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ABSTRACT

Context. The evolution of galaxies is influenced by many physical processes, which may vary depending on their environment.
Aims. We combine Hubble Space Telescope (HST) and Multi-Unit Spectroscopic Explorer (MUSE) data of galaxies at 0.25 . z .
1.5 to probe the impact of environment on the size-mass relation, the main sequence (MS) relation, and the Tully-Fisher relation
(TFR).
Methods. We perform a morpho-kinematics modelling of 593 [O ii] emitters in various environments in the COSMOS area from
the MUSE-gAlaxy Groups In Cosmos survey. The HST F814W images are modelled with a bulge-disk decomposition to estimate
their bulge-disk ratio, effective radius, and disk inclination. We use the [O ii]λλ3727, 3729 doublet to extract the galaxies’ ionised
gas kinematics maps from the MUSE cubes, and we model those maps for a sample of 146 [O ii] emitters, including bulge and disk
components constrained from morphology and a dark matter halo.
Results. We find an offset of 0.03 dex (1σ significant) on the size-mass relation zero point between the field and the large structure
sub-samples, with a richness threshold of N = 10 to separate between small and large structures, and of 0.06 dex (2σ) with N = 20.
Similarly, we find a 0.1 dex (2σ) difference on the MS relation with N = 10 and 0.15 dex (3σ) with N = 20. These results suggest
that galaxies in massive structures are smaller by 14% and have star formation rates reduced by a factor of 1.3−1.5 with respect to
field galaxies at z ≈ 0.7. Finally, we do not find any impact of the environment on the TFR, except when using N = 20 with an offset
of 0.04 dex (1σ). We discard the effect of quenching for the largest structures, which would lead to an offset in the opposite direction.
We find that, at z ≈ 0.7, if quenching impacts the mass budget of galaxies in structures, these galaxies would have been affected quite
recently and for roughly 0.7−1.5 Gyr. This result holds when including the gas mass but vanishes once we include the asymmetric
drift correction.

Key words. galaxies: evolution – galaxies: kinematics and dynamics – galaxies: clusters: general – galaxies: groups: general –
galaxies: high-redshift

1. Introduction

The evolution of galaxies is not a trivial process, as numer-
ous physical mechanisms that act on different physical scales
and timescales and with different amplitudes are at play. From
an observational point of view, our understanding of galaxy

? Full Appendix G is available at https://www.aanda.org
?? Full Table F.1 is only available at the CDS via anonymous ftp
to cdsarc.u-strasbg.fr (130.79.128.5) or via http://cdsarc.
u-strasbg.fr/viz-bin/cat/J/A+A/665/A54
??? Based on observations made with ESO telescopes at the Paranal
Observatory under programmes 094.A-0247, 095.A-0118, 096.A-0596,
097.A-0254, 099.A-0246, 100.A-0607, 101.A-0282, 102.A-0327, and
103.A-0563.

evolution has greatly improved over roughly the last 25 years
thanks to: (i) extended multi-band imaging and spectroscopic
surveys of the local Universe (e.g., SDSS and 2dFGRS); (ii) the
advent of the Hubble Space Telescope (HST), associated with
8–10 m class telescopes (e.g., VLT and Keck), which allowed
galaxies in the more distant Universe to be probed and stud-
ied by combining extremely deep images (e.g., HUDF and
COSMOS) with large spectroscopic surveys (e.g., VVDS and
zCOSMOS); and (iii) the development and continuous improve-
ment of 3D spectrographs (e.g., SINFONI, KMOS, and MUSE),
whose data have allowed distant galaxies be to studied in even
more detail. The current paradigm for galaxy evolution is that
galaxies must have first formed their dark matter (DM) haloes in
the early stages of the Universe, and only later started assembling
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their baryonic mass, by continuous accretion via the circum-
galactic medium of mainly cold gas from filaments located
in the cosmic web (e.g., Kereš et al. 2005; Ocvirk et al. 2008;
Bouché et al. 2013; Zabl et al. 2019), by galactic wind
recycling (Davé 2009; Hopkins et al. 2012; Schroetter et al.
2019), or through galaxy mergers (López-Sanjuan et al. 2012;
Ventou et al. 2017, 2019; Mantha et al. 2018; Duncan et al.
2019). In particular, this scenario is favoured to explain the high
star formation rates (SFRs) measured in the past billion years,
which would have rapidly depleted the galaxies’ gas content and
would have led the galaxies to an early quenching phase unless
their gas reservoir was continuously replenished throughout cos-
mic time. Thus, the mass assembly of the baryonic components
of galaxies must be tightly linked to the evolution of their DM
content.

This picture is further supported by the fact that high red-
shift galaxies appear to be quite different from their local
counterparts, indicative that they must have radically evolved
in order to populate the Hubble sequence that we see today.
Studies comparing the global properties of high and low red-
shift galaxies have indeed shown that the former tend to
be on average smaller (Trujillo et al. 2007; van der Wel et al.
2014b; Mowla et al. 2019) and less massive (Ilbert et al. 2010;
Muzzin et al. 2013) than the latter. At the same time, galaxies
have shown a rise in their mean SFR throughout cosmic time
up to a peak of star formation at redshift z ∼ 2 before declin-
ing to the typical value of roughly 0.01 M� yr−1 Mpc−3 measured
today (Hopkins & Beacom 2006), and their molecular gas frac-
tion is also found to be larger at high redshift (Tacconi et al.
2018; Freundlich et al. 2019; Walter et al. 2020). In addition to
their global properties, galaxies also show clear signs of mor-
phological and kinematics evolution. Several studies have high-
lighted the fact that the proportion of triaxial systems and thick
disks increases as we go to higher redshifts, with low mass galax-
ies having a larger tendency to be triaxial (van der Wel et al.
2014a; Zhang et al. 2019). This would suggest a trend for star-
forming galaxies to flatten as they evolve, going from prolate
to oblate shapes. At the same time, intermediate to high red-
shift galaxies are found to have on average more complex and
perturbed gas kinematics with a larger velocity dispersion than
their local counterparts (Flores et al. 2006; Yang et al. 2008;
Epinat et al. 2010). While understanding the evolution of the
different galaxy populations down to the intricate details is a
particularly tedious task, it has become clear that there must
exist a finite set of physical mechanisms at play that drives the
bulk of the evolution in order to explain the various scaling
relations first discovered in the local Universe but which have
been shown to hold at intermediate and high redshift. Among
these we can cite the Schmidt-Kennicutt relation (e.g., Schmidt
1959; Kennicutt 1998a), the mass-size relation (e.g., Shen et al.
2003; Mowla et al. 2019), the main sequence (MS) relation
(e.g., Noeske et al. 2007; Whitaker et al. 2014), the Tully-Fisher
relation (TFR; e.g., Tully & Fisher 1977; Contini et al. 2016;
Tiley et al. 2019; Abril-Melgarejo et al. 2021), and the mass-
metallicity relation (e.g., Tremonti et al. 2004; Erb et al. 2006).

One key question is whether the transition seen from high
to low redshift between morphologically disturbed, particularly
active galaxies to mostly relaxed, massive low-star-formation sys-
tems is mainly driven by in situ physical phenomena such as
supernova-driven galactic super winds and active galactic nucleus
feedback or, on the contrary, is driven by the environment within
which these galaxies lie. This question has led discussions about
the impact of galaxy clusters to the physical properties, morphol-
ogy, and kinematics of their constituent galaxies. The two main
mechanisms that can affect star formation in galaxies located
in clusters with respect to those in the lowest-density environ-

ments (hereafter ‘field’ galaxies) are bursts of star formation and
quenching (e.g., see Peng et al. 2010, for an analysis of envi-
ronment and mass quenching in the local Universe). While the
latter is not specifically inherent to galaxy clusters, these mas-
sive structures tend to accelerate its effect either through hydro-
dynamical mechanisms, such as ram-pressure stripping (e.g.,
Gunn & Gott 1972; Boselli et al. 2019) and thermal evapora-
tion (e.g., Cowie & McKee 1977; Cowie & Songaila 1977), or
through gravitational mechanisms, such as galaxy harassment
(e.g., Cortese et al. 2021).

Until quite recently, few studies had tried to investigate the
well-known scaling relations as a function of the environment
of galaxies, except for the MS relation. Indeed, the MS rela-
tion is probably one of the most studied scaling relations as
a function of environment as it can be used to directly probe
the impact of quenching on the evolution of galaxies. Following
the recent data release announcement of the Gemini Observa-
tions of Galaxies in Rich Early ENvironments (GOGREEN) and
Gemini CLuster Astrophysics Spectroscopic Survey (GCLASS)
surveys (Balogh et al. 2020), aimed at probing the impact of
dense environments on intermediate redshift (0.8 < z < 1.5)
galaxy properties, Old et al. (2020a,b) explored the environmen-
tal dependence of the star-forming MS between massive clusters
and field galaxies. Using the [O ii] doublet flux as a proxy for
the SFR, they found the SFR of cluster galaxies to be on average
1.4 times lower than that of their field sample, the difference
being more pronounced for low stellar masses. Alternatively,
Erfanianfar et al. (2016), using data from the Cosmic Evolution
Survey (COSMOS), All-Wavelength Extended Groth Strip Inter-
national Survey (AEGIS), Extended Chandra Deep Field-South
(ECDFS), and Chandra Deep Field North (CDFN) fields, could
not find any difference in the MS relation between field galaxies
and those in structures in the redshift range 0.5 < z < 1.1, but
they did find a similar trend to that of Old et al. (2020b) in the
lowest redshift regime (0.15 < z < 0.5). On the other hand,
Nantais et al. (2020) could not find any significant difference
between field and Spitzer Adaptation of the Red-Sequence Clus-
ter Survey (SpARCS; Muzzin et al. 2009) cluster galaxies at red-
shift z ∼ 1.6, which, according to the authors, could be explained
either by the fact that galaxies might have been accreted too
recently to show signs of quenching or by the fact that the clus-
ters might be not mature enough yet at this redshift to produce
measurable environmental effects on these galaxies.

The environmental impact on the size-mass relation began
to be studied only in the last decade, by Maltby et al. (2010).
Using galaxies from the Space Telescope A901/2 Galaxy Evo-
lution Survey (STAGES) survey (Gray et al. 2009), they found
no difference in the size-mass relation for massive galaxies
(M? > 1010 M�) and a significant offset for intermediate to
low mass galaxies, consistent with field spiral galaxies being
about 15% larger than those in clusters at z ∼ 0.16. Alterna-
tively, Kuchner et al. (2017) found a similar relation at high mass
rather than at low mass for late-type galaxies at z = 0.44, where
cluster galaxies were smaller than their field counterparts, and
Matharu et al. (2019) found the same trend when comparing the
size-mass relation between field and cluster galaxies at z ∼ 1.
However, Kelkar et al. (2015), using data from the ESO Distant
Cluster Survey, could not find any difference between field and
cluster galaxies in the redshift range 0.4 < z < 0.8.

Finally, regarding the TFR, Pelliccia et al. (2019) searched
for differences between two samples of galaxies in groups and
clusters from the Observations of Redshift Evolution in Large-
Scale Environments (ORELSE) sample (Lubin et al. 2009) using
long-slit spectroscopy data to derive the galaxies’ kinematics.
They could not find any significant difference between the two
TFRs and therefore claimed the environment had no impact.
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More recently, Abril-Melgarejo et al. (2021) analysed a sample
of z ∼ 0.7 galaxies located in galaxy groups from the MUSE-
gAlaxy Groups In Cosmos (MAGIC) survey (Epinat et al., in
prep.) using Multi-Unit Spectroscopic Explorer (MUSE) and
HST data. By comparing their TFR with that from the K-band
Multi Object Spectrograph 3D (KMOS3D; Úbler et al. 2017),
KMOS Redshift One Survey (KROSS; Tiley et al. 2019), and
ORELSE (Pelliccia et al. 2019) samples, they found a significant
offset in the TFR zero point, which they attributed to a possible
impact of the environment since these samples targeted different
populations of galaxies (galaxies in groups and clusters versus
galaxies in clusters and in the field). This result led them to two
different interpretations of this offset:

(i) A quenching of star formation visible in the massive struc-
tures that led to a decrease in stellar mass with respect to
the field or

(ii) A baryon contraction phase for the galaxies in groups and
clusters that led to an increase in circular velocity for these
galaxies.

However, they also indicated that comparing samples from dif-
ferent datasets, with physical quantities derived from different
tools, methods, and models and with different selection func-
tions, leads to many uncertainties that might compromise the
interpretation. Thus, they argued that, in order to study the
impact of the environment on the TFR in a robust way, one would
need to self-consistently apply the same methodology and mod-
els to galaxies located in various environments (field, groups,
and clusters), which is the goal of this paper.

Here we push beyond the previous analysis performed by
Abril-Melgarejo et al. (2021) and investigate differences in three
main scaling relations (size-mass, MS, and TFR) when using sam-
ples that target different environments, with HST and MUSE data
from the MAGIC survey. Because this survey targets galaxies
located in galaxy groups and clusters, as well as foreground and
backgroundgalaxies inasimilar redshift rangewithoutpriorselec-
tion, we expect to probe the impact of the environment on these
relations in detail and with reduced uncertainties by applying the
same procedure to model the morphology with HST images and
the kinematics with MUSE cubes using the [O ii] doublet.

This paper is structured as follows. In Sect. 2 we present the
HST and MUSE data. In Sect. 3 we introduce the initial MAGIC
sample and the structure identification, and we explain how we
derived the galaxies’ global properties (stellar mass and SFR).
In Sect. 4 we present the morphological modelling performed
with Galfit on the entire [O ii] emitter sample with reliable red-
shifts, the aperture correction applied for the stellar mass, and the
prescription we applied to derive an average disk thickness as a
function of redshift. In Sect. 5 we describe the kinematics mod-
elling using the [O ii] doublet as a kinematics tracer, as well as
the mass models used to constrain the kinematics from the stellar
distribution. In Sect. 6 we discuss the selection criteria applied to
select samples to study the size-mass relation, the MS relation,
and the TFR. Finally, we focus in Sect. 7 on the analysis of the
three scaling relations as a function of environment. Through-
out the paper we assume a Λ cold dark matter cosmology with
H0 = 70 km s−1 Mpc−1, ΩM = 0.3, and ΩΛ = 0.7.

2. MUSE and HST data

2.1. MUSE observations and data reduction

Galaxies studied in this paper are part of the MAGIC survey.
This survey targeted 14 galaxy groups located in the COS-
MOS area (Scoville et al. 2007b) selected from the COSMOS

group catalogue of Knobel et al. (2012) in the redshift range
0.5 < z < 0.8, and observed during Guaranteed Time Obser-
vations as part of an observing programme studying the effect of
the environment on 8 Gyr of galaxy evolution (PI: T. Contini).
Though more details will be given in the MAGIC survey paper
(Epinat et al., in prep), we provide in what follows a summary of
the data acquisition and reduction.

In total, 17 different MUSE fields were observed over seven
periods. For each target, observing blocks (OBs) of four 900-s
exposures were combined, including a small dithering pattern,
as well as a rotation of the field of 90◦ between each expo-
sure. The final combined data cubes have total exposure times
ranging between 1 and 10 hours. Because kinematics studies are
quite sensitive to spatial resolution, we required observations to
be carried out under good seeing conditions with a point spread
function (PSF) full width at half maximum (FWHM) lower than
0.8′′, except in cases where the adaptive optics (AO) system was
used.

The MUSE standard pipeline (Weilbacher et al. 2020) was
used for the data reduction on each OB individually. Observa-
tions with AO used the v2.4 version, whereas the others used
v1.6, except for the MUSE observations of COSMOS group
CGr30, which used v1.2. Default sky subtraction was applied
on each science exposure before aligning and combining them
using stars located in the field. To improve sky subtraction,
the Zurich Atmosphere Purge software (Soto et al. 2016) was
then applied onto the final combined data cube. The reduc-
tion leads to data and variance cubes with spatial and spectral
sampling of 0.2′′ and 1.25 Å, respectively, in the spectral range
4750−9350 Å.

As shall be discussed in more detail in Sect. 5, the kinemat-
ics maps, which are extracted from the MUSE data cubes, serve
as a basis for the kinematics modelling. Among those kinemat-
ics maps are the ionised gas velocity field and velocity dispersion
maps, which are highly affected by both the limited spectral (line
spread function) and spatial (PSF) resolutions of MUSE data
through beam smearing. Because extracting reliable kinematics
parameters depends on correctly taking into account the impact
of the beam smearing in the kinematics models of the galax-
ies, it is therefore important to know the values of the MUSE
PSF and line spread function (LSF) FWHM at the wavelength of
observation. The MUSE LSF is modelled using the prescription
from Bacon et al. (2017) and Guérou et al. (2017) who derived
the wavelength dependence of the MUSE LSF FWHM in the
Hubble Ultra Deep Field (HUDF) and Hubble Deep Field South
as

FWHMLSF = λ2 × 5.866× 10−8 − λ× 9.187× 10−4 + 6.040, (1)

where FWHMLSF and λ are both in Å.
Because of the atmospheric turbulence, we expect the PSF

FWHM to be reduced with increasing wavelength. As was
shown in Bacon et al. (2017), the change of the PSF with wave-
length can be quite accurately modelled with a declining linear
relation. To derive the slope and zero point of this relation in each
MUSE field, we extracted as many stars as possible, only keep-
ing those with a reliable MUSE redshift measurement of z ∼ 0.
For each star, 100 sub-cubes of spatial dimension 10 × 10 pixels
were extracted at regular intervals along the MUSE wavelength
range and later collapsed into narrow band images using a fixed
redshift slice depth of ∆z = 0.01, scaling with wavelength as
∆λ = ∆z × λ. Each narrow band image was modelled with
Galfit (Peng et al. 2002a) using a symmetric
(i) 2D Gaussian profile,
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(ii) Moffat profile with a free β index.
We found consistent results between these two models, and
therefore decided to use the Gaussian values in the following
analysis. In order to remove small-scale variations while keeping
the global declining trend of interest in the wavelength depen-
dence of the PSF FWHM, we applied a rolling average with
a window of five data points for all the stars. For each MUSE
field, the median wavelength dependence of the PSF FWHM of
the stars in the field was fitted with a linear relation. We find a
median value of 0.65′′ for the MUSE PSF FWHM and 2.55 Å
for the LSF FWHM (roughly 50 km s−1). The values of the slope
and zero point retrieved from the best-fit models were later used
in the kinematics modelling (see Sect. 5).

