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4 Clues to inside-out quenching
in quiescent galaxies at
1.2 ≲ z ≲ 2.2: Age, Fe-, and
Mg-abundance gradients from
JWST-SUSPENSE

ABSTRACT
Spatially resolved stellar populations of massive quiescent galaxies at cosmic noon pro-
vide powerful insights into star-formation quenching and stellar mass assembly mecha-
nisms. Previous photometric studies have revealed that the cores of these galaxies are
redder than their outskirts. However, spectroscopy is needed to break the age-metallicity
degeneracy and uncover the driver of these colour gradients. In this work, we derive
the age and elemental abundance gradients for eight distant (1.2 ≲ z ≲ 2.2), mas-
sive (10.3 ≲ log(M∗/M⊙) ≲ 11.1) quiescent galaxies by fitting full-spectrum models
to ultra-deep NIRSpec-MSA spectroscopy from the JWST -SUSPENSE survey. We find
that these galaxies have negative age and flat [Fe/H] gradients as well as tentative in-
dications of positive [Mg/H] and [Mg/Fe] gradients. These results suggest that galaxy
cores are older and perhaps also Mg deficient compared to galaxy outskirts. The age gra-
dients may indicate inside-out quenching, while Mg-deficient cores could suggest rapid
gas expulsion as the central quenching mechanism. Thus, galaxy cores may have formed
faster and quenched more efficiently than their outskirts. In this scenario, however, our
[Fe/H] and [Mg/Fe] gradients are still puzzling, and further investigation is required to
understand the nature of [Mg/H] gradients in massive quiescent galaxies at these red-
shifts. Our results contrast with those of lower-redshift studies, which find flat age and
[Mg/Fe] gradients and negative metallicity gradients. Additionally, we find a positive
trend between age gradients and rotational support and marginal trends between [Fe/H]
gradients and galaxy velocity dispersions and ages. We discuss our findings in the con-
text of galaxy growth scenarios, including minor mergers and progenitor bias. With this
work, we present the first stellar population gradients from NIRSpec-MSA spectroscopy
in the current largest sample of distant quiescent galaxies.
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88 4.1. INTRODUCTION

4.1 Introduction

Spatially resolved measurements of stellar populations are critical for our under-
standing of galaxy assembly histories and star-formation quenching mechanisms.
In the local Universe, key insights into the formation and assembly of massive early-
type galaxies have been gained by measuring stellar population gradients out to
large radii (e.g. Peletier & Valentijn 1989; Franx & Illingworth 1990; Kuntschner
et al. 2006; Goddard et al. 2017; Li et al. 2018; Santucci et al. 2020; Parikh et al.
2024). In particular, findings of flat α-element abundance gradients, flat or mildly
positive age gradients, and mildly negative metallicity gradients (implying iron-
rich cores) suggest that these nearby galaxies have experienced inside-out growth
(e.g. Mehlert et al. 2003; La Barbera et al. 2005; Greene et al. 2013, 2015; Greene
et al. 2019; Martín-Navarro et al. 2018; Zibetti et al. 2020). In this scenario, the
compact central cores of massive galaxies are formed at cosmic noon (z ∼ 2−3) or
earlier, with their outer wings building up via minor mergers towards z ∼ 0 (e.g.
Bezanson et al. 2009; Hopkins et al. 2009a; Naab et al. 2009; Oser et al. 2010; van
de Sande et al. 2013; van Dokkum et al. 2014; Rodriguez-Gomez et al. 2016).

Advancements in observations and modelling have allowed these measurements
to be extended to higher redshifts (z ∼ 1). In particular, negative colour gradients,
(e.g. Gargiulo et al. 2012; Suess et al. 2019a,b, 2020, 2021; Miller et al. 2023; van
der Wel et al. 2024), flat age and α-element abundance gradients, and negative
metallicity gradients contribute to the inside-out growth picture (Cheng et al.
2024; see also D’Eugenio et al. 2020), with galaxy outskirts being built up by the
accretion of low-metallicity (i.e. bluer) satellite galaxies. In this context, however,
the flat age and [Mg/Fe] gradients are more difficult to explain, as they require
that the accreted satellites have similar ages and star-formation histories as the
central galaxy. On the other hand, we note that this may be expected for satellite
galaxies (see e.g. Pasquali et al. 2010; Gallazzi et al. 2021; Oyarzún et al. 2023).

The resolved stellar populations of galaxies at even earlier times are crucial
to assessing the inside-out growth picture. High-resolution photometric studies
beyond z ∼ 1 may in fact support this scenario, as colour gradients have been
observed to strengthen between z ∼ 2 and z ∼ 0, with galaxies’ blue outskirts
building up over time (Suess et al. 2019b, although note that this scenario is
still under debate due to new evidence from JWST; see e.g. Suess et al. 2022;
Martorano et al. 2026; McGrath et al. 2026). These colour gradients suggest that
the compact cores of galaxies accrete bluer low-mass satellites (e.g. Wuyts et al.
2010; Guo et al. 2011; Gargiulo et al. 2012; Szomoru et al. 2013; Ciocca et al. 2017;
Suess et al. 2019b, 2020, 2021, 2023; Miller et al. 2022, 2023; Setton et al. 2024).

On the other hand, the strengthening of colour gradients (as well as the increase
in galaxy size) over cosmic time could be explained by larger galaxies with stronger
gradients quenching at later times (i.e. progenitor bias; van Dokkum & Franx 2001;
Carollo et al. 2013; Poggianti et al. 2013; Keating et al. 2015; Damjanov et al.
2019, 2023). In this case, gradients in galaxies at z ≳ 1 would be inherited from
their star-forming progenitors. This would suggest that both age and metallicity
contribute to the colour gradients, as distant star-forming galaxies have been found
to have negative metallicity (e.g. Jones et al. 2015) and age gradients (Tripodi
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et al. 2024; Shen et al. 2024). Colour gradients at z ≳ 1 could also be signatures of
inside-out quenching (e.g. Suess et al. 2019a), as older central stellar populations
result in redder cores. Furthermore, dust could also play a role (e.g. Miller et al.
2023; Setton et al. 2024), as age, metallicity, and dust are strongly degenerate
in broadband spectral energy distributions (Worthey 1994; Bell & de Jong 2001;
Bruzual & Charlot 2003; Gallazzi et al. 2005; Leja et al. 2019a).

To be able to discriminate between the scenarios described above, the physical
property that may be driving the observed colour gradients needs to be deter-
mined. We must therefore measure robust stellar population gradients in massive
quiescent galaxies out to at least z ∼ 2, the peak of the quenching and assembly
era (Oser et al. 2010; Whitaker et al. 2012; Rodriguez-Gomez et al. 2016). To
achieve this goal, deep, spatially resolved rest-frame optical spectra of a sample
of massive quiescent galaxies are required to obtain detailed measurements of ab-
sorption lines. However, these measurements are extremely challenging beyond
the local Universe. Thus, spectroscopic gradient measurements exist for only a
small number of relatively young quiescent galaxies beyond z ∼ 1. For example,
Jafariyazani et al. (2020) found a flat age and [Mg/Fe] gradient and a slightly neg-
ative [Fe/H] gradient in a massive lensed galaxy at z ∼ 2 using deep MOSFIRE
spectra. Ditrani et al. (2022) used Hubble Space Telescope (HST ) grism spectra
and found negative metallicity and diverse age gradients in four distant quiescent
galaxies. Akhshik et al. (2023) examined similar data and found diverse age and
metallicity gradients in eight galaxies. However, due to line blending, metallicities
obtained from low-resolution spectroscopy (R ∼ 100) may be highly uncertain
(∼ 0.3− 0.5 dex, Akhshik et al. 2023).

Detailed stellar population maps have also been achieved with James Webb
Space Telescope (JWST ) integral field unit (IFU) spectroscopy, but only for very
young individual quiescent galaxies. For example, Pérez-González et al. (2025)
examined a massive young (0.6 Myr old) galaxy at z ∼ 3.7 and found a strongly
negative total metallicity gradient, a slightly negative age gradient, and a slightly
positive dust gradient. Additionally, D’Eugenio et al. (2024) examined a young
(0.5 Gyr old) galaxy at z ∼ 3 and found a flat age gradient. To come to a
consensus about the behaviour of spatially resolved stellar populations in distant
quiescent galaxies, larger, more representative samples that also include older,
fainter galaxies are needed. While JWST -IFU observations such as those in Pérez-
González et al. (2025) and D’Eugenio et al. (2024) are ideal, it is prohibitively
expensive to obtain these data for larger samples.

