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A B S T R A C T 

We investigate the impact of environment on the internal mass distribution of galaxies using the Middle Ages Galaxy Properties 
with Integral field spectroscopy (MAGPI) survey. We use 2D resolved stellar kinematics to construct Jeans dynamical models for 
galaxies at mean redshift z ∼ 0.3, corresponding to a lookback time of 3–4 Gyr. The internal mass distribution for each galaxy 

is parametrized by the combined mass density slope γ (baryons + dark matter), which is the logarithmic change of density with 

radius. We use a MAGPI sample of 28 galaxies from low-to-mid density environments and compare to density slopes derived 

from galaxies in the high density Frontier Fields clusters in the redshift range 0.29 < z < 0.55, corresponding to a lookback 

time of ∼5 Gyr. We find a median density slope of γ = −2.22 ± 0.05 for the MAGPI sample, which is significantly steeper than 

the Frontier Fields median slope ( γ = −2.00 ± 0.04), implying the cluster galaxies are less centrally concentrated in their mass 
distribution than MAGPI galaxies. We also compare to the distribution of density slopes from galaxies in ATLAS 

3D at z ∼ 0, 
because the sample probes a similar environmental range as MAGPI. The ATLAS 

3D median total slope is γ = −2.25 ± 0.02, 
consistent with the MAGPI median. Our results indicate environment plays a role in the internal mass distribution of galaxies, 
with no evolution of the slope in the last 3–4 Gyr. These results are in agreement with the predictions of cosmological simulations. 

K ey words: galaxies: e volution – galaxies: kinematics and dynamics. 
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 I N T RO D U C T I O N  

he impact of environment on the galaxies they host is an open
uestion in astronomy. The Middle Ages Galaxy Properties with
ntegral field spectroscopy (MAGPI) 1 has been specifically designed
o answer this question. MAGPI is a MUSE/VLT Large Programme
urv e y, aimed at spatially mapping the ionized gas and stellar
roperties of galaxies in a key transition period in cosmic time. The
urv e y targets 60 massive galaxies around redshift 0.3, and spans
eld to group environments. In addition to the primary targets, the
bserved fields contain a wealth of secondary objects across a range
f redshifts. In this work, we use this unique data set to begin to
ntangle what role the large-scale structure surrounding a galaxy
lays in shaping its internal mass distribution. 
The mass assembly of galaxies is dominated by the collapse

nd accretion of dark matter, in combination with the accretion of
 E-mail: caro.derkenne@hdr.mq.edu.au 
 Based on observations obtained at the Very Large Telescope (VLT) of the 
uropean Southern Observatory (ESO), Paranal, Chile (ESO programme ID 

104.B-0526). 
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tars and gas at later times, mostly associated with infalling dark
atter. The total mass (baryonic and dark matter) distribution can

e described as a density profile of the form ρ( r ) ∝ r γ , for which γ
 < 0) is the total density slope, and indicates how steeply the mass
ensity falls away with radius. 
Dynamical modelling has been applied in the local Universe to
easure the total density slopes of galaxies, finding a clustering of

alues around, or just steeper than, γ = −2 (Thomas et al. 2011 ;
appellari et al. 2015 ; Serra et al. 2016 ; Poci, Cappellari & McDer-
id 2017 ; Bellstedt et al. 2018 ; Li et al. 2019 ). These dynamical
odelling studies use either the highly general Schwarzschild orbit

uperposition technique (Schwarzschild 1979 ) or the simpler Jeans
pproach (Jeans 1922 ). The measurement of total density slopes
n the Frontier Fields clusters by Derkenne et al. ( 2021 ) pushed
he Jeans dynamical modelling technique up to redshift 0.55, and
ound no evidence for the evolution of the slope when comparing
o the methodologically consistent study of Poci et al. ( 2017 ) in
he local Uni verse. Ho we ver, indirect observ ations of dark matter
sing the rotation curves of star-forming galaxies indicate dark matter
aloes were denser at earlier times, suggesting the total profile was
orrespondingly steeper as well (Sharma, Salucci & van de Ven
022 ). 
© 2023 The Author(s) 
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The technique of gravitational lensing has been applied to obser- 
ationally determine total density slopes up to redshift ∼0.8. These 
tudies indicate that density slopes are more shallow (less ne gativ e)
t earlier times than in the local Universe, from ∼−1.7 at z ∼ 0.6
o slightly steeper than −2 locally (Ruff et al. 2011 ; Bolton et al.
012 ; Li, Shu & Wang 2018 ). Gravitational lensing requires the most
assive of galaxies to act as lenses to the even more distant Universe,

erhaps leading to a bias in those samples. Furthermore, dynamical 
odelling and gravitational lensing techniques make use of different 

ssumptions, and it is unclear what impact these methodological 
ystematics have on the resulting density slope measurements. 

Cosmological simulations could provide an ef fecti ve way to 
redict the total density slopes and their evolution with redshift. 
o we ver, only relati vely recent simulation suites have been able

o achieve this in practice, as a result of their sufficiently high
article resolution. Magneticum is one such suite of simulations. The 
agneticum simulations are a set of hydrodynamical simulations 
ith high enough resolution to probe scales within the half-mass 

adius of galaxies (Dolag 2015 ). These simulations indicate the 
verage density slope of early-type galaxies was steep in the early 
niverse of value ∼−3 at z ∼ 3 (Remus et al. 2017 ). At these
arly times, galaxy assembly is dominated by gas accretion from 

osmic filaments and gas-rich mergers. Both are dissipative processes 
hat result in compact galaxies with high-density central regions. At 
ater times dry mergers dominate, which are particularly ef fecti ve 
t increasing the size of the galaxy without a significant increase 
n mass (Naab, Johansson & Ostriker 2009 ; Hilz, Naab & Ostriker
013 ; Remus et al. 2013 ), due to their efficient redistribution of mass
nd angular momentum towards the outskirts of galaxies (Lagos et al. 
018 ). Consequently, the total density slope is driven from steep to
hallo wer v alues of γ ∼ −2 in the local Uni verse, although gas-rich
ergers can steepen it again, although such mergers become rare at 

ower redshifts as the cold gas fraction of galaxies decreases (Remus
t al. 2013 ). Density slopes of γ ≈ −2 are called ‘isothermal,’ as
hey correspond to the density slope of a singular isothermal sphere. 

There is no consensus on the degree of the evolution of total
ensity slopes across redshift from simulations. The magnetohydro- 
ynamical cosmological simulation set IllustrisTNG (Pillepich et al. 
018 ) shows little evolution of the total density slope below z ∼ 1
Wang et al. 2019 ). By comparison, Magneticum total density slopes
hanged from γ ∼ −2.3 to γ sim − 2.0 between z = 1 and z = 0.
hese differences in prediction arise from the specific recipes used 

n each simulation set, such as gas cooling, stellar winds, and active
alactic nucleus (AGN) feedback. 

The evolution discussed abo v e does not consider the host en-
ironment of a galaxy, which might also impact the internal total 
ass distribution. In high-density cluster environments, there are 

umerous processes that can impact galaxy evolution that cannot 
ct on an isolated galaxy in the field. First, ram-pressure stripping
cts to strip away the hot gas of galaxies, as they move through the
ntergalactic medium (Gunn & Gott 1972 ; Boselli, Fossati & Sun 
022 ). Secondly, galaxies in clusters have high velocity dispersions 
nd tend to interact frequently at high speed; these encounters, so-
alled fly-bys and harassments, can tidally distort galaxies in both 
orphology and kinematics (Moore et al. 1996 ; Mihos 2003 ; Bialas

t al. 2015 ; Scott et al. 2018 ). Lastly, dense environments act to
runcate the dark matter haloes of galaxies that have crossed the 
luster core compared to galaxies in the field (Limousin et al. 2007 ,
009 ). 
Considering only dark matter, a lensing study of 12 early-type 

alaxies found the density profile of dark haloes may depend on 
nvironment, with haloes in high-density environments experiencing 
xpansion due to satellite accretion, and thereby becoming more 
hallow than dark haloes in less dense environments (Oldham & 

uger 2018 ). Total density slopes have been shown to depend on dark
atter fractions both in observations and simulations (Sonnenfeld 

t al. 2013 ; Remus et al. 2017 ). Galaxies with lower dark matter
ractions tend to have correspondingly steeper density slopes due to 
he dominating stellar component within the measurement region. As 
ark halo properties can vary with environment, we might therefore 
xpect the total density slope to vary as well. 

Gas-poor, dry mergers are another key mechanism that can 
nfluence the evolution of a galaxy, and are thought to drive the total
ensity slope towards isothermal values (Remus et al. 2013 ). Using
 sample of spectroscopically observed galaxies in the zCOSMOS 

edshift surv e y (Lilly et al. 2007 ), de Rav el et al. ( 2011 ) rev ealed
 correlation between local density and merger rates, with major 
ergers occurring preferentially in high-density regions. Watson 

t al. ( 2019 ) found enhanced merger rates for galaxies in clusters
ompared to field galaxies at redshift ∼2. This result has also been
ound by Jian, Lin & Chiueh ( 2012 ) in the Millenium simulations
Springel et al. 2005b ): they find a strong dependence between merger 
ates and local o v erdensities, with galaxies in o v erdense re gions
xperiencing merger rates up to a factor of 20 greater than those in
nderdense regions, modulo the semi-analytic model used. Further 
vidence for increased merger rates in dense environments is the 
orphology–density relation. Elliptical galaxies are preferentially 

ound in cluster environments, with their transformation from disc 
o elliptical morphologies caused by merger events (Deeley et al. 
017 ). From this, we might hypothesize that galaxies in groups and
igh-density environments have had, on average, more mergers in 
heir history than isolated galaxies of comparable mass, and should 
herefore have total density slopes closer to isothermal values. In 
his sense, isothermal total density slopes are indicative low-energy 
referential mass distribution (Remus et al. 2013 ). 
Finally, we can look at the dependence of the size–mass distribu-

ion of galaxies with environment, as galaxies that are more compact
re likely to have steeper total density slopes (Sonnenfeld et al.
013 ; Poci et al. 2017 ; Derkenne et al. 2021 ). Maltby et al. ( 2010 )
sed a photometric sample of ∼1200 galaxies across lenticular, 
piral, and elliptical morphologies at redshift 0.2, and found no 
tatistically significant dependence of a galaxy’s position on the 
ize–(stellar) mass plane with environment, with the exception of 
ome spirals, indicating that internal physical processes dominate 
 v er environment in driving size–mass evolution, in agreement with
he results of Gr ̈utzbauch et al. ( 2011 ) at redshifts 0.1 −0.4. At the
xtreme end, it is noted that the most massive galaxies are found in
orrespondingly dense environment (Calvi et al. 2013 ). In contrast 
o the abo v e, Cebri ́an & Trujillo ( 2014 ) show galaxies in cluster
nvironments tend to be slightly more compact than their field 
ounterparts. 

To begin to answer the complex question of the relation between
otal mass density slopes and environment, we present Jeans dynam- 
cal modelling results and total density slopes of 30 galaxies from
he MAGPI surv e y. Out of these 30, we present a total density slope
nalysis for 28 galaxies. We use 2D, resolved stellar kinematic maps
o constrain the total gravitational potential with Jeans anisotropic 

odels. This sample of galaxies is drawn from a mix of field and
roup environments, less extreme and less dense than the Frontier 
ields clusters studied by Derkenne et al. ( 2021 ), and roughly
omparable in environment to the local sample of ATLAS 

3D galaxies 
odelled by Poci et al. ( 2017 ). We compare to these two other studies

n particular, as they both used an identical modelling technique and
efinition of the total potential to what we implement in this work,
MNRAS 522, 3602–3626 (2023) 
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Table 1. Column 1 lists the MAGPI fields used in this work, 
with galaxies selected based on data-quality cuts outlined in 
Appendix A . Column 2 lists the PSF FWHM in arcseconds, as 
measured from an MGE of a stack of point sources in each field in 
the SDSS r -band, described in Section 3.1 . 

Field PSF FWHM (arcsec) 

1202 0.70 
1203 0.63 
1204 0.78 
1205 0.67 
1206 0.71 
1207 0.62 
1208 0.74 
1209 0.59 
1501 0.65 
1507 0.59 
1508 0.57 
1523 0.59 
1525 0.63 
1530 0.69 
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nd their inclusion allows us to span environments: field galaxies,
roups, and clusters. 
By using a combined sample from studies that use a consistent
ethodology, we can determine what impact the broad categorization

f environment has on the total density slope, and investigate whether
here has been any evolution in the total density slope between the

AGPI and Frontier Fields samples in the ‘middle ages’ compared
o the ATLAS 

3D sample in the local Universe. When the full MAGPI
ample is observed we intend to use finer environmental metrics
or analysis purposes. We also compare our observational results to
he simulation predictions from the Magneticum, IllustrisTNG, and
orizon-AGN simulations (Dubois et al. 2014 ). 
Section 2 describes the MAGPI surv e y data, sample selection, and

ata-quality cuts made in this work. Section 2 also outlines all other
ata sets used for comparison in this work. Section 3 describes the
easurement of the stellar kinematics, stellar potentials, Jeans model

efinitions, and the calculation of the total density slope. The results
re presented in Section 4 , with a discussion following in Section 5 .
onclusions are given in Section 6 . 
Throughout this article, we use a flat � CDM cosmology with
 0 = 70 km s −1 Mpc −1 and �m 

= 0.3. All scales are converted
angular and physical units) using the angular diameter distance given
y the object’s redshift and the abo v e cosmology. At the nominal
edshift of the MAGPI surv e y, z ∼ 0.3, this results in ∼4.45 kpc per
rcsecond. For comparison, a galaxy only 40 Mpc distant (local, and
pproximately the distance of galaxies in the ATLAS 

3D comparison
ample) has a scale factor of ∼0.19 kpc per arcsecond. 

 DATA  

n this section, we give an o v erview of the MAGPI data we use to
erive total density slopes, and the two main comparison data sets
f ATLAS 

3D and Frontier Fields. We follow with a description other
iterature data sets and cosmological simulations we compare to. 