2.2. HST data

In addition to using MUSE observations to extract the ionised
gas kinematics, we also made use of Hubble Space Telescope
Advanced Camera for Surveys (HST-ACS) images and photom-
etry to model the morphology of the galaxies (see Sect. 4.1). For
each galaxy we extracted stamps of dimension 4′′ × 4′′ in the
F814W filter from the third public data release of the HST-ACS
COSMOS observations (Koekemoer et al. 2007; Massey et al.
2010). These images have the best spatial resolution available
(.0.1′′, that is, ∼600 pc at z ∼ 0.7) for HST data in the COS-
MOS field with a spatial sampling of 0.03′′/pixel, as is required
to extract precise morphological parameters, with an exposure
time of 2028 s per HST tile. At the same time, this filter cor-
responds to the reddest band available (I-band) and therefore
to the oldest stellar populations probed by HST data, being
less affected by star-forming clumps and with smoother stellar
distributions.

As for MUSE data, a precise knowledge of the HST PSF
in this filter is required to extract reliable morphological param-
eters. To model the HST PSF FWHM, a circular Moffat profile
was fitted onto 27 non saturated stars located in our MUSE fields.
The theoretical values of the HST PSF parameters, retrieved
from the best-fit Moffat profile, used in the morphological mod-
elling (see Sect. 4.1) correspond to the median values of the 27
best-fit models parameters and are FWHMHST = 0.0852′′ and
β = 1.9, respectively (Abril-Melgarejo et al. 2021).

3. Galaxy sample properties

3.1. Initial MAGIC sample

Observations carried out for the MAGIC survey targeted already
known galaxy groups in the COSMOS field such that all the
galaxies in these fields up to z ∼ 1.5 were already detected
from previous broadband photometry and listed in the COS-
MOS2015 catalogue of Laigle et al. (2016) up to a 3σ limiting
magnitude of 27 in z++ band. The spectroscopic redshift of the
objects in the COSMOS2015 catalogue located in the observed
MUSE fields were estimated with the redshift finding algorithm
Manual and Automatic Redshifting Software (Marz; Hinton
2016) using both absorption and emission features. At the red-
shift of the targeted groups (z ∼ 0.7) the strongest emission
lines are [O ii]λλ3727, 3729, [O iii]λ5007, and Hβ, and the main
absorption lines are Caii Hλ3968.47, Caii Kλ3933.68, G band
from CH molecules, and Balmer absorption lines. Following
Inami et al. (2017), a PSF weighted spectrum was extracted for
each source and a robust redshift determination was obtained
using the strongest absorption and emission lines. In each case,

Table 1. Median properties for the different samples of galaxies defined
in Sect. 6.2.

Sample Selection Number log10 M? Reff,d B/D (Reff ) log10 SFRz

[M�] kpc [M� yr−1]
(1) (2) (3) (4) (5) (6) (7)

[O ii] emitters 1142 9.2+1.2
−1.1

Morphological 890 9.4+1.1
−1.0 2.5+2.6

−1.3 0.2+1.5
−0.2

Kinematics 593 9.3+0.9
−0.9 2.6+2.6

−1.4 0.1+1.0
−0.1 −0.2+0.5

−0.5
MS (i) 447 9.3+0.7

−0.7 2.8+2.4
−1.5 0.0+0.3

−0.0 −0.2+0.5
−0.5

TFR (i) to (v) 146 9.6+0.6
−0.6 3.9+2.1

−1.2 0.0+0.2
−0.0 0.0+0.4

−0.4

Notes: (1) Sample name, (2) selection criteria applied from Sect. 6.1,
(3) number of galaxies, (4) SED-based stellar mass, (5) disk effective
radius, (6) bulge-to-disk flux ratio at radius Reff , and (7) [O ii]-based
SFR corrected for redshift evolution via normalisation at redshift z0 ≈

0.7. In this table, each sample is a sub-sample of the one located just
above. Stellar masses and SFR values are given in an aperture of 3′′.
Uncertainties correspond to the 16th and 84th percentiles.

a redshift confidence flag was assigned ranging from CONFID =
1 (tentative redshift) to CONFID = 3 (high confidence).

Initially, the catalogue contained 2730 objects, including
stars in our Galaxy, intermediate, and high redshift (z ≥ 1.5)
galaxies, 51% of which having reliable spectroscopic redshifts
(CONFID > 1). As described in Sect. 5, the kinematics of the
galaxies is extracted from the [O ii] doublet. Therefore, as a start-
ing point, we decided to restrict the sample of galaxies to [O ii]
emitters with reliable redshifts only, that is, galaxies in the red-
shift range 0.25 . z . 1.5 with CONFID > 1. The main rea-
son for considering [O ii] emitters only is that the bulk of galax-
ies located in the targeted groups is located at redshift z ∼ 0.7
where the [O ii] doublet is redshifted into the MUSE wave-
length range and happens to be among the brightest emission
lines. Thus, using this emission line combines the advantages of
having a high signal-to-noise ratio (S/N) extended ionised gas
emission, while probing galaxies within a quite large redshift
range roughly corresponding to 8 Gyr of galaxy evolution. Using
the aforementioned criteria onto the initial MAGIC sample and
without applying any further selection, the [O ii] emitters sam-
ple contains 1142 galaxies. The main physical properties of this
sample, along with other samples defined later in the text, are
shown in Table 1.

3.2. Structure identification and characterisation

A crucial point when one wants to look at the effect of the envi-
ronment on galaxy properties and evolution is to efficiently char-
acterise the environment where galaxies lie. Galaxies are usually
split into three main categories depending on their environment

(i) field galaxies that do not belong to any structure,
(ii) galaxies in groups that are gravitationally bound to a small

number of other galaxies, and
(iii) galaxies in clusters that are gravitationally bound to a large

number of galaxies.
Because there is no sharp transition between a galaxy group and
a galaxy cluster, and also because it is not particularly relevant
for this discussion to disentangle between these two cases, we
refer to both in the following parts as structures.

The characterisation of the galaxies’ environment and their
potential membership to a structure was performed with a
3D friends-of-friends (FoF) algorithm. Structure membership
assignment was performed galaxy per galaxy given that the sky
projected and the line of sight velocity separations were both
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Fig. 1. Redshift distribution for the three initial sub-samples defined in
Sect. 3.2. The samples of field galaxies (grey area) and galaxies in small
structures (dashed blue line) have relatively flat distributions. The peak
of the distribution for galaxies in large structures (red line) is located at
redshift z ∼ 0.7 and is driven by the largest structures (40 . N . 100)
found in the COSMOS area of the MAGIC sample.

below two thresholds set to 450 kpc and 500 km s−1, respectively,
as was suggested by Knobel et al. (2009). We checked that vary-
ing the thresholds around the aforementioned values by small
amounts did not change significantly the structure memberships
(see MAGIC survey paper, Epinat et al., in prep for more details).
As shown in Fig. 1, the bulk of the structures is located in the
redshift range 0.6 < z < 0.8 since most of them belong to
the COSMOS wall (Scoville et al. 2007a; Iovino et al. 2016), a
large-scale filamentary structure located at redshift z ≈ 0.72.
Among these structures, those with at least ten members were
studied in a previous paper (Abril-Melgarejo et al. 2021). In
order to probe in detail the environmental dependence on galaxy
properties, we use three sub-samples in the following sections:

(i) the field galaxy sub-sample, which contains galaxies not
assigned to any structure as well as galaxies that belong to
structures with up to three members,

(ii) the small structure sub-sample, which comprises galaxies
that belong to structures that have between three and ten
members,

(iii) the large structure sub-sample, which contains galaxies in
structures with more than ten members.

Within the [O ii] emitters sample, 45% belong to the field, 20%
are in small structures, and 35% are in the large structure sub-
sample.

3.3. Stellar mass and star formation rates

Since galaxies are located in the COSMOS area, we used
the same 32 photometric bands as in Epinat et al. (2018)
and Abril-Melgarejo et al. (2021) found in Laigle et al. (2016)
(COSMOS2015) catalogue to derive additional physical parame-
ters such as stellar masses and SFRs. We used the spectral energy
distribution (SED) fitting code Fast (Kriek et al. 2009) with a
synthetic library generated from the stellar population synthesis
models of Conroy & Gunn (2010) using a Chabrier (2003) initial
mass function, an exponentially declining SFR, a Calzetti et al.
(2000) extinction law, and fixing the redshift of the galaxy to the
spectroscopic redshift derived from the MUSE spectrum. The

SED output parameters, including the stellar mass, SFR, and
stellar metallicity, as well as their 1σ error, correspond to the val-
ues retrieved from the best-fit model of the SED, using the pho-
tometric bands values from Laigle et al. (2016) catalogue, and
integrated within a circular aperture of diameter 3′′.

After performing a careful comparison between the stellar
masses and SFR values computed with FAST and those given
in the COSMOS2015 catalogue (computed using LePhare
SED fitting code), we found consistent results for the stellar
masses with, on average, a scatter of 0.2−0.3 dex. On the other
hand, we found larger discrepancies between the SFR values,
around 0.7−0.8 dex. Given that the origin of this discrepancy is
unclear, and that SED-based SFR estimates usually have quite
large uncertainties (e.g., Wuyts et al. 2011; Leja et al. 2018), we
decided to use emission lines instead to compute the SFR. Ulti-
mately, one would want to use Hα as tracer of star formation, but
given the MUSE wavelength range, this would restrict the sam-
ple to z . 0.4 galaxies. Instead, following Kennicutt (1998b),
we can use the [O ii] doublet to compute the SFR in the entire
[O ii] emitters sample, as long as we can correct for Galactic and
intrinsic extinctions, that is,

SFR [M� yr−1] = (1.4 ± 0.4) × 10−41 L[O ii] [erg s−1], (2)

where SFR has not been normalised yet to account for the red-
shift evolution of the MS, L[O ii] = 4πD2

LF[O ii],corr is the [O ii]
luminosity, with DL the luminosity distance, and F[O ii],corr the
extinction corrected [O ii] flux, which must be corrected for
intrinsic extinction at the rest-frame Hα wavelength (Kennicutt
1992, 1998b), computed as

F[O ii],corr = F[O ii] × 100.4(AHα+A[O ii],MW), (3)

with F[O ii] the uncorrected [O ii] flux integrated in an aperture of
3′′, AHα the intrinsic extinction computed at the rest-frame Hα
wavelength, and A[O ii],MW the Galactic extinction computed at
the observed [O ii] wavelength assuming a Cardelli et al. (1989)
extinction law and RV = 3.1. In order to compute the intrinsic
extinction, one needs to know the extinction in a given band or at
a given wavelength, for instance in the V band. This value is pro-
vided by Fast but, similarly to the SFR, it usually comes with
large uncertainties. Given that the extinction plays an important
role when deriving the SFR, we decided not to rely on the values
from Fast. Instead, we used the prescription from Gilbank et al.
(2010, 2011), which parametrises the extinction for Hα using the
galaxies stellar mass as

AHα = 51.201 − 11.199 log10

(
M?

M�

)
+ 0.615 log2

10

(
M?

M�

)
, (4)

for stellar masses M? > 109 M�, and as a constant value below.
When using the [O ii]-based SFR in the analysis (Sect. 7), we
checked that using the SED-based extinction rather than the
prescription from Gilbank et al. (2010) to correct for intrinsic
extinction did not change our conclusions.

The SFR-stellar mass plane for the kinematics sample (see
Sect. 5.1), as well as the stellar mass and SFR distributions are
shown in Fig. 2. In this figure and in what follows, we have taken
out the zero point evolution of the MS by normalising the indi-
vidual SFR values to redshift z0 = 0.7 using the prescription

log10 SFRz = log10 SFR − α log10

(
1 + z
1 + z0

)
, (5)

where SFR and SFRz are the un-normalised and normalised
SFR, respectively, and α is a scale factor. We used a value of
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Fig. 2. SFR-M? diagram for galaxies from the kinematics sample (see
Sect. 6.1). Galaxies are separated between the field (black points), small
structures (blue triangles), and large structures (red circles). The typical
stellar mass and SFR error is shown on the bottom right. The SFR was
normalised to redshift z0 = 0.7. The SFR and mass distributions are
shown as histograms to the top and right, respectively, with the median
values for each sample represented as lines of similar colours.

α = 2.8 from Speagle et al. (2014), which is larger than the
value of α = 1.74 derived and used in Boogaard et al. (2018) and
Abril-Melgarejo et al. (2021). The main reason for normalising
the redshift evolution with a larger slope is that the prescription
from Boogaard et al. (2018) was derived on the low mass end
(log10 M?/M� / 9) of the MS. However, most of our galaxies
have stellar masses larger than this threshold where the redshift
evolution of the MS is much steeper (e.g., Whitaker et al. 2014).

4. Galaxy morphology

4.1. Morphological modelling

To recover the galaxies morphological parameters, we per-
formed a multi-component decomposition using the modelling
tool Galfit on HST-ACS images observed with the F814W fil-
ter. In order to have a fair comparison with previous findings
from Abril-Melgarejo et al. (2021), we used the same method-
ology to model the morphology of galaxies. Therefore, we per-
formed a multi-component decomposition with
(i) a spherically symmetric de Vaucouleurs profile1 aimed at

modelling the central parts of the galaxies (hereafter bulge)
and

(ii) a razor-thin exponential disk2 describing an extended disk
(hereafter disk).

In most cases, we expect the disk component to dominate the
overall flux budget, except within the central parts where the
bulge is usually concentrated. In very rare cases where the galax-
ies do not show any bulge component, Galfit always converged
towards a disk component only model. On the opposite, in the
case of elliptically shaped galaxies, Galfit usually converges
towards a single de Vaucouleurs component. We do not system-
atically try to model additional features that may appear in very
few cases, such as clumps, central bars, or spiral arms. When

1 Sérsic profile with fixed Sérsic index n = 4, axis-ratio b/a = 1, and
PA = 0◦.
2 Sérsic profile with a fixed Sérsic index n = 1.

clumps do appear, the multi-component decomposition is usu-
ally carried out without masking the clumps first. If the clumps
seem to bias the morphological parameters of the main galaxy,
a second run is done by either masking the clumps or adding
other Sérsic profiles at their location. Unless there is no signif-
icant improvement in the robustness of the fitting process, the
masked model is usually kept. Other cases may be galaxies in
pairs or with small sky projected distances, which are modelled
with an additional Sérsic profile at the second galaxy location, or
out-of-stamps bright stars, which can contaminate the light dis-
tribution of some galaxies, in which case it is usually modelled
with an additional sky gradient.

The aforementioned procedure was applied on the [O ii]
emitters sample. Among the 1142 galaxies, a few of them could
not be reliably modelled with neither a bulge-disk decomposi-
tion nor a single disk or single bulge profile. Such galaxies turned
out to be
(i) low, or very low S/N objects for which the noise is con-

tributing too much to the light distribution to extract reliable
morphological parameters,

(ii) very small galaxies for which the disk is barely resolved and
the bulge not resolved at all.

After removing those cases, we get a morphological sample of
890 galaxies (i.e. 77% of the [O ii] sample), which can be reli-
ably modelled using this decomposition.

4.2. Morphological properties

The multi-component decomposition provides two scale param-
eters, the effective radius of the disk Reff,d, and that of the bulge
Reff,b, but, in practice, we are more interested in the effective
radius of the total distribution of light in the plane of the disk Reff .
Even though there is no analytical formula linking Reff , Reff,d, and
Reff,b, it can be shown from the definition of these three param-
eters that finding Reff amounts to solving the following equation
(see Appendix C for the derivation):

10−magd/2.5
[
γ

(
2, b1

Reff

Reff,d

)
− 0.5

]
+ 10−magb/2.5

γ 8, b4

(
Reff

Reff,b

)1/4 /Γ(8) − 0.5

 = 0, (6)

where magd and magb stand for the disk and bulge apparent total
magnitudes as provided by Galfit, respectively, b1 ≈ 1.6783,
b4 ≈ 7.6692, Γ is the complete gamma function, and γ the
lower incomplete gamma function. Equation (6) is solved for
each galaxy using a zero search algorithm considering the two
following additional arguments
(i) it always admits a single solution,

(ii) Reff must be located between Reff,d and Reff,b.
To get an estimate of the error on the effective radius, we gen-
erate for each galaxy 1000 realisations by perturbing the bulge
and disk magnitudes and effective radii using the errors returned
by Galfit and assuming Gaussian distributions. For each real-
isation, we solve Eq. (6) and then compute the error as the 1σ
dispersion around the median value. The majority of the galax-
ies in the morphological sample are disk dominated, 80% of
them having a bulge-to-total flux ratio B/T (Reff) < 0.5, with
B/T as defined in Appendix C. As can be seen in Fig. 3, B/T
distributions for galaxies from the morphological sample in the
field, small, and large structure sub-samples are mostly similar,
with very few bulge-dominated objects. There appears to be an
excess of galaxies located in small structures with respect to field
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Fig. 3. Bulge-to-total flux ratio distribution computed at one effective
radius for galaxies in the morphological sample located in various envi-
ronments. The legend is similar to that of Fig. 1. The vertical lines cor-
respond to the median B/T values for each sample. The grey area in the
background indicates which galaxies were selected in the kinematics
sample (see Sect. 5.1).
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Fig. 4. Impact of stellar mass correction as a function of the SED-based
stellar mass for galaxies from the morphological sample. Overall, the
correction lowers the stellar mass, reducing it by as much as a factor of
1.5. We see that the smaller the disk radius, Reff,d (or equivalently R22),
the larger the stellar mass reduction, consistent with the fact that the
SED-based stellar mass computed in an aperture of 3′′ usually overesti-
mates the real value, though in practice this effect can be compensated
for by sky projection and PSF effects.

galaxies in the range 0.5 . B/T . 0.6 but, given the small num-
ber of galaxies in this bin (9), this excess may not be significant.

