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Jon S. Lawrence,10 Ángel R. López-Sánchez,10, 4, 2 and Samuel N. Richards11

1School of Physics, University of New South Wales, NSW 2052, Australia
2Australia ARC Centre of Excellence for All Sky Astrophysics in 3 Dimensions (ASTRO 3D)

3Sydney Institute for Astronomy, School of Physics, University of Sydney, NSW 2006, Australia
4Department of Physics and Astronomy, Macquarie University, NSW 2109, Australia

5Astronomy, Astrophysics and Astrophotonics Research Centre, Macquarie University, Sydney, NSW 2109, Australia
6Australian Astronomical Optics, AAO-USydney, School of Physics, University of Sydney, NSW 2006, Australia

7Department of Physics and Astronomy, University College London, Gower St, London WC1E 6BT, UK
8Instituto de Astrof́ısica de Canarias, Calle Vá Láctea s/n, E-38205, La Laguna, Tenerife, Spain
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ABSTRACT

We examine the stellar population radial gradients (age, metallicity and [α/Fe]) of 96 passive central

galaxies up to ∼ 2Re in the SAMI Galaxy Survey. The targeted groups have a halo mass range

spanning from 11 < log(M200/M�) < 15. The main goal of this work is to determine whether

central galaxies have different stellar population properties when compared to similarly massive satellite

galaxies. For the whole sample we find negative metallicity radial gradients, which show evidence of

becoming shallower with increasing stellar mass. The age and [α/Fe] gradients are slightly positive

and consistent with zero, respectively. The [α/Fe] gradients become more negative with increasing

mass, while the age gradients do not show any significant trend with mass. We do not observe a

significant difference between the stellar population gradients of central and satellite galaxies, at fixed

stellar mass. The mean metallicity gradients are ∆[Z/H]/∆ log(r/Re) = −0.25 ± 0.03 for central

galaxies and ∆[Z/H]/∆ log(r/Re) = −0.30 ± 0.01 for satellites. The mean age and [α/Fe] gradients

are consistent between central and satellite galaxies, within the uncertainties, with a mean value of
∆log (Age/Gyr)/∆ log(r/Re) = 0.13±0.03 for centrals and ∆log (Age/Gyr)/∆ log(r/Re) = 0.17±0.01

for satellites and ∆[α/Fe]/∆ log(r/Re) = 0.01 ± 0.03 for centrals and ∆[α/Fe]/∆ log(r/Re) = 0.08 ±
0.01 for satellites. The stellar population gradients of central and satellite galaxies show no difference

as a function of halo mass. This evidence suggests that the inner regions of central passive galaxies

form in a similar fashion to those of satellite passive galaxies, in agreement with a two-phase formation

scenario.
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1. INTRODUCTION

In the hierarchical galaxy formation paradigm, galaxy

assembly and the growth of dark matter halos are

closely linked. The central galaxies in dark matter ha-

los are generally the brightest galaxies in those systems

(also known as Brightest Cluster Galaxies and Brightest
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Group Galaxies: BCGs and BGGs, here referred to as

central galaxies). Due to their privileged position at the

bottom of the gravitational potential, they are predicted

to have undergone a higher rate of mergers and, there-

fore, to generally be more massive than other galaxies in

those systems (e.g., De Lucia & Blaizot 2007). Despite

being very luminous and relatively easy to detect, the

formation history of central galaxies is complex and not

yet fully understood (e.g., Lin et al. 2013; Lidman et al.

2013; Oliva-Altamirano et al. 2014; Davies et al. 2019).
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Luckily, the stellar populations of galaxies give an

insight into their formation histories. The fraction of

stars with a given age is a record of the star formation

history of the galaxy, while the metallicity gradient is

strongly correlated with the galaxy’s assembly history

and the abundance of alpha-elements relative to iron el-

ements ([α/Fe]) gives information on the star formation

timescale in the different regions of the galaxy.

In particular, studying how the stellar populations

vary with radius can shed light on whether the evolu-

tionary histories of central galaxies are different from

those of satellite galaxies, which are not in a privileged

position in the gravitational well.

Massive galaxies at z ∼ 2 are already found to be

quiescent, but compact, with an effective radius (Re)

half of the size of galaxies of similar mass in the local

universe (e.g., Daddi et al. 2005; Trujillo et al. 2006;

van Dokkum et al. 2008). Hydrodynamical-zoom cos-

mological simulations found that massive galaxies likely

form in a two-phase formation scenario (e.g., Naab et al.

2009). During the first phase, at high redshift, they

grow by a rapid episode of in-situ star formation, re-

sulting in compact massive systems. The initial stellar

metallicity gradient is set by the initial episode of star

formation, with the metallicity decreasing outward in

the galaxy (Larson 1974; Thomas et al. 2005). From

this process, we would expect steep, negative metallic-

ity gradients and flat age radial profiles. After z ≈ 2,

these massive compact galaxies (log10(M∗/M�) > 10.5)

are predicted to be quiescent and grow mostly by ac-

creting mass through galaxy interactions that add stars

to their outskirts (Oser et al. 2010; Naab et al. 2009;

Hopkins et al. 2009).

In the simulations of Hirschmann et al. (2015) and

Cook et al. (2016), galaxies that have experienced a

greater number of interactions show flat or slightly pos-

itive age gradients, due to old stars being added in the

outer regions, and shallower metallicity gradients, pro-

duced by the mixing of the different metallicities of the

accreted stars. In these simulations, the contributions

from accretion start to be visible beyond 2 Re (seen ob-

servationally by Coccato et al. 2010; Montes et al. 2014).

By observing the radial stellar population gradients of

galaxies we can infer their assembly history.

Several observational studies have explored the stel-

lar population radial profiles of central galaxies, using

long-slit spectroscopy: Brough et al. (2007) and Loub-

ser & Sánchez-Blázquez (2012) found that the age and

[α/Fe] gradients are mostly shallow and similar to those

of other ETGs in high-density environments. They also

found a wide range of metallicity gradients, suggesting

that these galaxies had very different assembly histories.

Recently, substantial progress on our understanding

of the stellar populations of early-type galaxies (ETGs)

has been made thanks to the use of large Integral Field

Spectroscopy (IFS) surveys such as SAURON (Spec-

troscopic Areal Unit for Research on Optical Nebulae;

de Zeeuw et al. 2002), ATLAS3D (Cappellari et al.

2011), CALIFA (Calar Alto Legacy Integral Field Ar-

ray survey; Sánchez et al. 2012), MASSIVE (Ma et al.

2014), MaNGA (Mapping Nearby Galaxies at Apache

Point Observatory; Bundy et al. 2015) and the SAMI

(Sydney-Australian-Astronomical-Observatory Multi-

object Integral-Field Spectrograph) Galaxy Survey

(Croom et al. 2012; Bryant et al. 2015). IFS enables the

mapping of stellar populations across individual galax-

ies, rather than obtaining gradients from only one axis

of the galaxy as long-slit observations do.

Despite the increasing number of surveys, the stud-

ies of the stellar population gradients of ETGs are

still not in agreement. For example, Kuntschner et al.