.1 MAGPI 

his work uses the first tranche of observed data from the MAGPI 2 

urv e y (the 16 fields observed before August 2021 of the 56 total
elds to be observed). MAGPI is a VLT/MUSE Large Programme
till gathering observations at the time of writing (PIs: Foster,
arborne, Lagos, Mendel, and Wisnioski). The surv e y targets 60
rimary galaxies at z ∼ 0.3 with stellar masses estimated at M � >

 × 10 10 M �. Primary targets were selected from the GAMA surv e y,
hosen so that the final MAGPI sample spans environments from
solated galaxies to galaxies in groups. The fields we present here are
epresentative of the full sample. Two archival cluster data sets act as
igh-density environment supplements: clusters Abell 2744 at z =
.308 and Abell 370 at z = 0.375 (programme ID 096.A-0710, PI:
auer and programme IDs 095.A-0181 and 096.A-0496, PI: Richard,

espectiv ely). The surv e y aims and description are presented in full
y Foster et al. ( 2021 ). Briefly, the survey aims to map stellar and
onized gas components of galaxies in the relatively unobserved
middle ages’ of the Universe, with comparable relative spatial
esolution to local Universe studies like the Sydney-Australian-
stronomical-Observatory Multi-object Integral-Field Spectrograph 

SAMI) surv e y (Croom et al. 2012 ), and Mapping Nearby Galaxies
t Apache Point Observatory (MaNGA; Bundy et al. 2015 ) surv e y.
hese observations will provide the key to unlocking the role of
NRAS 522, 3602–3626 (2023) 

 https://magpisur vey.or g 

e  

p  

i  
nvironment and assessing the impacts of merging, metal mixing,
nd energy sources in galaxies at this time. The surv e y includes
oreground and background objects, extending the redshift baseline
he surv e y can probe. 

The programme uses MUSE in the wide-field mode with the nom-
nal wavelength range, resulting in spectra in the range 4650 –9300 Å
n steps of 1 . 25 Å per pixel. A ground-layer adaptive optics (GLAO)
ystem is used to reduce the impact of seeing on the observations,
esulting in a gap in wavelength coverage from 5780–6050 Å due
o the GALACSI system sodium laser notch filter (Hartke et al.
020 ). The point spread function (PSF) full width at half-maximum
FWHM) is indicated for each field used in this work in Table 1 .
he MAGPI fields co v er a 1 × 1 arcmin field of view with 0.2
rcsec per pixel spatial sampling. Each field is observed across six
bserving blocks of 2 × 1230 s exposures, resulting in a total on-
ource integration time of 4.4 h per field (246 h on-source total). 

The data reduction process will be described in detail in an
pcoming paper (Mendel et al. in preparation), but here we provide
 brief o v erview. Reduction was based on the MUSE reduction
ipeline (Weilbacher et al. 2020 ), with sky-subtraction completed
sing Zurich Atmosphere Purge sky-subtraction software (Soto et al.
016 ). All fields hav e se gmentation maps and estimates of galaxy
tructural parameters, such as the ef fecti ve radius created using
ROFOUND (Robotham et al. 2018 ). Each source identified within
 field is post-processed to be situated at the centre of a ‘minicube’
ased on the main MUSE cube, which is sized to encompass the
aximum extent of the ‘dilated’ segmentation map determined by

ROFOUND . An example of the richness of the MAGPI fields is shown
n Fig. 1 . 

At present, the highest resolution and deepest imaging data for
AGPI galaxies are the MUSE observations themselves. Mock

mages are created from the MUSE cube for each field in the SDSS
 mod , r , i , and z mod bands based on the mean flux density within the
lter region. The g and z bands are only partially co v ered by MUSE,
nd are so labelled ‘mod(ified)’. 

We investigated the impact of creating multi-Gaussian expansions
MGEs) of the stellar light based on MUSE cubes with detailed,
nd-to-end simulations (see Appendix A ). The potential issue is that
oorly resolved galaxies will have a modelled light distribution which
s less centrally peaked than it should be, resulting in a bias towards

https://magpisurvey.org
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Figure 1. MAGPI field 1203 as an equi v alent r -band image extracted from the MUSE data cube by summing o v er a broad spectral band in the wavelength 
direction. Field 1203 is the richest field used in this work in terms of number of galaxies that meet the data quality requirements for measuring a total density 
slope. A 20 kpc scale at z = 0.3 is inset. The letter labels indicate which inset velocity field match which object in the field. These fields are indicative only, and 
are not to scale spatially. Object E is the central target. The MAGPI IDs are as follows: A = 1203040085, B = 1203060081, C = 1203070184, D = 1203087201, 
E = 1203196196, F = 1203230310, G = 1203305151. 
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ore shallow total density profiles. Our simulations show poorly 
esolved galaxies with multiple ef fecti ve radii of kinematic coverage 
ias slopes towards steeper values, whereas resolved galaxies with 
ess than an ef fecti ve radius of kinematic coverage bias slopes to
ore shallo w v alues. We determine there is no inherent bias in

he reco v ered parameters using MUSE-based MGEs, so long as
odelled galaxies have elliptical ef fecti ve radii ( R e ) greater than

r equal to the PSF FWHM, and stellar kinematics extend up to at
east 1.5 R e . We applied these cuts to the sample, giving a sample
f 30/72 MAGPI galaxies from 14/16 fields. Further cuts based on 
nalysis and not data quality, outlined in Section 3.4 , adjust the final
ample used to calculate the median total density slope value as 28

AGPI galaxies. 
Fig. 2 shows the thumbnails of all MAGPI fields analysed to create

he final sample of galaxies used in this work. 

(  
.2 Main comparison data sets: ATLAS 

3D and Frontier Fields 

e compare the MAGPI total density slopes to two main observa-
ional samples. The first is the Frontier Fields (Lotz et al. 2017 )
ample of galaxies, modelled in Derkenne et al. ( 2021 ). These
odelled galaxies are drawn from the five Frontier Fields clusters 

hat have optical integral field unit (IFU) data; Abell 2744, Abell
70, Abell S1063, MACS J0416.1 −2403, and MACS J1149.5 + 223.
hese clusters were chosen as part of the Frontier Fields programme

or the likelihood of having a high number of gravitational lensing
ystems, and so necessarily represent very dense galaxy environ- 
ents. The clusters have MUSE/VLT data cubes and Hubble Space 

elescope ( HST ) data, and span 0.29 < z < 0.55. The sample as
odelled in Derkenne et al. ( 2021 ) is 90 early-type galaxies. 
The second comparison sample are the 260 ATLAS 

3D galaxies 
Cappellari et al. 2011 ), a volume-limited sample of galaxies in the
MNRAS 522, 3602–3626 (2023) 

art/stad1079_f1.eps


3606 C. Derkenne et al. 

M

Figure 2. All the MAGPI SDSS r -band images of fields used in this study. This is a subset (14/16) of the available MAGPI fields at the time of writing due to 
data quality cuts on the sample (see Section 2 ). Inset on each image is the MAGPI field name. Red ellipses show all the MAGPI objects used in this work; the 
ellipses have major-axis equal to twice the major-axis from the PSF-deconvolved MGEs for visibility. 
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ocal Universe. Objects were selected to be closer than 42 Mpc with
 magnitude limit of M K < −21.5 mag. IFU data were collected by
he SAURON integral-field spectrograph mounted on the William
erschel Telescope on La Palma. Optical data were gathered using

he Wide-Field Camera at the 2.5m Isaac Newton Telescope, if
maging did not already exist as part of the Sloan Digital Sky Survey
SDSS). Poci et al. ( 2017 ) used Jeans dynamical models to constrain
he total gravitational potential for 258 of these galaxies (Model 1
n that work). In this work, we only include ATLAS 

3D galaxies for
nalysis that have a data quality flag ≥1 as defined in Cappellari et al.
 2013a ) (187/258 galaxies). The dynamical models of Derkenne et al.
 2021 ) and Poci et al. ( 2017 ) use the same formulation of the total
ravitational potential. 

.3 SLUGGS and Coma 

homas et al. ( 2011 ) constructed Schwarzschild dynamical models
f 17 galaxies in the Coma cluster, a massive cluster in the local
niverse ( z = 0.0231), in order to constrain their luminous and
ark matter distributions. The models assumed separate luminous
from an MGE) and dark matter (a Navarro–Frenk–White halo)
omponents to form the total density profile, whereas in this work we
se a single profile to describe the total density profile. Models were
onstructed using the orbit superposition technique of Schwarzschild
odelling (Schwarzschild 1979 ). The dynamical models of Thomas

t al. ( 2011 ) provide a valuable data set of total density profiles
easured in a massive cluster environment in the local Universe. We

se the total density profiles as constrained by the models presented in
homas et al. ( 2011 ), but re-calculate the total density slope within

he radial range r = [ R e / 10 , 2 R e ] to match that used for MAGPI,
rontier Fields, and ATLAS 

3D galaxies (see Section 3.4 ). 
NRAS 522, 3602–3626 (2023) 
Another local sample of galaxies with constrained total density
rofiles from dynamical models are the SLUGGS (SAGES Le gac y
nifying Globulars and GalaxieS Surv e y) galaxies, as presented by
ellstedt et al. ( 2018 ). Globular cluster kinematics at large radii were
ombined with stellar kinematics from ATLAS 

3D data at small radii
or 22 galaxies. Many modelling choices for the SLUGGS sample
 v erlap with the modelling approach in this work; a double power-
aw potential was used to describe the total gravitational potential
ith a fixed transition between a free inner slope and constant
uter density slope at 20 kpc (see Section 3.3 for the Jeans model
escriptions used in this work). Ho we ver, a hyperparameter was
sed to independently weight the globular cluster data and stellar
inematics in order to fit the combined v rms fields. It is as of yet
nclear what systematics this introduces compared to a method that
ses stellar IFU data alone. For comparisons, we use the most likely
arameters from the EMCEE posterior distributions from the models
s given by Bellstedt et al. ( 2018 ). As with the Coma data, we re-
alculate the SLUGGS total density slopes within the radial range of
 = [ R e / 10 , 2 R e ]. 

.4 Simulations: Horizon-AGN, Magneticum, and IllustrisTNG

he first simulation comparison sample we use comes from the
orizon–A GN simulation. The Horizon-A GN simulation uses the

daptive mesh refinement code RAMSES (Teyssier 2002 ) and has a
o-moving volume of (100 Mpc h 

−1 ) 3 with a dark matter particle
esolution of m DM 

= 8 × 10 7 M �. The simulations incorporates gas
ooling, stellar winds from STARBURST99 (Leitherer et al. 1999 ), and
GN feedback following Dubois et al. ( 2012 ). 
We present Horizon-AGN simulation total density slopes calcu-

ated in the radial range r = [ R e / 10 , 2 R e ] with a single power-law fit,
o closely match the method used to measure total density slopes for
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AGPI galaxies from the total density profile. The Horizon-AGN 

ample presented here is comprised of galaxies from 14 simulation 
napshots spanning 0.018 < z < 0.305, with stellar masses between 
0 11 and 10 12 M �. Because of gravitational softening within the 
imulations, no region within a physical scale of 2 kpc is used to fit
he total density slope, although we do not expect this choice to drive
he observed trends. The median value of 1 R e for the Horizon-AGN
ample is 1 kpc, which is smaller than the 2 kpc bound imposed.
o we ver, the single po wer-law density slope is not particularly

ensitive to these innermost regions of simulated galaxies. 
The second simulation data set we use for comparisons are the 

ublished total density slopes from the Magneticum Pathfinder 
imulations as calculated by Remus et al. ( 2017 ). For that work,
he cosmological box volume is (48 Mpc h 

−1 ) 3 , with a dark matter
article resolution of m DM 

= 3.6 × 10 7 M � h 

−1 . To a v oid the effects
f softening and resolution, total density slopes are calculated on 
he radial range of 0.4 −4 R 

3D 
1 / 2 , where R 

3D 
1 / 2 indicates the 3D half-

ass radius. As an additional criteria, if 0.4 R e is smaller than
wice the gravitational softening length, then twice the softening 
ength is adopted as the inner radial bound. This change of bound
nly occurs for very few galaxies. The simulations are run with 
moothed particle hydrodynamics in the form of the GADGET3 code 
Hirschmann et al. 2014 ), and include gas cooling, passive magnetic 
elds, and AGN feedback (Springel & Hernquist 2003 ; Springel, Di 
atteo & Hernquist 2005a ; Fabjan et al. 2010 ). The studied galaxies

ave stellar masses greater than M � = 5 × 10 10 M �. 
Finally, we also compare to slopes calculated by Wang et al. 

 2019 ) using galaxies in the IllustrisTNG simulations. The particular 
osmological box volume used in that work is (110.7 Mpc h 

−1 ) 3 

ith a dark matter particle resolution of m DM 

= 7.5 × 10 6 M �.
llustrisTNG uses the adaptive moving-mesh code AREPO (Springel 
010 ). Stellar and AGN feedback follows the prescriptions of 
illepich et al. ( 2018 ) and Weinberger et al. ( 2018 ). The published
lopes of Wang et al. ( 2019 ) are calculated using the range 0.4 −4 R 

3D 
1 / 2 ,

he inner bound again set to a v oid gra vitational softening effects. The
ample includes early-type galaxies with stellar masses concentrated 
ithin an aperture of 30 kpc between M � = 10 10.7 M � and M � =
0 11.9 M �. 
We stress that the implementations of gas physics and feedback are 

ifferent in these simulations, and these differences will necessarily 
mpact the internal mass distribution of simulated galaxies. For 
 xample, the e xact implementation of gas cooling in the simulations
an lead to differences in the mass distribution, as cooling can cause
tar formation at later times and increase galaxy central densities. 

.5 Other literature data sets 

e collate several other literature data sets against which we compare 
ur results. First, Li et al. ( 2019 ) constructed Jeans models for a
ample of 2110 nearby galaxies from the MaNGA surv e y. Second
re density slopes measured using galaxies from the Sloan Lens 
 CS (SLA CS) surv e y (Bolton et al. 2006 ), published in Auger

t al. ( 2010 ) and Barnab ̀e et al. ( 2011 ), and based on gravitational
ensing techniques. Thirdly, we compare to density slopes presented 
n Bolton et al. ( 2012 ), which combined strong gravitational lensing
ith a dynamical analysis to measure total density slopes, utilizing 
ata from SLACS and the BOSS Emission Line Lensing Surv e y
BELLS). Fourth are the density slopes from the Strong Lenses 
n the Le gac y Surv e y (SL2S), as published by Ruff et al. ( 2011 )
nd Sonnenfeld et al. ( 2013 ). Finally, we compare to density slopes
erived from a combined analysis of BELLS and BELLS GALaxy- 
y α EmitteR sYstems (GALLERY) Surv e y, and SL2S galaxies, 
s published in Li et al. ( 2018 ), again using a strong gravitational
ensing technique. 

 M E T H O D S  

.1 Multi-Gaussian expansion of stellar light 

he stellar light distribution is parametrized as a series of 2D
aussians, to be used as input to the Jeans dynamical models as the

uminous tracer. An assumed viewing angle de-projects the observed 
urface brightness to a 3D luminosity density (Emsellem, Monnet 
 Bacon 1994 ). Here, we use the PYTHON package MGEFIT to fit

he stellar light (Cappellari 2002 ). MGEs were fit to SDSS r -band,
hosen for image depth. 