4.3. Stellar mass correction

As mentioned in Sect. 3.3, the galaxies stellar mass is retrieved
from the SED fitting on the photometric bands in a circular
aperture of 3′′ on the plane of the sky. On the other hand, the
gas rotation velocity V22 (see Sect. 7), is usually derived at
R22 = 2.2 × Rd, where Rd = Reff,d/b1 is the disk scale length

defined as the e-folding length with respect to the central value.
This means that the SED-based stellar mass corresponds to the
integrated mass within a cylinder of diameter 3′′ orthogonal to
the plane of the sky, whereas the kinematics is derived from
the contribution of the mass located within a sphere of radius
R22. Therefore, directly comparing the kinematics with the SED-
based stellar mass in scaling relations such as the TFR adds
additional uncertainties due to projection effects (inclination),
different sizes (Reff,d, Reff,b), and different bulge and disk con-
tributions (B/D). Thus, we decided to apply a correction to the
SED-based stellar mass estimate in the following way, assuming
a constant mass-to-light ratio across the galaxy,

M?,corr =
Fsph (R22)

Fcirc (1.5′′)
M?, (7)

where M? and M?,corr are the uncorrected and corrected stellar
masses measured in a 3′′ circular aperture on the plane of the sky
and in a sphere of radius R22 around the galaxy centre, respec-
tively. In Eq. (7), Fsph corresponds to the integrated flux in a
sphere of radius R22, while Fcirc corresponds to the integrated
flux in a 3′′ circular aperture on the plane of the sky.

In order to compute the mass correction, a high resolution
2D model was generated for each galaxy, projected on the sky
given the axis ratio returned by Galfit, and taking into account
the impact of the MUSE PSF, whereas the flux in a sphere of
radius R22 was integrated without taking into account the impact
of the inclination, nor convoluting the surface brightness profile
with the PSF. Taking into account the impact of the inclination
and the PSF is important for the sky-projected model since the
flux is integrated in a fixed aperture. Indeed, a higher inclination
will result in the flux being integrated to larger distances along
the minor axis, whereas higher PSF FWHM values will result
in a loss of flux since it will be spread farther out. On the other
hand, because the dynamical mass is derived in Sect. 5 from a
forward model of the ionised gas kinematics taking into account
the geometry of the galaxy and the impact of the PSF, the flux
model integrated within a sphere of radius R22 must be fully free
of projection and instrumental effects (i.e. inclination and PSF).

The impact of the stellar mass correction is shown in Fig. 4.
For most galaxies the correction reduces the stellar mass, reach-
ing at its maximum a factor of roughly 1.5. The main reason is
that for R22 < 1.5′′, the lower the disk effective radius, the more
overestimated the SED-based stellar mass should be, though this
argument must be mitigated by the fact that the inclination, the
bulge contribution, and the PSF convolution can also play an
important role in some cases, explaining why some galaxies have
positive stellar mass corrections even with small disk effective
radii.

4.4. Stellar disk inclination and thickness

In Sect. 4.1 we assumed that the surface brightness of the stel-
lar disk can be represented by a razor-thin exponential profile,
but in practice we expect most disk components to have non-
zero thickness. Not taking into account this finite thickness can
bias morphological and kinematics measurements, especially
in the central parts, and the circular velocity. In turn, this can
bias the derived dynamical parameters such as the baryon frac-
tion. This effect becomes even more relevant when consider-
ing that the stellar disks thickness is expected to evolve with
redshift and mass. By modelling the q = b/a distribution,
with a and b the apparent major and minor axes of the disk,
respectively, for star-forming z ≤ 2.5 galaxies in the Cosmic
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dominated galaxies and those with small disk sizes. The median values
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Fig. 6. Distribution of disk inclination for galaxies from the morpho-
logical sample, after removing bulge-dominated galaxies and those with
small disk sizes. We show the distribution before correcting for the finite
thickness of the disk (black line) and after the correction (red hatched
area). The dashed orange line represents the binned theoretical distribu-
tion expected for randomly oriented disk galaxies. The correction tends
to increase the fraction of edge-on galaxies. While being closer to the
theoretical distribution at large inclinations, the corrected inclinations
still do not match the distribution of randomly inclined galaxies.

Assembly Near-infrared Deep Extragalactic Legacy Survey
(CANDELS) field and from the Sloan Digital Sky Survey
(SDSS) catalogue, van der Wel et al. (2014a) found that galaxy
disks become thicker with increasing stellar mass and at larger
redshift. Similarly, Zhang et al. (2019), by looking at the q−log a
plane, reached a fairly similar conclusion. On top of that, galax-
ies that exhibit a combination of a thin blue disk and a thick

red stellar disk are expected to have an observed thickness that
varies with rest-frame wavelength. This effect can be observed in
the catalogue of edge-on SDSS galaxies of Bizyaev et al. (2014),
where the disk thickness of z . 0.05 galaxies tends to almost
systematically increase when measured in the g, r, and i bands,
respectively. In order to get an estimate of the disk thickness in
our sample of galaxies, we used the methodology described in
Heidmann et al. (1972) and Bottinelli et al. (1983). If galaxies
located at a given redshift z, with a fixed stellar mass M?, and
emitting at a fixed rest-frame wavelength λ have a typical non-
zero thickness q0(λ, z,M?), then the observed axis ratio q for the
majority of the galaxies should reach a minimum value equal to
q0 for edge-on galaxies. In our case, because the morphology is
derived at a fixed observed wavelength λobs ≈ 8140 Å (F814W
HST filter), this condition can be written as

q0 (λobs/(1 + z), z,M?) . q, (8)

where λobs is the observed wavelength. The distribution of
the observed axis ratio as a function of redshift is shown in
Fig. 5. We see that the minimum observed axis ratio (i.e. highest
− log10 q) seems to decrease with redshift up to z ≈ 0.8−0.9 and
remains roughly constant afterwards. This trend, which seems
inconsistent with the fact that the disk thickness has been pre-
viously observed to increase with redshift, can be explained by
the fact that higher redshift galaxies are seen at a bluer rest-frame
wavelength, which probes younger stellar populations, and prob-
ably thinner disks. Due to the lack of edge-on galaxies in various
mass bins, we do not observe a clear dependence of q on stellar
mass, and therefore decided to model only the redshift depen-
dence of q. In order to avoid placing too much weight on outliers
that may have thinner disks than the typical thickness expected at
a given redshift, we separated galaxies in eight redshift bins and
computed the median thickness of the six most edge-on galaxies
in each bin. The dependence of the stellar disk thickness with
redshift is given by

− log10 q0 =

{
0.48 + 0.4z if z ≤ 0.85
0.48 otherwise.

(9)

In the case of a razor-thin disk, the inclination i is related to
the observed axis-ratio q through the relation cos i = q. How-
ever, for a disk with non-zero thickness, the relation between i
and q will depend on the exact geometry of the disk. Assuming
our disk galaxies can be well approximated by oblate spheroidal
systems, we have (Bottinelli et al. 1983)

cos2 i = (q2 − q2
0)/(1 − q2

0). (10)

In Fig. 6, we show the distribution of the disk inclination for
galaxies from the morphological sample (see Sect. 5.1) assum-
ing razor-thin disks (black line), and after applying the thick-
ness correction using Eqs. (9) and (10) (red hatched area). As
expected, correcting for the disk thickness significantly increases
the number of edge-on galaxies. Nevertheless, compared to the
theoretical distribution (orange line), none of the distributions
are consistent with randomly inclined galaxies. We find that we
have an excess of galaxies in the range 60◦ . i . 80◦. The rea-
son we are still missing some edge-on galaxies (i > 80◦) might
be that we did not try to model the impact of the dust, which is
known to affect edge-on galaxies more severely. Nevertheless,
the inclination distribution we get is quite similar to the distribu-
tions found in other studies where they also lack edge-on galax-
ies (Padilla et al. 2009; Foster et al. 2017).
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Fig. 7. Rotation curves for the flat (green line) and mass models (orange
dashed) of galaxy 104-CGr79 at redshift z = 0.53. The components are
the bulge (red), the thin disk (blue), and the DM halo (black). We also
show the observed de-projected (but beam-smeared) rotation curves
extracted along the major axis from the observed velocity field map
(black crosses), from the best-fit velocity field flat model (green cir-
cles), and from the best-fit velocity field mass model (orange triangles).
The largest difference between the flat and mass models is found in the
inner parts, where the beam smearing is the strongest. The total dynam-
ical mass differs slightly between models, with the flat one being 4%
higher than the mass model one.

5. Galaxy kinematics

5.1. Kinematics modelling

Following the analysis in Abril-Melgarejo et al. (2021), we
derived the ionised gas kinematics from the [O ii] doublet only.
For each galaxy, we extracted a sub-datacube with spatial dimen-
sions 30 × 30 pixels around their centre and then performed
a sub-resolution spatial smoothing using a 2D Gaussian ker-
nel with a FWHM of 2 pixels in order to increase the S/N
per pixel without worsening the datacube spatial resolution.
From this smoothed version of the datacube, the [O ii] dou-
blet was fitted spaxel by spaxel by two Gaussian profiles with
rest-frame wavelengths of 3727 Å and 3729 Å, respectively,
assuming identical intrinsic velocity and velocity dispersion.
Additionally, given the assumed photo-ionisation mechanisms
producing the [O ii] doublet (Osterbrock & Ferland 2006), we
further constrained the flux ratio between the two lines as 0.35 ≤
F[O ii]λ3727/F[O ii]λ3729 ≤ 1.5. The aforementioned steps were
performed with the emission line fitting python code Camel3,
using a constant value to fit the continuum, and the MUSE vari-
ance cubes to weight the fit and estimate the noise. From this
procedure, we recovered 2D maps for the following quantities:
[O ii] fluxes, S/N, velocity field, and velocity dispersion, as well
as their corresponding spaxel per spaxel error estimation from
the fit. To avoid fitting any noise or sky residuals that might
appear in the flux and kinematics maps, especially in the outer
parts of the galaxies, we cleaned the 2D maps in two successive
steps: (i) through an automatic procedure, only keeping spaxels
with S/N ≥ 5 and FWHM[O ii] ≥ 0.8 × FWHMLSF(z), where
FWHM[O ii] and FWHMLSF are the [O ii] spatial PSF and spec-
tral LSF FWHM, respectively, and (ii) by visually inspecting

3 https://gitlab.lam.fr/bepinat/CAMEL

the automatically cleaned velocity fields and manually removing
remaining isolated spaxels or those with large velocity disconti-
nuities with respect to their neighbours.

This led to the removal of 293 galaxies from the morphologi-
cal sample (around 30%), mainly because they did not show any
velocity field in their cleaned maps due to too low S/N per pixel.
Because this cleaning process is mainly driven by S/N consider-
ations, it is roughly similar to applying an [O ii] integrated flux
selection criterion of F[O ii] & 2 × 1018 erg s−1 cm−2.

The kinematics of the ionised gas in the remaining galax-
ies was modelled as a razor-thin rotating disk, using the method
of line moments as described in Epinat et al. (2010). This
method can quickly derive velocities maps by combining rota-
tion curves4 from various components, taking into account the
impact of spatial resolution on the derived velocity field, and
the combined effect of the limited spatial and spectral resolu-
tions on the velocity dispersion map. To derive the kinematics
(circular velocity and velocity dispersion), we performed a mass
modelling, taking into account prior knowledge from the mor-
phological modelling. By using the best-fit Galfit bulge and
disk parameters from Sect. 4.1, and the disk thickness derived
in Sect. 4.4, we fixed the rotation curves of the stellar disk and
bulge components. Below we provide the main characteristics
of the mass models used in the modelling, and we refer the
reader to Appendix D for a detailed description of the models
and rotation curves, as well as how implementing a finite thick-
ness for the stellar disk impacts the estimate of the rotation of
the gas. We assumed a double exponential density profile for the
disk, which provides a surface brightness profile that is fairly
similar to a single exponential distribution once projected onto
the sky. In order to derive a density profile for the bulge com-
ponent, one would need to numerically solve the inverse Abel
transform for a de Vaucouleurs profile. But, because we required
to have an analytical form for the bulge density, we decided to
use instead a Hernquist profile (Hernquist 1990). As shown in
Figs. D.4 and D.5, for the typical bulge parameters found in
our sample, this functional form gives fairly reasonable surface
brightness profiles once projected onto the sky. Finally, the DM
halo was modelled using a Navarro-Frenk-White (NFW) pro-
file (Navarro et al. 1996) with free parameters to account for
constant or slowly declining observed rotation curves at large
radii. This choice of DM parametrisation may not be entirely
suitable with respect to observations that favour cored DM dis-
tributions. However, the core-cusp problem mainly affects the
inner parts of the profiles. On the other hand, our goal is not to
study the shape of DM haloes as a function of radius but rather to
derive the ionised gas kinematics, the baryon, and the DM frac-
tions where the inner shape of the DM halo has little impact on
these quantities (Korsaga et al. 2019). In addition, because beam
smearing strongly affects ground based observations of interme-
diate redshift galaxies, constraining robustly the inner DM halo
distribution in detail remains a challenging problem but within
reach (e.g., Genzel et al. 2020; Bouché et al. 2022). The effect
of beam smearing can be seen in Fig. 7 where we compare the
best-fit rotation curves between a mass model and a simpler flat
model for galaxy 104-CGr79. Even though the intrinsic rotation
curves in the inner parts differ (dashed orange line versus green
full line), the deprojected (but beam-smeared) rotation curves are
almost the same.

4 We use the term rotation curve to refer to the circular velocity as a
function of radius of models, and we explicitly write that it is observed
otherwise.
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For each galaxy, a 2D velocity field model is generated and
fitted onto the velocity field extracted from the cube. Since beam
smearing artificially increases the value of the velocity disper-
sion recovered from the cube, especially near the central parts,
modelling it and quadratically removing it from the velocity dis-
persion map allows us to extract a much more reliable estima-
tor of the overall velocity dispersion in each galaxy. Given the
above description, the kinematics model requires the following
parameters:

(i) centre coordinates,
(ii) inclination,

(iii) kinematics position angle (PA),
(iv) systemic redshift zs,
(v) disk rotation curve parameters VRT,max, Vcorr,max, Rd (see

Appendix D.3),
(vi) bulge rotation curve parameters Vb,max, a (see

Appendix D.6),
(vii) DM halo rotation curve parameters Vh,max and rs (see

Appendix D.8),
(viii) PSF size.
However, there exists a strong degeneracy between the kinemat-
ics centre and zs on one side, and the inclination of the disk and
Vh,max on the other side, which is even stronger when the data
are highly impacted by beam smearing. Therefore, to remove
this degeneracy we fixed the kinematics centre and inclination
assuming they are identical to their morphological counterparts.
As previously stated, we also fix the parameters of the disk and
bulge components since we assume they are entirely constrained
from the morphology. Thus, the centre coordinates, the incli-
nation, the disk and bulge rotation curve parameters (VRT,max,
Vcorr,max, Rd, Vb,max and a) and the PSF model are fixed, whereas
the kinematics PA, the systemic redshift, and the DM halo rota-
tion curve parameters (Vh,max and rs) are free.

The kinematics modelling described above was performed
with the new kinematics fitting code MocKinG5 using the
python implementation of MultiNest (Feroz & Hobson 2008;
Buchner et al. 2014). MultiNest is a Bayesian tool using
a multi-nodal nested sampling algorithm to explore parame-
ter space and extract inferences, as well as posterior distri-
butions and parameter error estimation. To check our results,
we ran MocKinG a second time but using this time the
Levenberg-Marquardt algorithm, with the python implemen-
tation cat_mpfit6 of Mpfit (Markwardt 2009). Kinematics
parameters were compared between these two methods as well
as with earlier results obtained with an Interactive Data Lan-
guage (IDL) code used in several previous studies (Epinat et al.
2009, 2010, 2012; Vergani et al. 2012; Contini et al. 2016;
Abril-Melgarejo et al. 2021). A comparison of circular veloc-
ities obtained with MultiNest and Mpfit can be found in
Fig. A.1. We find consistent results between the methods,
with MultiNest providing more robust results. Thus, we
use values from MultiNest in the following parts. In addi-
tion, we performed a similar kinematics modelling but using
an ad hoc flat model for the rotation curve as described in
Abril-Melgarejo et al. (2021), in order to check the mass mod-
elling and assess its reliability. After checking the morphologi-
cal, kinematics, and mass models on the remaining galaxies, we
decided to remove four additional objects:
(i) 106-CGr84, 21-CGr114, and 101-CGr79 because they

show signs of mergers in their morphology and kinematics,
which may bias the measure of their dynamics, as well as
their stellar mass estimate and thus their mass modelling,

5 https://gitlab.lam.fr/bepinat/MocKinG
6 https://www-astro.physics.ox.ac.uk/~mxc/software/

(ii) 13-CGr87 because it lies on the edge of the MUSE field
with only half of its [O ii] flux map visible.