(2010) found, studying 48 ETGs in the SAURON sur-

vey, evidence for gradually shallower metallicity gradi-

ents (∆[Z/H]/∆ log (r/Re) > −0.3, measured within

1 Re) with increasing stellar mass, for galaxies with

masses greater than 1010.3M�; and flat age gradients

for the general population of ETGs. Similar results for

metallicity gradients (within 1 Re) were found by Li

et al. (2018), in MaNGA galaxies with masses ranging

from 109 and 1012.3M�. However, Goddard et al. (2017)

studying MaNGA early-type galaxies with stellar masses

ranging from 109 and 1011.5M�, concluded that light-

weighted metallicity gradients (within 1.5 Re) become

slightly more negative with increasing stellar mass (with

the relation having a slope of −0.04±0.05). Zheng et al.

(2017) found weak or no correlation between metallicity

gradients and stellar mass with the same survey (≈ 570

MaNGA ETGs with stellar masses ranging from 108.5

and 1011.5M�; consistent with Goddard et al. 2017).

The differences, however, can be explained in most cases

by differences in sample selection (how the ETGs were

selected and the galaxy stellar mass range studied). In

the particular case of Goddard et al. (2017) and Li et al.

(2018) the differences are also likely to be due to the

different definition of gradient used - linear radial fits

(∆[Z/H]/∆ (r/Re); Goddard et al. 2017) compared to

logarithmic radial fits (∆[Z/H]/∆ log (r/Re); Li et al.

2018).

The MASSIVE survey found massive ETGs (M∗ >

4 × 1011 M�) to have shallow metallicity gradients (∆

[Z/H]/∆ log (r/Re) = -0.3 ± 0.1) and no significant age

or [α/Fe] abundance ratio gradients (Greene et al. 2015).

Moreover, extending the gradients to the outer regions

of their galaxies (up to 3 Re), they found shallow nega-



The SAMI-GS: stellar population gradients of central galaxies 3

tive metallicity gradients (median ∆ [Z/H]/∆ log (r/Re)

= -0.26) and nearly flat [α/Fe] gradients (median ∆

[α/Fe]/∆ log (r/Re) =-0.03; Greene et al. 2019).

Focussing on central galaxies, Oliva-Altamirano et al.

(2015) found shallow metallicity gradients (∆[Z/H]/∆ log

(r/Re) & −0.3) and age gradients consistent with zero

for 9 BCGs in the local universe, similar to other ETGs

of the same mass.

There is also no agreement on the role of environment

in stellar population gradients. Variation between low-

density environments and high-density environments are

expected since higher density regions are predicted to

collapse earlier. This has been observed previously, by

La Barbera et al. 2011 who found that ETGs, with

stellar masses greater than 1010.5M�, in group envi-

ronments have more positive age gradients and more

negative metallicity gradients compared to field ETGs).

However, Goddard et al. (2017) found no trend of stellar

population gradients with environment with any of three

different definitions of environment (N th nearest neigh-

bour local number density, gravitational tidal strength,

and classifying between central and satellite galaxies).

In contrast, Greene et al. (2015) found a marginal steep-

ening of metallicity gradients (in gradients extending to

2.5 Re) for satellite galaxies in cluster environments,

compared to satellites in lower-mass halos. This is con-

sistent with results for the SAMI Galaxy Survey from

Ferreras et al. (2019).

The results to date are still contradictory and do not

provide clear understanding of the role that stellar mass

or environment plays in shaping stellar population gra-

dients. This is likely due to the fact that the sam-

ples studied to date have generally been relatively small

and the full parameter space of galaxy stellar mass and

environment has not been studied in a homogeneous,

statistically-significant sample. In particular, studies

focusing on central early-type galaxies have only con-

stituted a few tens of galaxies.

In this paper we will investigate whether the evolu-

tionary histories of central galaxies are different from

those of satellite galaxies by studying their stellar popu-

lation gradients (up to 2 Re) as a function of stellar mass

in group and cluster environments. New SAMI Galaxy

Survey data allows us to study a statistically significant

number of galaxies in a range of environments for the

first time.

In Section 2 we describe the sample of galaxies and

the data available for this analysis; Section 3 outlines

the procedure followed to define a consistent and reli-

able set of data; Section 4 presents our results that are

then discussed in Section 5. Our conclusions are given

in Section 6. SAMI adopts a ΛCDM cosmology with

Ωm = 0.3, ΩΛ = 0.7, and H0 = 70 km s−1 Mpc−1.

2. OBSERVATIONS

The Sydney-AAO Multi-object Integral field spectro-

graph (SAMI) Galaxy Survey is a large, optical Integral

Field Spectroscopy (Bryant et al. 2015) survey of low-

redshift (0.04 < z < 0.095) galaxies covering a broad

range in stellar mass, 7 < log10(M∗/M�) < 12, mor-

phology and environment. The sample, with ≈ 3000

galaxies, is selected from the Galaxy and Mass Assem-

bly Survey (GAMA survey; Driver et al. 2011) regions

(group galaxies), as well as eight additional clusters to

probe higher-density environments (Owers et al. 2017).

The SAMI instrument (Croom et al. 2012), on the

3.9m Anglo-Australian telescope, consists of 13 “hex-

abundles” (Bland-Hawthorn et al. 2011; Bryant et al.

2014), across a 1 degree field of view. In the typical

configuration, 12 hexabundles are used to observe 12 sci-

ence targets, with the 13th one allocated to a secondary

standard star used for calibration. Moreover, SAMI also

has 26 individual sky fibers, to enable accurate sky sub-

traction for all observations without the need to observe

separate blank sky frames.

2.1. IFU Spectra

SAMI data consist of three-dimensional data cubes:

two spatial dimensions and a third spectral dimension.

The wavelength coverage is from 3750 to 5750 Å in the

blue arm, and from 6300 to 7400 Å in the red arm, with

a spectral resolution of R = 1812 (2.65 Å full-width half

maximum; FWHM) and R = 4263 (1.61 Å FWHM),

respectively (van de Sande et al. 2017), so that two data

cubes are produced for each galaxy target. Only the blue

arm is used to determine stellar population parameters,

since there are only a few absorption features in the red

wavelength range useful to this end.

The SAMI data reduction is fully described in Allen

et al. (2015) and Sharp et al. (2015), and we give a brief

summary here:

A dedicated SAMI PYTHON package (that incorpo-

rates the 2DFDR package1; Croom et al. 2004; Sharp &

Birchall 2010) is used to perform bias subtraction, flat

field normalization, remove cosmic rays and calibrate

the absolute flux, to reduce the raw SAMI observations

(Allen et al. 2015). Each galaxy field was observed in

a set of approximately seven 30 minute exposures, that

are aligned together by fitting the galaxy position within

each hexabundle with a two-dimensional Gaussian and

by fitting a simple empirical model describing the tele-

1 http://www.aao.gov.au/science/software/2dfdr

http://www.aao.gov.au/science/software/2dfdr
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scope offset and atmospheric refraction to the centroids.

The exposures are then combined to produce a spectral

cube with regular 0.5′′ spaxels, with a median seeing of

2.1′′. More details for Data Release 1 and Data Release

2 reduction can be found in Green et al. (2018) and Scott

et al. (2018) respectively.

2.2. Sample Selection

The GAMA group sample includes all galaxy associ-

ations with two or more members, so to ensure the ro-

bustness of our group sample we first select all the SAMI

observed galaxies that belong to GAMA haloes with at

least 5 members to ensure that they have a robustely

estimated velocity dispersion (Robotham et al. 2011).