Sources other than the target galaxy were masked using the 
ROFOUND (Robotham et al. 2018 ) segmentation maps. The initial fit
rea was cut as a square of sides 20 R e (from MAGPI data PROFOUND

utputs, as described in Foster et al. 2021 ) to ensure the fit was not
rtificially contracted, as this thumbnail size includes sky-dominated 
oundaries. The threshold level of the fit was determined by the
edian of the set of pixels associated with no source according to

he segmentation maps. 
A regularized fit was performed on the r -band mock images, mean-

ng the roundest possible solution was found with the least number of
aussian components that did not perturb the absolute deviation of 

he model e xcessiv ely far from the best-fit model (here we allow for a
 per cent deviation, empirically determined). Regularization allows 
or the largest possible range of galaxy inclinations, still consistent 
ith the data, to be tested in the subsequent Jeans models. 
MGE models of the PSF were made using stacked point sources

n each of the MAGPI fields. The MGE surface brightness model of
ach galaxy was then analytically convolved with the corresponding 
SF and the fit optimized against the observed galaxy surface 
rightness (Cappellari 2002 ). This optimized, underlying MGE 

urface brightness model with no PSF convolution was used as the
uminous tracer in the Jeans models described in Section 3.3 . 

This work uses Jeans models with a total potential that sets the
caling of the gravitational potential, meaning the scaling of the 
uminous component is irrele v ant; only the relati ve scaling, widths,
nd shapes of the luminous Gaussians impact results. For each galaxy,
 2D Gaussian components are used to describe the light, consisting
f the total image counts enclosed by the N 

th Gaussian in the image
nits, its sigma-width in pixels ( σ ), and the observed axial ratio of
he Gaussian ( q ). To prepare the MGEs as inputs to the Jeans models
he Gaussian enclosed counts ( C ) in image units were re-normalized
o a peak surface brightness ( C 0 ) for each of the N components: 

 0 = 

C 

2 πσ 2 q 
. (1) 

he Gaussian dispersions were converted from pixel to observed 
nits by multiplying by the image pixel scale. An example MGE
odel for a MAGPI galaxy is shown in Fig. 3 . 
At this point, galaxies with very poorly fitting MGEs (as judged

y visual inspection) were excluded from the sample. This exclusion 
s mainly restricted to galaxies with high elliptical shapes but small
f fecti ve radii where the PSF-deconvolution could not be accurately
erformed and the resulting model bore little resemblance to the 
alaxy’s light distribution. This means we exclude some small, highly 
attened systems. Our final sample spans up to 0.73 in ellipticity,
ith a mean ellipticity of 0.26; this distribution is comparable to the
TLAS 

3D surv e y (Emsellem et al. 2011 ). 
MNRAS 522, 3602–3626 (2023) 
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M

Figure 3. Left: The SDSS r -band surface brightness of MAGPI object 1501196198 in the STMAG magnitude system (Stone 1996 ). The white regions show 

masked pixels due to neighbouring galaxies. These pixels were excluded from the subsequent fit. Middle: The PSF-convolved MGE model in red, o v er plotted 
on the black galaxy isophotes, in steps of 0.5 mag per square-arcsecond. The MGE contours mostly co v er the image contours. Right: The residuals (data – MGE 

model) divided by the noise of the flux image. 
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The ef fecti ve radius was deri ved as the circularized arcsecond
xtent which contains half the measured light of the galaxy. These
adii are used in all subsequent analysis, and are provided in Table C1 .

.2 2D stellar kinematics 

ull-spectrum fitting using the PYTHON package PPXF was used to
erive the stellar kinematic fields (Cappellari & Emsellem 2004 ;
appellari 2017 ). In this work, we set the higher order Hermite
oefficients (h3 and h4) to zero which ensures the line-of-sight
elocity distribution is described by a Gaussian. From the velocity
nd velocity dispersion fields, the v rms field is constructed as
 rms = 

√ 

v 2 + σ 2 . 
We used the Indo-US template library (Valdes et al. 2004 ) as it

as a sufficiently high spectral resolution of 1 . 35 Å FWHM so that
he stellar templates could be convolved with a Gaussian kernel to
atch the mean spectral resolution within the spectral window used

for MUSE this is ∼ 2 . 5 Å, Mentz et al. 2016 ). 
The minicube of each MAGPI source was thresholded to a signal-

o-noise ratio of 1.5 per pixel in the fitted spectral region, which is
pproximately 3500 –6500 Å in rest frame but depends on the redshift
f each galaxy. Each galaxy was Voronoi binned to a signal-to-noise
atio of 10 per spectral pixel per bin using the PYTHON package
ORBIN (Cappellari & Copin 2003 ). The binning ensures a high
nough signal to noise across the field to reco v er kinematics without
 xcessiv ely truncating the radial co v erage. It is also exactly matched
o the binning process used by Derkenne et al. ( 2021 ), which ensures
he resulting dynamical models can be fairly compared against that
ork. 
We restricted the range of Indo-US templates for each spectrum fit

y first using the MGE model parameters (ef fecti ve radius, ellipticity)
o create an elliptical 1 R e co-added spectrum. This central spectrum
as fitted with the entire Indo-US template library, after which the

emplate library for the spectral fit of each individual bin was limited
o the top-weighted 20 template spectra of the central fit. In detail,
 fifth-order multiplicative polynomial was used in the fit, with no
dditive polynomials. 

Uncertainties on the fitted velocity and velocity dispersions were
stimated by randomly shuffling the residuals between the observed
pectrum and the best-fit spectrum and adding them back on to the
bserved spectrum in a Monte-Carlo process across 100 iterations.
esulting uncertainties were reduced by 

√ 

2 to account for the
oubling of the noise this process involved. An observed spectrum in
he rest-frame, the best-fitting determined by PPXF , and the kinematic
NRAS 522, 3602–3626 (2023) 
elds with associated errors are shown in Fig. 4 . At this point in the
nalysis, galaxies with contaminated kinematics due to a projected or
ctual neighbour were remo v ed upon visual inspection (two objects).

.3 Jeans modelling 

e use Jeans anisotropic models (JAM) created using the PYTHON

ackage JAMPY to constrain the total gravitational potential (Cappel-
ari 2008 ). Following the JAMPY method, a galaxy is a large system
f stars, the velocities and positions of which can be described using
 distribution function. If we assume the system is in a steady state
ith a smooth gravitational potential, then the distribution function
ust obey the collisionless Boltzmann equation. Ho we ver, this equa-

ion has infinite solutions, which necessitates further assumptions.
o achieve a unique solution, the gravitational potential is assumed

o be axisymmetric, and in the implementation of JAMPY used here it
s assumed that the velocity ellipsoid is aligned with the cylindrical
oordinate system. The velocity ellipsoid is the 3D distribution of
elocity dispersions in the radial, azimuthal, and z directions, where
 is along the axis of symmetry. Aligning the velocity ellipsoid with
ylindrical coordinates is observ ationally moti v ated by the fact that
nisotropy in galaxies can be well characterized as a flattening of the
elocity ellipsoid in the z direction (Cappellari et al. 2007 ). In JAM,
he global anisotropy term is defined as 

z ≡ 1 −
(

σz 

σR 

)2 

, (2) 

here R denotes the radial direction. The inclusion of this terms
llo ws de viations from perfectly isotropic orbital structures. 

These assumptions yield the general axisymmetric, anisotropic
eans equations, given in equations (8) and (9) in Cappellari
 2008 ). An assumed inclination, anisotropy, and gravitational po-
ential is used to predict the root mean square velocity, defined as
 rms = 

√ 

v 2 + σ 2 . The observed velocity and velocity dispersions
elds from Section 3.2 were combined into a single measurement per
oronoi bin. The weighting of each bin in the models was determined
y use of the error vector 

v rms = 

√ 

( v δv ) 2 + ( σδσ ) 2 

v rms 
. (3) 

he JAM model predictions are analytically convolved with the
ircular PSF of each field (see Table 1 ) before comparison to the
bserved v rms field. In this sense, the optimized v rms field is PSF
econvolved, and the constrained total density profile should be

art/stad1079_f3.eps


Environmental impact on galaxy density 3609 

Figure 4. Top row: The full-spectrum fit of MAGPI galaxy 1209197197. The spectrum is shown in black, and is the co-added spectra within an elliptical 
aperture with semimajor axis equal to 1 R e . The best fit to the central spectrum is shown in red, with e xcluded re gions shown in grey (including the notch filter 
from the GALACSI laser band). Blue indicates masked ionized gas emission. The residuals from the fit are shown in pink. The spectral fit was made using PPXF 

(Cappellari & Emsellem 2004 ; Cappellari 2017 ). Bottom row: The e xtracted v elocity, v elocity dispersion, 1 σ uncertainty on the velocity, and 1 σ uncertainty on 
the velocity dispersion. A white ellipse on the velocity panel shows 1 R e . The x - and y -axis ticks are 1 arcsec intervals. 
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ikewise independent of the PSF. The model quality is judged against 
he observed v rms field using a χ2 statistic, taking each Voronoi bin 
s a degree of freedom. 

In our models, the total gravitational potential (baryons and dark 
atter) is described as a spherical double power law of the form 

( r) = ρs 

(
r 

r s 

)γ ′ (
1 

2 
+ 

1 

2 

r 

r s 

)−γ ′ −3 

, (4) 

here ρ is the total density as a function of galactocentric radius,
′ is the inner density slope, r s is the ‘break’ radius at which the
otential changes from a free inner slope to a fixed logarithmic 
uter slope of −3, fixed at 20 kpc, and ρs is the density of the
otal profile at radius r s . This profile is a ‘Nuker’ profile, a type of
eneralized Navarro–Frenk–White (NFW) profile (Lauer et al. 1995 ; 
avarro, Frenk & White 1997 ). This profile is input to the models as
 1D MGE. The total density slope γ is calculated from this profile
nce the parameters have been fit to the observed data, discussed in
ection 3.4 , and is the defined as 

= 

d log ( ρ) 

d log ( r) 
. (5) 

he formulation of the total potential given in equation ( 4 ) allows for
 luminous component in the inner regions of the galaxy (as traced
y the luminous MGE described in Section 3.1 ) situated within a
ark matter halo. We implement a spherical potential and use a fixed
reak radius of 20 kpc to be consistent with the dynamical models of
oci et al. ( 2017 ) and Derkenne et al. ( 2021 ). We explore the impact
f this choice of break radius in Appendix B . 
Furthermore, Poci et al. ( 2017 ) found that considering a non-

pherical halo did not change the total density slope values or result
n impro v ed models. Bellstedt et al. ( 2018 ) found that a variable
reak radius could not be well constrained by the data, despite the
arge radial co v erage of SLUGGS (Brodie et al. 2014 ) data. When
he break radius was left free, Bellstedt et al. ( 2018 ) found that the
erived total density slopes were consistent (within error) with those 
ound using a 20 kpc fixed break radius. 
In our definition of the total potential, there are four free parame-
ers: 

(i) The inner density slope γ ′ , bounded between −3.5 and 0.5. 
(ii) The log density at the break radius ρs , bounded by −4 and 0

ith ρ in units of M � pc −3 . 
(iii) The inclination of the galaxy i , used to de-project the observed

uminous surface density. The maximum inclination allowed is 90 
eg (edge on). The minimum inclination is set as i = cos −1 q , where
 is the smallest observed axial ratio from the luminous MGE fit. 
(iv) The global anisotropy βz , which accounts for the flattening of 

he velocity ellipsoid in the z direction, bounded by −0.5 and 0.5. 

To estimate the parameter posterior distributions the PYTHON 

ackage EMCEE (F oreman-Macke y et al. 2013 ; Hogg & Foreman-
ackey 2018 ) was used, with hundreds of thousands of independent 
odel e v aluations made to estimate the posterior distribution for each

ree parameter. We used 30 independent w alk ers with a maximum
f 10 000 steps, although chains could terminate in fewer steps if the
eemed converged by autocorrelation time estimates. The χ2 statistic 
f the observed and modelled v rms fields were used to estimate
he likelihood of any particular model. Flat (uniform) priors were 
ssumed, that is, the lik elihood of a particular model w as informed
nly by the χ2 statistic. Fig. 5 shows a set of Jeans models around the
edian model from the posterior distribution to visualize the EMCEE 

rocess and associated uncertainties. 
Fig. 6 shows the estimated marginalized posterior distributions for 

ach of the four free parameters in the Jeans models, with the v rms 

eld constructed from the median of the posterior distributions inset. 
one of the galaxies in our sample have best-fitting values of the

nner total density slope on the boundaries of the original prior. This
ndicates that the constraints for the parameter chains are data-driven, 
ot prior-driven. 
Although the fixed break radius of 20 kpc is outside the kinematic

o v erage for all but two of the galaxies in the MAGPI sample, the
ensity at this radius is still well constrained. This is due to the fact
hat the density at the break radius affects the enclosed mass, and
MNRAS 522, 3602–3626 (2023) 
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(a) (b) (c) (d)

(h)(g)(f)(e)

Figure 5. Top row (Panel A): The observed v rms field for MAGPI galaxy 1523197197. Panel B: The median JAM model from the posterior distributions of the 
EMCEE process. Panels C-H: The resulting v rms field at ±1, 3, 5 σ in γ

′ 
around the median solution to illustrate the changes in structure and scale of the v rms 

field. The x - and y -axis ticks are 1 arcsec intervals. The total density slope and 1 σ uncertainty for this object is γ = −2 . 28 + 0 . 01 
−0 . 01 . Right: A v rms major axis cut of 

the models and observed data, corresponding to the fields shown in Panel A. The v rms errors are shown for the observed data (A). 

Figure 6. An example corner plot from the EMCEE process for MAGPI 
object 205093221, with the 16th, 50th, and 84th percentiles of each posterior 
distribution shown as red dashed lines. Diagonal panels show estimates of 
the posterior probability distributions, marginalized o v er one parameter. Off- 
diagonal panels show the estimated posterior distribution marginalized o v er 
every pair of parameter in 2D. In general, there is some covariance between 
ρs and γ ′ , as evidenced by the ellipsoidal 2D estimated posterior distribution 
for those parameters. This covariance is due to both parameters affecting the 
enclosed mass of the model. Left: The observed v rms field with 1 R e shown 
as a white ellipse. Right: The v rms model corresponding to the median of the 
posterior distributions. The reduced χ2 value is also given. The x - and y -axis 
ticks are 1 arcsec intervals. 
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herefore the level of the v rms field, for all radial positions interior to
he break radius where kinematic data does exist. 