Once these objects are removed, we get a kinematics sample of
593 galaxies with morphological and kinematics mass and flat
models.

An example of a mass model with its corresponding flat
model is shown in Fig. 7 for a disk-like galaxy with a non-zero
(but weak) bulge contribution. The mass model rotation curve
(orange dashed line) for the galaxy, which appears to be DM
dominated, is consistent with the simpler flat model (green line),
especially at R22 where the rotation velocity is inferred. Exam-
ples of full morpho-kinematics models for four types of galaxies
are shown in Fig. 8 with, in the top-left corner, a galaxy with a
close companion in its HST image and with a velocity field sim-
ilar to that of a large fraction of galaxies in our sample, in the
top-right corner an edge-on galaxy, in the bottom-left corner a
large disk-dominated galaxy with visible arms and clumps, and
in the bottom-right corner a small galaxy with a prominent bulge
and a highly disturbed velocity field. These four examples give
a decent overview of the types of galaxies, morphologies and
kinematics we have to deal with in the MAGIC survey.

6. Sample selection

6.1. Selection criteria

Before analysing morpho-kinematics scaling relations as a
function of environment, and following the discussion in
Abril-Melgarejo et al. (2021; Sect. 3.6), we must first apply a
few selection criteria to the kinematics sample depending on
the scaling relation studied. The three relations analysed in this
paper are the size-mass relation, MS relation, and TFR. Among
the three, the TFR is the one that requires the most stringent cri-
teria since we must ensure that we have good constraints on both
the stellar mass and the kinematics measurements, which trans-
lates as having reliable constraints on the disk parameters (size,
inclination), on the [O ii] S/N, and on the dynamical modelling.
On the other hand, we only require disk-dominated MS galax-
ies to analyse the size-mass and MS relations. Thus, we define a
common sample for both the size-mass and MS relations, named
the MS sample, by applying the following selection criterion:

(i) B/D (Reff) ≤ 1,

where B/D (Reff) is the bulge-to-disk flux ratio computed at
one effective radius. This criterion ensures that we only have
disk-dominated galaxies in the sample. In Abril-Melgarejo et al.
(2021), we used a second selection criterion to remove red
sequence galaxies located below the MS since we were only
interested in star-forming galaxies. For the kinematics sample,
applying this criterion would only remove two additional galax-
ies, since most of the red sequence galaxies also tend to be bulge
dominated. Thus, we decided not to apply this criterion in the
next parts. When applying the B/D selection, we end up with a
MS sample of 447 galaxies.

Concerning the TFR, we must ensure that we have good con-
straints on the disk size, inclination, and [O ii] S/N, as well as
on the dynamical modelling, since they can all have significant
impact on the kinematics and the derived dynamical masses. To
ensure the TFR is not impacted by poor constraints on any of
these parameters, we applied the following additional criteria on
top of the B/D selection:

(ii) Reff,d ≥ 0.5 × FWHM(z),

(iii) (S/N)tot ≥ 40 ×
√
π
[
R2

eff,d + (FWHM(z)/2)2
]
,
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Fig. 8. Examples of morpho-kinematics modelling for galaxies with IDs 132-CGr32 and 104-CGr79 (both in large structures) and 77-CGr30
and 86-CGr114 (both in the field). In each panel, from top to bottom and left to right: (a) HST-ACS image, (b) Galfit model, (c) HST residuals,
(d) Camel velocity field, (e) MocKinG velocity field model, ( f ) velocity field residuals, (g) Camel velocity dispersion map, (h) MocKinG
beam smearing model, including spectral resolution broadening, and (i) beam smearing and LSF corrected velocity dispersion map. The morpho-
kinematics centre and the morphological PA are respectively shown in the HST image and the Camel maps as a green cross and a green line,
whose length corresponds to R22. The PSF FWHM is indicated as the grey disk in the velocity field. The [O ii] surface brightness distribution is
overlaid on top of the HST and MUSE [O ii] flux maps, with contours at levels Σ[O ii] = 2.5, 5, 10, 20, 40, and 80 × 10−18 erg s−1 cm−2 arcsec−2.

(iv) 25◦ ≤ i ≤ 75◦,
(v) f? ≤ 1 − ∆ f?,

where Reff,d is the disk effective radius and FWHM(z) the MUSE
PSF FWHM computed at the [O ii] doublet wavelength at the
redshift of the galaxy (see Sect. 2.1), both in arcsec. In criterion

(iv), i is the inclination after correcting for the finite thickness of
the stellar disk, and in (v), f? = M?,corr/(M?,corr + MDM) is the
stellar fraction, with M?,corr and MDM the stellar and DM halo
mass, respectively, both computed at R22. The uncertainty on the
stellar fraction ∆ f? is computed by propagating measurement
and fit errors on both the stellar mass and the circular velocity.
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Table 2. Median properties for various sub-samples of galaxies from the MS sample.

Sub-sample Number Proportion (%) log10 M? log10 Mg log10 Mdyn log10 SFRz Reff,d
[M�] [M�] [M�] [M� yr−1] [kpc]

(1) (2) (3) (4) (5) (6) (7) (8)

Field 256 57 9.0+0.7
−0.7 8.6+0.6

−0.6 9.8+0.8
−0.9 −0.1+0.6

−0.7 2.6+2.4
−1.4

Small 56 13 9.0+0.9
−0.5 8.7+0.6

−0.4 9.8+0.6
−0.8 −0.2+0.8

−0.5 2.8+2.2
−1.3

Large 135 30 9.5+0.7
−0.9 8.7+0.6

−0.7 10.2+0.7
−1.0 −0.2+0.6

−0.5 3.3+2.5
−1.6

Small-5 293 66 9.0+0.7
−0.6 8.6+0.6

−0.6 9.8+0.8
−0.9 −0.1+0.6

−0.7 2.6+2.4
−1.4

Large-5 154 34 9.5+0.7
−0.9 8.7+0.6

−0.6 10.1+0.8
−0.9 −0.2+0.6

−0.5 3.2+2.5
−1.6

Small-10 312 70 9.0+0.7
−0.6 8.6+0.6

−0.6 9.8+0.8
−0.9 −0.1+0.7

−0.7 2.6+2.3
−1.4

Small-15 345 77 9.1+0.7
−0.7 8.7+0.6

−0.6 9.9+0.8
−1.0 −0.1+0.8

−0.7 2.7+2.4
−1.4

Large-15 102 23 9.5+0.8
−0.8 8.6+0.7

−0.6 10.1+0.9
−0.9 −0.2+0.5

−0.5 3.2+2.6
−1.5

Small-20 370 83 9.1+0.7
−0.7 8.7+0.6

−0.6 9.9+0.8
−1.0 −0.1+0.6

−0.7 2.8+2.4
−1.5

Large-20 77 17 9.5+0.7
−0.9 8.5+0.7

−0.7 10.0+0.7
−0.9 −0.3+0.5

−0.5 3.2+2.1
−1.8

Notes: (1) Sub-sample name (we do not show the Large-10 sub-sample since it is identical to the Large one), (2) number of galaxies in each
sub-sample, (3) proportion of galaxies in each sub-sample, (4) SED-based stellar mass, (5) gas mass derived from the extinction corrected [O ii]
flux, (6) dynamical mass from the mass models, including the stellar disk, stellar bulge, and DM halo, (7) [O ii]-based SFR normalised at redshift
z0 ≈ 0.7, and (8) disk effective radius. Masses are computed within R22 = 2.2Rd, with Rd the disk scale length. Uncertainties correspond to the
16th and 84th percentiles.

In (iii), the total S/N is computed as

(S/N)tot =
∑
x,y

F[O ii](x, y)
/√√∑

x,y

[
F[O ii](x, y)
S/N(x, y)

]2

, (11)

where F[O ii](x, y) and S/N(x, y) correspond to the [O ii] flux
and S/N cleaned maps, respectively (see Abril-Melgarejo et al.
2021). Criterion (ii) is used to remove unresolved galaxies, that
is, galaxies for which the stellar disk is smaller than the PSF,
and criterion (iii) takes into account the dependence of the S/N
on the effective radius, and is derived by assuming a constant
surface brightness map, as well as a constant S/N map with
a S/N per pixel of at least eight across one observed effective
radius (R2

obs = R2
eff

+ (FWHM(z)/2)2). As a consistency check,
we also looked at how using a different threshold (S/N)tot ≥ 30
would impact the selection. This threshold adds 40 new galax-
ies, but the majority are either small with respect to their MUSE
PSF FWHM or do not show clear velocity gradients. Thus,
we decided to use criterion (ii) in the next parts. We show in
Fig. 9, the galaxies distribution and selection in terms of S/N,
Reff,d/FWHM, and B/D for galaxies from the kinematics sample.
Criterion (iv) removes face-on and edge-on galaxies because, for
the former, uncertainties are too large to reliably constrain the
rotation of the ionised gas and, for the latter, the mass mod-
els used in the kinematics modelling are much more loosely
constrained.

Finally, criterion (v) identifies galaxies whose dynamical
modelling failed, that is, for which we overestimated the con-
tribution of baryons to the total rotation curve. This corre-
sponds to 13 galaxies in the kinematics sample. Among them, we
decided to remove ten galaxies, namely 85-CGr35, 28-CGr26,
257-CGr84, 113-CGr23, 83-CGr23, 38-CGr172, 130-CGr35,
110-CGr30, 105-CGr114, and 100-CGr172. These objects are
shown as orange crosses in Fig. 9. Most of them tend to be quite
small or with low S/N values even though they pass criteria (i)
and (ii), but also have velocity fields with a quite low amplitude
(∼30−40 km s−1). This means that any uncertainty on their mor-
phological modelling and mass-to-light ratio will have a stronger
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Fig. 9. S/N-disk effective radius-B/D selection plot for galaxies from
the kinematics sample. The disk size selection criterion is represented
as the vertical line. The S/N selection criterion depends on the FWHM,
which varies with redshift and MUSE field. As an example, we show
the S/N limit used for a typical FWHM of 0.65′′. Points are colour-
coded according to their bulge-to-disk ratio computed at one effective
radius. The grey areas give an idea of the galaxies eliminated by the size
and S/N selection criteria. We also show the ten galaxies eliminated by
selection criterion v (orange crosses) and the three we decided to keep
(orange circles).

impact on their dynamical modelling. In addition, galaxies
85-CGr35 and 28-CGr26 have disturbed morphologies and/or
kinematics, which may be due to past merger events or to a
more complex morphology than the bulge-disk decomposition
performed in Sect. 4.1. On the contrary, after carefully investigat-
ing their morphology and kinematics, we decided to keep galaxies
378-CGr32, 20-CGr84, and 19-CGr84 since they seemed to be
intrinsically ‘baryon dominated’. After applying criteria (i) to (v),
we end up with a TFR sample of 146 galaxies.
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In Sect. 7 we may apply two additional selection criteria
when it is necessary to have comparable parameter distributions
between different environments:

(vi) log10 M? [M�] ≤ 10,
(vii) 0.5 < z < 0.9.

Criterion (vi) is used to have comparable samples in terms of
stellar mass (see stellar mass distributions in Fig. B.4), whereas
(vii) only keeps galaxies in a 1 Gyr interval around redshift z ≈
0.7 where most of the galaxies in the large structures are located.
Thus, this criterion allows us to check that our results may not
be impacted by a potential redshift evolution.

6.2. Summary of the different samples and sub-samples

To clarify the difference between the various samples used in
this paper, we provide below a summary of their characteristics.
We also show in Table 1 the distribution of their main physi-
cal parameters represented by their median value, 16th and 84th
percentiles.
(1) [O ii] emitters sample: 1142 [O ii] emitters with reliable

spectroscopic redshift in the range 0.25 . z . 1.5.
(2) Morphological sample: 890 galaxies from the [O ii] emitters

sample with reliable bulge-disk decomposition.
(3) Kinematics sample: 593 galaxies from the morphological

sample with reliable kinematics.
(4) MS sample: 447 disk-dominated galaxies from the kinemat-

ics sample selected in B/D only. This sample is used to study
the size-mass and MS relations.

(5) TFR sample: 146 disk-dominated galaxies from the MS
sample with selection criteria from (i) to (v) applied to only
keep galaxies with well constrained kinematics. This sample
is used to study the TFR.

We show in Table 2 the median properties for each environment-
based sub-sample of galaxies from the MS sample later used in
the analysis. Among these, we show the field, small, and large
structure ones defined in Sect. 3.2. Alternatively, when analysing
the TFR in Sect. 7.4, we also split the entire sample into two sub-
samples only: a field and small structure sub-sample on the one
hand, and a large structure sub-sample on the other hand. This
separation is performed because using the previously defined
sub-samples would lead to too few galaxies in the small struc-
tures to reliably constrain their TFR. In the following and in
Table 2, we refer to these sub-samples as Small-N and Large-N,
where N corresponds to the richness threshold used to classify
galaxies in either the field and small structure or large structure
sub-samples. We note that the terms ‘small’ and ‘large’ used to
name the sub-samples never refer to the size nor the mass of the
structures, only to the number of galaxy members.

The main properties shown in Table 2 are the total number
and the proportion of galaxies in each sub-sample, the stellar,
gas, and dynamical masses computed within R22 = 2.2Rd, with
Rd the disk scale length, the extinction corrected [O ii]-based
SFR, and the median disk effective radius Reff,d. All the sub-
samples have mostly similar gas mass and SFR distributions.
However, the sub-samples that target the largest structures tend
to have on average larger disk sizes and stellar masses. Their
dynamical masses are slightly larger as well, though the dif-
ference between small and large structures at a fixed threshold
is roughly 0.3–0.4 dex, similar to the difference seen in stellar
masses, indicative that these massive structures do not host, on
average, more massive DM haloes. Interestingly, when using
the largest threshold values N = 15, 20, the large structure
sub-samples have larger stellar masses (∆ log10 M? ≈ 0.5 dex),

but similar dynamical masses with respect to the small struc-
ture sub-samples. One of the key difference visible in Fig. 2 is
the stellar mass distribution. The large structure sub-sample is
more extended than the field and the small structure sub-samples
towards larger stellar masses, so that almost all the galaxies
beyond M? > 1010 M� are located in the large structures. These
massive galaxies also tend to have the largest SFR values, though
their impact on the SFR distribution is not as clearly visible as in
the stellar mass distribution.

The MAGIC catalogue containing the main morpho-
kinematics and physical properties for galaxies from the MS
sample is available at the Centre de Données astronomiques de
Strasbourg (CDS). We provide in Table F.1 a description of the
columns appearing in the catalogue. Appendix G contains the
morpho-kinematics maps as shown in Fig. 8 for all galaxies in
the TFR sample.

7. Analysis

We focus the analysis on the size-mass relation, the MS rela-
tion, and the TFR. We consider the MS and TFR samples and
separate galaxies into three different sub-samples, targeting dif-
ferent environments. For the size-mass relation, we use the cor-
rected stellar mass M?,corr, which better traces the disk and bulge
masses within a sphere of radius R22 (see Sect. 4.3), and the
disk scale length Rd = Reff,d/b1 for the size of our galaxies,
where Reff,d is the disk effective radius and b1 ≈ 1.6783. We
also use M?,corr for the TFR, as well as the total circular veloc-
ity V22 derived at R22 from the best-fit mass and flat models for
the velocity. This R22 value corresponds to where the peak of
rotation for the disk component is reached and is typically used
in similar studies (Pelliccia et al. 2019; Abril-Melgarejo et al.
2021). Lastly, for the MS, we use the SED-based stellar mass
M? derived in an aperture of 3′′ and the extinction corrected and
normalised [O ii] SFR as described in Sect. 3.3. Each scaling
relation is fitted with the form

log10 y = β + α(log10 x − p), (12)

where y is the dependent variable, x is the independent vari-
able, and p is a pivot point equal to the median value of log10 x
when using the full samples (MS or TFR). For each relation, we
decided to always use stellar mass as the independent variable, so
that the pivot point is p = 9.2. As pointed out in Williams et al.
(2010), Pelliccia et al. (2017), this is justified for the TFR as fit-
ting the opposite relation yields a slope biased towards lower
values, while for the size-mass and MS relations we find more
robust fits and smaller dispersion.

In order to have fits not biased by points with underesti-
mated errors in x and y, we quadratically added an uncertainty
on the error of both independent and dependent variables in
each scaling relation. Based on Abril-Melgarejo et al. (2021), we
decided to quadratically add an uncertainty of 0.2 dex on the stel-
lar mass and the SFR, and of 20 km s−1 on the velocity, consistent
with typical uncertainties and systematics found in the literature.
For the size estimate, we added a slightly lower uncertainty of
0.065 dex, which corresponds to a relative error of roughly 15%,
slightly below the more or less 30% scatter Kuchner et al. (2017)
found when comparing size measurements between Subaru and
HST data.

We used two different tools to perform the fits. The
first one is LtsFit (Cappellari et al. 2013), a python imple-
mentation of the Least Trimmed Square regression technique
from Rousseeuw & Van Driessen (2006), and the second one is
Mpfitexy (Williams et al. 2010) IDL wrapper of Mpfit. Both
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Table 3. Comparison of fit parameters for the scaling relations with
various selection criteria.