Moreover, only galaxies classified as cluster members by

Owers et al. (2017) are taken as cluster galaxies. This

gives us an initial sample of 574 galaxies (out of a po-

tential 2502 observed by GAMA) in 205 groups in the

GAMA regions and 861 galaxies in 8 clusters.

Stellar populations measurements are compromised

for 100 galaxies because nearby galaxies or stars affect

their observation (van de Sande et al. 2017). In addi-

tion, we also exclude 3 more galaxies whose g − i colors

suggest contamination from other objects in the field

of view and 8 galaxies whose annuli do not reflect the

shape of their isophotes and/or the central bin is not

well aligned with the peak of their flux map (since they

could lead to a biased gradient).

In this paper we are particularly interested in whether

there is an environmental dependence to the evolution

of central and satellite galaxies. We focus on the passive

central galaxies to ensure a like-to-like comparison in de-

termining how their central and satellite status affects

their stellar population gradients. We use the SAMI

spectroscopic classifications presented in Owers et al.

(2019) to select a homogeneous sample. The galaxies

are classified as star-forming, passive, or Hδ-strong, us-

ing the absorption- and emission-line properties of each

SAMI spectrum. We select 843 passive galaxies; of

these, 98 are central and 745 are satellite galaxies (Fig.

1).

To ensure the stellar population measurements we use

are reliable, we exclude all the galaxies with masses less

than log10(M∗/M�) = 9.5, owing to the low S/N and

low completeness of these galaxies (we note that select-

ing galaxies with log10(M∗/M�) > 10 does not change

the conclusions we draw). This leaves 819 galaxies (98

central and 721 satellite galaxies). This excludes 40 non-

passive central galaxies with log10(M∗/M�) > 9.5. The

median halo mass of the non-passive central galaxies is

M200 = 1013.3M�.

8 9 10 11 12
log(M * /M )

0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

g-
i (

m
ag

)

Final sample
Passive galaxies
Non-passive galaxies

Figure 1. Distribution of g − i color with stellar mass as a
function of galaxy classification for the galaxies included in
SAMI v0.11. Unselected passive galaxies are shown as green
crosses. Galaxies selected in the final sample are shown as red
crosses and non-passive galaxies are shown as black crosses.
The dotted line is the stellar mass cut at log10(M∗/M�) =
9.5, galaxies below this mass are excluded from the final
sample.

We also make a quality cut in signal-to-noise ratio and

velocity dispersion. For each galaxy, we only use the

annular measurements that have S/N ≥ 10 and velocity

dispersions (σ) between 75 km/s and 400 km/s. [α/Fe]

measurements were also restricted to annuli with S/N

≥ 20 owing to the greater uncertainties associated with

measuring this parameter.

We select galaxies that have at least one annular mea-

surement between 0.1 and 1 Re and at least 3 in total, all

meeting the S/N and σ criteria, in order to probe similar

spatial regions for our sample of galaxies. This is due to

some of the satellite galaxies having effective radii < 1.1

- 1.2′′, such that the first aperture probes radii greater

than 1 Re. This radial criterion is the primary source of

exclusion for our sample.

These selection criteria result in a final sample of 533

galaxies with metallicity and age gradients (96 central

galaxies and 437 satellite galaxies) and 332 galaxies with

[α/Fe] gradients (79 centrals and 253 satellites).

The distribution of g−i color with stellar mass for the

galaxies selected is illustrated in Fig. 1. Fig. 2 and Fig.

3 illustrate the completeness of the selected sample. As

shown, our sample is representative of the parent sample

in stellar mass and halo mass, with 96% completeness

for passive galaxies with log10(M∗/M�) > 10.5.

2.3. Stellar Mass
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Figure 2. Sample completeness. Upper panel: the black
histogram represents the initial SAMI Galaxy Survey cata-
logue of 3071 galaxies. Galaxies that are classified as passive
are shown in green (843 galaxies). The final sample of cen-
tral and satellite galaxies is shown in red (533 passive galax-
ies). The dotted line is the stellar mass completeness cut of
log10(M∗/M�) = 9.5. Lower panel: fraction of final galaxies
sample selected with respect to the passive galaxy sample
for central (purple) and satellite galaxies (blue). Fractional
uncertainties are calculated following Cameron (2011). The
final sample is representative in stellar mass.

Stellar masses are estimated from g− and i− magni-

tudes using an empirical proxy developed from GAMA

photometry (Taylor et al. 2011; Bryant et al. 2015).

For cluster galaxies, stellar masses are derived using the

same approach (Owers et al. 2017).

The g− and i− magnitudes are taken from Sloan Dig-

ital Sky Survey (SDSS; York et al. 2000) images for

GAMA galaxies and VST/ATLAS (VLT Survey Tele-

scope - ATLAS; Shanks et al. 2015) and SDSS DR9

(Ahn et al. 2012) observations for cluster galaxies. The

VST/ATLAS data was reprocessed as described in Ow-

ers et al. (2017).

2.4. Effective Radius
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Figure 3. Halo mass distribution of the selected central
(purple) and satellite (blue) galaxies.

Circularized effective radii, Re, were determined by

fitting a Sersic profile to r−band images. For group

galaxies, these radii are taken from the GAMA Sersic

catalogue v0.7 (Kelvin et al. 2012), whereas for cluster

galaxies the Re, expressed as the radius of the major

axis, are taken from Owers et al. (2019) and converted to

a circularised radius using the axial ratio for each galaxy.

For the galaxies that are in common, cluster galaxies’ Re

are consistent when measured from VST/ATLAS and

SDSS/GAMA (Owers et al. 2019).

2.5. Halo mass

We use the GAMA Galaxy Group Catalogue (G3C;

Robotham et al. 2011) to define the galaxy groups in the

GAMA regions. In this catalogue, galaxies are grouped

using an adaptive friends-of-friends (FoF) algorithm,

taking advantage of the high spectroscopic completeness

of the GAMA survey (∼ 98.5%; Liske et al. 2015). Fol-

lowing the recommendation of Robotham et al. (2011),

we use the “iterative center” as the center of our halo.

This center is found through an iterative procedure: at

each step the rAB-band luminosity centroid of the halo is

found and the most distant galaxies are rejected. When

only two galaxies remain, the brightest is taken as the

central galaxy.

For the GAMA groups we use the Halo Mass, M200,

the mass contained within R200 (the radius at which the

density is 200 times the critical density; White 2001),

calculated from the GAMA group velocity dispersion

and calibrated using halos from simulated mock cata-

logues (see Robotham et al. 2011). The cluster halo

masses are taken from Owers et al. (2017), who calcu-

lated them from a caustic analysis of the galaxy veloci-

ties and their distance from the cluster Centre.
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It is important to note that, following Owers et al.

(2017), we apply a scaling factor of 1.25 to the clus-

ter halo masses, to be consistent with the GAMA halo

masses. We also scale the GAMA halo masses (H0 = 100

km s−1 Mpc−1) to be consistent with the cosmology

used here.

2.6. Central galaxies

We define the halo central galaxy as the most massive

galaxy within 0.25 R200 (e.g., Oliva-Altamirano et al.

2017). To identify the central galaxies for the group

sample, we check that the galaxy identified as “iterative

central” (Robotham et al. 2011) is also the most massive

galaxy. This is true for 188/205 groups in our sample.