.4 Calculation of the total slope γ

 double power law is used in this work, which includes a smooth
ransition between inner and outer regimes at a fixed transition radius
f 20 kpc. The slope (equation 5 ) itself is measured as a single power-
NRAS 522, 3602–3626 (2023) 
aw fit across some radial range. The specific radial range o v er which
n average total density slope is measured will therefore have an
mpact on the result. We argue it is crucial to compare the MAGPI
ample and main comparison samples, ATLAS 

3D and Frontier Fields,
 v er a consistent physical radial range. 
Due to the differing redshifts of the samples, it is impossible to

ompare all samples across a common radial range without including
adial regions that are either within the PSF or beyond the kinematic
o v erage of the data. The PSF region for MAGPI and Frontier Fields
bjects is comparable in size to the galaxy ef fecti ve radii, whereas
or ATLAS 

3D the PSF is less than 10 per cent of the median ef fecti ve
adius for that sample. 

To make the comparison of total density slopes across studies fair,
e re-compute total density slopes for the ATLAS 

3D and Frontier
ields samples using identical radial bounds as for MAGPI galaxies.
cross samples and for all galaxies we define the radial bounds as
 = [ R e / 10 , 2 R e ]. The total density slope is then calculated as a 1D
ower-law fit to the analytic total profile within these radial bounds.
For Frontier Fields, there are 68/90 galaxies with kinematics at

east beyond 2 R e ; ho we ver, due to the PSF of ∼ 0 . 6 arcsec FWHM
cross the fields the total slope calculation is extrapolated to radii
maller than the PSF. 

For ATLAS 

3D , there are only 18/258 galaxies with v rms fields up to
 R e (Emsellem et al. 2011 ), and so for most objects we measure the
otal density slope by extrapolating beyond the region of kinematics
sed to constrain the total potential. That is, it is assumed that the total
otential constrained by kinematics up to 1 R e is the same potential
hat would be constrained if the object had kinematics extending to
 R e . The end-to-end simulations presented in Appendix A imply this
s the case, since there is no change on the input versus output inner
ensity slope as the kinematic co v erage is increased (see far right
olumns of Fig. A1 ). 

Of the 30 galaxies in MAGPI judged as viable for measurement
f the total slope, 20 have kinematics that extend to 2 R e , and 10
ave kinematics that extend somewhere between 1.5 and 2 R e . For
hese 10 objects, the total slope measurement is extrapolated beyond
he region of kinematics, and for all 30 objects the total slope

easurement is extrapolated to within the PSF. 
Finally, there is a break in the relation between velocity dispersion

nd the total density slope (Poci et al. 2017 ; Li et al. 2019 ). Galaxies
ith a central velocity dispersion below ∼100 km s −1 have a strong

art/stad1079_f5.eps
art/stad1079_f6.eps


Environmental impact on galaxy density 3611 

t  

a
v
a
t  

fi  

A

g  

(  

t  

m
c
t  

s
d
A  

a
F  

W
b
r  

(

4

F  

M  

k  

o
d  

d  

o
a  

r

r
f
f  

t
s  

e  

c
A
c
c

−
d
(
m  

0  

t  

s

4

M
t  

t  

r  

h  

a  

r  

d
d
s  

a  

f  

d
fi  

t
z

 

t  

t  

fi
u  

m
r  

r

4

F  

f  

F

−  

t
d  

−
g  

D  

d  

t  

t  

t  

A

i
A  

u  

m  

n
u
w
F  

d
d

m  

F  

i
A  

3  

a
t
A  

g
t  

c
F

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/522/3/3602/7152361 by guest on 31 January 2024
rend with total density slope, but abo v e ∼100 km s −1 there is only
 mild correlation driven by morphological type. To remove the 
elocity dispersion as confounding factor, we further select galaxies 
cross the samples that have a central velocity dispersion greater 
han 100 km s −1 . This cut mainly affects the ATLAS 

3D sample. This
nal sample cut leaves 28 galaxies from MAGPI, 150 galaxies from
TLAS 

3D , and 64 galaxies from the Frontier Fields clusters. 
Total masses were calculated as twice the (spherical) mass inte- 

rated from the best-fitting potential within 1 R e , as in Cappellari et al.
 2013a ). This calculation depends on the ef fecti ve radius, density at
he break radius, ρs , and inner density slope, γ

′ 
. Errors on the total

asses were determined using the standard deviation of 100 masses 
alculated from random samples of the EMCEE chains. Errors on the 
otal slope were calculated in the same way, by drawing 100 random
amples of the estimated posterior distribution to construct the total 
ensity profile, and measuring the single power-law slope from that. 
ll total masses and slopes are presented in Appendix C (Table C1 ).
We have re-calculated the total density slopes for Coma, SLUGGS, 

nd Horizon-AGN to match the radial range used for the MAGPI, 
rontier Fields, and ATLAS 

3D sample, being r = [R e / 10 , 2 R e ].
hile this does not alleviate issues of methodological biases, we 

elieve it does aid comparison between studies. A summary of the 
adial ranges and slopes for all studies are given in Appendix C
Table C2 ). 

 RESULTS  

ig. 7 shows all the kinematic fields and Jeans models for the 30
AGPI galaxies with 1 R e greater than the PSF FWHM and with

inematic co v erage to at least 1.5 R e . As mentioned abo v e, two
f these galaxies (1205197197 and 1205196165) have a velocity 
ispersion too low to be included in the final analysis of total
ensity slopes (that is, they are not used to compute median value
r correlations). We also include a foreground object at z ∼ 0.1 
nd background object at z ∼ 0.5, as both met the data quality
equirements. 

Table C1 includes the IDs, right ascensions and declinations, 
edshifts, central velocity dispersions, total mass, circularized ef- 
ective radius, and total density slope with associated uncertainty 
or these 30 galaxies. Due to the data quality cuts imposed on
he sample the formal uncertainties on the total density slope are 
mall, and comparable to local Universe studies like that of Bellstedt
t al. ( 2018 ). In the following sections, we assess the kinematic fits,
ompare the MAGPI total density slopes to the Frontier Fields and 
TLAS 

3D sample, compare to other dynamical and lensing works, 
ompare to the predictions of simulations. We also investigate any 
orrelations between the total density slope and other parameters. 

The median density slope for the 28 MAGPI galaxies is γ = 

2.22 ± 0.05 (standard error on the median), with a sample standard 
eviation of 0.22. If all visually classified spiral galaxies are excluded 
8 objects), the results are consistent within the uncertainties with a 
edian of γ = −2.23 ± 0.04 and a sample standard deviation of

.15. In all of the following, the results do not depend on whether
hese spiral galaxies are excluded and so we leave them in the final
ample. 

.1 Assessment of kinematic fits 

ost of the MAGPI galaxies (24/30) have reduced χ2 values less 
han three. MAGPI galaxies 1 207 197 197 and 1 204 198 199 have
he highest reduced χ2 values of ∼6, both with clear structure in their
esiduals maps in Fig. 7 . MAGPI galaxy 1 207 197 197 in particular
as a photometric twist that was not captured in our constant position
ngle MGE model. Similarly, 1 207 128 248 has particularly high
esiduals, although this object has a reduced χ2 value of roughly one
ue to its high kinematic uncertainties, incorporated into the EMCEE 

etermination of estimated parameters for the potential. Although 
pirals are generally well represented with a disc potential, they may
lso have bars that are not accounted for in the Jeans axisymmetric
ramework. MAGPI object 1 204 198 199 may have a bar which
rives the higher discrepancy between the model and observed v rms 

elds. In some cases, the spiral systems have v rms models that match
he observations particularly well, such as object 1204135171, at 
 ∼ 0.1. 

We split our sample into galaxies with χ2 v alues belo w or equal
o two ( N = 12) and those with χ2 values greater than two ( N = 16),
o test whether our conclusions are driven by the poorer kinematic
ts. There is a non-significant difference between the two samples 
sing a Kruskal–Wallis test statistic ( p value = 0.05), and the derived
edians are consistent within uncertainties ( γ = −2.30 ± 0.14 for 

educed χ2 values less or equal to 2, and γ = −2.17 ± 0.1 for
educed χ2 values greater than 2). 

.2 Comparison to Frontier fields and ATLAS 

3D 

ig. 8 shows the distribution of MAGPI total density slopes as a
unction of redshift, with the slopes for the ATLAS 

3D sample and
rontier Fields sample re-calculated with our new radial constraints. 
The median density slope for MAGPI galaxies of γ = 

2.22 ± 0.05 compares well to that of the ATLAS 

3D galaxies in
he local Universe, with γ = −2.25 ± 0.02. The re-analysed total 
ensity slopes of the Frontier Fields galaxies have a median of γ =
2.01 ± 0.04, which is significantly shallower than for the MAGPI 

alaxies. This median value is different to the published value in
erkenne et al. ( 2021 ) of γ = −2.11 ± 0.03 due to the additional
ata quality cuts made in this work, and the re-measurement of
he slope between 0.1 and 2 R e . The bottom panel of Fig. 8 shows
he CDF of three samples, with the Frontier Fields sample shifted
o wards shallo wer v alues compared to the o v erlapping MAGPI and
TLAS 

3D samples in this space. 
Two statistical tests were carried out to assess the differences 

n the population of total density slopes calculated from MAGPI, 
TLAS 

3D , and the Frontier Fields sample. A Kruskal–Wallis test was
sed to test the null hypothesis of whether the populations share a
edian value, and an Anderson–Darling test was used to evaluate the

ull hypothesis that the observed samples originated from the same 
nderlying distribution (considering the shape of the distribution as 
ell). We found a significant difference between the MAGPI and 
rontier Fields total density slope distrib utions, b ut no significant
ifference between the MAGPI and ATLAS 

3D total density slope 
istributions. 
The MAGPI galaxies studied are, on average, larger and more 
assive than the galaxies studied in the Frontier Fields work (see
ig. 9 ). Could these sample dif ferences dri v e the observ ed differences

n total density slopes? If the three comparison samples (MAGPI, 
TLAS 

3D , and Frontier Fields) are cut to a common size range of
 −8 kpc, there is still a significant difference between the MAGPI
nd Frontier Fields sample, and still no significant difference in 
he observed populations of total density slopes from MAGPI and 
TLAS 

3D . Similarly, if a common mass cut is made comparing only
alaxies with a spherical total mass between 10 10 . 5 and 10 11 . 5 M �
he results still hold. We note ho we ver that the samples become
onsiderably smaller that makes the statistical comparison less sound. 
or all statistical tests, see Table 2 . 
MNRAS 522, 3602–3626 (2023) 
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Figure 7. The v elocity, v elocity dispersion, observ ed v rms = 

√ 

v 2 + σ 2 field, JAM modelled v rms field, and residual field for each galaxy used in this work. 
The units for all panels are km s −1 . The modelled v rms field shares the same colour scale as the observed v rms field. The reduced χ2 value is inset on the residual 
pane for each galaxy. The x - and y -axis ticks are 1 arcsec intervals. The MAGPI ID of each galaxy is given on the side of each row. 
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Figure 8. Top: The total density slope as a function of redshift/look-back 
time for the MAGPI sample and two main comparison samples: Frontier 
Fields and ATLAS 3D . The MAGPI values are shown in black, Frontier Fields 
as navy blue squares, and ATLAS 3D as light blue triangles. Filled crosses show 

the median values. Bottom: The cumulative distribution function (CDF) of 
the MAGPI, Frontier Fields, and A TLAS 3D samples. V ertical dashed lines 
indicate the sample medians. 
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Figure 9. The total mass–size plane for the comparison samples with central 
velocity dispersion > 100 km s −1 . The x -axis shows total dynamical masses, 
defined as twice the (spherical) mass integrated from the best-fitting potential 
within 1 R e , as in Cappellari et al. ( 2013a ). Since the total masses are in 
part constructed from the total density slopes, the Frontier Fields galaxies 
by construction have higher masses for their sizes due to their on average 
shallower total density slopes. The y -axis shows circularized effective radii, 
with radii for Frontier Fields galaxies from Derkenne et al. ( 2021 ), and radii 
for ATLAS 3D galaxies from Cappellari et al. ( 2011 ). The MAGPI circularized 
ef fecti ve radii are shown in Table C1 . The red solid line shows the ‘Zone of 
Exclusion’ in the ATLAS 3D surv e y mass–size plane from Cappellari et al. 
( 2013b ). 
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We conclude the ATLAS 

3D and MAGPI total density slopes share a
ommon distrib ution, b ut that the MAGPI and Frontier Fields slope
istributions are significantly different. We stress that the MAGPI 
odels and Frontier Fields Jeans models and parameter estimations 
ere constructed in an almost identical manner, and argue that the 
ifference in median total density slope of the two populations 
as a physical origin. As the Frontier Fields total density slopes
epresent galaxies in extreme, dense environments, we interpret this 
ifference in slope distribution as being due to host environment. 
he consistency of the total slope distributions between the MAGPI 
nd ATLAS 

3D samples then indicates no evolution in the total slope 
cross 3 −4 Gyr of cosmic time. 

The Frontier Fields galaxies are generally more compact than 
AGPI galaxies, yet exhibit shallower total density slopes. That the 

rontier Fields galaxies have shallower total density slopes for a 
ore compact luminous component indicates they could have higher 

ark matter fractions than the MAGPI sample. 
If the difference in total slope distributions between the MAGPI 

nd Frontier Fields sample is due to host environment, we can also
xplore the impact on environment within the ATLAS 

3D sample 
tself. The ATLAS 

3D sample is drawn from a mixture of field galaxies
nd those from the local Virgo cluster, with 37/150 of the ATLAS 

3D 

alaxies analysed in this work drawn from Virgo. Fig. 10 shows the
istribution of ATLAS 

3D total density slopes from the field and those 
rom within the Virgo cluster. There is evidence of a mild offset
etween the total slopes of galaxies in Virgo and those from the
eld, although the Kruskal–Wallis and Anderson–Darling statistical 

ests are unable to discriminate between them. The Virgo slopes are
lightly more shallow, which agrees with the observed difference 
etween MAGPI and Frontier Fields slopes. We explore why we see
 pronounced difference between MAGPI and Frontier Fields slopes 
ut not between the field and Virgo ATLAS 

3D samples in Section 5 . 

.3 Comparison to other dynamical and lensing works 

n this section, we compare to other literature studies with different
ethodologies and systematics. We show these literature results, 

s well as the predictions of the Horizon-AGN, IllustrisTNG, and 
agneticum simulations, on Fig. 11 . To fully understand how the
ethodological choices made in each study impact the resulting total 

ensity slopes it would be necessary to use complementary methods 
n the same sample, which is beyond the scope of this work. 
The total slopes of galaxies in the Coma cluster (Thomas et al.

011 ), shown on Fig. 11 in light green, are similarly shallow to
he Frontier Fields galaxies. The median total density slopes for 17
alaxies in the Coma cluster is −2.00 ± 0.06, which is consistent
ith the Frontier Fields median of γ = −2.01 ± 0.04. Ho we ver, we
ote the generalized orbit-superposition technique of Schwarzschild 
odelling was used to constrain the total potential for that work,

ather than axisymmetric Jeans modelling used for Frontier Fields 
alaxies. The consistency suggests the internal mass distribution of 
 galaxy is partly a function of its environment, with no evolution in
he total slope across equi v alent environments in the past 5 Gyr. 