Relation Selection Number α β
(1) (2) (3) (4) (5)

Size-Mass 447(10) 0.33 ± 0.02 0.22 ± 0.01
(ii) 270 (11) 0.16 ± 0.01 0.34 ± 0.01
(iii) 389 (4) 0.35 ± 0.02 0.21 ± 0.01

(ii), (iii) 223 (8) 0.18 ± 0.02 0.33 ± 0.01
MS 447(14) 0.61 ± 0.02 −0.25 ± 0.02

(ii) 270 (13) 0.66 ± 0.03 −0.32 ± 0.02
(iii) 389 (4) 0.61 ± 0.02 −0.21 ± 0.02

(ii), (iii) 224 (6) 0.66 ± 0.03 −0.28 ± 0.02
TFR 447(23) 0.34 ± 0.01 2.03 ± 0.01

(ii) 270 (5) 0.27 ± 0.02 2.07 ± 0.01
(iii) 389 (21) 0.36 ± 0.01 2.01 ± 0.01

(ii), (iii) 223 (7) 0.31 ± 0.02 2.03 ± 0.01
(ii) to (v) 146 (1) 0.29 ± 0.02 2.01 ± 0.01

Notes. The B/D selection, which limits the sample to disk-dominated
galaxies, is always applied. (1) Scaling relation fitted, (2) selection cri-
teria used (see Sect. 6.1), (3) number of galaxies, with outliers shown in
parentheses, (4) best-fit slope, and (5) best-fit zero point. Errors on fit
parameters correspond to 1σ uncertainties.

methods take into account uncertainties on x and y, as well as
the intrinsic scatter of each relation, but LtsFit implements a
robust method to identify and remove outliers from the fit. How-
ever, it currently does not have an option to fix the slope. There-
fore, whenever we needed to fix the slope, we used Mpfitexy,
removing beforehand outliers found by LtsFit.

7.1. Impact of selection

We start by looking at how the aforementioned scaling relations
are impacted by the different selection criteria used to select the
MS and TFR samples. To do so, we fitted each scaling relation
using the MS sample with LtsFit, letting the slope free, and we
looked at the impact of the size (ii) and/or S/N (iii) criteria on
the best-fit results. Additionally, since we also apply the inclina-
tion (iv) and the mass modelling uncertainty (v) selections on the
TFR, we also consider their impact on the slope and zero point
of this relation. The results for each scaling relation are shown
in Table 3. We also show in Fig. 10 the population of galax-
ies removed by each selection criterion, as well as the galaxies
removed when applying a redshift cut 0.5 < z < 0.9 (red upper
triangles), and the remaining galaxies (black points). We find
that the size-mass relation is mainly impacted by the size selec-
tion for both the slope and zero point, while the S/N criterion
has a weaker effect. When removing small galaxies, the slope
is biased towards lower values, and this effect is more impor-
tant for field galaxies than for galaxies in other sub-samples.
Similarly, the MS is mainly affected by the size selection while
the S/N selection has almost no impact. This result may seem
surprising given that, as can be seen in Fig. 10, size-removed
(blue downward pointing triangles), and S/N-removed (oranges
squares) galaxies tend to lie along the MS, but on opposite parts.
However, the size selection has a stronger impact since it mainly
removes low mass galaxies, biasing the slope to larger values
driven by more massive galaxies.

Finally, similarly to the size-mass and MS relations, the TFR
is also mainly impacted by the size selection. Removing small
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Fig. 10. Impact of the different selection criteria from Sect. 6.1 applied
to the size-mass relation (top left), the TFR (bottom left), and the MS
relation (bottom right). Black circles represent galaxies that remain
when all the selection criteria are applied. Given that some selections
remove similar galaxies, we show those removed by the S/N (orange
squares), size (blue downward-pointing triangles), and redshift crite-
ria (red triangles), in this order. Additionally, we also show the galax-
ies removed by the inclination selection (green diamonds) in the TFR
before the redshift selection was applied.

galaxies changes the slope to lower values, driven by more mas-
sive galaxies. However, when applying the size and S/N selec-
tions, both the slope and zero point values become close to the
original ones. Because of the mass models used, the TFR is
quite tight and those criteria tend to remove almost symmetri-
cally galaxies with low and high circular velocity as can be seen
in Fig. 10, so that the remaining galaxies fall along the original
TFR without any bias. Important selection criteria for the TFR
are the inclination and mass modelling uncertainty (iv and v).
Among the two, criterion (v) has the weakest impact since it only
removes a handful of galaxies, whereas the inclination selec-
tion (iv) tends to remove a significant fraction of galaxies with
larger circular velocities than the bulk of galaxies with stellar
masses beyond 109 M�. These galaxies probably have overesti-
mated circular velocities, so that including them in the fit of the
TFR would lead to a slope biased towards larger values.

Because the size and S/N selection criteria were defined to
select galaxies with reliable morphology and kinematics for the
mass modelling, and because they can bias the slope and zero
point of the size-mass and MS relations, we decided not to apply
them to select the MS sample, as described in Sect. 6.1. How-
ever, these criteria, in combination with the inclination (iv) and
mass modelling uncertainty (v) selections, are important to have
an unbiased fit of the TFR. Thus, we decided to apply selection
criteria from (i) to (v) to select the TFR sample in Sect. 6.1.

7.2. Impact of the environment on the size-mass relation

We fitted the sub-samples that target different environments
by fixing the best-fit slope to the value from LtsFit when
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Table 4. Best-fit values for the size-mass and MS relations fitted on the
MS sample.

Sub-sample Scaling relation Selection Nb. Prop. (%) α β
(1) (2) (3) (4) (5) (6) (7)

Field Size-Mass 250 (6) 57 0.33 0.23 ± 0.02
Small 54 (2) 13 0.22 ± 0.03
Large 133 (2) 30 0.19 ± 0.02
Field Size-Mass (vi) 237 (3) 63 0.41 0.26 ± 0.02
Small 48 (2) 13 0.24 ± 0.04
Large 93 (3) 24 0.24 ± 0.02
Field Size-Mass (vi), (vii) 77 (1) 45 0.34 0.26 ± 0.03
Large 84 (2) 49 0.23 ± 0.02
Field MS 251 (5) 58 0.61 −0.19 ± 0.02
Small 55 (1) 13 −0.22 ± 0.05
Large 126 (9) 29 −0.36 ± 0.03
Field MS (vi) 239 (1) 63 0.78 −0.18 ± 0.02
Small 47 (3) 13 −0.15 ± 0.06
Large 91 (5) 24 −0.29 ± 0.04
Field MS (vi), (vii) 78 (0) 45 0.72 −0.22 ± 0.04
Large 83 (3) 48 −0.32 ± 0.04

Notes. Optionally, we apply a mass cut M? ≤ 1010 M� (vi) and a red-
shift cut 0.5 ≤ z ≤ 0.9 (vii). For each fit, the slope is fixed to the one
from LtsFit on the entire MS sample using the same selection crite-
ria. We do not show the small structure sub-sample when applying the
redshift cut since there remain too few galaxies to reliably constrain its
zero point. Bold values correspond to those shown in Figs. 11 and 12
(full lines). (1) Sub-sample name, (2) scaling relation fitted, (3) selec-
tion criteria applied, (4) number of galaxies in each sub-sample, with
outliers shown in parentheses, (5) proportion of galaxies in each sub-
sample (after removing outliers), (6) fixed slope, and (7) best-fit zero
point. Errors on fit parameters correspond to 1σ uncertainties.

considering the entire MS sample with the same selection cri-
teria. We further applied two additional selection criteria, a mass
cut M? < 1010 M� and a redshift cut 0.5 < z < 0.9, in order
to reduce the impact of different mass and redshift distributions
between sub-samples on the best-fit zero points. We show in
Table 4 the best-fit zero points as well as the slopes used for
each fit and in Fig. 11 the size-mass relation and its best-fit line
when applying the mass (vi) and redshift cuts (vii). We also pro-
vide in Fig. B.1 the size-mass relation and its best-fit line when
only applying the mass cut, and when applying neither mass nor
redshift cuts.

We find a small offset in the zero point between sub-samples.
When applying both mass and redshift cuts, the difference
amounts to 0.03 dex, which is at most 1σ significant7. Similarly,
when applying only the mass cut, we get a 1σ significant dif-
ference between the field sub-sample and the small and large
structure sub-samples. However, if we apply neither cuts, we get
a slightly larger offset of 0.04 dex between the field and the large
structure one, and almost similar zero points between the field
and the small structure one. In Fig. 11 and in Table 4, we used the
disk size to fit the size-mass relation, whereas other studies (e.g.,
Maltby et al. 2010) usually use a global radius. To check whether
the choice of radius might have an impact on our results we fit-
ted the size-mass relation, but using the global effective radius
derived in Sect. 4.2. Even when using the global radius, we get
the same trend as before, with an offset of 0.02 dex (1σ signif-
icant). If we use instead a more stringent richness threshold of
N = 20 to separate galaxies between small and large structures,
we do find a larger offset of 0.06 dex (2σ significant) between
the field and the large structure sub-samples when using the disk
radius as a size proxy, and a similar offset of 0.02 dex when using
the global effective radius.

7 The term σ significant will always refer to the uncertainty on the zero
point of the best-fit line.
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Fig. 11. Size-mass relation for galaxies from the MS sample with addi-
tional mass and redshift cuts applied (vi and vii). Symbols and colours
are similar to those in Fig. 2, and orange stars represent galaxies identi-
fied as outliers from the fit done with LtsFit. As an indication, we also
show as semi-transparent symbols galaxies removed by the mass and
redshift cuts. Best-fit lines are shown when using a richness threshold
N = 10 (full lines) and N = 20 (dashed lines). The dashed black line
is not visible since field galaxies have the same best-fit line for N = 10
and N = 20. We do not show galaxies in the small structure sub-sample
since too few galaxies remain after selection criteria (vi) and (vii) are
applied. We also provide in the top left the slope and best-fit zero point
for each sub-sample (see Eq. (12) with y = Rd and x = M?). The typical
uncertainty on stellar mass and disk size is shown in the bottom right as
a grey error bar. After controlling for differences in mass and redshift,
we find a 1σ significant difference of 0.03 dex between sub-samples
with N = 10, and a 2σ significant difference of 0.06 dex with N = 20.

Overall, if significant, the difference between the field and
the largest structures when using N = 10 is quite small. We
note that this result is different from what was found in previ-
ous studies such as Maltby et al. (2010) or Matharu et al. (2019).
Indeed, such studies always found a weak but significant depen-
dence of the size-mass relation with environment. For instance,
Maltby et al. (2010) found spiral galaxies in the field to be about
15% larger than their cluster counterparts but, in our case, it
would only amount to a size difference of roughly 7%. Instead,
using the offset value with N = 20, we get a size differ-
ence of roughly 14%, consistent with previous findings from
Maltby et al. (2010) that galaxies in the most massive structures
are more compact than those in the field. Given the models used
in the morphological analysis and because the bulge-to-disk ratio
is fairly similar between sub-samples, the zero point of the size-
mass relation directly translates in terms of the galaxies central
surface mass density of the disk component (i.e. extrapolated
from the Sérsic profile at R = 0). Assuming the flux of the disk
component dominates at R22, using a slope α = 0.34 and a zero
point βsm, we get the following scaling relation for the disk com-
ponent central surface mass density ΣM,d(0) as a function of stel-
lar mass:

log10 ΣM,d(0) [M� kpc−2] ≈ 0.32 log10 M?,corr [M�]+5.65−2βsm,

(13)

where βsm = 0.26 ± 0.03 for the field sub-sample and βsm =
0.20± 0.03 for the large structure sub-sample when using a rich-
ness threshold of N = 20. A change in the zero point of the
size mass relation does not impact the slope of Eq. (13) but only
its zero point. Thus, the 0.06 dex offset measured between the
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Fig. 12. SFR-stellar mass relation for galaxies from the MS sample
with additional mass and redshift cuts applied (vi and vii). Symbols
and colours are similar to those in Fig. 2, and orange stars represent
galaxies identified as outliers from the fit done with LtsFit. As an indi-
cation, we also show as semi-transparent symbols galaxies removed by
the mass and redshift cuts. Best-fit lines are shown when using a rich-
ness threshold N = 10 (full lines) and N = 20 (dashed lines). We do not
show galaxies in the small structure sub-sample since too few galaxies
remain after selection criteria (vi) and (vii) are applied. The SFR is nor-
malised to redshift z0 = 0.7 (see Sect. 3.3). We also provide the slope
and best-fit zero point for each sub-sample in the top left (see Eq. (12)
with y = SFR and x = M?). The typical uncertainty on stellar mass
and SFR is shown in the bottom right as a grey error bar. Even after
controlling for differences in mass and redshift, we find a 2σ signifi-
cant difference of 0.10 dex between sub-samples with N = 10, and a 3σ
significant difference of 0.15 dex with N = 20.

field and the most massive structures results in a negative offset
of −1.2 dex in Eq. (13). We note that this interpretation remains
true as long as we can neglect the flux of the bulge at R22. How-
ever, when we can no longer neglect it, then Eq. (13) will have
an additional non-linear term that is a function of the bulge cen-
tral surface mass density and effective radius. In this case, the
interpretation would be more complex as galaxies could have
different bulge or disk physical properties as a function of envi-
ronment but still align on the same size-mass relation. However,
as is visible in Fig. C.1, the bulge contribution at R22 is on aver-
age and independently of environment around 10% of the total
flux, which amounts to a scatter in the size-mass relation of about
0.1 dex, which is sufficiently small to neglect at first order the
bulge contribution in this relation.

7.3. Impact of the environment on the MS relation

To study the MS, we use the SED-based stellar mass and the
[O ii] SFR corrected for extinction and normalised to redshift
z0 = 0.7 as described in Sect. 3.3. For this relation, applying
both a mass and a redshift cut is important. Indeed, as can be
seen in Fig. A.3, the MS can be quite sensitive to redshift since
there is still a small dichotomy between low and high redshift
galaxies even after normalisation. The main reason for this effect
is that the MAGIC survey is designed to blindly detect sources in
a cone. The blind detection makes the survey flux-limited, which
means we are missing faint, low SFR galaxies in the highest red-
shift bin. Besides, we expect to see an excess of massive galaxies
in the most massive structures with respect to the field, which, in
our sample, are all located at redshift z ≈ 0.7. Thus, the survey

design tends to create a dichotomy in mass, which is visible in
SFR as well since we are focussing on star-forming galaxies.
Nevertheless, as can be seen in Table 4, the redshift cut has a
much smaller effect than the mass cut, especially on the slope
value from the best-fit line.

We show in Fig. 12 the MS with both cuts applied for the
field and large structure sub-samples, as well as their best-fit
lines and zero point values. We also provide in Fig. B.2 the
MS and its best-fit line when only applying the mass cut, and
when applying neither mass nor redshift cuts. Independently of
whether we apply a mass and/or redshift cut or not, we find a
more than 2σ significant difference in the zero point (∼0.1 dex)
between the field and large structure sub-samples. However,
there is almost no difference in the zero point between the field
and the small structure sub-samples. Independently of the cut
applied, the field galaxies always have a larger zero point than
the galaxies in the large structures. If we interpret this differ-
ence in terms of a SFR offset between the field and the largest
structures, this would lead to an average SFR for the galaxies
in the large structures that is about 1.3 times lower than that in
the field. This factor is quite close to the recent value found by
Old et al. (2020a,b) using the GOGREEN and GCLASS surveys
at redshift z ∼ 1. On the other hand, the reason why other stud-
ies such as Nantais et al. (2020) do not find any impact of the
environment on the MS is still unclear. The effect of the redshift
evolution of the MS might play a role, since Nantais et al. (2020)
probe clusters at z ∼ 1.6, which is beyond the 0.5 < z < 0.9
redshift range we restricted our fit to. Similarly, the impact of
the environment on the MS may be segregated between low
and high mass galaxies. As was reported in Old et al. (2020a,b),
the MS seems to be more impacted in the lowest mass regime.
This explanation would be compatible with our result where we
mainly probe low to intermediate mass galaxies since we remove
massive galaxies not to bias the fit.

Similarly to Sect. 7.2, we performed the same fits but using
a more stringent richness threshold of N = 20 to separate
between structures. When using this threshold combined with
both mass and redshift cuts, we find a roughly 3σ significant
difference of 0.15 dex (βMS = −0.22 ± 0.04 for field galax-
ies, βMS = −0.37 ± 0.05 for galaxies in the largest structures),
consistent with our previous finding that galaxies in the largest
structures have reduced SFR with respect to the field. With this
offset, we get an average SFR in the most massive structures that
is about 1.5 times lower than that in the field, still quite close to
the value from Old et al. (2020a,b).

7.4. Impact of the environment on the TFR

We look at the TFR as a function of the environment using the
TFR sample. Since too few galaxies remain in the small structure
sub-sample once all the selection criteria (i to v) are applied, we
decided to focus this analysis on two sub-samples only. We fit the
TFR using different richness thresholds (N = 5, 10, 15 and 20)
to separate galaxies into a field and small structure and a large
structure sub-samples. The best-fit zero points and the slopes
values are shown in Table 5 and in Fig. 13. As a comparison,
we also show on the bottom panel of Fig. 13 the TFR obtained
using a simpler flat model for the rotation curve as defined in
Abril-Melgarejo et al. (2021). This model allows us to measure
the galaxies circular velocity without any prior on the baryon
distribution and is therefore not affected by our mass modelling.

We find a similar trend between the TFR from the mass mod-
els and that from the flat model. Overall, the tightness of the
relation using either model makes the zero point values well
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Table 5. Best-fit values for the TFR fitted on the TFR sample.

