties, with those inferred for the
faint Virgo population. This is an important result, as it
implies that, to first order, intrinsic shapes in this lumi-
nosity regime are largely independent of the environment
in which the galaxy resides.

There is, however, a hint that cluster objects may be
slightly thicker than group satellites, which are not differ-
ent from more isolated faint galaxies. Indeed, the mean
thickness of the low-luminosity population is C/A =
0.57, 0.49, and 0.48 for objects in Virgo, in the LG, and
in the field, respectively. The fact that low-mass galaxies
that have a priori experienced very different degrees of
environmental effects have very similar flattenings seems
to suggest that internal–and not external–mechanisms
are the main drivers of galaxy structure in this luminosity
regime. This may be the case if, for example, galaxies of
these masses already form as thick, puffy systems due to
baryonic processes that act to pressurize gas within low-
mass halos. These processes may include photoioniza-
tion from the cosmic UV background, and star formation
feedback (Kaufmann et al. 2007; Teyssier et al. 2013).
Alternatively, other sources of internal heating, such as
dynamical interactions with dark subhalos may play a
role as well (Starkenburg & Helmi 2015). Subsequent
gas stripping and tidal evolution within their host halos–
especially if acting early on–certainly can contribute to
some degree to the heating of the stellar body of satel-
lites, making them progressively thicker. However, we
cannot rule out the possibility that these systems were
already formed with the observed distributions of intrin-
sic flattenings.

We will explore this scenario in more detail in a future
paper of this series using an extended sample of several
thousand faint NGVS galaxies across the entire Virgo
cluster, for which we are currently deriving structural

parameters and establishing robust membership. With
increased statistics we will be able to investigate intrin-
sic shapes as a function of mass, color, and location in
position-velocity phase-space, thus addressing the inter-
play between internal and external processes in shaping
the structure of low-luminosity galaxies.
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Durrell, P. R., Côté, P., Peng, E. W., et al. 2014, ApJ, 794, 103
El-Badry, K., Wetzel, A. R., Geha, M., et al. 2015, ArXiv

e-prints, arXiv:1512.01235
Fall, S. M., & Frenk, C. S. 1983, AJ, 88, 1626
Ferguson, H. C., & Sandage, A. 1989, ApJ, 346, L53
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