To avoid the expense of IFU observations, we can take advantage of the mi-
cro shutter assembly (MSA), JWST ’s multi-object spectrometer on the Near In-
frared Spectrograph (NIRSpec). This goal has been achieved with the JWST -
Spectroscopic Ultradeep Survey Probing Extragalactic Near-infrared Stellar Emis-
sion (SUSPENSE), an ultra-deep spectroscopic survey of 20 quiescent galaxies
at 1 ≲ z ≲ 3 (Slob et al. 2024). SUSPENSE leverages the NIRSpec-MSA to
achieve both medium spectral and moderate spatial resolutions for many galaxies
in a single pointing. In this work, we took advantage of the unique capabili-
ties of this instrument to present robust spatially resolved measurements of age,
[Fe/H], [Mg/Fe], and [Mg/H] in a sample of eight massive quiescent galaxies at
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Figure 4.1: Colour image cut-outs of the eight distant quiescent galaxies in our sample.
Seven galaxies have NIRCam imaging, which we combine into RGB images here. Galaxy
130040 does not have NIRCam imaging, so we show a cut-out of the COSMOS HST/ACS
F814W image (Koekemoer et al. 2007; Scoville et al. 2007b; note that this image is
rotated by 90 degrees compared to the NIRCam images). We highlight the regions
that we combined for the core and outskirt spectra in blue and pink, respectively (see
Section 4.3.2). We also indicate where shutter bars lie within these core and outskirt
regions with shaded rectangles. We indicate 1 Re in convolved space for each galaxy
with an ellipse (see Section 4.3.3).

1.2 ≲ z ≲ 2.2 from SUSPENSE.
This paper is organised as follows: In Section 4.2 we describe the spectroscopic

data from SUSPENSE and our sample selection. In Section 4.3 we outline our
methods to correct spectral resampling artefacts, extract spatially resolved spec-
tra, determine de-projected distances, and measure spatially resolved stellar pop-
ulation parameters. In Section 4.4 we present our resulting gradients. We discuss
our results and their implications for galaxy quenching mechanisms and assembly
histories in Section 4.5 and present our conclusions in Section 4.6. Throughout this
work we assume a flat Λ cold dark matter cosmology with Ωm = 0.3, ΩΛ = 0.7,
and H0 = 70 km s−1 Mpc−1 and a Kroupa (2001) initial mass function (IMF). All
magnitudes are given in the AB-magnitude system (Oke & Gunn 1983).

4.2 Data and sample

The spectroscopic data in this work were drawn from JWST -SUSPENSE1 (ID:
21102, PIs: Kriek and Beverage), an ultra-deep (16.4 hours on-source), NIRSpec-
MSA/G140M-F100LP (R ∼ 1300) survey of 20 massive quiescent galaxies at 1 ≲
z ≲ 3 (Slob et al. 2024, see also Beverage et al. 2025). Targets were identified

1https://suspense.strw.leidenuniv.nl/ .
2doi:10.17909/y6rb-fn24.
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92 4.2. DATA AND SAMPLE

from the UltraVISTA (McCracken et al. 2012) Ks-band DR3 catalogue (Muzzin
et al. 2013b), and were selected to be quiescent using the Muzzin et al. (2013a)
UV J classification. The SUSPENSE galaxies were observed at two dither config-
urations, by offsetting two nearly identical MSA configurations by eight shutters
in the dispersion direction, trying to maintain the same relative aperture pattern
for each target. However, due to micro shutter defects, this was not possible for
all targets. Thus, a small number of galaxies were observed in different positions
in each configuration (see Section 4.3.2). A two-point nod pattern was also imple-
mented for each galaxy, with a two-micro-shutter cross-dispersion offset to avoid
self-subtraction of the extended targets during the data reduction. After identi-
fying the optimal configuration, the standard three-shutter slitlets were extended
by hand where possible, ranging from 3 to 7 micro shutters in length. Filler
star-forming targets were also added to the configuration. The ‘unconstrained’
(midbar) option was implemented for the source centring constraint, and thus
some galaxies are centred behind MSA bars (see Fig. 4.1).

The data were reduced via a customised version of v1.12.5 of the JWST Science
Calibration Pipeline (Bushouse et al. 2023) and version 1183 of the Calibration
Reference Data System (CRDS). As we only make use of the reduced 2D spectra
in this work (see Section 4.3.2), we summarise the relevant data reduction steps
here, which were performed for each dither separately. In particular, the master
bias frame and dark current were subtracted and detector artefacts and jumps
due to cosmic rays were removed. Count-rate frames were obtained by fitting the
slope of each pixel and 1/f correlated vertical read out noise was then removed
using the grizli correction algorithm (Brammer 2023). The data were background
subtracted using the average of all frames observed in the same visit and dither
but in the opposite nod. Flat field, barshadow, and pathloss corrections were
applied to the 2D spectra for each galaxy, which were then flux-calibrated. The
calibrated 2D spectra were rectified and resampled to a common reference frame.
A custom outlier detection algorithm was implemented, and the final 2D spectrum
was constructed by performing an inverse-read-noise-weighted combination of the
2D frames. See Slob et al. (2024) for details.

We selected a subset of the quiescent galaxies from SUSPENSE. In particular,
we required each spectrum (integrated, core, and outskirts, see Section 4.3.2) to
have a rest-frame S/N ≳ 20 Å−1 between 4520−4820 Å (the region that all spectra
have in common) to derive robust stellar population parameters. We determined
these limits by performing tests with simulated observations, similar to Cheng
et al. (2024) (see Appendix 4.A). Additionally, we discarded four galaxies, due to
insufficient wavelength coverage (IDs 129982 and 130208), or due to the presence
of strong emission lines that may be associated with active galactic nuclei (AGN,
IDs 128452 and 130647, see also Beverage et al. 2025). Our selection does not
lead to a bias in mass, size, or integrated age compared to the total SUSPENSE
quiescent sample.

Image cut-outs of our final sample of eight quiescent galaxies (40% of the to-
tal quiescent SUSPENSE sample) are shown in Fig. 4.1. Seven galaxies have
JWST/Near Infrared Camera (NIRCam) imaging from the Cosmological Evolu-
tion Survey (COSMOS)-Web survey (Casey et al. 2023). We obtained these images
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Figure 4.2: Top: Stack of continuum-normalised spectra of all galaxies. The integrated
stack is shown in green, the core stack is shown in blue, and the outskirt stack is shown in
magenta. The key spectral features are labelled. The inset panels show a zoom-in on the
Hβ (∼ 4849−4878 Å, sensitive to age), Mgb (∼ 5162−5194 Å, sensitive to [Mg/H]), Fe52
(∼ 5247−5287 Å, sensitive to age and [Fe/H]), and Fe53 (∼ 5314−5454 Å, sensitive to
age and [Fe/H]) features in the core and outskirt spectra. Bottom: Fractional differences
of each stacked spectrum. We divided each spectrum by the stacked integrated spectrum.

from the Cosmic Dawn Centre (DAWN) JWST Archive (DJA3, see Brammer 2023
and Valentino et al. 2023) and combined the F115W, F277W, and F444W data
into RGB images using the astropy make_lupton_rgb function (this applies an
inverse hyperbolic sine scaling, Lupton et al. 2004; Astropy Collaboration et al.
2022). Galaxy 130040 does not have NIRCam imaging, so we show the COSMOS
HST/Advanced Camera for Surveys (ACS) F814W image (Koekemoer et al. 2007;
Scoville et al. 2007b). We report properties of our sample in Table 4.1.