Sub-sample Selec. Number Prop. (%) αTFR βTFR αflat
TFR βflat

TFR
(1) (2) (3) (4) (5) (6) (7) (8)

Small-5 87 (1) 60 0.29 2.04 ± 0.01 0.32 2.00 ± 0.02
Large-5 58 (0) 40 1.99 ± 0.01 1.97 ± 0.01
Small-10 94 (1) 65 2.03 ± 0.01 2.00 ± 0.02
Large-10 51 (0) 35 2.00 ± 0.02 1.97 ± 0.01
Small-15 106 (1) 73 2.02 ± 0.01 1.99 ± 0.01
Large-15 39 (0) 27 2.00 ± 0.02 1.98 ± 0.02
Small-20 117 (1) 81 2.02 ± 0.01 1.99 ± 0.01
Large-20 28 (0) 19 1.98 ± 0.02 1.97 ± 0.02
Small-5

(vi)

80 (1) 69 0.41 2.02 ± 0.02 0.49 1.98 ± 0.02
Large-5 36 (0) 31 1.98 ± 0.03 1.95 ± 0.03
Small-10 85 (1) 73 2.01 ± 0.02 1.98 ± 0.02
Large-10 31 (0) 27 1.99 ± 0.03 1.95 ± 0.03
Small-15 89 (1) 77 2.01 ± 0.02 1.98 ± 0.02
Large-15 27 (0) 23 2.00 ± 0.03 1.95 ± 0.03
Small-20 98 (1) 84 2.01 ± 0.02 1.98 ± 0.02
Large-20 18 (0) 16 1.97 ± 0.04 1.92 ± 0.04
Small-5

(vi)
and
(vii)

27 (0) 48 0.36 2.02 ± 0.03 0.47 1.98 ± 0.03
Large-5 29 (0) 52 2.01s ± 0.03 1.96 ± 0.03
Small-10 27 (0) 48 2.02 ± 0.03 1.98 ± 0.03
Large-10 29 (0) 52 2.01 ± 0.03 1.96 ± 0.03
Small-15 29 (0) 52 2.02 ± 0.03 1.98 ± 0.03
Large-15 27 (0) 48 2.01 ± 0.03 1.95 ± 0.03
Small-20 38 (0) 68 2.03 ± 0.02 1.98 ± 0.03
Large-20 18 (0) 32 1.99 ± 0.04 1.93 ± 0.04

Notes. Optionally, we also apply a mass cut M? ≤ 1010 M� (vi) and
a redshift cut 0.5 ≤ z ≤ 0.9 (vii). For each fit, the slope is fixed to
the one from LtsFit on the entire kinematics sample using the same
selection criteria. Bold values correspond to those shown in Fig. 13. (1)
Sub-sample name, (2) additional selection criteria applied, (3) number
of galaxies in each sub-sample, with outliers in parentheses, (4) propor-
tion of galaxies in each sub-sample (after removing outliers), (5) fixed
slope for the TFR using the velocity computed from the mass models,
(6) best-fit zero point (mass models), (7) fixed slope using the veloc-
ity computed from a flat model, and (8) best-fit zero point (flat model).
Errors on fit parameters correspond to 1σ uncertainties.

constrained, with typical uncertainties around 0.03 dex. When
we do not apply any mass or redshift cut, the large structure
sub-sample tends to systematically have a lower zero point
between 0.02 dex and 0.04 dex with respect to the field sub-
sample depending on the richness threshold used8. This is shown
in Table 5, as well as in Fig. B.3. However, when adding a mass
and/or a redshift cut, this offset tends to disappear independently
of the model and richness threshold used, as is shown in Fig. 13.
When using N = 20, we nevertheless get a small 1σ signifi-
cant offset of roughly 0.04 dex in both TFR. This result suggests
that the larger offset values found when applying no cut are cer-
tainly the consequence of having different stellar mass distribu-
tions between the two sub-samples, or might be due to a small
impact of the redshift evolution of the TFR.

Given the disk, bulge and DM halo mass models used to
derive the circular velocity (see Sects. 5 and D), and assuming
a constant B/D value of 3%, which is the median value found
in the kinematics sample independently of environment, we can
write the TFR as a function of the stellar mass M?,corr within R22,
the stellar fraction f?(R22) = M?,corr/[M?,corr + MDM(R22)], with

8 We fit the circular velocity against stellar mass (independent vari-
able), but we show in Fig. 13 the inverse relation. Thus, the zero point
offsets β given in the text and in Table 5 should be read horizontally in
the figure.
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Fig. 13. Stellar mass TFR at R22 for galaxies from the TFR sample with
mass and redshift cuts applied (vi and vii). The top panel shows the
TFR using the velocity computed from the mass models, and the bottom
shows the TFR using the velocity from a flat model. Galaxies are split
between field and small structure (black points) and large structure (red
circles) sub-samples using a richness threshold of N = 10. Orange stars
represent galaxies identified as outliers from the fit done with LtsFit.
As an indication, we also show as semi-transparent symbols galaxies
removed by the mass and redshift cuts. Best-fit linear relations for both
sub-samples are shown as full lines. We provide in the bottom part of
each panel the slope and best-fit zero points (see Eq. (12) with y = V22
and x = M?,corr). The typical uncertainty on stellar mass and velocity is
shown as a grey error bar. After controlling for differences in mass and
redshift, we do not find any impact of the environment on the zero point
of either TFR.

MDM the DM halo mass, both computed at R22, and Rd as

log10

(
M?,corr

M�

)
≈ 2 log10

( V22

km s−1

)
+ log10

(
Rd

kpc

)
+ log10

(
f?

1 + 0.15 f?

)
+ 5.71. (14)

In Eq. (14), we see the size-mass relation. Thus, rewriting
Eq. (14) to make the central surface mass density of the disk
component appear, and then inserting Eq. (13), we get

log10

(
M?,corr

M�

)
≈ 3.03 log10

( V22

km s−1

)
+ 1.52 log10

(
f?

1 + 0.15 f?

)
+ 3.91 + 1.52 βsm, (15)

where βsm is the size-mass relation zero point that was found to
vary with environment in Sect. 7.2. In Eq. (15), we see that only
two terms can contribute to an offset on the TFR:
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(i) different zero points on the size-mass relation as a function
of environment,

(ii) an offset on the stellar fraction measured within R22 between
the field and the large structure sub-samples.

If we interpret any offset on the TFR zero point as being an offset
on stellar mass at fixed circular velocity, given Eq. (15) we have

∆ log10 M?,corr[M�] = 1.52
[
∆ log10

(
f?

1 + 0.15 f?

)
+ ∆βsm

]
, (16)

where ∆βsm is the offset on the zero point of the size-mass rela-
tion that is due to the contraction of baryons observed in the most
massive structures. With a threshold N = 20, we have ∆βsm =
0.06 dex and an offset on the TFR, which is in circular velocity at
fixed stellar mass, of 0.04 dex and 0.05 dex for the mass and flat
models, respectively. The corresponding offset in stellar mass at
fixed circular velocity is given by −∆βTFR/αTFR = 0.11 dex for
both models. For a typical galaxy in the kinematics sample with
a stellar fraction of 20% this would give a difference between a
galaxy in the field and one in the largest structures of roughly
4%. This result is quite close to the difference in stellar frac-
tion (circles) seen in Fig. 14 where we have plotted its evolution
computed from the mass models in bins of stellar mass between
galaxies in the field and small structures (black) and those in
large structures (red). We see that the stellar fraction increases
as we go towards more massive galaxies, both in the field and
in large structures. However, the difference remains small com-
pared to the uncertainty of roughly 10%. Besides, the distribu-
tions tend to be quite spread out, as is shown by the grey error
bars, even though there is a significant offset of the stellar frac-
tion distribution and of its dispersion as we go towards larger
stellar masses.

Contrary to what was found in Abril-Melgarejo et al. (2021),
we cannot measure an impact of quenching on the TFR since
our stellar mass offset is negative, meaning that galaxies in
the largest structures would be on average more massive than
those in the field. Nevertheless, the difference is quite small
(∼0.05 dex) and may not be particularly significant. However,
we do measure a significant offset in the MS, which means that
quenching does take place somehow within at least some of the
galaxies in the largest structures. One way to explain the appar-
ent discrepancy is to look at the timescale over which the SFR
we used in the MS is probed. Indeed, we measure the SFR from
the [O ii] doublet, which mainly probes recent star formation
(∼10 Myr). On the other hand, if we consider that the field and
large structure sub-samples do not have zero points more dif-
ferent than at most their uncertainty (0.02−0.03 dex), we can
compute an upper bound on the quenching timescale in the large
structures using Eq. (16) of Abril-Melgarejo et al. (2021). This
gives us timescales between roughly 700 Myr and 1.5 Gyr, sig-
nificantly larger than the ∼10 Myr probed by the SFR from the
[O ii] doublet. Hence, the galaxies in the largest structures at
z ∼ 0.7 might have quite recently started being affected by their
environment, and thus started being quenched, so that the impact
on the TFR might not be visible yet with respect to the field
galaxies.

Some authors also implement an asymmetric drift cor-
rection to take into account the impact of gas pressure
on its dynamics (e.g., Meurer et al. 1996; Úbler et al. 2017;
Abril-Melgarejo et al. 2021; Bouché et al. 2022). Evaluated at
R22, the gas pressured corrected circular velocity for a dou-
ble exponential density profile with a constant thickness writes
(Meurer et al. 1996; Bouché et al. 2022)

Vc,22 =

√
V2

22 + 2.2σ2
V , (17)
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Fig. 14. Evolution of the median stellar and baryon fractions for galax-
ies from the TFR sample in the field (black points) and in large struc-
tures (red circles) as a function of stellar mass in mass bins of 1 dex.
Light grey error bars correspond to the 16th and 84th percentiles of the
baryon fraction distributions. The typical uncertainty on stellar mass
and baryon fraction is shown as a dark grey error bar on the bottom
right. Because we removed galaxies whose mass models have large
uncertainties (selection criteria iv and v), the fractions we measure are
probably slightly underestimated.

where V22 is the uncorrected circular velocity evaluated at R22
and σV is the velocity dispersion computed as the median value
of the beam smearing and LSF corrected velocity dispersion
map. Equation (17) is only an approximation of the real impact
of gas pressure on the measured circular velocity since it only
holds for turbulent gas disks with negligible thermal pressure. In
the kinematics sample, the median value of the intrinsic veloc-
ity dispersion is around 30 km s−1 independently of environment.
Thus, the impact of the asymmetric drift correction is quite small
on the TFR. However, we find that the velocity dispersion is not
constant but is correlated with stellar mass such that more mas-
sive galaxies are more impacted by the correction than low mass
ones. In turn, this tends to align high and low mass galaxies onto
a line with roughly the same slope, but with a slightly larger scat-
ter. Indeed, when implementing the asymmetric drift correction,
we find virtually the same zero point between the small and large
structure sub-samples (βTFR ≈ 2.07 with the corrected velocity
versus βTFR ≈ 2.02 with the uncorrected one), independently of
the environment or the richness threshold used.

Additionally, we can also include the gas mass into the fit.
We compute the gas mass using the Schmidt-Kennicutt relation
(Schmidt 1959; Kennicutt 1998a) assuming the gas is evenly dis-
tributed within a disk of radius R22:

log10 Mg [M�] ≈ 8.053 + 0.571 log10 Rd [kpc]

+ 0.714 log10 SFR [M� yr−1], (18)

with Mg the gas mass and SFR the un-normalised SFR (see
Sect. 3.3). If we replace the size and SFR variables in Eq. (18)
by the size-mass and SFR-mass relations found before, we get a
correlation between gas and stellar masses such that more mas-
sive galaxies also have a higher gas mass. In particular, the off-
set on the zero point found for the TFR between the field and
the large structure sub-samples will also lead to a small offset in
the gas mass-stellar mass relation. The impact of the gas mass
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on the mass budget is shown in Fig. 14. We compare the stel-
lar fraction (circles) with the total baryon fraction (triangles) for
the field and large structure sub-samples. For most galaxies, the
gas mass is non-negligible but has a small impact, leading to
an offset between stellar and baryon fractions of roughly 5%.
On the other hand, the gas mass has a slightly more significant
impact on the lowest mass bin. While the impact is similar to
other mass bins for the field sample (roughly 5%), the impact on
the large structure sub-sample is stronger, reaching about 10%.
This would suggest that the low mass galaxies are more gas rich
in the large structures than in the field. However, only a handful
of galaxies (∼10) are located in the lowest mass bin in the large
structure sub-sample. Besides, as is shown by the light grey error
bars in Fig. 14, the distribution for the baryon fraction is quite
large so that the difference in gas mass is probably not that sig-
nificant. Another explanation for this slightly larger difference
found at low mass might be that these galaxies are experiencing
bursts of star formation, which would lead to overestimated gas
masses, but this effect is not visible in the MS.

When the gas mass is included, we get a tighter TFR, with
low mass galaxies that tend to be aligned onto the same line
as the high mass ones. In turn, this brings the best-fit slope
to a value of α = 0.31 when applying the mass and redshift
cuts, quite close to the α = 0.29 value found when fitting the
stellar mass TFR without applying any cut (i.e. driven by mas-
sive galaxies). The zero point is almost always similar between
the field and small structure and large structure sub-samples
(βTFR ≈ 1.99), independently of the richness threshold used to
separate galaxies in the two sub-samples. Similarly to the stel-
lar mass TFR, only when using a threshold N = 20 do we find
a slightly more significant difference in zero point between the
field and small structure sub-sample (βTFR = 2.00 ± 0.02) and
the large structure sub-sample (βTFR = 1.98 ± 0.02). However,
once we further include the asymmetric drift correction from
Eq. (17), the difference vanishes for any richness threshold used
(βTFR ≈ 2.02).

Thus, if there is an impact on the TFR, it is mostly driven
by differences in terms of stellar mass or redshift distributions
rather than the environment itself. We note that this result is con-
sistent with Pelliccia et al. (2019), where they could not find an
impact of the environment on the TFR as well, but is contra-
dictory to what was found in Abril-Melgarejo et al. (2021). By
comparing their sample to others, such as KMOS3D, KROSS,
and ORELSE, they were able to find a significant offset in the
TFR, which they attributed to the fact that different environments
were probed. This offset was interpreted either as the effect of
quenching, which reduces the amount of stellar mass in the most
massive structures at fixed circular velocity, or as the effect of
baryon contraction, which leads to an increase in circular veloc-
ity at fixed stellar mass. As discussed previously, baryon contrac-
tion and quenching are visible in our size-mass and MS relations,
but not in the TFR. However, they noted that performing a con-
sistent and reliable comparison between samples using different
observing methods, models, tools, and selection functions was
a difficult task and can lead to multiple sources of uncertainty.
These can directly arise from the morphological and kinematics
modelling, but can also be driven by uncertainties on the SED-
based stellar masses, which, depending on the SED fitting code
used and the assumptions made on the star formation history,
can lead to systematics of the same order of magnitude as the
offset found in Abril-Melgarejo et al. (2021). On the other hand,
we argue that our result is quite robust since we have applied the
same models, tools, assumptions and selection from the begin-
ning to the end.

8. Conclusion

We have performed a morpho-kinematics modelling of 1142
[O ii] emitters from the MAGIC survey using combined HST
and MUSE data in the redshift range 0.25 < z < 1.5. These
galaxies are all located in the COSMOS field and have been
attributed to structures of various richness (field, small, and large
structures) using a FoF algorithm. We derived their global prop-
erties, such as their stellar mass, using the SED fitting code Fast
and their SFR using the [O ii] doublet. Their morphological
modelling was performed with Galfit on HST F814W images
using a bulge and a disk decomposition. The best-fit models were
later used to perform a mass modelling to constrain the impact
of the baryons on the total rotation curve of the ionised gas. We
included a mean prescription for the thickness of stellar disks as
a function of redshift to correct for the impact of finite thick-
ness on the mass and rotation curve of the disk component. The
kinematics maps (line flux, velocity field, velocity dispersion,
etc.) were extracted from the MUSE cubes using the [O ii] dou-
blet as kinematics tracer, and the 2D kinematics modelling was
performed by fitting the baryon mass models combined with an
NFW profile to describe the DM halo directly on the observed
velocity field while modelling the impact of the beam smearing
to compute the intrinsic velocity dispersion.

Our kinematics sample was divided into sub-samples, target-
ing different environments, and we decided to focus our analysis
on three scaling relations, namely the size-mass relation, the MS
relation, and the TFR. As a first step, we selected a sample of
star-forming disk-like galaxies and studied how using different
additional selection criteria, in terms of size, S/N, and/or red-
shift, would impact the best-fit slope and zero point for each
relation. We found that the redshift and mass selection criteria
were important in order not to bias the zero point when compar-
ing between environments since their redshift and mass distri-
butions differ. Additionally, the TFR requires additional criteria,
especially in terms of inclination, to remove galaxies with poorly
constrained kinematics.

We find a 1σ significant difference (0.03 dex) in the size-
mass relation as a function of environment when using a richness
threshold of N = 10 to separate between small and large struc-
tures, and a 2σ significant difference (0.06 dex) using N = 20.
This result suggests that galaxies in the largest structures have,
on average, smaller disks (∼14%) than their field counterparts at
z ≈ 0.7, similar to what was found in the literature. Addition-
ally, we get similar results when using the global effective radius
rather than the disk effective radius for our disk sizes. Regard-
ing the MS, we find a 2σ significant impact of the environment
on the zero point of the MS (0.1 dex) when using N = 10 and a
3σ significant difference (0.15 dex) when using N = 20. These
offsets are consistent with galaxies located in the large structures
with SFRs reduced by a factor of 1.3 − 1.5 with respect to field
galaxies at a similar redshift.