The median total density for MaNGA galaxies in the local 
ni verse are sho wn on Fig. 11 as a red circle (Li et al. 2019 ). For

hat work, a mass-weighted inner density slope definition was used 
ithin 1 R e , and a free scale radius (as opposed to the 20 kpc fixed

cale radius used in this work). The MaNGA total density slope
MNRAS 522, 3602–3626 (2023) 
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Table 2. Column 1 lists the samples compared against each other in a tw o-w ay test. Mass cut means all samples are restricted to include galaxies 
within a cross-sample common mass range of 10 10 . 5 − 10 11 . 5 M �. Radius-cut means all samples are restricted to only include galaxies within 
the common radial range 3 −8 kpc – see Fig. 9 for the distributions of the three samples in the mass–size plane. KW = Kruskal–Wallis, AD = 

Anderson–Darling. The PYTHON implementation of the Anderson–Darling test ( SCIPY.STATS ) has p values clipped between 0.25 and 0.001. The 
median total slope is shown with the median standard error. In all tests, the MAGPI and ATLAS 3D sample medians are consistent, but the MAGPI 
and Frontier Fields sample medians are inconsistent. 

Sample KW p value AD p value MAGPI γ Frontier fields γ ATLAS 3D γ

MAGPI, Frontier Fields 9.5 × 10 −5 < 0.001 −2.22 ± 0.05 γ = −2.01 ± 0.04 −
MAGPI, ATLAS 3D 0.28 0.20 −2.22 ± 0.05 − −2.25 ± 0.02 
MAGPI, Frontier Fields (mass cut) 4 × 10 −4 < 0.001 −2.24 ± 0.06 −2.03 ± 0.04 −
MAGPI, ATLAS 3D (mass cut) 0.94 > 0.25 −2.24 ± 0.06 − −2.26 ± 0.02 
MAGPI, Frontier Fields (radius cut) 0.002 0.002 −2.23 ± 0.06 −1.87 ± 0.09 −
MAGPI, ATLAS 3D (radius cut) 0.77 > 0.25 −2.23 ± 0.06 − −2.26 ± 0.02 

Figure 10. The distribution of total density slopes for ATLAS 3D galaxies 
within the Virgo cluster and from the field. There is evidence of the Virgo 
total slopes being mildly more shallow than for ATLAS 3D galaxies not in the 
Virgo cluster. 
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s equi v alently steep to the MAGPI and ATLAS 

3D samples, with
edian value γ = −2.22 ± 0.006. 
The SLUGGS data are shown as orange crosses on Fig. 11 . The

ame break radius and total potential definition were used in that
ork in combination with Jeans modelling to constrain the total
ensity slope. These galaxies are a subset of the ATLAS 

3D sample,
here ATLAS 

3D stellar IFU data were coupled with globular cluster
ata at large radii. The median total density slope for this data
s −2.06 ± 0.04, which is much shallower than the MAGPI or
TLAS 

3D medians, and not consistent with our proposed scenario
f environmental impact on the internal mass distribution. The
hallower SLUGGS slopes could be due to the combination of
lobular cluster data with stellar IFU data, or could be due to the
xtended radial coverage of the SLUGGS data. 

We also show published total density slopes from several grav-
tational lensing works, specifically those of Auger et al. ( 2010 ),
arnab ̀e et al. ( 2011 ), Ruff et al. ( 2011 ), Bolton et al. ( 2012 ),
onnenfeld et al. ( 2013 ), and Li et al. ( 2018 ), co v ering a combined
edshift range of 0.06 < z < 1. Li et al. ( 2018 ) note a significant
ependence on the radial range used to calculate the slope, in that
or a fixed galaxy the slope becomes steeper for an increasing radial
ange. Although likely due to different methodological reasons than
hose noted in this work, the bias works the same way as in this work.
n general, the Einstein radius is used to constrain the gravitational
otential in lensing studies, which is typically on a scale equi v alent
o the ef fecti ve radius. We present MAGPI, Frontier Fields and
TLAS 

3D slopes calculated on a similar radial range to the lensing
orks in Appendix B and Table C2 . Regardless of the exact range
NRAS 522, 3602–3626 (2023) 
sed, the lensing slopes are more shallow than the MAGPI ones for
imilar redshifts. 

Furthermore, lensing works with large redshift baselines show
n evolution of the total slope from shallow at early times to
teeper in the local Universe (Ruff et al. 2011 ; Bolton et al. 2012 ;
i et al. 2018 ). This is tension with our finding that, across a
maller redshift baseline, that there has been no evolution in the
otal density slope between MAGPI and ATLAS 

3D galaxies. Even
f there is a methodological offset when comparing the techniques,
his discrepanc y re garding the evolution remains. Galaxies that act
s gravitational lenses are necessarily massive and dense, but the
volution with redshift is found to hold even after considering other
arameters such as stellar mass and radius, and radial range used
o constrain the slope (Bolton et al. 2012 ; Li et al. 2018 ). We note
he distribution of total density slopes has large intrinsic scatter, and
o increasing sample sizes at higher redshifts, with complementary
ethods, will be crucial to determining the slope evolution. 

.4 Comparison to simulations 

n Fig. 11 , we show a comparison to three simulations: Magneticum,
llustrisTNG, and Horizon-AGN. The IllustrisTNG total density
lopes, and the Horizon-AGN total density slopes in the redshift
ange 0.018 < z < 0.305 are consistent within the uncertainties, and
how little to no evolution in this span of cosmic time. The Horizon-
GN slopes do become marginally steeper for z < 0.3, from γ ∼
1.93 to γ ∼ −1.99, but this is still consistent with no evolution

n this period. This agrees with the lack of evolution seen between
he MAGPI and ATLAS 

3D slopes, and broadly consistent with the
agneticum results, as a wider redshift baseline is needed before the

redictions become significantly different. 
Around the nominal MAGPI redshift of 0.3, the simulation slopes

re on average more shallow than the MAGPI ones. In the local
niverse the median total density slopes from all simulations consid-
red here are more shallow than the ATLAS 

3D median, comparing
= −2.25 ± 0.02 to roughly γ = −2.0, but are similar to the

rontier Fields median. In Fig. 12 , we show the size–mass plane for
agneticum, Horizon-AGN, Frontier Fields, and MAGPI galaxies

t z ∼ 0.3. At fixed stellar mass, the simulated galaxies are typically
ore extended in radius than either the MAGPI or Frontier Fields

amples. A small set of Magneticum galaxies approximate the size–
ass distribution of MAGPI galaxies, and have more similar total

ensity slopes. In general, ho we ver, the simulated and observed
amples do not o v erlap. There is also a visible correlation particularly
long the radius-axis between simulated galaxies and total density
lope, in that galaxies with larger radii tend to have shallower

art/stad1079_f10.eps
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Figure 11. Top: The total density slope as a function of redshift/look-back time. The MAGPI values are shown in black, Frontier Fields as navy blue squares, 
and ATLAS 3D as light blue triangles. Data points for Coma are shown as green diamonds using models from Thomas et al. ( 2011 ). At redshift zero are also 
shown total density slopes from Bellstedt et al. ( 2018 ) (orange crosses) and from the MaNGA surv e y as an av erage (red circle) with standard deviation (Li 
et al. 2019 ). These points have been slightly offset in the x direction for visibility. Dark grey symbols show total density slopes measured using gravitational 
lensing techniques (Auger et al. 2010 ; Barnab ̀e et al. 2011 ; Ruff et al. 2011 ; Sonnenfeld et al. 2013 ). The grey dotted band shows the fitted relation, of width 1 σ , 
between total density slopes and redshift from Bolton et al. ( 2012 ), of the form γ ( z) = ( −2.11 ± 0.02) + z(0.6 ± 0.15). The blue band shows a relation from 

Li et al. ( 2018 ) of the form d 〈 γ 〉 / d z = 0 . 309 + 0 . 160 
−0 . 166 . The orange striped band shows the average total density slopes from the Magneticum simulations with a 1 σ

width (Remus et al. 2017 ). The purple band shows the average total density slopes from the IllustrisTNG with a 1 σ width (Wang et al. 2019 ). The dark orange 
squares show the Horizon–AGN total density slopes, computed as a single power-law slope in the radial range of 0.1 −2 R e , and 1 σ width. 

Figure 12. The size–mass plane for Magneticum, Horizon-AGN, MAGPI, 
and Frontier Fields galaxies at z ∼ 0.3; for the MAGPI and Frontier Fields 
samples this is the mean redshift, and for Magneticum and Horizon-AGN this 
corresponds to a single snapshot. For Magneticum, the 3D half-mass radius, 
R 

3D 
1 / 2 , is plotted. The simulated galaxies are more extended for equi v alent 

stellar masses than MAGPI galaxies. 
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otal density slopes at fixed mass. We explore these correlations 
n Section 4.5 . 

We therefore stress that the simulated and observed galaxies do 
ot o v erlap well in the mass–size plane, and this difference could be
ntertwined with the offset in total density slope medians between 
he different samples, seen in Fig. 11 . 
We used the Magneticum and Horizon-AGN galaxies to test 
hether the separation of total slopes with environments also exists 

n the simulations, shown in Fig. 13 . To do this, galaxies were binned
y virial mass of the main host galaxy. We used these divisions as
 proxy for environment, where the bins represent: small galaxies, 
n a halo mass bin between 1 × 10 12 M � and 3 × 10 12 M �; massive
alaxies in a halo between 3 × 10 12 M � and 1 × 10 13 M �; galaxies
n groups with halo mass between 1 × 10 13 M � and 1 × 10 14 M �;
nd galaxies in cluster environments, with a host halo mass greater
han 10 14 M �. 

The ‘cluster’ bin is still less massive than the Frontier Fields
lusters of order 10 15 M �. None the less, a trend is clearly visible
n the Magneticum simulation, where galaxies belonging to more 

assiv e haloes hav e shallower total density slopes than those in less
assiv e haloes. P artly this is due to the trends in the Magneticum sim-

lation between stellar mass and total density slope (see Section 4.5 ),
nd stellar mass and halo mass are themselves correlated. Ho we ver,
 linear model for Magneticum total slopes has more predictive 
ower and a lower Akaike information criterion (AIC) when both 
tellar mass and halo mass are used as explanatory variables rather
han stellar mass alone ( −350 compared to −224). Therefore, we
onclude there exists a dependence between total density slope and 
ost halo mass. This dependence in the Magneticum simulations 
upports our finding of environmental difference in internal mass 
istribution between MAGPI and Frontier Fields galaxies. From 

ig. 13 , we also see that the Magneticum total density slopes reach
AGPI-like values at z ∼ 0.8, which could be related to the size–
ass offset in samples discussed abo v e. 
For the Horizon-AGN galaxies, there is again a separation in 

otal density slopes between the small galaxy, massive galaxy, and 
MNRAS 522, 3602–3626 (2023) 
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Figure 13. Top: Horizon-AGN galaxies divided into host halo mass bins. The 
blue line shows small galaxies with virial mass of the main host halo between 1 
and 3 × 10 12 M �, the maroon line shows massive galaxies with host halo mass 
between 3 × 10 12 M � and 1 × 10 13 M �, the pink line shows galaxies in groups 
with host halo mass between 1 × 10 13 M � and 1 × 10 13 M � and 1 × 10 14 M �, 
and finally the black line shows galaxies in cluster environments, with a host 
halo mass greater than 10 14 M �. The shading represents the standard devi- 
ation. Bottom row: Magneticum galaxies from Remus et al. ( 2017 ) with the 
same cuts as the Horizon-AGN galaxies. The cluster masses in Magneticum 

are not as massive as the Frontier Fields environments, but a division between 
total slope and host mass is still seen. As with the different in total density 
slope between MAGPI and Frontier Fields g alaxies, Magneticum g alaxies 
in denser environments (clusters) have on average shallower total density 
slopes. For Horizon-AGN galaxies, the trend is the same for groups, massive 
galaxies, and small galaxies, except clusters no longer have the most shallow 

slopes. 
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roup bins, which follows the trend observed with Magneticum
alaxies. Ho we ver, the cluster bin has slopes comparable to small
r massive galaxies, and it is the group galaxies that have the
ost shallow slopes on average. As with Magneticum galaxies,
 linear model including both stellar mass and dark matter halo
ass has more predictive power than stellar mass alone using the
IC ( −2444 compared to −2433). The disagreement regarding the

nvironmental trend for the cluster could stem from differences in
he sample selection criteria. For instance, in Horizon-AGN, both
he brightest cluster galaxy and relatively small satellites within
he cluster region are excluded from the sample stellar mass range
f 10 11 −10 12 M �. 

.5 Correlations with the total density slope 

e investigate whether there exist any significant correlations be-
ween the total density slope and other intrinsic galaxy parameters,
NRAS 522, 3602–3626 (2023) 
uch as central velocity dispersion, ef fecti ve radius, total mass, stellar
ass, and stellar mass surface density. For the ATLAS 

3D galaxies,
e take circularized ef fecti ve radii from Cappellari et al. ( 2011 ) and

he central velocity dispersion from Cappellari et al. ( 2013a ). For
rontier Fields galaxies the circularized ef fecti ve radii and central
elocity dispersions are from Derkenne et al. ( 2021 ). Total masses
ere calculated in the same way for all three samples, defined as

wice the mass integrated given the median parametrization of the
otential within a sphere of one ef fecti ve radius (Cappellari et al.
013a ). 
Stellar masses for MAGPI were calculated using the spectral en-

rgy distribution fitting software PROSPECT with a Chabrier (Chabrier
003 ) initial mass function. The spectral energy distribution was fit
sing pixel-matched imaging in the ugriZYJHKs bands from the
AMA surv e y (Bellstedt et al. 2020 ), with photometry derived by

he MUSE-based PROFOUND segmentation maps for each galaxy.
or the ATLAS 

3D sample, stellar masses were calculated as the
otal luminosity from the MGEs of Scott et al. ( 2013 ) multiplied by
he SDSS r -band mass-to-light ratio from Cappellari et al. ( 2013b ),
iving a total stellar mass. For the Frontier Fields sample, V -band
tellar mass-to-light ratios were calculated from an MILES (Vazdekis
t al. 2010 ) template library PPXF spectral fit with a saltpeter
Salpeter 1955 ) initial mass function. These were converted to a
habrier initial mass function by dividing by 1.53, as in Driver
t al. ( 2011 ). The total stellar mass was then calculated as the
otal luminosity from the MGEs multiplied by this mass-to-light
atio. 