17 groups have different galaxies selected as the iterative

central and the most massive. For these 17 groups, we

find the most massive galaxy within a radius of 0.25

R200. For most of the groups (12/17), the most massive

galaxy within 0.25 R200 is the iterative central galaxy.

For the 5 groups where another galaxy is found to be the

most massive within 0.25 R200, we select that galaxy as

the central galaxy.

A similar procedure is carried out to select the cen-

tral galaxy in the clusters, in order to ensure consistency

between the samples. We identify the galaxy that sits

closest to the center of the cluster (cluster centroids are

taken from Owers et al. 2017) as well as the most mas-

sive galaxy in the cluster. For 3 out of 8 clusters, these

galaxies are the same. For the other 5 clusters, we find

the most massive galaxy within a radius of 0.25 R200.

For 2 clusters this galaxy is also the central one, whereas

for 3 out of 5 clusters (Abell 168, Abell 2399 and Abell

4038) the most massive galaxy within 0.25 R200 is not

the galaxy closest to the center. This is consistent with

the dynamical state of these clusters as discussed in Ow-

ers et al. (2017) and Brough et al. (2017). We therefore

select the most massive galaxy within 0.25 R200 as the

central galaxy for these clusters.

2.7. Data

We use data from the SAMI v0.11 internal data re-

lease (reduced identically to DR2; Scott et al. 2018).

This data release consists of 3071 galaxies, with repeat

observations available for 277 galaxies.

3019 SAMI galaxies out of 3071 have several annular

measurements (up to four) of: age, metallicity and α-

element abundance ratio (and their corresponding er-

rors). These are made in elliptical apertures centered

on the center of the cube, with constant spacing along

the major axis. The position angle, PA, and elliptic-

ity, ε, of the galaxy are determined using the find galaxy

Python routine of Cappellari (2002) from the image gen-

erated by summing the cube along its wavelength axis.

The spectra of each of the spaxels in each aperture are

summed and the resulting spectrum is analyzed in order

to extract the stellar population measurements for each

annular aperture.

2.8. Annular stellar population measurements

Stellar population measurements were determined as

described in Scott et al. (2017), using an approach based

on Lick absorption line strengths. We summarize the

method here and identify the differences Scott et al.

(2018) take for aperture measurements compared to the

total measures presented in Scott et al. (2017).

The Lick indices used for this analysis consist of in-

dices defined by Worthey & Ottaviani (1997) and Trager

et al. (1998): Balmer lines (HδA, HδF , HγA, HγF
and Hβ); iron-dominated lines (Fe4383, Fe4531, Fe5015,

Fe5270, Fe5335 and Fe5406); molecular indices (CN1,

CN2, Mg1, Mg2); plus Ca4227, G4300, Ca4455, C4668

and Mgb. All these indices are in the SAMI blue wave-

length range.

Before measuring the absorption-line strength in the

annular spectra, emission from star formation was re-

moved by comparing the observed spectra with syn-

thetic spectra unaffected by star formation. The best

fitting model was found using the penalized Pixel Fit-

ting (pPXF) code of Cappellari & Emsellem 2004. This

was done by fitting each spectrum with a set of 30 stel-

lar template spectra chosen from the MILES library

(Sánchez-Blázquez et al. 2006; Falcón-Barroso et al.

2011). The fit was performed for each input three times:

the first run determines the noise in the spectra, the sec-

ond run identifies bad pixels and emission-affected pix-

els and the third fit replaces those pixels with the values

of the best-fitting emission-free spectra (see Scott et al.

2017 for details). This replacement method is more ro-

bust than the simple subtraction of emission lines from

the spectra, especially in case of low continuum S/N,

weak emission or in the wings of emission lines.

In order to measure the Lick indices, all annular spec-

tra were then broadened (by convolving with a Gaus-

sian) in order to match the Lick resolution of the relevant

index, also taking into account the combined instrumen-

tal broadening, intrinsic broadening due to galaxy’s ve-

locity dispersions and additional broadening due to bin-

ning over many spaxels. For every index, a Monte Carlo

procedure was used to estimate the uncertainties: noise

was randomly added to the best-fitting spectrum and

then the indices were remeasured for 100 different re-

alizations and the standard deviation thus found was

adopted as the error on each index (see Scott et al. 2017

for more details).
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The indices measured were then converted into single

stellar population (SSP) equivalent age, metallicity and

α-element abundance through comparison with stellar

population models that predict Lick indices as a func-

tion of logarithmic age, metallicity and [α/Fe]. For the

SAMI galaxies, two different models were used: Schi-

avon 2007 (hereafter S07) and Thomas et al. 2011 (here-

after TMJ). These models were interpolated to a fine

grid (with a resolution of 0.02 in [Z/H] and log age,

and 0.01 in [α/Fe]). A χ2 minimization approach (first

implemented by Proctor et al. 2004) was used to find

the SSP that best reproduced the indices measured. As

described in Scott et al. (2017), this also iteratively ex-

cluded indices if they were more than 1σ outside the

range covered by the model. Moreover, the fit would

not return a solution if the fitted indices did not include

at least one Balmer index and at least one Fe index. A

robust estimation of α-element abundance was not al-

ways possible due to the S/N of the spectra (S/N < 20).

The absorption lines corresponding to the relevant in-

dices were sometimes too shallow or not broad enough

to be detected at a high enough S/N.

For each spectrum, the values of age, [Z/H] and [α/Fe]

were taken from the minimum χ2 fit and their uncertain-

ties were determined from a χ2 distribution in the 3D

space of the three parameters.

Comparing the stellar population parameters found

with the two models, a good agreement is found for

[Z/H] and for [α/Fe] (although the latter present a small

offset between the two models). The poorest agreement

is found comparing ages from the two models, with TMJ

predicting older ages. The broad scatter is the result

of the fact that the stellar populations are luminosity-

weighted and therefore the equivalent mean ages are

more sensitive to the youngest populations. The TMJ

model predicts older ages at a given Hβ, because sev-

eral galaxies have Balmer line indices that lie outside

the TMJ model grid (Kuntschner et al. 2010), therefore

the age measurements at low metallicities found by this

model are not reliable. After considering all these fac-

tors, Scott et al. (2017) adopted the S07 model to derive

SSP-equivalent ages, while the TMJ model was used to

derive the [Z/H] and [α/Fe] values as a best compro-

mise given the limitations, noting that neither model

perfectly describes the full set of indices in the SAMI

sample. We found that this approach produced good

agreement with previous literature studies, whereas the

TMJ ages showed an unphysical upturn to much older

ages at low masses/metallicities. However, our work

focuses on relative age differences, not absolutes. Con-

sidering that relative ages are more accurate, and that

the galaxies in the sample presented here do not reach

the low metallicities where age reliability is problematic,

our results are robust against this issue.

3. ANALYSIS

3.1. Derived Gradients

A log-log linear fit is applied to the annular stel-

lar population measurements of each galaxy, using the

python package scipy.optimize.curve fit (Virtanen et al.

2019), in order to derive the corresponding stellar pop-

ulation gradient. The fit takes into account the errors

from the stellar population measurements and uses non-

linear least squares to fit a straight line to the data. For

the age measurements, since the age uncertainties are

asymmetric, we fit the gradient using the mean error on

each point.

The fitted slope is taken as the gradient and the un-

certainty on the gradient is derived using a Monte Carlo

procedure, where each annular value is randomly taken

in their uncertainty window and the linear fit is applied

again (with the errors taken into account) for 1000 differ-

ent realizations. The standard deviation from the mean

value of the slope is then taken as the uncertainty on

the gradient derived.