Finally, after applying mass and redshift cuts, we cannot
find any difference in the zero point of the TFR between envi-
ronments, except when using a richness threshold of N = 20
to separate between a field and small

¯
structure sub-sample and

a large structure sub-sample. In this instance, we get an off-
set of 0.04 dex, which is significant to at most 1σ significance.
By interpreting this offset as being an offset in stellar mass at
fixed circular velocity, and by including the contribution of the
size-mass relation in the interpretation of the TFR, we find that
there must be a small difference of roughly 4% in stellar frac-
tion between field galaxies and those in the largest structures.
Because we measure a negative stellar mass offset in the TFR
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between the field and the large structure sub-samples (galax-
ies in the large structures are more massive than those in the
field), we can rule out the effect of quenching, as was suggested
in Abril-Melgarejo et al. (2021), when using N = 20. On the
other hand, because there is no measured difference in zero point
with N = 5, 10, and 15, we can compute upper bounds on the
quenching timescale of the galaxies in the large structures using
the typical uncertainty found on the TFR zero point. If quench-
ing does indeed lead to a deficit in stellar mass in structures at
z ≈ 0.7 with respect to the field, this would suggest that galaxies
have been impacted by the largest structures for at most between
700 Myr and 1.5 Gyr. When including the contribution of the gas
in the mass budget of the TFR, we find a similarly significant off-
set of 0.02 dex between the field and the large structures (using
N = 20). However, as previously discussed, quenching is still
ruled out since this leads to a negative mass offset. Nevertheless,
we note that these small differences in zero point vanish once we
include the contribution of gas pressure in the dynamics (asym-
metric drift correction).

The conclusion from our fully self-consistent study differs
from that of Abril-Melgarejo et al. (2021), even though they
investigated and took methodological biases between the sam-
ples they compared into account as much as possible. Such a dif-
ference might be due to uncontrolled biases when they compared
the TFR between samples, or from a possible redshift evolution
of the TFR since they could not control the redshift distribution
of the various samples as much as we did in this analysis.

This outlines the importance of further reducing those biases
by using similar datasets, selection functions, and analysis meth-
ods for galaxies in both low- and high-density environments to
measure the impact of the environment on galaxy evolution.
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Appendix A: Additional plots and tables
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Fig. A.1. Comparison of the circular velocity V22 = V(R22) using
MocKinG between MultiNest and Mpfit for galaxies from the MS
sample. The rotation curve used was a flat model, and we removed
galaxies whose circular velocity could not be reliably constrained (R22
falls outside the range where there is sufficient S/N in the MUSE data
cube to derive the kinematics). Red points correspond to galaxies visu-
ally classified as having no apparent velocity field in their kinematics
maps, and dashed red lines correspond to a 50% difference between the
two methods. The typical uncertainty is shown in the bottom-right part
of the plot. Overall, values are consistent within their error bars.
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Fig. A.2. Distribution of effective radii for galaxies in the morphologi-
cal sample. In grey (filled) we show the total size, in red (hatched) the
bulge size, and in blue (hatched) the disk size. Disks are mostly found
between roughly 1 kpc and 6 kpc, with very few galaxies with disk sizes
beyond 10 kpc. The lack of disks below 1 kpc is due to the size selection
criterion from Sect. 6.1. On the other hand, the majority of bulges are
found below 2 kpc. The total size of galaxies is mainly driven by the
disk component.
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Fig. A.3. SFR-stellar mass relation for galaxies from the MS sample,
colour-coded as a function of redshift. Despite the applied normalisation
to redshift z0 = 0.7, we still see a dichotomy. High redshift galaxies tend
to align along lines with the largest specific star formation rate (sSFR),
while low redshift galaxies tend to align along lines with the lowest
sSFR because of the survey design.
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Appendix B: Impact of selection
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Fig. B.1. Size-mass relation with and without applying the mass selec-
tion criterion (vi) on galaxies from the MS sample. The data points and
best-fit lines are similar to Fig. 11. As an indication, we also show as
semi-transparent symbols galaxies removed by the mass cut in the right
panel. The typical uncertainty on stellar mass and disk size is shown on
both panels as a grey error bar.
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Fig. B.2. SFR-mass relation with and without applying the mass selec-
tion criterion (vi) on galaxies from the kinematics sample. The data
points and best-fit lines are similar to Fig. 12. As an indication, we also
show as semi-transparent symbols galaxies removed by the mass cut
in the right panel. The typical uncertainty on stellar mass and SFR is
shown on both panels as a grey error bar.
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Fig. B.3. TFR with and without applying the mass selection criterion
(vi) on galaxies from the TFR sample. The data points and best-fit lines
are similar to Fig. 13. The first row shows the TFR using the velocity
derived from the best-fit mass models, and the second row the TFR
using the flat model. As an indication, we also show as semi-transparent
symbols galaxies removed by the mass cut in the rightmost panels. The
typical uncertainty on stellar mass and velocity is shown on each panel
as a grey error bar.
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Appendix C: Bulge-disk decomposition

Figure C.1 represents the median value of the bulge-to-total flux
ratio (B/T) for the morphological sample as a function of radius.
We see that beyond one effective radius the disk dominates the
flux budget. When computed near the centre, B/T is close to
one, consistent with the bulge dominating the inner parts. Even
though the disk dominates at large distances, B/T does not reach
zero. This is a consequence of the chosen bulge-disk decompo-
sition. Indeed, for a Sérsic profile with parameters (n,Σeff,Reff),
the integrated flux up to radius r is given by

F(< r) = 2πn Σeff R2
eff ebn γ

(
2n, bn

(
r/Reff

)1/n
)
/b2n

n , (C.1)

where γ is the lower incomplete gamma function and where bn is
the solution of the equation Γ (2n) = 2γ (2n, bn) (Graham et al.
2005), with Γ the complete gamma function. Therefore, for a
bulge-disk decomposition the total flux ratio between the two
components is given by

B/T(r → ∞) ≈ Σeff,b R2
eff,b /

(
Σeff,b R2

eff,b + 0.527 Σeff,d R2
eff,d

)
,

(C.2)

where (Σeff,b,Reff,b) and (Σeff,d,Reff,d) are the bulge and disk
parameters, respectively. The only case for which Eq. C.2 van-
ishes is when the bulge contribution can be neglected with
respect to the disk. Otherwise, when B/T(∞) is sufficiently larger
than 0, this reflects a non-negligible contribution of the bulge to
the overall flux budget. The fact that the median value for the
morphological sample is around 0.2 is therefore a good indica-
tion of the relevance of performing a bulge-disk decomposition
with respect to using a single disk model.
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Fig. C.1. Mean B/T for galaxies in the morphological sample computed
at various radii in units of Reff. The areas correspond to the 1σ (dark
grey) and 2σ (light grey) dispersions. The bulge component dominates
the central parts of the galaxies whereas the disk takes over completely
after roughly one effective radius. Even as far as 10Reff, we find a nearly
constant non-zero B/T ≈ 0.2 indicative of a non-negligible bulge con-
tribution to the overall flux budget.

The half-light radius of a multi-component decomposition
involving only Sérsic models does not necessarily have to be
computed through numerical integration but can also be derived
by finding the single zero of a given function. Indeed, for a bulge-
disk decomposition, from the definition of the global half-light

radius (that is, the radius that encloses half of the total flux), we
have

Fd(Reff) + Fb(Reff) =
(
Ftot,d + Ftot,b

)
/2, (C.3)

where Fd(Reff) and Fb(Reff) are the disk and bulge fluxes at the
global effective radius Reff, and Ftot,d, Ftot,b are the disk and bulge
total fluxes, respectively. Given Eq. C.1, one can rewrite Eq. C.3
as

Ftot,d

[
γ

(
2, b1

Reff

Reff,d

)
− 0.5

]
+

Ftot,b

Γ(8)

γ 8, b4

(
Reff

Reff,b

)1/4 − Γ(8)/2

 = 0. (C.4)

Furthermore, if one defines the total magnitude of a compo-
nent i as magi = −2.5 log10 Ftot,i + zpt, where zpt is a zero point
that is the same for all the components and normalises by the
total flux, then Eq. C.4 simplifies to

f (Reff)/ f (∞) = 0, (C.5)

with the function f defined as

f (x) = 10−magd/2.5
[
γ

(
2, b1

x
Reffd

)
− 0.5

]
+

10−magb/2.5

γ 8, b4

(
x

Reff,b

)1/4 /Γ(8) − 0.5

 . (C.6)

Equation C.5 can be solved by searching for a zero
in the range

[
min

(
Reff,d,Reff,b

)
,max

(
Reff,d,Reff,b

)]
. Indeed, if

Reff > max
(
Reff,d,Reff,b

)
, the flux at Reff would be the sum of

Fd(Reff) > Fd,tot/2 and Fb(Reff) > Fb,tot/2 such that it would be
larger than the expected Ftot/2 value. Thus, Reff cannot be greater
than max

(
Reff,d,Reff,b

)
, and the same argument can be given for

the case Reff < min
(
Reff,d,Reff,b

)
.

Finally, there is only one zero that is a solution of Eq. C.5,
and this can be shown by noticing that f is a monotonously
increasing function of x whose normalised form f (x)/ f (∞) is
bounded between -1 for x = 0 and 1 for x = ∞.

Appendix D: Mass modelling

The methodology used in Abril-Melgarejo et al. (2021) to derive
the galaxies dynamics is only an approximation of the intrin-
sic ionised gas kinematics. The flat model used for the rotation
curve is ad hoc, based on observations of local and intermediate
redshift rotation curves of DM-dominated galaxies. While being
a good approximation for DM-dominated systems, this kine-
matics modelling does not take into account information from
the morphological modelling. In theory, one should derive the
ionised gas kinematics, assuming in our case that the gas is dis-
tributed within an infinitely thin disk, from the 3D mass distri-
bution of the different galaxy components. Even though we do
not have access to such distributions, we can nevertheless con-
strain the gas kinematics under a few assumptions. In Sect. 4.1
we assumed that the sky projected surface density of the stars
can be described by a bulge-disk decomposition, where the sur-
face density of stellar disk is represented by an exponential pro-
file and the stellar bulge is assumed to be spherically symmetric
with a surface density described by a de Vaucouleurs profile. If
one can find 3D flux densities that, when projected onto the line
of sight, become the corresponding surface densities, then one
has found the corresponding mass densities up to a multiplica-
tive factor that is the mass-to-light ratio Υ = (M/L)?.
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D.1. Theoretical background

For any mass density ρM(r), we can derive the corresponding
potential Φ from Poisson equation

∇2Φ(r) = 4πGρM(r). (D.1)

The observed velocity maps are derived from the ionised gas
kinematics, which is assumed to be located within an infinitely
thin disk; therefore, we are only interested in the velocity of the
gas within the plane of the galaxy disk. If we further assume that
the mass distribution ρM is in equilibrium within its gravitational
potential, then the centrifugal acceleration caused by its rotation
must balance the radial gradient of the potential Φ in the galaxy
plane, that is,

V2
circ

R
(R) = −

∂Φ

∂R
(R, z = 0), (D.2)

with Vcirc the circular velocity, R the radial distance in the plane
of the galaxy, and where we have assumed that the potential and
circular velocity are independent of the azimuth because of the
symmetry of the mass distributions used in the following. Since
the mass distributions and therefore the potentials add up, the
circular velocity can be simply written as

V2
circ(R) =

∑
i

V2
circ,i(R), (D.3)

where Vcirc,i is the circular velocity of the component i obey-
ing Eq. D.2 for the corresponding potential well. In our case, the
components that will contribute the most to the rotation curve are
the stellar disk, stellar bulge and the DM halo to account for con-
stant or slowly declining observed rotation curves at large radii.
We do not model the contribution of the gas, which will there-
fore slightly contribute to the DM halo profile. In the case of the
stellar components, we transform from stellar light distributions
ρi to mass distributions ρM,i using

ρM,i(r) = Υρi(r), (D.4)

where we have further assumed that the mass-to-light ratio, Υ,
is constant throughout the galaxy, and we compute it using the
SED-based estimator of the stellar mass as

Υ = M?/FSP(1.5′′), (D.5)

where M? is the SED-based mass computed in a circular aper-
ture of diameter 3′′, and FSP(1.5′′) is the flux integrated on the
plane of the sky in the same aperture. In this analysis, we assume
a similar Υ for both disk and bulge because it would require at
least two HST bands to constrain efficiently the M/L for both
components individually as done for instance in Dimauro et al.
(2018).

D.2. Razor-thin stellar disk

To begin with, we assume the stellar disk to be infinitely thin, so
that the stellar light density can be written as

ρ(r) = ΣRT(R) δ(z) (D.6)

ΣRT(R) = ΣRT(0) e−b1[R/Reff,d], (D.7)

where ΣRT represents the light distribution in the plane of the
disk, with ΣRT(0) the central surface density, b1 ≈ 1.6783, Reff,d
the disk effective radius, and δ is the Dirac distribution. The
rotation curve for such a distribution was computed for the first
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Fig. D.1. Impact of the thickness on the shape of the rotation curve for a
thin disk. The finite thickness only impacts the inner parts and changes
both the amplitude and the radius where the maximum is reached.

time by Freeman (1970) using the method described in Toomre
(1963):

VRT(R) = VRT,max ×
y f (y)

1.075 f (1.075)
, (D.8)

with f (y) =
√

I0(y)K0(y) − I1(y)K1(y) and y = R/(2Rd). The
effective radius of the disk is related to the disk scale length
appearing in Eq. D.8 through Reff,d = b1Rd. The maximum
circular velocity is reached at a radius R = 2.15Rd and is
equal to

VRT,max = 2.15 f (1.075)
√
πGRdΥ ΣRT(0), (D.9)

where G is the gravitational constant.

D.3. Thin stellar disk

To refine the mass modelling of the stellar disk, we consider a
disk model with a finite thickness. Assuming the light distribu-
tion can be correctly represented by a double exponential profile,
we have

ρ(r) = ΣRT(R) e−|z|/hz/(2hz), (D.10)

where hz is the disk scale height. It can be shown (Peng et al.
2002b) that the potential in the plane of the galaxy for such a
density can be written as

Φ(R) = −(2π G/hz)
∫
R+

dk (1/hz + k)−1J0(kR) S 0(k), (D.11)

where S 0(k) is the Hankel transform of order 0 of the surface
density Σd(R). For thin disks with small hz, an approximation of
the circular velocity in the plane of the galaxy is given by9

V2
d (R) = V2

RT(R) − V2
corr,max ×

R e1−R/Rd

Rd
, (D.12)

where VRT is the razor-thin circular velocity defined in
Eq. D.8 and Rd is the disk scale length. For typical values of

9 For a derivation of this approximation, see Eq. 8.73 in Chapter 8 of
Bovy J. Dynamics and Astrophysics of Galaxies. Princeton University
Press, Princeton, NJ (in preparation) whose online version can be found
at https://galaxiesbook.org/.
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hz/Rd ≈ 0.2 − 0.3, this approximation gives a circular velocity
that is different from numerical integration by less than 2% for
most of the radial range, except near the central parts where the
relative difference rises, though the absolute difference remains
negligible in practice as the circular velocity quickly drops to
zero near the centre. The maximum of the correction is reached
at Rd (see Fig. D.1) and is given by

Vcorr,max =
√

2πGhzΥ ΣRT(0)/e. (D.13)

D.4. Impact of thickness on inclination and central surface
density

In the case of a razor-thin disk projected at an inclination i with
respect to the line of sight, the apparent central surface density
ΣRT,obs(0) and axis ratio q = b/a, with a and b the semi-major
and semi-minor axes, respectively, scale with the inclination as

ΣRT,obs(0) = ΣRT(0)/ cos i, (D.14)
q = cos i. (D.15)

Writing Eq. D.14 is equivalent to saying that the total flux of
the disk must be independent of its inclination on the sky, and
Eq. D.15 comes from the fact that the isophotes of a projected
razor-thin disk are ellipses. However, in the case of a disk with
non-zero thickness the surface density profile gets more compli-
cated, and must be computed as the integral of the inclined den-
sity distribution along the line of sight. We give in Appendix E
a derivation of this integral in the general case. For the apparent
central density, it simplifies to

Σd,obs(0) =
ΣRT(0) Rd

2hz sin i0

∫
R

dv e−|v| (1+β)

=
ΣRT(0)

q0 sin i0 + cos i0
, (D.16)

with q0 = hz/Rd the real axis ratio, Rd the disk scale length,
ΣRT(0) the central surface density if the galaxy was seen face-
on, and i0 the real inclination of the galaxy. We see that when the
disk is infinitely thin (i.e. hz = 0) we recover Eq. D.14, as should
be expected. For a perfectly edge-on galaxy, that is, i = 90◦,
Eq. D.14 diverges, which is due to the fact that a razor-thin disk
seen edge-on does not have its flux distributed onto a surface
anymore, but onto a line. For a disk with non-zero thickness,
this is not the case, and therefore Eq. D.16 remains finite for an
edge-on galaxy.