4.3 Methods

4.3.1 Correction of resampling noise

Spatially resolved observations obtained with JWST are affected by undersampling
of the point spread function (PSF). This undersampling produces an artefact called
‘resampling noise’, which presents itself as periodic flux variations as a function

3https://dawn-cph.github.io/dja/index.html .
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of wavelength (Smith et al. 2007; Law et al. 2023; Perna et al. 2023; Dumont
et al. 2025; Newman et al. 2025). These variations are colloquially referred to as
‘wiggles’. This behaviour has been observed in the previous generation of space-
based telescopes (see e.g. Dressel et al. 2007; Smith et al. 2007; Anderson 2016),
and in JWST IFU instruments (e.g. Law et al. 2023; Perna et al. 2023; Dumont
et al. 2025; Newman et al. 2025). We also observed these wiggles in the individual
spectral rows of the SUSPENSE NIRSpec-MSA 2D spectra. The wiggles do not
strongly affect integrated observations, as they are averaged out when the flux
is integrated over large apertures (see Appendix 4.B and Law et al. 2023; Perna
et al. 2023; Newman et al. 2025). However, the wiggles are a significant concern
for spatially resolved studies as they can affect the shapes of continua and broad
spectral features, potentially biasing spectral modelling (Perna et al. 2023). We
corrected the wiggles by implementing an algorithm based on those presented by
Perna et al. (2023)4 and Dumont et al. (2025)5, customising these routines for our
specific case. See Appendix 4.B for details.

4.3.2 Spectral extraction

For each galaxy, we applied a custom extraction routine to the wiggle-corrected 2D
spectrum to obtain three 1D spectra: an integrated spectrum and spectra in two
spatial bins (representing the core and outskirts). We followed a similar procedure
as Cheng et al. (2024), but modified for our data. We describe our extraction
routine here.

We obtained the flux profile of each galaxy by collapsing the 2D spectrum over
the wavelength axis. We fit a Moffat (1969) profile to each flux profile, as in Cheng
et al. (2024). We used the Moffat profile to identify spectral rows with significant
flux (rows that are approximately between the third and 97th percentiles of the
Moffat profile). We disregarded all rows outside of the third and 97th percentiles,
as Cheng et al. (2024) find that using this region results in a minimum difference
in S/N between the core and outskirt spectra. We also found that including these
outer rows lowers the S/N.

To extract the integrated spectrum, we summed the rows between the third
and 97th percentiles. For the spatially binned spectra, we took the brightest two
rows to comprise the ‘core’ of the galaxy and summed these together. The remain-
ing rows comprised the ‘outskirts’ of the galaxy and were similarly summed. We
divided our spectra in this way to ensure that the two spatial bins had roughly
similar and sufficient S/N. Additionally, we chose this division to avoid splitting
our rows into sub-pixels, since the spatial undersampling of NIRSpec makes neigh-
bouring rows largely (though not completely) independent. Table 4.1 shows that
all core and outskirt bins have a median S/N ≳ 20 Å−1, and that the S/N is
roughly equally divided. Finally, we did not apply an optimal extraction, so as to
not down weigh the lower-signal outer rows.

As the SUSPENSE galaxies were observed using two dither configurations (see
Section 4.2 and Slob et al. 2024), there are two 2D spectra for each galaxy. We per-

4https://github.com/micheleperna/JWST-NIRSpec_wiggles .
5https://github.com/antoinedumontneira/WiCKED .
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formed the extraction routine described above on the 2D spectrum in each dither,
giving us an integrated, core, and outskirt spectrum for each dither. We masked
outliers in the flux due to cosmic ray impacts or bad pixels using the outlier detec-
tion algorithm from Slob et al. (2024). For seven galaxies, the dithers encompass
the same spatial regions. In these cases, we mean-stacked the integrated, core, and
outskirt spectra for each dither, respectively, leaving us with three 1D spectra (one
integrated, core, and outskirt spectrum for each galaxy). As a consequence of the
MSA geometry, the two dithers for the remaining galaxy (130040) were performed
in different positions on the galaxy. This is because its centre was exactly between
two shutters, and thus each dither encloses a different spatial region. Therefore, for
130040 only, we analysed the core and outskirt spectra for each dither separately.
We found that the S/N in the outskirts of dither 1 was too low to robustly fit stel-
lar population parameters (see Section 4.2 and Appendix 4.A). This lower S/N
could be due to astrometric errors, implying that the slit in dither 2 was better
centred on the galaxy than in dither 1 and than indicated by the image in Fig. 4.1.
Thus, we only considered dither 2 for this galaxy. We show our defined core and
outskirts regions for each galaxy in Fig. 4.1 (with only the dither 2 regions shown
for 130040).

We show the stacked integrated, core, and outskirt spectra in Fig. 4.2. We
stacked all of our extracted, continuum-normalised (where we divided by a seventh
order polynomial), rest-frame integrated, core, and outskirt spectra, respectively,
by resampling the spectra to the same wavelength array via spectres (Carnall
2017), normalising them by the region between 5200 − 5600 Å, and smoothing
them to the maximum velocity dispersion of our sample (σ ∼ 390 km s−1). We
also show the fractional differences in the bottom panel. The three spectra have
visible variations relative to each other6. To emphasise these differences, we zoom
in on the Hβ, Mgb, Fe52, and Fe53 strong absorption features. The four features
demonstrate significant differences between the core and outskirts. The Hβ feature
is largely sensitive to age, indicating that the average core stellar population has
a different age compared to the average outskirt stellar population. The Fe52 and
Fe53 features are mainly sensitive to [Fe/H] but are also affected by age due to
the age-metallicity degeneracy (Worthey 1994; Bruzual & Charlot 2003; Gallazzi
et al. 2005). Interestingly, the differences between the core and the outskirt spectra
are opposite in these two features (i.e. Fe52 is stronger in the core while Fe53
is stronger in the outskirts). Meanwhile, the Mgb feature is primarily sensitive
to [Mg/H], indicating that the Mg abundances of the core and outskirt stellar
populations may be different. We discuss this further in Section 4.4.

4.3.3 Determining distances and radii

To present our spatially resolved measurements as a function of radius, we ac-
counted for several factors. These included: (i) the convolved nature of the ob-
servations, (ii) the fact that our galaxies may be elliptical in shape, and (iii) the

6Interestingly, there are large differences between the spectra in some of the molecular bands
between ∼ 7000 − 8000 Å. It is beyond the scope of this work to discuss these bands in detail.
This will be the subject of future work.
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arbitrary location of the micro shutters on each galaxy.
First, our observations are blurred due to convolution with the NIRSpec PSF.

To account for this effect and ensure consistency with the parameters derived from
the PSF-convolved observations, we derived the convolved Re (Re,conv) for each
galaxy. We used a similar method to those presented in Price et al. (2016) and
Cheng et al. (2024), where the intrinsic Re (Re,int), measured by fitting images with
galfit (Peng et al. 2010) is also convolved with the NIRSpec PSF. Specifically, we
took the structural galfit parameters measured from JWST/NIRCam F150W
images by Slob et al. (2025) (or those measured from COSMOS HST/ACS F814W
images by Griffith et al. 2012 for 130040) and used these parameters to create an
intrinsic galaxy image in galfit for each galaxy. We created these images at an
increased spatial resolution (0′′.05 per pixel) compared to our observations. We
convolved each mock galaxy image with the NIRSpec-MSA PSF, generated with
stpsf7 (Perrin et al. 2015), keeping all shutters open8. We performed aperture
sums on a series of elliptical apertures with increasing major and minor axes that
we placed on the convolved model image using photutils (Bradley et al. 2024),
maintaining the intrinsic axis ratio measured with galfit in Slob et al. (2025)
(or Griffith et al. 2012 for 130040). We determined the major axis enclosing 50%
of the light for the convolved model and took this to be our Re,conv. We report
Re,conv for each galaxy in Table 4.1.

To determine the average distance to the centre for our core and outskirt regions
in units of Re,conv, we also considered that our galaxies are elliptical in shape on
the sky, and are not perfectly round. Additionally, we took into account the
arbitrary placement of the micro shutters on each galaxy, which are typically not
centred or aligned along the major axis. To achieve this, we first determined the
location of each spectral row on the sky. We interpolated the coordinates of each
row, by assuming each row was represented by a rectangle of width 0′′.1 (the MSA
pixel scale) and height 0′′.2 (the open width of a micro shutter, Ferruit et al.
2022), calculating the distance between each corner of the rectangle, and dividing
this distance into ∼ 45000 subpixels. We found that this number of subpixels
was approximately where our calculated distances stabilised, but we note that
the precise number of subpixels does not affect our conclusions. We generated a
series of ellipses with increasing Re,conv and bconv centred on the target galaxy,
maintaining the axis ratio. Note that we disregarded the effect of the PSF on
the ellipticity, and that smaller, inner ellipses will become rounder than outer
ellipses. We determined the Re,conv of each subpixel from the dimensions of the
respective intersecting ellipse. The Re,conv of that pixel was then the median
Re,conv of all of the subpixels in the row. To determine the average Re,conv of
each spatial bin, we took the weighted mean of the Re,conv of the rows in each
region (core and outskirts), using the flux of each row as the weights. Finally, we

7https://stpsf.readthedocs.io/en/latest/ .
8Ideally, we would generate a PSF with the exact number of shutters open as in the SUS-

PENSE observations. However, stpsf currently only offers simulated PSFs with one shutter,
three adjacent shutters, or all shutters open. We tested generating PSFs with three shutters
open. Our resulting convolved Re measurements were consistent with keeping all shutters open,
and thus a simulated PSF with the same number of shutters open as the observations is not
likely to impact our conclusions.