We note that, as pointed out by Oyarzún et al. (2019),

a non-linear fit could be a better model when deriving

the gradients, since the slope of the radial profile can

vary going towards the outskirts of the galaxy. However,

having only 3 - 4 radial bins for galaxies in our sample,

a linear fit with logarithmic radius is the most robust

solution. We also note that choosing to fit the gradients

up to 1 Re, instead of to the last available radial bin,

does not change the conclusions we draw.

We do not take the inclination of the galaxies into ac-

count when deriving the gradients, consistent with pre-

vious studies (e.g., Oliva-Altamirano et al. 2015; Greene

et al. 2015; Goddard et al. 2017; Zheng et al. 2017; Fer-

reras et al. 2019).

In order to consider the effects of seeing on our re-

sults, we compared the Half-Width at Half Maximum

(HWHM) of the PSF with the effective radius, the last

radial bin and the first radial bin available, as shown in

Fig. 4. Some of the gradients may be strongly affected

by the PSF width, since it is significant compared to the

galaxy size (6 galaxies out of 533 have Re < PSF).

To measure the effect of the PSF width on the deriva-

tion of the gradients, we first analyse the radial profiles

of the 23 galaxies in our final sample that have multi-

ple observations available. A small number of the re-

peat observations exhibit small-scale variations in the

flux (aliasing, see Green et al. 2018 for an extended dis-

cussion) that can affect the measured indices, and there-
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Figure 4. Upper plot: extent of the spatial resolution of
the SAMI observation with respect to the galaxy effective
radius, the last radius of the last radial bin and the radius
of the first radial bin. Green dots represent cluster galaxies,
black crosses are GAMA galaxies. The dotted line shows
where the radius value is equal to the Half-Width at Half
Maximum (HWHM) of the PSF. Galaxies with values below
the dotted line might have gradients affected by the PSF.
Lower plot: fraction of central (purple) and satellite (blue)
galaxies, over the total number of centrals and satellites, with
a given last radial aperture available with respect to the ef-
fective radius. The majority of central galaxies have stellar
population measurements available up to 2Re.

fore the derived population parameters. In such cases

we identify the discrepant observation by eye, selecting

the cube with the more physical spectral variations. For

the remaining 35 galaxies with repeated observations,

we measure the slope of the best fit for each observa-

tion, finding a mean change in metallicity gradient of

∆[Z/H] = −0.03± 0.05. Fig. 5 shows that, within the

uncertainties, the measurements are consistent for the

majority of the galaxies and show no trend with see-

ing. However, a more detailed analysis that accounts

for the PSF is required to extract robust gradients, with

meaningful error bars.
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Figure 5. Difference in the slope of the derived gradient as
a function of the difference in seeing for galaxies with repeat
observations. The observation with the best seeing is always
Obs1. The errors shown are calculated by propagating the
errors of the gradients. The points are color-coded according
to the values of the best FWHM so that redder points cor-
respond to greater values of FWHM1. The gradients show
no significant offset or trend with seeing.

Following Ferreras et al. (2019) we derive the gradi-

ents of each galaxy by fitting the observed population

parameters in each radial bin to a linear function model

convolved with the PSF of the observation. From this

model, stellar population values are extracted in the

same radial bins used for the observed values and com-
pared with the original observations, applying a stan-

dard likelihood function. The best fit parameters for

the slope and the intercept of the linear model are then

retrieved (with corresponding uncertainties) using an

Markov Chain Monte Carlo sampler (EMCEE, Foreman-

Mackey et al. 2013). More details on this process can

be found in Ferreras et al. (2019).

The gradients derived following this method are in

general steeper than those derived without taking into

account the effect of the PSF width, due to the fact that

the PSF tends to wash out the gradients. Fig. 6 shows

a radial metallicity profile of a typical galaxy, with the

gradient derived using both methods.

Example stellar population maps and radial profiles

are shown in Fig. 13, in Appendix B, for 2 example

galaxies (1 central and 1 satellite galaxy). Hereafter we

refer to the gradients derived after correcting for the
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Figure 6. Radial metallicity profile for a typical galaxy.
Black points are the metallicity values derived for each aper-
ture, with corresponding uncertainties. The blue dotted line
(slope 1) shows the best-fit to the observed data. The red
dotted line (slope 2) shows the best-fit model after correct-
ing for the effect of the PSF. Best-fit slope values are given
in the top right. The best-fit slope derived after correcting
is steeper.

effect of the PSF. However, considering the gradients

derived without taking into account the effect of the

PSF does not change the conclusions we draw.

We explore the consequences Active Galactic Nuclei

(AGN) could have on our results in Appendix C, finding

that there is no significant influence from AGN emission

on our stellar population measurements.

4. RESULTS

In this section we present the results we obtain for the

stellar population gradients of passive central and satel-

lite galaxies in the SAMI Galaxy Survey. Fig. 7 to 9

show the binned gradients (metallicity, log age and α-

element abundance ratio) as a function of stellar mass.

To better understand and visualise any trends underly-

ing these gradients, we group the gradients together by

stellar mass in bins of 25 galaxies each for the central

galaxies and 90 for the satellite galaxies, in the plots

showing age and metallicity gradients. We use bins of

20 galaxies for centrals, and of 70 galaxies for satellites

for [α/Fe] gradients.

Figure 7 shows that the metallicity gradients are

negative and generally shallow (∆[Z/H]/∆ log(r/Re) &
−0.3), at all masses. To test whether there is any statis-

tically significant trend with mass for the whole sample,

we use the Kendall’s correlation coefficient τ , using the

Python package scipy.stats.kendalltau (Virtanen et al.

2019). This correlation coefficient is robust to small

sample sizes. A τ value close to 1 indicates strong agree-

ment, while a value close to −1 indicates strong disagree-
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Figure 7. Metallicity gradients as a function of stellar mass.
Individual gradients are shown in purple for central galaxies
(upper panel) and blue for satellites (middle panel) and the
median value in bins of stellar mass in bold. The lower plot
shows the median gradient values for each mass bin in the two
environments. Uncertainties shown on the gradient values
are calculated as described in Section 3.3 (purple, blue and
orange errorbars), while the binned data show the 25th and
75th percentile in each bin. The dotted line represents a flat
gradient. The red and grey lines correspond to the gradients
found for cluster and group galaxies, respectively, by Ferreras
et al. (2019). Metallicity gradients are negative and shallow,
for both central and satellite galaxies.

ment. We find a value of τ = 0.05, with a probability of

correlation of 93.8%. This suggests the possibility of a

weak trend that the gradients tend to be shallower (less

negative) with increasing mass.

Figure 8 shows that age gradients are slightly positive,

showing no trend with stellar mass (τ = −0.02, with a

probability of correlation of 60%) and no difference in

trend between central and satellite galaxies.

Figure 9 shows that [α/Fe] gradients are consistent with

zero and show a weak negative trend with stellar mass

(τ = −0.13, with a probability of correlation of 99.96%)

and no difference between the different environments.
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Figure 8. Age gradients as a function of stellar mass. All
point types are as per Fig. 7. Age gradients are generally
positive and shallow for both central and satellite galaxies.

The mean gradient values for central and satellite galax-

ies are given in Table 1. The gradients for central and

satellite galaxies are consistent within 1σ.