The stellar surface mass density is given as 

 � = 

M � 

2 πR 

2 
e 

. (6) 

he relations are plotted in Fig. 14 , and all significant relations are
iven in Table 3 . The MAGPI galaxies show no significant correlation
ith any other parameter, possibly due to the small sample size.
 or the v elocity dispersion, this could also be due to the greater
ix of morphological type, as early-type galaxies have a slight

e gativ e trend between slope and velocity dispersion, whereas spiral
alaxies do not (Li et al. 2019 ). The only other parameter the ob-
ervational sample correlates with is the stellar mass surface density,
hich is intuitive as galaxies that are more compact have steeper

lopes. 
We also compared to the trends seen in simulations, using the

ample of Horizon-AGN and Magneticum galaxies, as well as the
inear correlations published in Wang et al. ( 2020 ). Interestingly, the
imulations all predict that galaxies with greater velocity dispersions
ave shallower total density slopes, although for the observational
ample we see the opposite. This discrepancy continues with the
tellar mass, as simulations predict the more massive the stellar
ontent of a galaxy the more shallow its total slope, whereas the
bserv ational samples sho w no trend to a mildly ne gativ e one. F or
he ATLAS 

3D and MAGPI samples, the trends between total slope
nd stellar mass surface density (although not significant for MAGPI)
re quite close to the ones seen for Magneticum, Horizon-AGN, and
llustrisTNG galaxies. The Frontier Fields galaxies show the same
rend (the more compact a galaxy is the steeper its total slope);
o we ver, the galaxies are offset from the simulated relations. The
orrelation between stellar surface density and total density slopes is
lso seen in the measurements from gravitational lensing (Sonnenfeld
t al. 2013 ). 

A potential reason for the difference in observed trends between
he simulation and observational works is the manner in which the

art/stad1079_f13.eps
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Figure 14. Linear correlations between the total density slope and other galaxy parameters: central velocity dispersion, ef fecti ve radius, total mass, stellar mass, 
and stellar mass surface density. For the MAGPI, Frontier Fields and ATLAS 3D samples, panels with a black dashed line indicates a non-significant fit with a p 
value greater than 0.01. Solid black lines show correlations with a p value smaller than 0.01, fitted using the PYTHON package LTSFIT (Cappellari et al. 2013a ) 
and of the form y = a + b ( x − x 0 ), where x 0 is the median of the x -values. The IllustrisTNG correlations are taken directly from Wang et al. ( 2020 ) at z = 0, 
and the central velocity dispersion is σ e/2 instead of σ e . Horizon-AGN correlations are shown for galaxies from the simulation snapshot at 0.305 on the MAGPI 
and Frontier Fields rows, and for galaxies from the redshift 0.018 snapshot for the ATLAS 3D row. Likewise, Magneticum correlations are shown for galaxies 
including snapshots between 0.25 < z < 0.35 on the MAGPI and Frontier Fields rows, and for galaxies in snapshots with z < 0.1 for the ATLAS 3D row. All 
significant relations are given in Table 3 . 

Table 3. A summary of the linear correlations between the total slope and parameters shown in Fig. 14 . Only significant correlations with a Spearman 
p value of less than 0.01 are shown. Correlations with total mass are not given in this table, as no trends were significant for the MAGPI, ATLAS 3D , and 
Frontier Fields samples. We fit each data set using the PYTHON package LTSFIT (Cappellari et al. 2013a ), and given relations for the total slope are of the 
form y = a + b ( x − x 0 ), where x 0 is median of the x values. For the IllustrisTNG relations, we take the correlations directly from Wang et al. ( 2020 ), 
with the gradient shown as m . The stellar surface mass density � � is defined as M � / 2 πR e . For IllustrisTNG, the correlation with velocity dispersion 
uses a central aperture dispersion σ e/2 . 

Sample log 10 ( σe / km s −1 ) log 10 ( R e /kpc) log 10 ( M � /M �) log 10 ( � � / M � kpc −2 ) 

MAGPI – – – –
Frontier Fields −1.98 − 0.71( x − 2.27) – – −1.99 − 0.31( x − 9.62) 
ATLAS 3D – – – −2.26 − 0.27( x − 9.16) 
Magneticum, z < 0.1 – −2.04 + 0.55( x − 0.83) −2.04 + 0.12( x − 11.02) −2.05 − 0.38( x − 8.59) 
Magneticum, 0.25 < z < 0.35 – −2.06 + 0.59( x − 0.79) −2.06 + 0.12( x − 11.02) −2.07 − 0.43( x − 8.65) 
Horizon-AGN, z = 0.018 −2.00 + 0.97( x − 2.18) −2.00 + 0.69( x − 1.07) −2.01 + 0.40( x − 11.19) −1.99 − 0.42( x − 8.58) 
Horizon-AGN, z = 0.305 −1.93 + 0.78( x − 2.18) −1.93 + 0.67( x − 1.04) −1.93 + 0.32( x − 11.17) −1.92 − 0.45( x − 8.62) 
IllustrisTNG, z = 0 m = −0.00019 m = 0.64 m = 0.41 m = −0.45 

s
m  

m
i
i
b
o

5

I  

t  

g
p
d

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/522/3/3602/7152361 by guest on 31 January 2024
lopes are measured. As the simulations have access to the dark 
atter , star , and gas particles directly, the total density slope is
easured by fitting a power law to the co-added simulation particles 

n spherical, concentric shells. What systematic differences this 
ntroduces when comparing the slopes to observational studies can 
e addressed in future work by constructing mock IFU observations 
f simulation data and re-measuring the slopes. 
c

 DI SCUSSI ON  

n our results, we have shown there is a significant difference in
he distribution of total density slopes of MAGPI and Frontier Fields
alaxies, with Frontier Fields galaxies having on average total density 
rofiles with shallower slopes. This difference suggests the mass 
istribution of Frontier Fields galaxies are, on average, less centrally 
oncentrated (the mass density falls off less rapidly with radius) 
MNRAS 522, 3602–3626 (2023) 
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han for MAGPI galaxies. The differences observed in the total
ass density slopes of the populations hold if the samples are cut

o o v erlapping radii and mass ranges, and when cut by v elocity
ispersion to remo v e an y potential trends with that parameter. The
etailed methodology of deriving the total density slopes for MAGPI
nd Frontier Fields objects are near identical, and any dependence
f total density slope with radial range is remo v ed by measuring all
lopes on the same radial range. 

.1 The Frontier Fields, Virgo, and Coma environments 

 remaining difference between the samples is environment. The
rontier Fields galaxies are drawn from dense cluster environments,
hereas MAGPI targets are drawn from a range of environments

hat includes field galaxies and galaxies in groups (see Foster et al.
021 for a summary, in particular their fig. 4. Note we do not include
ny Frontier Field objects as part of the MAGPI sample in this
ork, although Frontier Fields clusters Abell 2744 and Abell 370 are

upplementary to the MAGPI surv e y). The Frontier Fields clusters
ere selected as ideal candidates for lensing systems (Lotz et al.
017 ), and all are massive and X-ray luminous. The clusters span ∼
 × 10 45 erg s −1 as a bolometric X-ray luminosity for MACSJ0416.1-
403 (Mann & Ebeling 2012 ), to ∼ 3 × 10 45 erg s −1 at 2–10 keV for
bell 2744 (Allen 1998 ). 
The Frontier Fields clusters all show significant substructure,

nterpreted as evidence of ongoing formation and mergers (Zitrin &
roadhurst 2009 ; Richard et al. 2010 ; Mann & Ebeling 2012 ; Gruen
t al. 2013 ), with Abell 2744 in particular having up to eight different
ass concentrations (Jauzac et al. 2016 ). In fact, the structure of Abell

744 is so extreme it has been used to question whether such a cluster
s even possible within the Lambda cold dark matter ( � CDM) model,
s no equi v alent clusters could be found within the Millenium XXL
imulation volume (Schwinn et al. 2017 ), although such a structure
as been identified in the Magneticum simulation suite with the
etailed comparison of cluster and simulation masses depending
n projection (Kimmig et al. 2022 ). Due to the complexity of the
lusters, gravitational lensing has been ef fecti ve in estimating total
asses. Merten et al. ( 2011 ) place the total mass of Abell 2744

t M( r < 1 . 3 Mpc ) = (1 . 8 ± 0 . 4) × 10 15 M � with h = 0.7 using a
ass model created from weak lensing, with mass estimates of the

ther clusters consistently falling abo v e M ∼ 10 15 M � (Williamson
t al. 2011 ; Zheng et al. 2012 ; Grillo et al. 2015 ; Lagattuta et al.
022 ). 
There is little observed difference in total density slope between

TLAS 

3D galaxies drawn from Virgo and those from the field. Virgo
s less X-ray luminous than the Frontier Fields clusters, classified
s having low X-ray luminosity ( < 10 44 erg s −1 ) and low central
alaxy density (Jones & Forman 1984 ). Mass estimates also fall well
elow those of the Frontier clusters, with Simionescu et al. ( 2017 )
lacing the virial mass of Virgo at M 200 = (1.05 ± 0.02) × 10 14 

 � for r 200 = (974 . 1 ± 5 . 7) kpc . To stress the difference, a recent
trong lensing analysis of Abell 2744 puts the total mass at M =
1.77 ± 0.07) × 10 14 M � at a radius of just 200 kpc (Bergamini et al.
023 ). 
In contrast to Virgo, Coma is more equi v alent in its mass

o the Frontier Fields clusters. A recent Bayesian deep-learning
nalysis of the mass of Coma by Ho et al. ( 2022 ) gives a mass
f M 200 = 10 15 . 10 ±0 . 15 h 

−1 M � within (1 . 78 ± 0 . 03) h 

−1 Mpc of the
luster centre (see their fig. 3 for this result compared to historical
ass estimates). The X-ray luminosity of the cluster is also more than

n order of magnitude greater than that of Virgo, at ∼ 8 × 10 44 erg s −1 

n the band 0.1–2.4 keV (Reiprich & B ̈ohringer 2002 ). 
NRAS 522, 3602–3626 (2023) 
The nature of the Frontier Fields programme means studied
alaxies are situated well within the core regions of the clusters
ecause of the limited field of view of MUSE (Lotz et al. 2017 ).
ue to the different observing strategy of the ATLAS 

3D survey, the
alaxies drawn from Virgo are not limited to the very core regions.
his detail of surv e y design could also impact how comparable the

wo environments are, as the local density changes with distance
rom the cluster core. Li et al. ( 2019 ) found that satellites within
aloes have a density slope that is steeper (more ne gativ e) than
entrals by about ∼0.1. Although none of the galaxies modelled
n Derkenne et al. ( 2021 ) are the ‘brightest cluster galaxies’ in the
ight substructures identified by Jauzac et al. ( 2016 ), we might be
omparing the very dense regions of the Frontier Fields clusters to a
ariety of local densities in Virgo. In future work, we aim to address
his question quantitatively with MAGPI data, as the full sample will
robe a large range of local environments, and we will be able to
pply consistent metrics. 

.2 Dri v ers of the total slope 

rom the Magneticum simulations, it is known that progressive
ry mergers drive total density slopes towards isothermal values
Remus et al. 2013 ). Once a galaxy has an isothermal total density
rofile, subsequent dry mergers do not perturb the slope away
gain. Dry mergers tend to increase the stellar mass at large
adii, resulting in shallower total density slopes. Minor mergers
n particular have increased efficiency with regard to size-growth
ompared to major mergers (Naab et al. 2009 ). Major merger rates
or galaxies below z = 0.5 are uncommon, placed at an occurrence
f just 0.058 ± 0.009 per Gyr (L ́opez-Sanjuan et al. 2015 ). Minor
ergers are found to be ∼3 times more likely that major mergers

t redshift z = 0.7 with little evidence the merger rate evolves with
edshift below z = 1, making minor mergers also infrequent across
he redshift baseline we consider (Lotz et al. 2011 ). That we see
o evidence for evolution in the total density slope is therefore
onsistent with the low occurrence of mergers at later times. The
volution observed by gravitational lensing is potentially a factor
f those works targeting massive galaxies, which are more likely
o have undergone mergers and therefore have closer to isothermal
lopes. 

While galaxies in cluster environments mo v e with high velocities
nd are unlikely to undergo mergers, galaxy clusters themselves
re assembled from the in-fall of groups, as seen with the many
ubstructures that make up the Frontier Fields clusters, and especially
bell 2744 (Jauzac et al. 2016 ). Galaxies in groups would experience
igher merger rates at earlier times as local density and merger
ates are coupled (Jian et al. 2012 ; Shankar et al. 2013 ; Watson
t al. 2019 ). This is seen in the cold dark matter haloes as well,
here haloes in high-density environments undergo most of their
ass aggregation at earlier times compared to haloes is less dense

nvironments (Maulbetsch et al. 2007 ). P apo vich et al. ( 2012 ) studied
 sample of galaxies in a proto-cluster at redshift z = 1.62, and found
uiescent galaxies in clusters are larger than those in the field at that
edshift. This implies, like the dark matter haloes, accelerated growth
t higher redshifts for galaxies in cluster environments. Galaxies in
lusters might therefore have undergone more mergers in their history
han isolated fields galaxies, explaining why we see a difference in
he internal mass distributions of galaxies in the MAGPI surv e y
ompared to those drawn from the Frontier Fields environments. 

Ram-pressure stripping and harassment can also occur in the
luster environments, which in extreme cases can result in the
nusual ‘jellyfish’ galaxies with extended gas streams and clumpy
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tar formation marking their violent fall into the cluster environment 
Owers et al. 2012 ; Poggianti et al. 2017 ). As stars are preferentially
tripped from a galaxy potential only after the majority of the dark
atter (Smith et al. 2016 ), this suggests galaxies in a cluster potential
ith visible distortions of their stellar matter are also significantly 

ransformed in their total mass distribution. This result is evidence of
he cluster environment itself transforming the properties of a galaxy. 

 SUMMARY  A N D  C O N C L U S I O N S  

he MAGPI surv e y is a MUSE Large Programme surv e y observing
assive galaxies in the ‘middle-ages’ of the Universe. With over 

00 h of observing time on the VLT, this surv e y will enable the
patial mapping of ionized gas and stars in galaxies 3–4 Gyr ago,
roviding a detailed understanding of galaxy evolution spanning field 
o cluster environments. F ore ground and background objects in the 
elds supplement this time baseline further. 
In this work, we present an early study of the impact of en-

ironment in shaping the internal mass distributions of galaxies, 
ith the intention of providing a quantitative relationship between 

nvironmental metrics and internal mass distribution when the full 
ample is observed. We present total mass density slopes for 28 
alaxies in the MAGPI surv e y. To construct the density slopes, 2D
esolved stellar kinematic maps measured from MUSE data are used 
n combination with multi-Gaussian models of the stellar light to 
onstruct Jeans dynamical models, with the total potential (baryons 
nd dark matter) described by a generalized NFW profile. 