CHAPTER 4 97

took the mean of the Re,conv in each of the two observed dithers to get the final
de-projected distance to the core and outskirts in units of Re,conv. The dithers
are at approximately the same position on each galaxy (other than for 130040,
see above), but we took the mean of the Re,conv in each dither to account for
minor positional deviations. Throughout the rest of the paper, we note that while
we refer to ‘core’ and ‘outskirt’ regions somewhat arbitrarily for convenience, we
present our results in units of the Re,conv that we define here. Thus, ‘core’ regions
can be taken to represent stellar populations at smaller distances (normalised to
Re,conv), while ‘outskirt’ regions can be taken to represent stellar populations at
larger distances (normalised to Re,conv).

4.3.4 Full spectrum fitting

We fit the spectra using alfα9 (Beverage 2024; Beverage et al. 2025), a Python
version of the absorption line fitter (alf10, Conroy & van Dokkum 2012a;
Conroy et al. 2018). The alf and alfα models are built on empirical simple stel-
lar populations, constructed using the Mesa Isochrones and Stellar Tracks (MIST,
Choi et al. 2016) and the Spectral Polynomial Interpolator11 (SPI, Villaume et al.
2017b). alf and alfα make use of stellar libraries, including the Medium Reso-
lution INT Library of Empirical Spectra (MILES, Sánchez-Blázquez et al. 2006),
the Extended Infrared Telescope Facility stellar library (E-IRTF, Villaume et al.
2017b), the Mann et al. (2015) sample of M-dwarf spectra, and the theoretical C3K
stellar library (see Conroy & van Dokkum 2012a). To fit the spectra, alfα removes
the continuum, by fitting a high-order Chebyshev polynomial to the ratio of the
data to the model, and implements dynesty (Speagle 2020) or emcee (Foreman-
Mackey et al. 2013) to sample the posteriors of 20 stellar population parameters.
alf and alfα can fit spectra with wavelengths ranging from 3700− 24000 Å and
stellar populations older than 1 Gyr. For details, see Conroy & van Dokkum
(2012a), Conroy et al. (2018), and Beverage et al. (2025). We note that alfα has
been thoroughly tested and shown to produce the same results as alf (Beverage
et al. 2025).

Prior to fitting, we smoothed the alfα models to the instrumental resolution of
the NIRSpec-MSA observations, where we made use of the instrumental resolution
derived via msafit (de Graaff et al. 2024b) by Slob et al. (2024). Slob et al. (2024)
find that the wavelength dependence of the instrumental resolution is typically
a factor of 1.3 better than pre-launch estimates from JDox. We assumed this
corrected JDox curve when fitting. See Slob et al. (2024) and Beverage et al.
(2025) for details. We also masked the NaD absorption feature (which can be
affected by the interstellar medium, Conroy & van Dokkum 2012a), [OIII] lines,
and Hα+[NII] complex, where present, as in Beverage et al. (2025). Similar to
Beverage et al. (2025), we excluded regions between 6400 - 8000 Å due to broad
TiO absorption in the spectra. Thus, where possible, we fit the wavelength regions
3700 - 4700 Å, 4700 - 5100 Å, 5100 - 5800 Å, 5800 - 6400 Å, and 8000 - 8600 Å.

9https://github.com/alizabeverage/alfalpha .
10https://github.com/cconroy20/alf/tree/master .
11https://github.com/AlexaVillaume/SPI_Utils .
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Figure 4.3: Best-fitting alfα models to our quiescent galaxy spectra. The core spectra
(grey lines) are shown in the top panel in order of increasing redshift from top to bottom,
with their best-fit models overplotted (blue lines). The outskirt spectra (grey lines)
and fits (magenta lines) are similarly shown in the bottom panel. We normalised each
spectrum by its median value between 4480− 4520 Å and arbitrarily offset them in the
y-direction for visibility. We do not show emission lines. This figure illustrates that many
absorption lines are robustly detected for both the core and outskirt regions.
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Finally, in general, NIRSpec-MSA noise has been found to be underestimated (see
e.g. Maseda et al. 2023). Thus, we multiplied our noise spectra by the jitter term
(an average factor of 2.1) fit in Beverage et al. (2025) for each SUSPENSE galaxy,
prior to fitting.

In our implementation of alfα, we used dynesty to sample the posteriors
of the velocity offset, velocity dispersion, single stellar population-equivalent age,
isochrone metallicity, ten elemental abundances (Fe, C, N, Mg, Na, Si, Ca, Ti, and
Cr), Balmer emission line flux, emission line velocity and broadening, a shift in the
Teff of the fiducial isochrones, and an instrumental jitter term to account for over
or underestimation of the observed uncertainties. We assumed a Kroupa (2001)
IMF. We set the upper limit of the age prior to be the age of the Universe at the
redshift of each galaxy, plus 2 Gyr to allow for uncertainties. We assumed the
default priors for all other parameters. We examined the output ages and ensured
that they are ≥ 1 Gyr, as alfα is only suitable for stellar populations older than
1 Gyr.

We first fit the integrated spectrum, allowing for variation in all stellar pa-
rameters listed above. For the core and outskirt spectra, however, we could not
constrain all of the elemental abundances at this S/N (we determined this by fit-
ting mock observations similar to Cheng et al. 2024, see Appendix 4.A). Thus, as
in Cheng et al. (2024), we fixed the values of all abundances other than Fe and Mg
to the values from the integrated fits in our core and outskirt fits. In this way, we
only allowed age, Fe, and Mg to vary so that we could accurately constrain these
parameters. We visually inspected the results for each individual galaxy to ensure
that the posterior distributions for age, Fe, and Mg were well-sampled. If these
posteriors ran up against the priors, we extended the priors for [Z/H], [Fe/H], and
[Mg/H] as needed by up to 0.2 dex. If the re-fitted age, [Z/H], or [Fe/H] posteriors
still ran up against the priors, we discarded these galaxies from our sample. For
two galaxies (127154 and 129133), we found that the [Mg/H] posteriors ran up
against the extended priors in at least one of the three fits for these objects. Thus,
for these objects only, we also fixed the Mg abundance in the core and outskirt
fits to the value recovered in the integrated fits, and we do not report their Mg
gradients. We also do not report the Mg gradient for 129149 as there are no de-
tectable Mg features in the spectra of this galaxy. We show our core and outskirt
alfα fits in Fig. 4.3.

We compared our integrated fit results with those of Beverage et al. (2025)
for the eight galaxies that we have in common (not shown). Our results are
consistent within ∼ 0.2σ, despite differences in the treatment of the data (i.e. the
wiggle correction, see Section 4.3.1) and spectral extraction (see Slob et al. 2024).

4.4 Results

4.4.1 Spatially resolved ages and elemental abundances
In Fig. 4.4, we show the ages and elemental abundances in the cores and outskirts
of eight massive quiescent galaxies at 1.2 ≲ z ≲ 2.2, derived by fitting the spectra
with alfα. We show spatially resolved stellar population parameters as a function
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Figure 4.4: Spatially resolved stellar population parameters derived from our alfα full
spectrum fits. In the left column, we plot our measured parameters as a function of de-
projected, convolved radius in units of Re,conv (determined as described in Section 4.3.3).
In the right column, we plot our measured parameters as a function of de-projected,
convolved radius in units of kpc. We show age in the top row, [Fe/H] in the second row,
[Mg/Fe] in the third row, and [Mg/H] in the bottom row. In each panel, we show the
measured parameters for each individual galaxy as points connected by lines. For galaxy
128041, we note that the spectrum representing its core may partially probe its outskirt
regions (see Fig. 4.1 and Table 4.1) and show this galaxy as a diamond. We show the
median parameters of all galaxies as stars connected by lines.
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of de-projected radius from the centre of each galaxy. We report these values in
Table 4.2. We show galaxy 128041 as a diamond, as the spectrum representing its
core may also partially probe its outskirt regions. To estimate the uncertainties on
the median values (stars), we performed a simple Monte Carlo simulation, where
we took the median of the data points perturbed around the errors 1000 times,
and we show the 16th and 84th percentiles of this distribution.