In order to test whether the scatter in the observed

relations is due to measurement errors or an underlying

intrinsic scatter, we use the LtsFit Python package, im-

plementing the method used in Cappellari et al. (2013).

This package performs a linear regression which allows

for intrinsic scatter and observational errors in all coor-

dinates. We applied this test to the subsets of central

and satellite galaxies separately and to the whole sam-

ple. We found no evidence of a statistically significant

intrinsic scatter for any of the observed relations.

4.1. Host halo mass dependence

In order to determine whether there is any dependence

of the gradients on host halo mass, we split our central

galaxy sample into three subsets of halo mass. Each

subset has an equal number of galaxies (32 galaxies for

metallicity and age gradients and 26 galaxies for [α/Fe]
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Figure 9. [α/Fe] gradients as a function of stellar mass. All
point types are as per Fig. 7. [α/Fe] gradients are consistent
with zero for both central and satellite galaxies. We find a
weak trend of the gradients with stellar mass.

gradients). We then bin the satellite galaxies into the

same halo mass subsets as the central galaxies.

Figure 10 shows the stellar population gradients of

central and satellite galaxies as a function of stellar

mass, in the low-halo mass (10.96 < M200 < 13.28) and

high-halo mass (13.77 < M200 < 15.29) subsets. Each

subset has been grouped into bins by stellar mass (simi-

lar to the mass bins described at the beginning of Section

4) to better visualize any underlying trend with stellar

mass.

The metallicity gradients of central and satellite galax-

ies show no differences between those in low-mass halos

and high-mass halos. In the stellar mass bins where we

have values for both central and satellite galaxies, the

metallicity gradients of central galaxies are consistent

with those of satellite galaxies in structures of similar

halo mass. The metallicity gradients of galaxies in low-

mass halos (both satellite and central galaxies) become

shallower with increasing stellar mass compared to the

gradients of galaxies in denser environments, which do
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Central galaxies (1σ) Satellite galaxies (1σ)

∆[Z/H]/∆ log(r/Re) −0.25 ± 0.02 (0.24) −0.30 ± 0.01 (0.24)

∆(logAge)/∆ log(r/Re) 0.13 ± 0.03 (0.33) 0.17 ± 0.01 (0.29)

∆[α/Fe]/∆ log(r/Re) 0.01 ± 0.03 (0.23) 0.08 ± 0.01(0.18)

Table 1. Mean [Z/H], (logAge) and [α/Fe] gradients for central and satellite galaxies. Uncertainties shown are errors on the
mean. The 1σ deviations are shown in parenthesis.

not show any trend with stellar mass. Using Kendall’s

correlation coefficient, we find a value of τ = 0.24, with

a probability of correlation of 98.9%. This weak trend

could be the driver of the weak trend with stellar mass

that we see for the whole sample of galaxies.

Age gradients are generally positive for both central

and satellite galaxies, with no trend with stellar mass

regardless of the host halo mass.

Central and satellite galaxies show similar [α/Fe] gra-

dients for both environments.

5. DISCUSSION

Integral Field Spectroscopy (IFS) has been used as a

valuable tool to explore the stellar population parame-

ters of galaxies, due to its ability to map stellar popula-

tions across galaxies. Here we have analysed the stellar

population gradients of 533 passive galaxies from the

SAMI Galaxy Survey. Of these 96 are central galaxies

and 437 are satellite galaxies.

5.1. Metallicity gradients

We observe shallow metallicity gradients in our sample

(mean ∆[Z/H]/∆ log(r/Re) = −0.25 ± 0.02, with a 1σ

deviation of 0.24, for central galaxies and for satellite

galaxies a mean ∆[Z/H]/∆ log(r/Re) = −0.30 ± 0.01,

with a 1σ deviation of 0.24). These are in agreement

with previous results from Kuntschner et al. (2010) and

Oliva-Altamirano et al. (2015).

Examining the relationship of metallicity gradients

with stellar mass (Fig. 7), we find a potential weak pos-

itive trend such that gradients are shallower (less nega-

tive) with increasing stellar mass. This is in agreement

with Zheng et al. (2017), who found evidence of a weak

positive trend of metallicity gradients with stellar mass,

so that the gradients become less negative with increas-

ing stellar mass, in a sample of 577 early-type MaNGA

galaxies. Their trend is more evident when examining

galaxies in low-mass halos (sheet and void environment).

We do not observe, however, a transition to a shal-

lower metallicity gradient at log10(M∗/M�) = 10.54 as

observed by Kuntschner et al. (2010) and predicted by

Taylor & Kobayashi (2017) from chemodynamical sim-

ulations.

Our lack of significant correlation with stellar mass is

in contrast to Li et al. (2018), who found a clear decrease

of the metallicity gradients (i.e. more positive gradients)

with increasing stellar mass, and Goddard et al. (2017),

who found a weak negative correlation of gradients with

stellar mass in a sample of MaNGA ETGs. However,

we note that if we examine the gradients derived by

Goddard et al. (2017) and Li et al. (2018) for galaxies

in the same mass range as those in our sample (9.5 <

log10(M∗/M�) < 11.8), they show no strong dependence

with stellar mass, in agreement with our results.

Tortora & Napolitano (2012), in a sample of about

4500 SDSS early-type galaxies, found that age and

metallicity gradients generally do not depend on envi-

ronmental density, in agreement with our results. How-

ever, they find a residual dependence of metallicity gra-

dient with environment for central galaxies (shallower

metallicity gradients in denser environments).

Ferreras et al. (2019) made independent stellar pop-

ulation measurements for 522 early-type galaxies in the

SAMI Galaxy Survey and found a marginal steepen-

ing of metallicity gradient with increasing stellar mass.

They found the steepening to be stronger in the denser

cluster environments, whereas the group environments

appear to have shallower metallicity gradients. While we

do not see a steepening in the metallicity gradients in

denser environments, Ferreras et al. (2019) mean gradi-
ents are consistent with our derived gradients, as shown

in Fig. 7 (lower panel) and the relationships are consis-

tent within their errors. The difference in the metallicity

gradient-stellar mass relationship observed by Ferreras

et al. (2019) could therefore be driven by the different

selection of halo structures.

5.2. Age gradients

We find mildly positive age gradients (i.e. younger

centers), with mean

∆log (Age/Gyr)/∆ log(r/Re) = 0.13 ± 0.03 for central

galaxies and for satellite galaxies mean ∆log (Age/Gyr)/∆ log(r/Re) =

0.17 ± 0.01, with 1σ deviations of 0.33 and 0.29 respec-

tively.

Evidence of flat or slightly positive gradients in age

have been previously observed by numerous studies,

such as Sánchez-Blázquez et al. (2007); Brough et al.
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Figure 10. Median values of the metallicity gradients as a
function of stellar mass and halo mass. Gradients for cen-
tral galaxies are shown as pink squares (low-mass halos),
and purple crosses (high-mass halos). Gradients for satel-
lites are shown in light blue squares (in the low-mass ha-
los) and dark blue crosses (high-mass halos). Uncertainties
shown on the binned gradient values are the 25th and 75th

percentile in each bin. The dotted line represents a flat gra-
dient. Metallicity gradients for central and satellite galaxies
are negative, and consistent within the errors for different
halo masses. The metallicity gradients of galaxies in low-
mass halos (both satellite and central galaxies) become shal-
lower with increasing stellar mass compared to the gradients
of galaxies in denser environments, which do not show any
trend with stellar mass. The age gradients are generally posi-
tive for both central and satellite galaxies, with no differences
between low-mass and high-masss halos. [α/Fe] gradients are
generally consistent with zero for both central and satellite
galaxies and show no dependence on host halo mass.