For a disk with finite thickness, there is no trivial way to
relate the observed axis ratio q to the real one q0. In practice,
the isophotes of a projected disk can be approximated by ellipses
but with an ellipticity that depends on position, disk scale length,
scale height, and inclination. Still, we expect the observed axis
ratio to be 1 for a face-on galaxy, and equal to q0 for a perfectly
edge-on galaxy. For an oblate system, we can relate the observed
axis ratio to the intrinsic one and the galaxy inclination i0 as
(Bottinelli et al. 1983):

cos2 i0 = (q2 − q2
0)/(1 − q2

0). (D.17)

Technically, the isodensity surfaces of a double exponential
profile are not oblate but have a biconical shape, which means
that Eq. D.17 is only an approximation of the real dependence of
the observed axis ratio on q0 and inclination. In Sect. 4.1 we fit-
ted 2D profiles of galaxies using a bulge-disk decomposition,
assuming that the disk is exponential with zero thickness. Its
apparent central surface density is therefore given by Eq. D.14
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Fig. D.2. Ratio of the central density assuming a double exponential
profile with that derived assuming a razor-thin disk exponential fit as
a function of the galaxy’s real inclination, i0, and intrinsic axis ratio,
q0 = hz/Rd, with Rd the disk scale length. The maximum value is equal
to
√

2 and is reached at i0 = arctan(1/q0).

with i the apparent inclination related to the observed axis ratio
through Eq. D.15. If the stellar disk 3D distribution is actually
described by a double exponential profile, then its apparent cen-
tral surface density given by Eq. D.16 must match that of the
fitted single exponential profile. Using Eq. D.17 to express the
apparent inclination in terms of the real inclination i0 and intrin-
sic axis ratio q0, we can derive the ratio r0 of the central surface
density computed using a double exponential profile against that
computed from a single exponential fit as

r0 =
q0 sin i0 + cos i0√
q2

0 sin2 i0 + cos2 i0
. (D.18)

The ratio of the central surface densities is plotted in Fig. D.2
as a function of the intrinsic axis ratio and real inclination. The
central surface density derived in the case of a disk with non-zero
thickness is always larger than its infinitely thin disk counterpart,
the ratio reaching a maximum

max
i0

r0 =
√

2 (D.19)

at i0 = arctan(1/q0). As is expected, when the disk becomes
more and more flattened, the ratio reaches unity. Similarly, when
the galaxy is viewed face-on, the central surface densities for
both models are equal.

D.5. Correction in the inner parts

The Bovy approximation to the rotation curve of a double expo-
nential profile given by Eq. D.12 has the disadvantage of reach-
ing a null velocity as soon as the correction term on the right-
hand side becomes larger than the velocity of the razor-thin
disk that appears in the equation, that is, at R > 0. However,
the real rotation curve would reach a null velocity at R = 0
if one integrates it numerically. The impact of using Eq. D.12
would be small since we lack the resolution in our MUSE data
to model precisely the velocity in the inner parts and because
beam-smearing strongly affects the velocity field near the cen-
tre. Nevertheless, it can be useful to slightly modify it in order to
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have a rotation curve that behaves more physically in the inner
parts.

To do so, we decided to replace the rotation curve for the
double exponential profile near the centre with the tangential line
to Bovy approximation, which passes through R = 0. This means
that the rotation curve will behave linearly in the inner parts until
it reaches the tangential point where Bovy approximation will
take over. With R0 the radius at which the corresponding tangen-
tial line passes through the point R = 0, the tangent must obey
the following equation:

dVd

dR
(R0) × R = Vd(R0) × R/R0. (D.20)

Defining y = R/(2Rd) and y0 = R0/(2Rd), this simplifies to

y0 ×
dV2

d

dy
(y0) = 2V2

d (y0), (D.21)

with the derivative of V2
d given by

dV2
d

dy
(y0) = V2

d (y0)/y0+

αy0

[
f 2(y0) + y0

d f 2

dy
(y0) + 2q0e−2y0

]
, (D.22)

where f is defined in Appendix D.2 and α = 4πGRdΥΣRT(0).
Furthermore, the derivative of f 2 is given by

d f 2

dy
(y0) = 2I1(y0)K0(y0) + 2I1(y0)K1(y0)/y0 − 2I0(y)K1(y0).

(D.23)

Thus, combining everything together, the equation one needs
to solve to find y0 = R/Rd as a function of the disk thickness q0
is

y2
0
[
I1(y0)K0(y0) − I0(y0)K1(y0)

]
+y0I1(y0)K1(y0)+

q0 (y0 + 0.5) e−2y0 = 0. (D.24)

Equation D.24 was solved numerically for a range of q0 val-
ues and was then fitted by a polynomial function of degree five
in order to get an analytical approximation of y0 as a function of
q0. We found that the best polynomial fit is given by

y0 = 0.76679 + 0.86230q0 − 0.13703q2
0 − 0.02308q3

0+

0.00452q4
0 + 0.00102q5

0, (D.25)

and we show in Fig. D.3 the relative error on y0 = R/Rd between
the analytical approximation given by Eq. D.25 and the numeri-
cal solution as a function of the disk thickness.

D.6. Stellar bulge

Galaxy bulges can be described by various 3D distributions such
as Plummer or Jaffe profiles (Plummer 1911; Jaffe 1983), but the
most interesting one remains the Hernquist profile (Hernquist
1990),

ρM(r) =
Mb

2π
a
r

(r + a)−3 , (D.26)

with Mb the total bulge mass and a a scale radius related to the
half-mass size r1/2,M through the relation a = r1/2,M/

(
1 +
√

2
)
.

In the case of a light distribution, the total bulge mass Mb is
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Fig. D.3. Relative error on R/Rd between the numerical solution of
Eq. D.24 and the analytical approximation given by Eq. D.25 as a func-
tion of the disk thickness, q0. In the range of disk thicknesses we are
interested in, the error does not exceed 2%.

replaced by the total bulge flux Fb = Mb/Υ. This profile has the
advantage of being spherically symmetric, with analytical forms
of its gravitational potential and circular velocity, while having a
line of sight projected surface density close to a de Vaucouleurs
profile, except towards the inner parts. Therefore, describing the
bulge 3D mass distribution as an Hernquist profile seems to be
the most relevant choice. The circular velocity can be written as

Vb(r) = 2Vb,max
√

ar (a + r)−1 , (D.27)

where Vb,max = 0.5×
√

GΥFb/a is the maximum circular velocity
reached at a radius r = a.

D.7. Hernquist - de Vaucouleurs mapping

To compute the rotation curve of the bulge component, one needs
to map the de Vaucouleurs parameters

(
Σeff,b,Reff,b

)
from Galfit

with the parameters (Fb, a) of the Hernquist model whose line
of sight projected surface brightness matches best that of the
Sérsic model. We generated 2 500 line of sight projected Hern-
quist models on a log10 a − log10 Fb grid in the ranges −1 ≤
log10 a/kpc ≤ 1 and −4 ≤ log10 Fb/10−20 erg s−1Å−1 ≤ 6, and
for each model, a de Vaucouleurs profile was fitted by minimis-
ing the root mean square error using the Levenberg-Marquardt
algorithm. The bounds for both parameters were chosen based
on previous tests that showed that these values correspond to
the typical sizes and surface brightnesses we have in our HST
data. After inspection, it seems that the Hernquist parameters can
be mapped to the Sérsic ones through the two following scaling
relations:

log10 a [kpc] = αa + βa log10 Reff,b[kpc] (D.28)

log10 Fb/Σeff,b [cm2] = αF + βF log10 Reff,b[kpc]. (D.29)

The error on these two scaling relations is shown in Fig. D.4.
While not being perfect, for typical bulge sizes around 2 kpc the
error is around 5%. We find the following best-fit scaling param-
eters: αa = −0.454, βa = 0.725, αF = 1.194 and βF = 1.75.
Examples of Sérsic profiles and their associated projected Hern-
quist profiles using Eq. D.28 and D.29 are shown in Fig. D.5. The
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Fig. D.4. Log difference of the best-fit scaling relations from Eqs. D.28
and D.29 with the derived parameters θ ∈ {a, Fb/Σeff,b} as a function of
the bulge effective radius. The variation in the Hernquist parameters a
and Fb with Reff,b was derived by generating a grid of Hernquist models,
projecting each model along the line of sight, and fitting them with de
Vaucouleurs profiles. In the range of bulge sizes we are interested in,
the error on the parameters is around 5%.
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Fig. D.5. Examples of de Vaucouleurs profiles (dashed lines) and their
corresponding sky projected Hernquist profiles (continuous lines) using
the scaling relations in Eqs. D.28 and D.29. From top to bottom, the
Sérsic parameters are (Σeff,Reff) = (10−3, 0.5) (orange), (10−3, 6) (blue),
(0.1, 0.5) (red), and (0.1, 6) (grey). Because the deviation of the pro-
jected Hernquist profile to the Sérsic one occurs mainly at large dis-
tances, where the surface brightness quickly drops, the overall fluxes
are actually in quite good agreement.

two profiles start diverging towards large radii where the Sérsic
profile drops more rapidly than the Hernquist one.

By construction, the Hernquist amplitude parameter Fb
should be equal to the total de Vaucouleurs flux, but because
the total flux is proportional to R2

eff,b while Fb is proportional
to R1.75

eff,b, in practice, this means that our parametrisation, while
recovering the shape of a de Vaucouleurs profile for a broad part
of the radial range, will underestimate or overestimate the real
flux contribution, and therefore the maximum circular velocity

of the bulge component. Using Eq. C.1, D.29 and D.27, we can
derive the error on Vb,max as a function of the de Vaucouleurs
parameters

∆Vb,max/Vb,max(Ftot) = 0.5
[
1.174

(
Reff,b/kpc

)−0.125
− 1

]
, (D.30)

where ∆Vb,max = Vb,max(Fb) − Vb,max(Ftot), with Vb,max(Fb) and
Vb,max(Ftot) the maximum circular velocities from Eq. D.27 using
the Hernquist amplitude parameter and the total de Vaucouleurs
flux, respectively. Therefore, our parametrisation overestimates
the bulge circular velocity for bulge sizes Reff,b . 3.6 kpc, and
underestimates it beyond, with a maximum relative difference of
50% when Reff,b → ∞. Nevertheless, these differences need to
be weighted out by two facts

(i) as can be seen in Fig. A.2, bulges mainly have radii below
1.5 − 2 kpc where the difference is mostly negligible given
the uncertainties on the other parameters and the assump-
tion of a constant mass to light ratio,

(ii) very small bulge sizes where we may expect the largest dif-
ferences to arise are in practice associated with really weak
bulge contribution, that is, Σeff,b ∼ 0, and therefore to a neg-
ligible rotation.

D.8. Dark matter halo

Apart from the baryonic disk and bulge components, we also
model the galaxies DM halo with an NFW profile (Navarro et al.
1995),

ρ(r) = δcρcrit(r/rs)−1(1 + r/rs)−2, (D.31)

where rs = r200/c is the halo scale radius, with r200 the virial
radius of the halo where the mean overdensity is equal to 200 and
c the halo concentration, ρcrit = 3H2

0/(8πG) the Universe closure
density and δc the halo characteristic overdensity (Navarro et al.
1996). The associated circular velocity is given by

Vh(r) =
Vh,max

0.46499

[
ln (1 + r/rs)

r/rs
−

1
1 + r/rs

]1/2

, (D.32)

where Vh,max is the maximum rotation velocity reached at a
radius r ≈ 2.163rs.

Appendix E: Sky projection of a double exponential
profile

We consider the double exponential disk model of the form
ρd(r) = ρd(R, z) with R the radius in the plane of the disk and
z the direction orthogonal to the disk. We define three new coor-
dinates, (x′, y′, z′), such that (x′, y′, 0) corresponds to the plane
of the sky (see Fig. E.1). Furthermore, the axis defined by x = x′
corresponds to the intersection between the plane of the disk
and the plane of the sky. Computing the surface density of the
inclined 3D distribution at position (x′, y′) on the plane of the
sky amounts to solving the following integral:

Σd(x′, y′) =

∫
R

dz′ρd(R, z). (E.1)

Therefore, one must write R and z as functions of x′, y′ and
z′. To do so, we define r, the distance of a point in the (y′, z′)
plane, and θ, the angle between the r axis and y′, where θ is an
oriented angle that varies between −π/2 and π/2. We have

y′ = r cos θ, z′ = r sin θ, (E.2)
y = r cos(θ − i), z = r sin(θ − i). (E.3)
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Fig. E.1. Geometry of the line of sight integration problem. For each
point (x′, y′) in the plane of the sky, the 3D density disk distribution
ρd(x, y, z) must be integrated along a line of constant R′ = (x′2 + y′2)1/2.
The angle θ is oriented such that it is positive for z′ > 0 and negative
otherwise.

Since the integral is computed along a line of constant y′,
we can plug Eq. E.2 into Eq. E.3 after developing the cosine and
sine terms to get

y = z′ sin i + y′ cos i, (E.4)
z = z′ cos i − y′ sin i. (E.5)

Using the expression for the double exponential profile (see
Eqs. D.7 and D.10) we get

Σd(x′, y′) =
Σd(0, 0)

2hz

∫
R

dz′ exp

−
√

x′2 + (z′ sin i + y′ cos i)2

Rd

−
|z′ cos i − y′ sin i|

hz

}
. (E.6)

We can simplify this integral by making the change of vari-
able v = y/Rd and by defining the following parameters:

α = x/Rd, (E.7)

β = (q0 tan i)−1 , (E.8)

γ =
y′

hz

(
sin i + cos2 i/ sin i

)
, (E.9)

with q0 = hz/Rd the intrinsic axis ratio of the galaxy. The integral
becomes

Σd(x′, y′) =
Σd(0, 0)
2q0 sin i

∫
R

dv exp
{
−
√
α2 + v2 − |βv − γ|

}
. (E.10)

The original problem of solving Eq. E.1 for the double expo-
nential profile required 6 free parameters, namely x′, y′, Σd(0, 0),
Rd, hz and i, with Σd(0, 0) only acting as an amplitude parame-
ter, but Eq. E.10 reduces the dimensionality of the problem to
3 free parameters only to compute the integral. In the general
case, there is no straightforward analytical solution or numerical
approximation to the integral above, though a solution can be
derived along the y′ axis when x = 0 :

Σd(0, y′) =
Σd(0, 0)
2q0 sin i

∫
R

dv exp {−|v| − |βv − γ|}

=
Σd(0, 0)
q0 sin i

e−γ − βe−γ/β

1 − β2 . (E.11)
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Appendix F: MAGIC catalogue

Table F.1. Column description of the MAGIC catalogue, which contains morpho-kinematics and physical parameters for the MS sample of 447
galaxies.

No. Title Description

1 ID MUSE galaxy ID in the form X-CGrY, where X refers to the galaxy iden-
tification number within the field
targeting COSMOS group CGrY

2 z Spectroscopic systemic redshift derived from kinematics modelling
3 RA J2000 Right Ascension of morphological centre in decimal degrees
4 Dec J2000 Declination of morphological centre in decimal degrees
5 N Number of galaxies in structures with more than three members
6 Reffd Disk effective radius in kpc (Reff,d)
7 Reffb Bulge effective radius in kpc (Reff,b)
8 Reff Global effective radius in kpc (Reff)
9 logBD Logarithm of the bulge-to-disk ratio at Reff
10 q Axis ratio of the disk (q)
11 PAm Morphological position angle of the major axis in degrees
12 FWHM Median PSF FWHM, corresponding to narrow band [O ii] MUSE observa-

tions in arcsecond
13 OIIflux(R22) [O ii] flux derived from MUSE flux maps at R22 = 1.311 × Reff,d in

10−21 erg s−1 cm−2

14 OIIflux [O ii] flux derived from MUSE flux maps at 3′′ in 10−21 erg s−1 cm−2

15 SNR Total [O ii] signal-to-noise ratio ((S/N)tot)
16 i Disk inclination corrected for thickness in degrees (i)
17 PAk Kinematics position angle of the major axis in degrees
18 rs NFW halo scale radius in kpc (rs)
19 Vhmax Maximum rotation velocity of the NFW rotation curve in km s−1 (Vh,max)
20 Vr22 Rotation velocity at R22 in km s−1 (V22)
21 sigma Median velocity dispersion in km s−1 (σV )
22 Vc22 Corrected rotation velocity at R22 in km s−1 (Vc,22)
23 logM* Logarithm of the stellar mass (M? / M�) within an aperture of 3′′
24 logM*(R22) Logarithm of the corrected stellar (M?,corr / M�) inside R22
25 logSFR Logarithm of the SFR (SFR / [M� yr−1]) at 3′′ using Gilbank et al. (2010,

2011) prescription
26 logMg Logarithm of the gas mass (Mg / M�) computed from the Schmidt-Kennicutt

law and [O ii] flux
measured at R22

27 logMdyn Logarithm of the dynamical mass (Mdyn / M�) computed at R22 from the
mass model
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Appendix G: Example of morpho-kinematics maps

We show below an example of a morpho-kinematics map. The
maps for all the galaxies in the MS sample are sorted accord-
ing to their (RA 2000, Dec 2000) coordinates and can be found
online.
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Fig. G.1. Morpho-kinematics map for galaxy 121-CGr61. From top
to bottom and left to right: HST-ACS image, Galfit model, HST
residuals, Camel velocity field, Mocking velocity field model, veloc-
ity field residuals, Camel velocity dispersion map, Mocking beam
smearing model (including spectral resolution broadening), and beam
smearing and LSF corrected velocity dispersion map. The morpho-
kinematics centre and the morphological PA are shown in the HST
image and the Camel maps as a green cross and a green line whose
length corresponds to R22, respectively. The PSF FWHM is indicated
as the grey disk in the velocity field. The [Oii] surface brightness
distribution is overlaid on top of the HST and MUSE [Oii] flux
maps, with contours at levels Σ[Oii] = 2.5, 5, 10, 20, 40 and 80 ×
10−18 erg s−1 cm−2 arcsec−2.
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