Fig. 4.4 indicates that massive quiescent galaxies at 1.2 ≲ z ≲ 2.2 from SUS-
PENSE tend to have negative age gradients, with galaxies having older cores com-
pared to their outskirts. Some galaxies may also have positive [Mg/H] gradients,
with galaxy cores possibly being deficient in Mg compared to their outskirts (see
Section 4.4.2 and Fig. 4.5 as well). We also find indications of positive [Mg/Fe] gra-
dients, which may suggest that galaxy cores have longer SF timescales compared
to galaxy outskirts (e.g. Matteucci 1994; Maiolino & Mannucci 2019, although
note that the [Mg/H] and [Mg/Fe] gradients are overall consistent with being flat,
within uncertainties). We discuss this further in Section 4.5.1.1. The individual
SUSPENSE galaxies have diverse [Fe/H] gradients, although on average the [Fe/H]
gradients are consistent with being flat, indicating that the cores and outskirts of
these galaxies have similar metallicities. The fact that our fits prefer the stellar
populations at smaller Re,conv to be older qualitatively agrees with the shallower
Hβ feature that we see in the inset panel in Fig. 4.2. Similarly, the fact that we
may observe stellar populations at smaller Re,conv to have less Mg qualitatively
agrees with the shallower Mgb feature. Additionally, the contrasting differences in
the core and outskirt spectra that we see in the Fe52 and Fe53 features could be
contributing to our observed flat [Fe/H] gradient. We discuss the implications of
these results for galaxy formation and assembly in Section 4.5.

It is interesting to note that our results differ from gradients measured at lower
z. In particular, massive quiescent galaxies typically have flat age and [Mg/Fe]
gradients, and negative metallicity gradients out to at least z ∼ 1 (e.g. Mehlert
et al. 2003; Greene et al. 2015; Martín-Navarro et al. 2018; Cheng et al. 2024;
Parikh et al. 2024). This suggests that stellar population gradients in massive
quiescent galaxies may evolve from what we find at 1.2 ≲ z ≲ 2.2 to what has
been found at z ≲ 1. In this context, it is interesting to note that the smallest
quiescent galaxies in the local Universe (i.e. relic galaxies), have been found to have
positive [Mg/Fe] gradients (Martín-Navarro et al. 2018), potentially qualitatively
similar to what we see here. We discuss this further in Section 4.5.

There are also a handful of other studies that have measured spatially resolved
spectroscopic stellar population gradients in massive quiescent galaxies beyond
z ∼ 1. Specifically, Jafariyazani et al. (2020) measure a flat age and [Mg/Fe]
gradient, and a negative [Fe/H] gradient in a massive lensed galaxy at z = 1.98,
which is qualitatively consistent with results at z ≲ 1. Akhshik et al. (2023) find
diverse age gradients in eight lensed galaxies at 1.6 < z < 2.9. Ditrani et al.
(2022) measure age and metal gradients in four galaxies at 1.6 < z < 2.4 and
find flat age and negative metallicity gradients, again consistent with results at
z ≲ 1. Finally, Pérez-González et al. (2025) find a strong negative total metallicity
gradient in an individual galaxy at z ∼ 3.7 and D’Eugenio et al. (2024) measure
a constant age as a function of radius in an individual galaxy at z ∼ 3. It is not
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Figure 4.5: Spatially resolved stellar population gradients, normalised by Re,conv (see
Section 4.3.3), as a function of galaxy parameters. We show the age gradients in the
top row, the [Fe/H] gradients in the second row, the [Mg/Fe] gradients in the third row,
and the [Mg/H] gradients in the bottom row. We indicate 128041 as a diamond (as
in Figure 4.4), as its core spectrum partially extends into its outskirts. The outlying
object with a strongly negative age gradient is 127154. We show the integrated velocity
dispersion (σ, from our alfα fits to the integrated spectra) in the left column, the
integrated age (from our integrated alfα fits) in the middle, and Vre/σ0 (measured in
Slob et al. 2025) on the right. Horizontal dashed lines indicate where flat gradients would
lie. We performed a linear fit to the points in the age and [Fe/H] panels, shown by the
solid lines, and 1σ bootstrapped uncertainties are indicated by the shaded regions.
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surprising that different works find diverse gradients beyond z ∼ 1 as different
methods are used in each of these studies. Additionally, the sample sizes for which
stellar population gradients can be measured at these redshifts (both in our work
and in previous studies) are very small. Finally, previous work examines relatively
younger quiescent galaxies, which could explain some of these differences. We
discuss this further in Section 4.4.2.

4.4.2 Trends between gradients and galaxy parameters

As we have age and [Fe/H] gradients for our whole sample, we examined if there
are any correlations with global velocity dispersions, integrated ages, and spatially
resolved stellar kinematics. These parameters are commonly used as measures of
evolutionary stage. In Fig. 4.5, we show the gradient slopes as a function of differ-
ent galaxy parameters. We fit a line to the points in the age and [Fe/H] panels using
the non-linear least squares algorithm implemented in the scipy curve_fit func-
tion, in the optimize module (Virtanen et al. 2020). We computed the Pearson-r
correlation coefficient and corresponding p-value, which we state in each panel.
We note that we also show our [Mg/Fe] and [Mg/H] gradient slopes in the bottom
two rows, but we did not fit a line to these points as we only have Mg abundances
for 5 galaxies.

In the left column, there is a negative correlation with [Fe/H] gradient. Thus,
galaxies with higher velocity dispersions have more negative [Fe/H] gradients. We
note, however, that further investigation is required to understand the significance
of this apparent trend. This tentative trend is in contrast with results at low-z
(see, e.g. Sánchez-Blázquez et al. 2007; Kuntschner et al. 2010; Spolaor et al.
2010; Pastorello et al. 2014; González Delgado et al. 2015; Greene et al. 2015;
Martín-Navarro et al. 2018; Ferreras et al. 2019; Santucci et al. 2020. For example,
Spolaor et al. (2010) and Ferreras et al. (2019) find positive correlations between
metallicity gradients and mass/velocity dispersion, while Sánchez-Blázquez et al.
(2007), Pastorello et al. (2014), González Delgado et al. (2015), and Greene et al.
(2015) find no dependence of metallicity gradients on mass.

In the middle column of Fig. 4.5, there is a mild positive trend between [Fe/H]
gradients and age, although this trend is also statistically insignificant. Thus,
younger quiescent galaxies may have more negative [Fe/H] gradients, while older
quiescent galaxies may have more positive [Fe/H] gradients. Interestingly, this
tentative trend is qualitatively similar to the results of Cheng et al. (2024), who
find a positive trend between [Fe/H] gradients and age in quiescent galaxies at
0.6 ≲ z ≲ 1.0. However, we note that Cheng et al. (2024) also find a negative
trend between age gradients and age, which is inconsistent with our findings here
(although we sample a slightly younger age range).

In this context, the tentative trends that we find between [Fe/H] gradients
and age may be qualitatively consistent with previous spatially resolved studies at
z > 1. In particular, Jafariyazani et al. (2020), Pérez-González et al. (2025), and
D’Eugenio et al. (2020) all examine relatively young galaxies and find flat/slightly
negative age gradients and negative metallicity gradients. We may be seeing a
similar effect in our youngest galaxies (middle column of Fig. 4.5).
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Figure 4.6: Individual core and outskirt elemental abundances. In the first three panels,
we show the formation time on the x-axis, which we computed by correcting the stellar
age (from our alfα fits to the integrated spectra) by the age of the Universe at the redshift
of each galaxy. We show our [Fe/H] abundances in the first panel, [Mg/H] abundances
in the second panel, and [Mg/Fe] abundances in the third panel. In the fourth panel,
we show [Mg/Fe] as a function of [Fe/H]. In each panel, core values are shown as points,
and outskirt values are shown as stars, and we colour-coded the symbols by their average
distance to the centre of the galaxy in units of Re,conv.