(2007); Kuntschner et al. (2010); Loubser & Sánchez-

Blázquez (2012); Greene et al. (2015); Goddard et al.

(2017).

We find no correlation of age gradients with stellar

mass, in agreement with Zheng et al. (2017).
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Figure 11. [Z/H] gradients as a function of the last ra-
dial bin available for each galaxy (in units of Re). Purple
triangles represent central galaxies and blue dots represent
satellite galaxies. For central galaxies, the majority of the
gradients are derived within 2 Re.

Ferreras et al. (2019) found that there is a slight steep-

ening of the age gradients towards high-mass galaxies

(with a slope of -0.07 ± 0.04), in particular galaxies in

groups appear to have steeper age gradients (i.e. more

negative) than galaxies in clusters, as shown by the red

and grey lines in Fig. 8 (lower panel). When examining

our sample as a function of halo mass, we do not see

any trend of age gradients with stellar mass, nor any

dependence on halo mass (in agreement with Tortora &

Napolitano 2012). While our relationships are not con-

sistent with Ferreras et al. (2019), their mean gradients

are consistent with our derived gradients, as shown in

Fig. 8. The difference in relationship is likely driven by

the different selection of low- and high-mass halos for

the analysis (Ferreras et al. 2019 divided galaxies into

group vs cluster galaxies).

5.3. [α/Fe] gradients

We find flat and shallow [α/Fe] gradients, with a

mean value of ∆ log[α/Fe]/∆ log(r/Re) = 0.01 ±
0.03 for central galaxies, and for satellite galaxies

∆ log[α/Fe]/∆ log(r/Re) = 0.08 ± 0.01, with standard

deviations of 0.23 and 0.18 respectively. These results

are in good agreement with Kuntschner et al. (2010),

who found ∆ log[α/Fe]/∆ log(r/Re) between 0.01 and

0.07.

We find a weak negative correlation of [α/Fe] gra-

dients with stellar mass, such that the gradients are

more negative with increasing masses (Fig. 9). Greene

et al. (2015), with a sample of 50 MASSIVE galaxies

and 50 lower-mass galaxies, found similar [α/Fe] gradi-

ents, but their correlation is opposite to that found here:

galaxies in their low-mass bin (10.1 & log10(M∗/M�) .
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11.2) have ∆ log[α/Fe]/∆ log(r/Re) = −0.09±0.06 and

∆ log[α/Fe]/∆ log(r/Re) = 0.1±0.08 in the higher-mass

bin (log10(M∗/M�) > 11.6). However, the gradients are

consistent within our 1σ deviation.

Greene et al. (2019) found that [α/Fe] gradients

for very high-mass galaxies (11.6 < log10(M∗/M�) <

12.2) are consistent with 0, with a median value of

∆ log[α/Fe]/∆ log(r/Re) = −0.03 ± 0.02, in agree-

ment with our median value for central galaxies

∆ log[α/Fe]/∆ log(r/Re) = 0.01 ± 0.03.

Ferreras et al. (2019) found evidence of [α/Fe] gra-

dients varying from positive to more negative with in-

creasing mass for cluster galaxies (Fig. 9), in agreement

with what we see for central galaxies in high-mass halos.

However, we do not see, more negative [α/Fe] gradients

for satellite galaxies in high-mass halos.

Similarly shallow positive [α/Fe] gradients are also

found in simulations, Hirschmann et al. (2015) derived

mildly positive age gradients (∆log (Age/Gyr)/∆ log(r/Re) ≈
0.04). Taylor & Kobayashi (2017) found small positive

[α/Fe] gradients (∆ log[O/Fe]/∆ log(r/Re) ≈ 0.1−0.2).

5.4. Implications

In this paper we find negative metallicity gradients,

positive age gradients and flat [α/Fe] gradients. The

metallicity gradients show evidence of a potential weak

trend with stellar mass, so that gradients become less

negative with increasing stellar mass, while [α/Fe] gradi-

ents become more negative with increasing mass. When

examining the galaxies as a function of halo mass, we

find evidence of shallower (less negative) metallicity gra-

dients with increasing stellar mass for galaxies in low-

mass halos, but no significant difference between the gra-

dients of central and satellite galaxies.

The gradients we find are consistent with those pre-

dicted for galaxies formed in a two-phase process (White

1980; Kobayashi 2004; Oser et al. 2010). In this scenario,

galaxies first undergo a rapid formation phase during

which ’in-situ’ stars are formed within the galaxy. The

more massive ETGs start forming stars at earlier epochs

(De Lucia et al. 2006; Dekel et al. 2009). The resulting

galaxy is compact, with a steep negative metallicity gra-

dient (with gradients ranging from ∆[Z/H]/∆ log(r/Re)

= −0.35 to −1.0; Kobayashi 2004) and a positive age

gradient (due to the presence of a younger stellar popu-

lation in the center of the galaxy). More specifically, the

metallicity and age gradients would naturally correlate

with galaxy mass as star formation lasts longer in the

center of more massive systems which have deeper cen-

tral potential wells (e.g. Kobayashi 2004; Pipino et al.

2010), so that more massive galaxies would have younger

and more metal-rich centers, more positive age gradients

and more negative metallicity gradients.

After the star formation is quenched, a second phase of

slower evolution is dominated by dissipationless mergers.

In particular, galaxy interactions will either steepen or

flatten the metallicity gradients: major dissipationless

mergers tend to cause gradients to become shallower,

as metal-rich stars from the centre of the galaxy are

redistributed further out (Kobayashi 2004; Di Matteo

et al. 2009; Rupke et al. 2010; Navarro-González et al.

2013; Taylor & Kobayashi 2017) and minor dissipation-

less mergers lead to steeper negative metallicity gradi-

ents, due to metal-poor stars being accreted in the outer

regions from lower mass galaxies (Hilz et al. 2012, 2013;

Hirschmann et al. 2015).

Central galaxies, due to their privileged position in

the center of the potential well, are expected to experi-

ence a greater number of galaxy interactions compared

to satellite galaxies. In this scenario, simulations pre-

dict flat or slightly positive age gradients, due to old

stars being added in the outer regions (at radii > 2Re;

Hirschmann et al. 2015), and [α/Fe] profiles are expected

to be flat as a result of massive early-type galaxies as-

sembling via mergers with low-mass systems (Gu et al.

2018). These predictions are in agreement with our

findings: the metallicity gradients we find (see Table 1)

are shallower than those predicted by a monolithic col-

lapse (ranging from ∆[Z/H]/∆ log(r/Re) = −0.5 Carl-

berg & Freedman 1985 to ∆[Z/H]/∆ log(r/Re) = −1.0

Kobayashi 2004), hinting to a flattening of the gradients

due to mergers. The age gradients are slightly positive

(with central stars having younger ages than stars in the

outskirts) and generally flat [α/Fe] gradients. However,

since evidence of minor later accretions are expected at

radii > 1.5-2Re and the majority of the radial profiles

for our central galaxies only extend to a maximum of

2Re (as shown in Fig. 11), our results point to a similar

evolution path for the inner regions of both central and

satellite galaxies.