We compare the MAGPI total density slope distribution primarily 
o two other works. First, the total density slopes for ATLAS 

3D 

alaxies as measured using a consistent methodology by Poci et al. 
 2017 ). These galaxies are in the local Universe ( < 40 Mpc) and
re from field environments and the Virgo cluster, a dynamically 
oung cluster of moderate mass. Secondly, we compare to the density 
lopes from Frontier Fields galaxies as measured by Derkenne 
t al. ( 2021 ). These galaxies are all from extreme and dense cluster
nvironments in the redshift range 0.29 < z < 0.55. Combining these
ethodologically consistent studies allows us to trace the internal 
ass distribution of galaxies from field to cluster environments 

cross 5 Gyr of cosmic time in a self-consistent manner. 
We determined that the radial range across which the total slope 

s measured is critical when using a generalized NFW total potential 
ith fixed break radius. A mismatch between radial ranges can cause 

he measured slope to change by ∼0.1, which erases the signature 
n density slope from host environment or other parameters. For 
his reason, we re-analyse total mass density slopes from ATLAS 

3D 

nd Frontier Fields galaxies using the same radial range as MAGPI 
alaxies. We measure total mass density slopes in the radial range 
 = [ R e /10, 2 R e ]. 

The main results are the following: 

(i) We found a median total mass density slope of γ = 

2.22 ± 0.05 (standard error) for the MAGPI 28 galaxies with 
entral velocity dispersion greater than 100 km s −1 . These results are 
nchanged if we consider only early-type morphology galaxies, with 
edian slope γ = −2.23 ± 0.04. 
(ii) We found a median slope of γ = −2.01 ± 0.04 for 68 Frontier

ields galaxies at median redshift 0.348, and a median slope of
= −2.25 ± 0.02 for 150 galaxies from the ATLAS 

3D sample in 
he local Universe. 

(iii) We found no difference between the distribution and median 
lope of MAGPI and ATLAS 

3D galaxies, even after cutting the 
amples to common size and mass ranges. The similarity of the 
amples indicates the total density slope for galaxies in intermediate 
ensity environments has not evolved across the past 3 −4 Gyr of
osmic time. The MAGPI and ATLAS 

3D samples are treated as 
oughly equi v alent in terms of their host environments in comparison
o the very dense Frontier Fields cluster environments. This lack of
volution is broadly consistent with the hydrodynamical cosmolog- 
cal simulation results of Magneticum, IllustrisTNG, and Horizon- 
GN. We do not see evidence of the density slope evolutionary trends
erived from gravitational lensing studies. 
(iv) A statistically significant difference is found in the distribution 

f total density slopes between the MAGPI and Frontier Fields 
ample ( γ = −2.22 ± 0.05 compared to γ = −2.01 ± 0.04, 
especti vely). This dif ference remains statistically significant when 
utting the samples to common radius and mass ranges. 

(v) The difference in slope distribution suggest that environmental 
actors play a role in the internal mass distributions of galaxies.
ense, cluster environments are more likely to host galaxies with 

hallow mass distributions than field environments, potentially due 
o the way clusters assemble their mass from galaxy groups. The
eparation of total density slopes with environment (as indicated by 
ost halo mass) is also predicted by the Magneticum simulations. 
he dependence of slopes with environment in the Horizon-AGN 

imulations is not as clear. 

For this work, we have used different galaxy samples to broadly
ategorize galaxies as residing in field, group, or cluster environ- 
ents. When all MAGPI fields are observed we can expect to
ore than triple the sample size used here, which will allow for
 quantitative test between environmental metrics (such as group 
umber) and total density slope. The establishment of the impact of
nvironment with total density slope in the ‘Middle Ages’ can be
ompared against local Universe surveys that span a wide range of
nvironments, such as the SAMI surv e y or the recently commissioned
ector 3 surv e y. The launch of the JWST also makes it possible to push

his type of resolved stellar kinematic methodology further back in 
osmic time, where the predictions of the different simulations (and 
he measurements of gravitational lensing) significantly differ. 
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Figure A1. The results of the end-to-end simulations for the parameter γ
′ 
, 

the inner density slope of the total potential. The y -axis shows the extent of the 
kinematic co v erage e xpressed as a fraction of the ef fecti ve radii. The x -axis 
sho ws the ef fecti ve radius as a fraction of the PSF FWHM of the data used to 
measure the MGEs. The yellow region is where the input inner density slope 
is well reco v ered. The red lines indicate the cuts used to define the sample 
in this work (upper right quadrant, with a median shift of 1 per cent towards 
shallower slopes). The black dashed line shows where the absolute bias is 
less than 0.1. The sample of 30 MAGPI galaxies are shown as black circles, 
with arrow markers indicating points off the plot region (3 objects). The pink 
triangle shows the test data case, object 4423 from Abell 2744. 

Figure A2. The same as Fig. A1 , ho we ver instead showing the standard 
deviation of the EMCEE posterior distribution for the inner density slope. The 
blue region indicates the parameter space for which the inner density slope 
is well constrained. The upper right quadrant as defined by the red lines has 
a median uncertainty of ±0.03 on γ ′ . The sample of 30 MAGPI galaxies 
are shown as black circles, with arrow markers indicating points off the plot 
region (3 objects). The pink triangle shows the test data case, object 4423 
from Abell 2744. 
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PPENDIX  A :  VA LIDATION  O F  MUSE-BASED  

G E S  

he JAM method has previously assumed the availability of high- 
esolution photometric data from which stellar MGEs are obtained. 
he MAGPI surv e y currently has no space-based imaging for its

argets (aside from the two archi v al Frontier Fields clusters), and so
he highest resolution imaging available is actually synthetic images 
onstructed from the IFU data themselv es. Ev en with GLAO, the
SF FWHM of the MAGPI fields is around 10 times larger than that
f, e.g. HST data. The pixel scale is also around seven times larger
or MUSE data than HST , comparing the 0.2 arcsec per pixel size of

USE for the MAGPI fields to the 0.03 arcsec per pixel size of the
ST data of the supplementary MAGPI fields, Abell 2744 and Abell 
70. In this section, we investigate how this difference in resolution 
nd pixel scale affects the resulting MGEs and derived inner density 
lopes. 

To explore this issue, we completed end-to-end simulations of the 
AM modelling process with mock galaxies ‘observed’ with a MUSE 

ixel scale, MAGPI-like noise for the photometry and kinematics, 
nd a PSF FWHM of 0.6 arcsec. A MGE measured from a galaxy
n Abell 2744 from the Frontier Fields sample with HST photometry 
as used as the underlying MGE from which all others were created.
he suite of mock galaxies were made by scaling the Gaussian sigmas

o change the ef fecti ve radius, and scaling the Gaussian heights to
hange the surface density. The MGEs were scaled so that all mock
alaxies fall on the HST -CANDELS mass–size relation for redshifts 
 = 0.2 −( −0.5) (Nedkova et al. 2021 ). 

Two parameters were used to investigate whether a MUSE-based 
GE could reco v er the inner density slope ( γ

′ 
) without bias. We
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M

Figure A3. Same as Figs A1 and A2 , ho we ver for the other three parameters used when constructing dynamical models in this work. The density at the break 
radius, log 10 ρs , orbital anisotropy, βz , and inclination, i . The red lines indicate the parameter cuts used to select the final MAGPI sample. The top row shows the 
bias estimated when reco v ering each parameter, and the bottom row shows the standard deviation of the EMCEE posterior distribution. The pink triangle shows 
the test data case, object 4423 from Abell 2744. 

Figure A4. Top row: The SDSS r -band ‘image’ made from the MUSE data cube for galaxy A2744 4423, and the associated MGE fit contours (red) o v erlaid 
on the galaxy isophotes (black). The third column shows the MUSE PSF deconvolved galaxy surface brightness model. Bottom row: The F814W filter HST 
thumbnail of A2744 4423, and associated MGE fit (red) o v erlaid on the galaxy isophotes (black), in steps of 0.5 mag per square arcsecond. The third column 
shows the HST PSF deconvolved galaxy surface brightness model. 
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hoose to focus on the reco v ery of the inner density slope as it closely
orrelates to the total density slope, aside from the radial bounds used
s described in Section 3.4 . The parameters we investigated are (1)
NRAS 522, 3602–3626 (2023) 
he ef fecti ve radius as a fraction of the PSF FWHM and (2) the
adial extent of the kinematic data R max , expressed as a fraction of
he ef fecti ve radius. A suite of 288 mock galaxies were created,
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Figure A5. The left-hand panel shows the observed v rms field for galaxy Abell 2744 4423. The middle panel shows the v rms field generated from the median of 
the posterior distribution using JAM and a MUSE-based MGE. The right-hand panel shows the same, but for a modelled v rms field using JAM and a HST -based 
MGE. The HST -based model reco v ered γ ′ = −2.087 ± 0.02 and the MUSE-based model reco v ered γ ′ = −2.089 ± 0.04. 

Figure A6. The normalized posterior distribution from EMCEE for the inner 
density slope using MUSE and HST -based MGEs. A red dashed line indicates 
the median of each distrib ution, b ut o v erlaps as the reco v ered inner density 
slopes are near identical. 
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panning 0.5–3.95 in R e /PSF FWHM and 0.5–3.25 in R max / R e . Each
f the 288 mock galaxies is an independent ‘observation’ due to the
andom noise added to both the photometry before the MGEs were 
easured and the v rms fields before JAM modelling. 
Each mock galaxy image was convolved with the adopted PSF, as

f it were observed. Adding noise to the photometry and kinematics 
as informed by MAGPI data, ensuring a realistic treatment. A 

elationship between noise (from the MAGPI data) and surface 
rightness (from MAGPI galaxies) was created. The value of noise 
t each surface brightness was treated as the sigma of a Gaussian
istribution, so that MAGPI-like noise could be randomly drawn 
rom that Gaussian distribution and added on to the model galaxies 
efore MGEs were measured. 
For the v rms fields a similar process was used. The underlying 

caled MGE (without noise or PSF convolution) was used to create a
 rms field, which was then convolved with the adopted PSF. Measured 
ncertainties in velocity and velocity dispersion, as described in 
ection 3.2 , were used to create a relationship between surface 
rightness of MAGPI galaxies and v rms noise in km s −1 . This 
elationship was used to again add noise to the model input v rms 

elds based on the surface brightness of the modelled galaxy. 
Models of the second velocity moments were then constructed 

sing these mock luminous MGEs and mock v rms fields as if
hey were observed data, following exactly the method outlined in 
ection 3.3 . As with actual MAGPI data, the constrained parameters 
re from PSF-deconvolved models. These simulations show in what 
ircumstances the PSF-deconvolved MGE surface brightness model 
s not an accurate description of the underlying galaxy, and therefore
onstrains a biased total density profile. 

The difference between the known, input inner density slopes 
nd the reco v ered inner density slopes is shown in Fig. A1 . The
esults of the simulation show that there is a compromise between
aving kinematic data across a large radial extent and having a well-
esolved ef fecti ve radius compared to the PSF FWHM of observation.
oorly resolved galaxies with 1 R e comparable to the PSF FWHM,
ut with multiple ef fecti ve radii of kinematic co v erage, return the
nner density slope with little bias (upper left regions in yellow of
ig. A1 ). Ho we ver, the opposite is also apparent; galaxies that are
ell resolved but with small radial coverage for the kinematics do
ot reco v er the input inner density slope well (e.g. bottom row of
ig. A1 ). The errors expressed as a standard deviation of the EMCEE

osterior distribution are shown in Fig. A2 . 
Based on the results of these end-to-end simulations, we make 

imple cuts in the parameter space as a data-quality requisite for
AGPI galaxies included in the final sample. These cuts are shown

s red lines in both Figs A1 and A2 . On Fig. A1 , we also show a
ashed line to indicate where the input and reco v ered inner density
lope have an absolute difference of less than 0.1, after smoothing. To
ake the final sample, a MAGPI object must have R e /PSF FWHM >

 and R max / R e > 1.5. Although a curve or some other more complex
unction encapsulates the unbiased and well-constrained region of the 
imulations more accurately, it is not necessary given the distribution 
f MAGPI objects in this parameter space. The chosen cuts result
n a median difference between γ ′ 

in and γ ′ 
out of 1 per cent towards

hallower (less ne gativ e) slopes, and a median uncertainty of ±0.03
n γ ′ 

out . Here, we show only the results for γ ′ ; however, for the chosen
uts the other parameters used in the JAM models ( ρ, βz , and i ) are
lso reco v ered with comparable accurac y. Making a more stringent
ata cut of R e /PSF FWHM > 1.5 does not change the results claimed
n this work, resulting in a sample of 21 galaxies and median γ =

2.22 ± 0.05, or 14 galaxies when also excluding spiral galaxies 
ith median γ = −2.22 ± 0.04. 
The cuts imply a certain level of bias in the sample selection

f MAGPI objects used in this work. Well-resolved objects with 
inematic data that extends less than 1.5 R e imply low-mass, faint
alaxies are excluded from the sample. This is not an issue when
omparing the MAGPI and Frontier Fields samples, as we only 
ompare against Frontier Fields objects with the same radial co v erage 
MNRAS 522, 3602–3626 (2023) 
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Figure B1. The total density slope, γ , derived with different choices of break 
radius, r s : 10, 20, and 30 kpc. The median gamma values with standard error 
on the median are inset. There is no difference in the derived median density 
slope for break radii values of 20 and 30 kpc; ho we ver, the deri ved density 
slopes for a break radius of 10 kpc are on average steeper than those derived 
with a break radius of 20 kpc. 

Figure B2. A ‘violin’ plot showing the slope distributions of the MAGPI, 
Frontier Fields, and ATLAS 3D samples, for four different choices of radial 
bounds: r = [ R e / 10 , 1 R e ], r = [ R e / 10 , 1 . 5 R e ], r = [ R e / 5 , 1 . 5 R e ], and r = 

[ R e / 10 , 2 R e ]. The choice of radial bounds r = [ R e / 10 , 2 R e ] is the one on 
which we base our conclusions in the main text. The violin plots shows a 
kernel density estimate of the underlying points. A box plot is inset with 
whiskers set to 1.5 the interquartile range. The median total density slope is 
shown as a white dot, and is also annotated abo v e each data set. 
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f kinematic data, as described in Section 3.4 . For the other extreme,
ompact objects that are poorly resolved are also preferentially
emo v ed from the selected sample based on the cuts made here. As
ompact objects tend to have steeper (more negative) total density
lopes, we do not expect this cut to influence our conclusion of
n observed difference in the distributions of total density slopes
etween the MAGPI and Frontier Fields galaxies. 