Finally, in the right column of Fig. 4.5, we compare our gradients to spatially
resolved stellar kinematics measured in Slob et al. (2025). In particular, Slob
et al. (2025) derive their kinematic measurements from the NIRSpec-MSA spectra
using a forward modelling approach. We show our stellar population gradients as
a function of their Vre/σ0, where a higher value of Vre/σ0 indicates more rotational
support. We find a significant negative correlation between our age gradients and
Vre/σ0. Thus, galaxies with more rotational support may have more strongly
negative age gradients (with their cores being much older than their outskirts).
On the other hand, Greene et al. (2019) find no significant correlations between
stellar population gradients and the ratio of rotational to dispersion support in
massive local elliptical galaxies. We discuss our trends in Section 4.5.

4.5 Discussion

4.5.1 Implications for galaxy evolution

Below z ∼ 1, resolved studies have revealed that massive quiescent galaxies tend
to have flat age and α-element abundance gradients and negative metallicity gra-
dients (e.g. Mehlert et al. 2003; Greene et al. 2015; Martín-Navarro et al. 2018;
Cheng et al. 2024). These findings are consistent with inside-out growth, where
outskirts are built up by the accretion of low-mass, low-metallicity satellites (mi-
nor mergers; e.g. Bezanson et al. 2009; Naab et al. 2009; van de Sande et al.
2013; Haryana et al. 2025). Alternatively, the observed evolution in galaxy prop-
erties over cosmic time can be due to progenitor bias. In this scenario, where
the quiescent population grows by the addition of larger galaxies at later times
(van Dokkum & Franx 2001; Carollo et al. 2013; Poggianti et al. 2013), gradients
may come directly from the star-forming progenitors (Cheng et al. 2024, see Jones
et al. 2015; Tripodi et al. 2024; Shen et al. 2024; Ju et al. 2025), or could be
produced by the quenching mechanism. Here, we measured resolved stellar popu-
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lation gradients out to z ∼ 2.2. Our galaxies were observed early, in the peak of
the quenching and assembly era (z ∼ 1− 3; e.g. Oser et al. 2010; Whitaker et al.
2012; Rodriguez-Gomez et al. 2016), and are more compact compared to galaxies
at z ≲ 1. These characteristics suggest that they are relatively unpolluted by po-
tential late-time mergers compared to nearby quiescent galaxies. Their gradients
may thus provide interesting clues to quenching processes at z ∼ 2 and subsequent
assembly processes towards z ≲ 1.

4.5.1.1 Quenching at z ∼ 2

The negative age gradients that we find may be the imprint of inside-out quench-
ing, where star formation first occurs and/or terminates in the central regions of
galaxies, followed by later-time star formation and/or quenching in the outskirts
(e.g. Dekel & Burkert 2014; Tacchella et al. 2015a,b, 2016a, 2018; Zolotov et al.
2015; Zibetti et al. 2020). This scenario may be supported by our [Mg/H] gra-
dients, which may be regulated by whether and how quickly the gas supply in
the centres of the galaxies was depleted during the quenching process (see e.g.
Ellison et al. 2018; Spilker et al. 2019; Trussler et al. 2020; Beverage et al. 2021).
In particular, Beverage et al. (2021) compare different chemical evolution models
from Spitoni et al. (2017) and find that abrupt gas expulsion prevents the galaxy
from further enriching, leading to lower metallicities for stellar populations that
quench earlier, in agreement with observations (e.g. Kriek et al. 2016; Kriek et al.
2019; Jafariyazani et al. 2025; Beverage et al. 2023, 2024, 2025; Carnall et al.
2022; Zhuang et al. 2023). This scenario may thus explain our observed [Mg/H]
abundances if the cores quenched more abruptly (perhaps due to AGN outflows;
e.g. Croton et al. 2006; Bluck et al. 2014; Zolotov et al. 2015; Tacchella et al.
2015a, 2016a; Belli et al. 2024; Park et al. 2024, although we note that our [Mg/H]
gradients are also consistent with being flat within uncertainties).

The inside-out quenching scenario presented here is reinforced by Fig. 4.6,
where we examine the general spatially resolved stellar populations in SUSPENSE
as a function of formation time. First, similar to Beverage et al. (2025), we find
that earlier-forming stellar populations may have slightly lower [Fe/H] and [Mg/H].
Moreover, stellar populations at smaller average distances from the centre of the
galaxy tend to have formed earlier than stellar populations at larger average dis-
tances and may be less enriched by the time they stop forming stars, with tentative
trends between [Fe/H] and distance from the centre. Thus, this Figure reinforces
the idea that the inner regions of the SUSPENSE galaxies may have formed earlier
and also quenched more efficiently at earlier times.

Although the scenario described above can explain the age gradients and per-
haps some of the [Mg/H] gradients as well, it is puzzling that we find flat [Fe/H]
gradients, as we would also expect more iron-deficient cores in this scenario. Ad-
ditionally, some of our [Mg/Fe] gradients may suggest that the star-formation
timescale in the core is longer than in the outskirts (see e.g. Matteucci 1994;
Maiolino & Mannucci 2019). This is not what we expect from inside-out quench-
ing, in the case that both populations started forming at the same time. However,
it is possible that star formation in the outskirts also started much later and oc-
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curred over a shorter time compared to the core. It is also important to note that
our measurements are luminosity-weighted, and thus our ages and [Mg/Fe] ratios,
which may be driven by different wavelengths, may reflect slightly different stellar
populations (although this effect may be minor). Moreover, [Mg/Fe] is also influ-
enced by the star-formation efficiency, the IMF, outflows, and late-time mergers
(see e.g. Tinsley 1979; Zolotov et al. 2010; Martín-Navarro 2016; Andrews et al.
2017; Sybilska et al. 2018). In any case, our sample is small, and larger samples
are required to come to definitive conclusions.

Finally, we note that our results are inconsistent with a scenario in which
galaxies quench their star formation via wet, gas-rich, major mergers. Major
mergers are expected to result in outside-in quenching, by funnelling gas to the
galaxy’s centre and triggering a central starburst. This would result in a positive
age gradient (Hopkins et al. 2008; Snyder et al. 2011; Wellons et al. 2015; Pathak
et al. 2021), which is generally inconsistent with our findings. Nonetheless, it is
possible that different quenching mechanisms operate at different redshifts. For
example, Cheng et al. (2024) find positive age gradients in their youngest massive
quiescent galaxies at 0.6 ≲ z ≲ 1.0, consistent with central starbursts triggered by
wet mergers.

4.5.1.2 Galaxy evolution towards z ≲ 1

Assuming that the SUSPENSE galaxies are representative of the progenitors of
z ≲ 1 massive quiescent galaxies, it is interesting to compare our results with
those from lower redshift studies (e.g. Mehlert et al. 2003; Greene et al. 2015;
Martín-Navarro et al. 2018; Cheng et al. 2024). In contrast to the flat age gradi-
ents at z ≲ 1, we find negative age gradients at 1.2 ≲ z ≲ 2.2. In addition, while
negative [Fe/H] gradients are found at lower redshifts, we find flat [Fe/H] gradi-
ents. Finally, we find hints of positive [Mg/Fe] gradients, in contrast with the flat
[Mg/Fe] gradients at z ≲ 1. Thus, age gradients may evolve from negative to flat,
[Fe/H] gradients may evolve from flat to negative, and [Mg/Fe] gradients could
evolve from positive to flat between z ∼ 2 and z ∼ 1. This evolution could be due
to inside-out growth via minor mergers, if the accreted galaxies are slightly older
or have comparable ages to the central regions of distant quiescent galaxies, have
lower [Fe/H], and possibly have lower [Mg/Fe]. In this scenario, the stars of these
satellite galaxies will primarily be deposited in the outskirts and may flatten the
age and [Mg/Fe] gradients that may have been generated by inside-out quenching,
while simultaneously steepening the [Fe/H] gradients in the negative direction (see
also Zibetti et al. 2020). We note that this scenario may not be fully consistent
with the age-mass relation, where lower-mass galaxies are expected to be younger
(e.g. Kauffmann et al. 2003). On the other hand, this expectation of lower-mass
galaxies being younger may not hold for satellite galaxies (see, e.g. Pasquali et al.
2010; Gallazzi et al. 2021; Oyarzún et al. 2023).