Previous works have seen clear evidence that satellite

galaxies in these environments are found to be older than

central galaxies of the same stellar mass in higher den-

sity environments (La Barbera et al. 2014; Scott et al.

2017; Thomas et al. 2005; Pasquali et al. 2010). How-

ever we do not see a difference in the gradients of central

and satellite galaxies when taking into account the mass

of their host halos.

The fact that our metallicity gradients for central and

satellite galaxies are consistent within the standard de-

viation suggests that the inner regions of central galaxies

(up to 2 Re) form in a similar fashion to similarly mas-

sive satellite galaxies. Moreover, the gradients for galax-
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ies in high-mass halos show no trend with stellar mass.

This seems to point to a similar evolution for galaxies in

denser environments, regardless of their current position

in the halo.

The potential trend of shallower metallicity gradients

with increasing stellar mass in low-mass halos could

point to a greater number of interactions in the group en-

vironment. Galaxy interactions in this environment are

more likely due to the lower relative velocity at which

galaxies are moving. In high-mass halos the frequency

of galaxy mergers is low, due to the fast orbital motions

of the galaxies and the long time scales for dynamical

friction (e.g. Park & Hwang 2009).

The consistent stellar population gradients ([Z/H], age

and [α/Fe]) presented here for both central and satel-

lite galaxies suggest a similar formation and evolution

history for the inner regions (R < 2Re) of central and

satellite galaxies, with no dependence on their host halo

mass.

6. CONCLUSIONS

We have analysed the stellar population radial pro-

files obtained from IFU observations of a large sample

of passive galaxies (with 9.5 < log10(M∗/M�) < 11.8),

spanning different environments, in the SAMI Galaxy

Survey. We have compared the derived gradients of cen-

tral galaxies to those of satellite galaxies. Our final sam-

ple of passive galaxies consists of 533 galaxies including

96 central and 437 satellite galaxies. The sample used

for [α/Fe] analysis is smaller (332 galaxies), due to the

higher S/N required. We draw the following conclusions:

• The metallicity gradients found are negative

(∆[Z/H]/∆ log(r/Re) = −0.25 ± 0.03 for central

galaxies and ∆[Z/H]/∆ log(r/Re) = −0.30± 0.01

for satellites; Fig. 7). There is evidence of shal-

lower (less negative) metallicity gradients with

increasing stellar mass.

• Age gradients (Fig. 8) are slightly positive

(∆log (Age/Gyr)/∆ log(r/Re) = 0.13 ± 0.03 for

centrals and ∆log (Age/Gyr)/∆ log(r/Re) = 0.17

± 0.01 for satellites).

• The [α/Fe] gradients are flat or slightly positive

(∆α/Fe/∆ log(r/Re) = 0.01 ± 0.03 for centrals

and ∆α/Fe/∆ log(r/Re) = 0.08 ± 0.01 for satel-

lites). We find [α/Fe] gradients to have a weak

negative correlation with stellar mass, showing

more negative gradients with increasing mass (Fig.

9).

• The mean values of the gradients are consistent

with a two-phase formation process. The metal-

licity gradients are shallower than the gradients

expected from a pure dissipative collapse model

(Table 1). The age and [α/Fe] gradients are con-

sistent with those expected for galaxies where the

contribution from subsequent accretion events is

significant.

• The stellar population gradients found for central

galaxies are consistent with those found for satel-

lite galaxies.

• The stellar population gradients of central and

satellite galaxies show no significant difference as

a function of halo mass. We find metallicity gra-

dients of galaxies in the low-mass halo bins to

have a potential positive correlation with stellar

mass, showing less negative gradients with increas-

ing mass.

• The lack of significant difference with environment

suggests that the stellar population gradients in

the inner regions (r < 2Re) of passive galaxies

have no significant dependence on their environ-

ment (Tab. 1). This result points to a similar

formation and evolutionary history for the inner

regions of central and satellite galaxies.

In order to further test the formation process of cen-

tral galaxies and reach a clearer understanding of how

these galaxies form and the main processes that influ-

ence their evolution, observations of their stellar popu-

lation gradients at larger radii are needed.
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APPENDIX

A. RADIAL PROFILES OF HIGH-MASS CENTRAL GALAXIES.

Three high-mass (log10(M∗/M�) > 11.4) central galaxies (2 in clusters and one in the GAMA groups, are very large

(Re > 25′′) compared to the 15′′ diameter SAMI field of view. Though their measurements only cover a small portion

of the galaxy, up to 0.26 Re, they still meet our selection criteria. We illustrate their radial metallicity profiles in Fig. 12.
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log(r/Re)

0.1

0.0

0.1

0.2

0.3

0.4

[Z
/H

]
Galaxy 230776
Galaxy 9044200001
Galaxy 9011900001

Figure 12. Radial metallicity profiles of the three high-mass central galaxies with measurements only within 0.3 Re. We retain
these galaxies in the final sample (we show their radial metallicity profiles for transparency).

B. STELLAR POPULATION MAPS

Example stellar population (metallicity, age and [α/Fe]) binned maps and radial profiles are shown in Figs. 13 -15

for 2 galaxies (1 central and 1 satellite galaxy). Stellar population binned maps have been created specifically for these

2 examples and have not been used in this study.

C. AGN CONTRIBUTION

Since AGN have strong, very bright emission lines in their centers that may bias stellar population fitting, we

investigate the importance of this contribution by comparing gradients of a sample of galaxies that includes galaxies

known to have AGN activity, in the GAMA regions, with non-AGN GAMA galaxies (168 galaxies with AGN out of

332 in our sample; Schaefer et al. 2017). As shown in Fig. 16, there is no significant difference in the metallicity

and age gradients between the two samples. We therefore conclude that there is no significant influence from AGN

emission on our stellar population measurements and include all galaxies in our sample.
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Figure 13. Example metallicity maps and radial metallicity profiles for 2 typical galaxies: central galaxy and satellite galaxy.
Radial profiles are color-coded as follows: purple for central galaxies and blue for satellite galaxies. Stellar mass is given in the
bottom right of the first panel. Re is shown in the first panel as a dashed black circle. PSF extent is shown in the radial profile
as the green dotted line. The stellar metallicity decreases going toward the outskirts of the galaxy.
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Figure 14. Example age maps and radial age profiles for 2 typical galaxies: central galaxy and satellite galaxy. Radial profiles
are color-coded as follows: purple for central galaxies and blue for satellite galaxies. Stellar mass is given in the bottom right
of the first panel. Re is shown in the first panel as a dashed black circle. PSF extent is shown in the radial profile as the green
dotted line.
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Figure 15. Example [α/Fe] maps and radial profiles for 2 typical galaxies: central galaxy and satellite galaxy. Radial profiles
are color-coded as follows: purple for central galaxies and blue for satellite galaxies. Stellar mass is given in the bottom right
of the first panel. Re is shown in the first panel as a dashed black circle. PSF extent is shown in the radial profile as the green
dotted line.
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Figure 16. Left plot: metallicity gradients for all of the GAMA galaxies in our sample and the metallicity gradients derived
excluding galaxies with AGN emission, binned by mass, as a function of log10(M∗/M�). Errorbars show the 25th and 75th

percentile in each bin. Right plot: age gradients as per left plot. There is no significant difference between the gradients in the
two samples.