The entire modelling process was repeated with a different
nderlying MGE (with a more elliptical morphology) and with
ifferent input parameters (e.g. a different input galaxy inclination,
nner density slope, density at the break radius, and anisotropy). The
imulation results shown in Figs A1 and A2 are indicative of those for
hese different underlying MGEs and parameter sets. In Fig. A3 , we
how the simulation results for the remaining parameters. Inclination
s reco v ered the worst, although this parameter is not used for the
ensity slope calculation. 
Given some of the Frontier Fields already have existing HST and
USE data, and an ef fecti ve radius that approximates the MUSE

SF size, it is possible to test the accuracy of this simulation process.
e show a comparison between the inner regions of a MUSE-based

nd HST -based MGE for the Abell 2744 galaxy used to create all
he mock galaxies in Fig. A4 , which was modelled in Derkenne
t al. ( 2021 ). The HST -based MGE model clearly has more structure
isible than the MUSE-based MGE model, the inner regions of which
re noticeably blurred by the PSF compared to the HST model on
he same scale. Although the PSF deconvolved models using HST
nd MUSE data are similar they are not identical, which is what
oti v ated the end-to-end simulation process using mock galaxies.
he observed and modelled v rms fields using the MUSE-based and
ST -based MGEs are shown in Fig. A5 . 
As with the MGEs, the JAM model using the HST stellar MGE

nd MUSE kinematics exhibits more structure than the MUSE-based
odel. Ho we ver, the MUSE-based model of this galaxy is able to

eturn an almost identical parameter set to the HST -based model.
he reco v ered inner density slope from both models are shown in
ig. A6 , with a median of γ ′ = −2.087 ± 0.02 using HST data and
′ = −2.089 ± 0.04 using MUSE data. The other three parameters
ere reco v ered for MUSE ( HST ) data as log ρs = −2.76 ± 0.03

 −2.80 ± 0.02), βz == − 0.47 ± 0.04 ( −0.45 ± 0.04), and
 = 71 ± 9 (79 ± 9) degrees. The galaxy A2744 4423 has R e as
 fraction of the MUSE PSF FWHM of ∼0.9 and R max / R e of ∼3.7,
hich demonstrates well the compromise between resolution and
inematic co v erage on reco v ering the inner density slope (and the
ther parameters used to create the JAM models) discussed abo v e. 

PPENDIX  B:  I M PAC T  O F  R A D I A L  B O U N D S  

N D  B R E A K  R A D I U S  O N  T H E  TOTA L  SLOPE  

o construct the dynamical models in this work, we have assumed a
reak radius (the radius at which the total density profile transitions
rom a free inner slope to a fixed outer slope of −3) is 20 kpc.
his choice was moti v ated to be consistent with other dynamical
odelling works (Cappellari et al. 2015 ; Poci et al. 2017 ; Bellstedt

t al. 2018 ; Derkenne et al. 2021 ), as it is expected the derived total
lope will vary systematically with the break radius. 

We re-ran the MAGPI JAM models using two other choices of
reak radius to explore the impact of this parameter on the derived
otal density slopes; 10 and 30 kpc. The results of this test are shown
n Fig. B1 . 

The total density slopes derived when using a break radius of
0 kpc or 30 kpc are generally consistent within errors, with median
erived total density slope γ = −2.22 ± 0.05 and γ = −2.22 ± 0.04,
NRAS 522, 3602–3626 (2023) 
espectively. A break radius of 10 kpc results in steeper slopes on
verage, as the transition between a free slope and a fixed outer slope
f −3 physically occurs at smaller radii for each galaxy. The median
ith the break radius set as 10 kpc is γ = −2.26 ± 0.05. We conclude

hat setting the break radius to smaller than 20 kpc systematically
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rives the slopes to steeper values, and setting the break radius to
alues larger than 20 kpc has no significant effect. 

Another potential source of systematic bias in this work is the 
hoice of radial bounds when computing the total density slope. We 
ave computed all MAGPI, Frontier Fields and ATLAS 

3D slopes on 
he radial range of r = [ R e / 10 , 2 R e ]. As a double power law is used
o describe the total density profile, the exact choice of radial bounds
ill necessarily have an effect on the derived median slope. 
To test the impact of the radial bounds when computing total 

ensity slopes we re-calculated all the slopes for the MAGPI, Frontier 
ields, and ATLAS 

3D samples on three other radial ranges in addition 
o the ones reported in the main text. In total, the four radial ranges
ested are r = [ R e / 10 , 1 R e ], r = [ R e / 10 , 1 . 5 R e ], r = [ R e / 5 , 1 . 5 R e ],
nd r = [ R e / 10 , 2 R e ]. 

We show the results of this test as a ‘violin’ plot in Fig. B2 . As
he outer radial bound gets larger the derived median density slope 
ecomes marginally steeper. As discussed abo v e, this is because 
he outer fixed slope of −3 influences the total derived slope at
hysical radii around 20 kpc. Ho we ver, the dif ference between the
erived median density slopes for these choices of radial bounds 
re minimal, and the relative trends between them are maintained. 
hat is, the Frontier Fields slopes remain significantly more shallow 
able C1. Columns 1–4: The MAGPI ID, right ascension and declination, and red
o the first 4 numbers of the MAGPI ID. Column 5: The measured 1 R e aperture ve
ithin a sphere of 1 R e using the median total potential parametrization from the

ircularized ef fecti ve radius containing half the galaxy light. Column 8: The averag
 and 10: The 16th and 84th percentiles offset from the 50th percentile of the E

ection 3.4 . No uncertainties are given for the central dispersion or effective radius

MAGPI ID RA (J2000) Decl. (J2000) z σ e ( km s −1 ) 
(1) (2) (3) (4) (5) 

1202197197 175.3388 −1.5825 0.2920 148 
1203040085 175.3562 0.6272 0.3132 271 
1203060081 175.3549 0.6268 0.2799 203 
1203070184 175.3549 0.6323 0.3089 223 
1203087201 175.3535 0.6335 0.3094 108 
1203196196 175.3474 0.6333 0.3103 299 
1203230310 175.3456 0.6396 0.3120 162 
1203305151 175.3413 0.6308 0.3152 241 
1204141177 175.6646 −0.7958 0.1070 177 
1204198199 175.6615 −0.7946 0.3164 163 
1205093221 178.0856 −0.8259 0.2918 189 
1205196165 178.0798 −0.8290 0.2925 81 
1205197197 178.0798 −0.8272 0.2919 97 
1206110186 180.1670 −1.4530 0.2677 264 
1206196198 180.1622 −1.4524 0.3271 255 
1206276211 180.1578 −1.4516 0.2689 206 
1207128248 182.0037 −2.4805 0.3215 170 
1207197197 181.9999 −2.4834 0.3212 103 
1208197197 184.9718 −2.4811 0.3008 208 
1209131247 185.6022 −1.3774 0.2960 155 
1209197197 185.5985 −1.3801 0.2960 159 
1209206324 185.5981 −1.3731 0.5710 177 
1501196198 212.3056 1.7839 0.3100 242 
1501224275 212.3040 1.7882 0.3118 158 
1507196198 215.6209 0.4080 0.3152 213 
1508197198 215.8838 2.7133 0.3164 177 
1523197197 219.5414 −1.0993 0.2813 184 
1525170222 219.6684 0.3349 0.3210 327 
1525196197 219.6669 0.3335 0.3187 228 
1530197196 222.1438 2.9410 0.3108 288 
han either the MAGPI or ATLAS samples for all choices of radial
ounds. The shape of the distribution for different radial bounds 
s also constant. Finally, the change in the median slope for these
ifferent bound is consistent with the quoted uncertainty on the total
ensity slope ( ±0.05 for MAGPI). 
We note that the radial range of r = [ R e / 10 , 1 R e ] (first column

n Fig. B2 ) is most similar to the radial ranges used in the majority
f gravitational lensing works (see Table C2 in Appendix C for a
ummary), as the Einstein radius generally approximates an ef fecti ve
adius. 

PPENDI X  C :  TA BU LAT ED  TOTA L  SLOPES  

e present the tabulated results for the MAGPI sample in Table C1 ,
ncluding their IDs, coordinates, redshift, central velocity dispersion, 
otal mass (defined as twice the mass integrated within a sphere
f 1 R e ), the circularized ef fecti ve radius, total density slope, and
ssociated uncertainties. 

Table C2 summaries the median total density slopes are measured 
y various works, and includes all studies as shown on Fig. 8 . In
articular, we give the redshift, sample size, total density slope, and
adial range across which the slope was measured or constrained. 
MNRAS 522, 3602–3626 (2023) 

shift of each object used in this work. The Field of each object corresponds 
locity dispersion from the kinematics. Column 6: Twice the mass integrated 
 EMCEE posterior distribution, as described in Section 3.4 . Column 7: The 
e density slope measured between 0.1 R e and 2 R e for each galaxy. Columns 

MCEE posterior distribution. These are Monte Carlo errors as described in 
 as these measurements are dominated by systematic effects. 

log 10 ( M /M �) R e (kpc) γ + err −err 
(6) (7) (8) (9) (10) 

11.4 ± 0.01 7.68 −1.82 0.02 0.03 
11.4 ± 0.04 3.34 −2.33 0.06 0.06 
11.0 ± 0.01 2.49 −2.12 0.08 0.09 
11.5 ± 0.02 6.02 −2.22 0.02 0.02 
10.6 ± 0.03 3.16 −2.30 0.08 0.08 
12.0 ± 0.01 9.23 −1.94 0.01 0.01 
10.9 ± 0.01 2.99 −2.20 0.04 0.03 
11.2 ± 0.01 2.61 −2.38 0.05 0.05 
10.9 ± 0.00 2.22 −2.06 0.00 0.01 
11.4 ± 0.00 7.94 −1.80 0.01 0.02 
11.2 ± 0.01 5.01 −2.30 0.02 0.03 
10.4 ± 0.03 3.28 −2.17 0.14 0.17 
10.9 ± 0.02 7.43 −2.28 0.02 0.03 
11.7 ± 0.00 6.73 −2.20 0.01 0.01 
11.7 ± 0.00 8.81 −2.28 0.01 0.01 
11.3 ± 0.01 5.10 −2.22 0.03 0.03 
11.2 ± 0.01 4.91 −2.37 0.05 0.06 
10.8 ± 0.01 6.63 −2.36 0.03 0.05 
11.4 ± 0.01 5.03 −2.13 0.01 0.01 
11.0 ± 0.01 3.50 −1.95 0.04 0.05 
11.2 ± 0.09 5.86 −2.13 0.01 0.01 
11.0 ± 0.04 4.58 −2.61 0.16 0.19 
11.9 ± 0.03 10.54 −1.98 0.01 0.02 
10.7 ± 0.01 2.91 −2.74 0.02 0.04 
11.2 ± 0.00 4.16 −2.31 0.02 0.02 
11.2 ± 0.01 5.31 −1.77 0.02 0.02 
11.3 ± 0.01 5.75 −2.28 0.01 0.01 
11.7 ± 0.04 5.52 −2.24 0.02 0.01 
11.5 ± 0.01 6.15 −2.22 0.01 0.01 
11.3 ± 0.04 2.49 −2.24 0.02 0.01 
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Table C2. A summary of the literature total density slopes v alues sho wn in Fig. 8 . All values are calculated as a median unless except for Bolton et al. ( 2012 ) 
where the fitted relation is given, and Li et al. ( 2018 ) where the mean is given. Column 1 gives the sample and study from which the slopes are drawn. Note that 
slopes from Derkenne et al. ( 2021 ), Poci et al. ( 2017 ), Bellstedt et al. ( 2018 ), and Thomas et al. ( 2011 ) were all re-analysed to be on the same radial range as 
MAGPI total density slopes. Column 2: The redshift range or value. Column 3: The sample size of galaxies. Column 4: The radial range across which the total 
density slope was measured. Column 5: The median total density slope with the standard error on the median. Column 6: The standard deviation of the sample 
total density slopes. 

Sample z N Radial range Median γ σγ

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

Dynamics 
MAGPI (this work) 0.31 28 0 . 1 R e –2 R e −2.22 ± 0.05 0.22 
Frontier Fields (Derkenne et al. 2021 ) 0.29 < z < 0.55 64 0 . 1 R e –2 R e −2.01 ± 0.04 0.26 
ATLAS 3D (Poci et al. 2017 ) ∼0 150 0 . 1 R e –2 R e −2.25 ± 0.02 0.17 
Coma (Thomas et al. 2011 ) 0.0231 17 0 . 1 R e –2 R e −2.00 ± 0.06 0.20 
SLUGGS (Bellstedt et al. 2018 ) ∼0 22 0 . 1 R e –2 R e −2.06 ± 0.04 0.13 
MaNGA (Li et al. 2019 ) ∼0 2110 < R e −2.22 ± 0.006 0.22 

Simulations 

Magneticum (Remus et al. 2017 ) 0.34 93 0 . 4 R 

3D 
1 / 2 –4 R 

3D 
1 / 2 −2.11 ± 0.02 0.16 

Magneticum (Remus et al. 2017 ) 0.066 96 0 . 4 R 

3D 
1 / 2 –4 R 

3D 
1 / 2 −2.05 ± 0.016 0.13 

IllustrisTNG (Wang et al. 2019 ) ∼0 559 0 . 4 R 

3D 
1 / 2 –4 R 

3D 
1 / 2 −2.00 ± 0.0004 0.17 

IllustrisTNG (Wang et al. 2019 ) 0.3 731 0 . 4 R 

3D 
1 / 2 –4 R 

3D 
1 / 2 −1.98 ± 0.0086 0.19 

Horizon-AGN 0.018 2659 0 . 1 R e –2 R e −1.99 ± 0.004 0.17 

Horizon-AGN 0.305 2170 0 . 1 R e –2 R e −1.93 ± 0.004 0.15 

Lensing 

SLACS (Auger et al. 2010 ) 0.063 < z < 0.358 58 < R Einstein −2.09 ± 0.04 0.22 
SLACS (Barnab ̀e et al. 2011 ) 0.0808 < z < 0.3475 16 < R e −2.079 ± 0.05 0.16 
SL2S (Ruff et al. 2011 ) 0.238 < z < 0.65 11 < R Einstein −2.09 ± 0.11 0.29 
SLACS and BELLS (Bolton et al. 2012 ) 0.1 < z < 0.6 85 < R Einstein γ ( z) = ( − 2.11 ± 0.02) + z(0.6 ± 0.15) −
SL2S (Sonnenfeld et al. 2013 ) 0.238 < z < 0.78 25 < R Einstein −2.01 ± 0.05 0.21 
BELLS, BELLS GALLERY, and SL2S (Li et al. 2018 ) ∼0.5 63 < 3 R e 〈 γ 〉 = −2.00 ± 0.03 0.18 
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