This minor merger picture, which can also explain the difference in size between
our galaxies and those at lower-z (e.g. Trujillo et al. 2004; Franx et al. 2008; Bezan-
son et al. 2009; van Dokkum et al. 2010; van der Wel et al. 2014) may be supported
by some of the trends that we see with galaxy properties in Fig. 4.5. Specifically,
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in the right column, we compare our resolved stellar population gradients to the
six galaxies that we have in common with Slob et al. (2025), who measure spa-
tially resolved stellar kinematics in 15 SUSPENSE galaxies. Interestingly, we find
a significant negative trend between our age gradients and Vre/σ0, where galax-
ies with more rotational support also have stronger negative age gradients. This
supports the scenario presented in Slob et al. (2025), where minor mergers grad-
ually destroy rotational support over time while simultaneously flattening the age
gradients (again, assuming that the accreted galaxies are older than the galaxy
core). However, larger sample sizes are required to constrain any trends between
[Fe/H] gradients and Vre/σ0, and between age and [Fe/H] gradients and galaxy
age, and accordingly assess whether these are also consistent with this picture (see
also D’Eugenio et al. 2024).

Alternatively, progenitor bias (van Dokkum & Franx 2001; Carollo et al. 2013;
Poggianti et al. 2013) can also explain the evolution in gradients (as well as size)
between the distant quiescent galaxies in our sample and those at z < 1. In this
scenario, the galaxies that quench at later times would have the stronger negative
[Fe/H] and flat age gradients that we see at lower z. These gradients could have
been directly inherited from the star-forming progenitors and/or could indicate
that different quenching processes operate at different times (see Section 4.5.1.1).

For cases where galaxies are not affected by minor mergers, the high-z, quies-
cent galaxies must survive as they are until the present day. Relic galaxies may
represent this unique subpopulation, in which the early-forming cores of massive
quiescent galaxies have passively evolved since z ∼ 2 without accreting ex situ ma-
terial (Trujillo et al. 2009; Quilis & Trujillo 2013; Stringer et al. 2015). Thus, they
may represent the descendants of distant quiescent galaxies, such as those in SUS-
PENSE. Interestingly, and possibly similar to our findings, Martín-Navarro et al.
(2018) find positive [Mg/Fe] and flat metallicity gradients in a sample of nearby
relic galaxies, which could have been directly inherited from the population of dis-
tant quiescent galaxies studied in this work. On the other hand, our age gradients
may be inconsistent with the finding of flat age gradients from Martín-Navarro
et al. (2018). Thus, it is likely that multiple mechanisms (i.e. progenitor bias and
minor mergers) are playing a role (see also van der Wel et al. 2008; Hopkins et al.
2010; Newman et al. 2012; Oser et al. 2012).

4.5.2 Caveats

In this work, we presented age and elemental abundance gradients in eight massive
quiescent galaxies at 1.2 ≲ z ≲ 2.2. We emphasise that this is the first study of
its kind, with the largest sample size to date. Thus, we have demonstrated that it
is possible to measure stellar population gradients in galaxies beyond z ∼ 1 using
the JWST/NIRSpec-MSA. However, there are some caveats that should be taken
into consideration.

There are a few observational factors affecting our data, including the limited
spatial resolution and convolved nature of the MSA spectra, and the fact that the
arbitrary position of the micro shutters does not always allow us to capture each
galaxy’s precise centre. Despite our efforts to determine the exact regions of the
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galaxies contained within each micro shutter (see Section 4.3.3), these factors likely
result in some contamination from the outskirts in our core spectra and vice versa.
However, any contamination is likely minor, as we detect gradients in our galaxies.
This detection suggests that our measured gradients are real, as contamination
from different regions of the galaxy will serve to weaken gradients (see Cheng et al.
2024). High spatial resolution follow-up with current or planned IFU instruments
(i.e. the NIRSpec-IFU, ERIS on the VLT, HARMONI on the ELT ) may provide
a more detailed view of assembly histories by allowing measurements of detailed
stellar population profiles (see e.g. Oyarzún et al. 2019) and avoiding MSA slitlet
offsets.

Our fitting technique could also be biasing our results, as we only rely on one
code (alfα). However, the stacked spectra that we show in Fig. 4.2 are indicative
of negative age and positive [Mg/H] gradients, with a shallower core Hβ feature
indicating an older age and a shallower Mgb feature potentially suggesting less
[Mg/H] (although we note that Mgb is also sensitive to age). Additionally, the
fact that the Fe52 and Fe53 features show opposing core and outskirt depths may
support a flat [Fe/H] gradient. Thus, while the absolute values of our elemental
abundances could be affected by our fitting technique, our qualitative gradients
and our conclusions about them are presumably robust. We note that we do not
consider dust in our analysis. However, in contrast to traditional stellar population
synthesis (SPS) fitting results in the literature, our study does not suffer from de-
generacies between dust and age/metallicity (Worthey 1994; Bell & de Jong 2001;
Bruzual & Charlot 2003; Gallazzi et al. 2005), as dust does not affect the depth
of absorption features and our measurements are based on continuum-normalised
spectra.

It is also possible that the IMF is contributing to the potential [Mg/Fe] gradi-
ent as elemental abundances and abundance ratios are dependent on the IMF (e.g.
Martín-Navarro 2016; Martín-Navarro et al. 2018; De Lucia et al. 2017; Fontanot
et al. 2017). In this work, we assume a Kroupa (2001) IMF, but there are indica-
tions that the low-mass end (e.g. van Dokkum et al. 2017; Gu et al. 2022; Cheng
et al. 2026) and perhaps also the high-mass end (e.g. Fontanot et al. 2017, see
also van Dokkum & Conroy 2024) of the IMF in the SUSPENSE galaxies may
deviate from the Kroupa (2001) form (see also Slob et al. 2025). In particular,
a variable IMF can affect the ratio of Mg to Fe by changing the relative number
of core-collapse supernovae (which primarily produce Mg) compared to Type Ia
supernovae (which primarily produce Fe, Matteucci 1994; Thomas et al. 1999). In
general, it is challenging to constrain the shape of the IMF, as well as its impact
on elemental abundances. In the future, a robust characterisation of the slope of
the IMF in distant quiescent galaxies, as well as detailed chemical evolution mod-
elling to understand the effects of both star-formation timescales and the IMF on
elemental abundance patterns, are required (see also Beverage et al. 2025; Cheng
et al. 2026).

Finally, while this is the largest sample of z ≳ 1 galaxies for which gradients
have been derived using this method so far, our sample size is still small, which
makes it challenging to draw strong conclusions about the population of galaxies
at these redshifts. Thus, in the future, it will be informative to make the same
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measurements in a statistically significant sample of galaxies, perhaps with similar
follow-up NIRSpec-MSA observations.

4.6 Summary and conclusions

Spatially resolving the stellar populations of massive quiescent galaxies at early
times can reveal crucial information about how galaxies quenched their star for-
mation and assembled their stellar populations. Previous work beyond the lo-
cal Universe has been based on photometry or very small spectroscopic sample
sizes. In this work, we leveraged the capabilities of the JWST/NIRSpec-MSA and
presented age, [Fe/H], [Mg/H], and [Mg/Fe] gradients in eight massive quiescent
galaxies at 1.2 ≲ z ≲ 2.2 from JWST -SUSPENSE, an ultra-deep spectroscopic
survey (Slob et al. 2024). These gradients were derived by fitting the central and
outskirt spectra of each galaxy with alfα, a flexible full-spectrum stellar popula-
tion synthesis model (Conroy & van Dokkum 2012a; Conroy et al. 2018; Beverage
et al. 2024, 2025). Our study accounted for the fact that the NIRSpec-MSA micro
shutters were not centred or aligned on the galaxies in our sample as well as for
spatial undersampling of the JWST PSF. In summary, we found the following:

• Massive quiescent galaxies at 1.2 ≲ z ≲ 2.2 from SUSPENSE tend to have
negative age gradients and flat [Fe/H] gradients, and they may have positive
[Mg/H] and [Mg/Fe] gradients (although we note that the last two properties
are also consistent with being flat within uncertainties). In other words, the
cores of the SUSPENSE galaxies are generally older, possibly Mg enhanced,
and have approximately the same [Fe/H] compared to their outskirts.

• The negative age gradients suggest inside-out quenching (e.g. Tacchella et al.
2016a, 2018), where star formation terminated early in galaxy cores while
galaxy outskirts continued to form stars until later times. The possible
low central [Mg/H] may indicate rapid central gas expulsion (e.g. Bever-
age et al. 2021, 2025), further supporting the inside-out quenching scenario.
Thus, galaxy cores formed earlier and may have stopped their star formation
more abruptly, preventing further enrichment. Meanwhile, galaxy outskirts
formed later and may have experienced more enrichment before quenching.
However, it is unclear how our [Fe/H] and [Mg/Fe] gradients fit into this
picture.

• Our gradients differ from those at lower-z, where studies typically find flat
age and [Mg/Fe] gradients and negative [Fe/H] gradients (e.g. Greene et al.
2015; Martín-Navarro et al. 2018; Cheng et al. 2024). Thus, gradients appear
to evolve over cosmic time.

• We examined the correlations between our gradients and galaxy properties
including global velocity dispersion, integrated galaxy age, and Vre/σ0. In
particular, we found that age gradients are stronger in galaxies that have
more rotational support. This trend and the fact that gradients may evolve
over time suggest that galaxy growth may continue post-quenching via minor
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mergers (e.g. Bezanson et al. 2009; Naab et al. 2009; van de Sande et al.
2013). In this scenario, the accretion of old low-mass and low-metallicity
satellites could act to flatten age and [Mg/Fe] gradients and build up negative
[Fe/H] gradients while simultaneously increasing galaxy sizes (e.g. Trujillo
et al. 2004; van Dokkum et al. 2010; van der Wel et al. 2014) and decreasing
their rotational support (Slob et al. 2025).

• The observed ‘evolution’ in gradients may also be explained by different
quenching mechanisms occurring at different times, with early-time quenchers
having negative age and flat [Fe/H] gradients and late-time quenchers having
negative [Fe/H] and flat age gradients.

In this work, we probed the peak of the star-formation quenching and galaxy
assembly era with the first detailed stellar population gradients derived in a sam-
ple of distant massive quiescent galaxies using ultra-deep JWST/NIRSpec-MSA
spectra. This study has allowed us to drive closer to the detailed formation histo-
ries of such galaxies, with our results suggesting that their cores formed earlier and
quenched more abruptly than their outskirts. However, there are still a number of
open questions. For example, it is not clear why we find indications of a positive
[Mg/H] gradient but no gradient in [Fe/H]. It is also unclear how the IMF behaves
in these galaxies and how it may affect the derived stellar population gradients.
In the future, larger sample sizes, increased spatial resolution, and a robust char-
acterisation of the stellar IMF will paint an even clearer picture of the physical
processes at play in the evolution of these galaxies.
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Appendix

4.A Mock observations

To determine our S/N limits (see Section 4.2) and fitting strategy (see Section 4.3.4)
we performed test fits with simulated JWST -SUSPENSE observations, as dis-
cussed in Section 4.2. These tests are very similar to the ones performed in Cheng
et al. (2024). We generated mock spectra using the model grids in alfα. We used
the integrated fit results from Beverage et al. (2025) to set the values of the stel-
lar population parameters (age, velocity dispersion, and elemental abundances)
to the values of an example galaxy (127154) from our sample. We then scaled
these mock spectra to have different S/N, using the noise spectrum from the real
observation of 127154. We scaled the noise to the desired S/N between 4520−4820
Å (the common wavelength region covered by our entire sample, see Section 4.2)
and added the noise that we randomly sampled from a Gaussian distribution to
the mock flux.

The purpose of these tests was twofold: (i) we tested the S/N that we needed
to recover ages, Fe-, and Mg-abundances, and (ii) we tested whether we needed
to fix the remaining elemental abundances to their integrated values, or whether
we could leave them free. We show the results of these tests in Figure 4.7. We
generated 10 mocks in each of six S/N bins and fit each individual mock with
alfα. In each panel of Figure 4.7, we took the difference between the recovered
and input parameters from each fit and show the medians and 1σ errors. In the
top row, we show a test where we leave all stellar population parameters free in
the fits. In the bottom row, we show a test where we fix all elemental abundances
other than Fe and Mg to their integrated values from Beverage et al. (2025). This
test demonstrates that we require a S/N ≳ 20 Å−1 between 4520 − 4820 Å in
order to reliably recover age, Fe, and Mg. Additionally, the recovery of these three
parameters is much more accurate when we fix the elemental abundances to their
integrated values. In the top panel, it is difficult to recover the input parameters
when all parameters are left free, even with very high S/N data.

4.B Wiggle correction algorithm

As discussed in Section 4.3.1, spatially resolved JWST observations are affected
by undersampling of the PSF. Algorithms to correct these wiggles in NIRSpec IFU
data have been introduced in Perna et al. (2023) and in the WiCKED Python
package (Dumont et al. 2025). However, at the time of writing, this study is
the first one that tries to correct the wiggles in spatially resolved NIRSpec-MSA
spectra. Thus, we implemented an algorithm that is heavily based on the ones
presented in Perna et al. (2023) and WiCKED, but we combined and customised
these routines for our specific case. We summarise the steps in our algorithm here.

We first fit the wiggles using the spectrum extracted from the row with the
highest S/N. To obtain the shape of the wiggle, we masked strong emission lines.
Then, taking the integrated spectrum as a reference spectrum, we divided the
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Figure 4.7: Tests with mock JWST -SUSPENSE observations. In each panel, we show
the difference between the recovered and input parameters. We show true recovery (a
difference of zero) with the black, dashed line and we show the S/N limit that we use
in the body of the paper as the vertical, dotted, grey line. We show log(Age) in the
left column, [Fe/H] in the middle column, and [Mg/H] in the right column. In the top
row, we left all stellar population parameters free in the alfα fits. In the bottom row,
we fixed all elemental abundances other than [Fe/H] and [Mg/H]. All three parameters
(age, Fe, and Mg) can be reliably recovered at a S/N ≳ 20 Å between 4520 − 4820 Å.
Moreover, the recovery is much more accurate when the remaining elemental abundances
are fixed. Thus, the fitting strategy shown in the bottom row is the one that we use
throughout the paper.

brightest row by this reference, with both the reference and individual row spectra
normalised by the value between 4480 − 4520 Å (see Slob et al. 2024). We broke
the wiggle spectrum up into small regions (non-uniform in length) that covered the
entire wavelength range and used a sinusoidal function to model the wiggle in each
chunk. We iterated this process to find both the best chunk sizes and best-fitting
sinusoidal models by minimising the χ2 value over the entire wiggle spectrum. We
divided this wiggle model from the spectral row to produce a corrected spectrum
in the brightest row. For objects with a detector gap, we fit the wiggle on each
side of the gap independently (if the spectrum was long enough for a wiggle to be
detected visually).

For the subsequent spectral rows, we implemented the Fourier transform algo-
rithm from WiCKED to identify which rows contained a wiggle. In particular, for
rows near the edges, the spectrum is dominated by noise and the S/N is too low
to detect a wiggle. Additionally, there are certain brighter rows that are not as
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Figure 4.8: Example of the effect of our resampling noise correction for one object
in our sample (object ID 127108). Top: Two-dimensional spectra. The uncorrected
spectrum is shown on the left, where bright variations in the flux can be seen across the
wavelength range. The corrected spectrum is shown on the right, where the flux is much
more uniform across the wavelength range. Bottom: Extracted 1D rows, median-binned
by 3 pixels. In the left panel, we extracted the brightest row from the uncorrected 2D
spectrum. The bright variations in the flux seen in the top panel manifest as a sinusoidal
flux variation in the 1D row. In the right panel, we extracted the brightest row from the
corrected 2D spectrum, where this sinusoidal flux variation has been removed.

strongly affected by the undersampling and spectral rectification, and thus do not
require wiggle correction. For the rows that contained wiggles, we used the chunks
and wiggle model fit in the brightest row as a prior to constrain the wiggle in the
remaining rows. We visually checked the fits in each row. In cases where these
priors did not produce a good fit, we re-fit the rows without a prior. Similar to
the brightest row, we divided the wiggle model for each row out of each respective
spectral row to obtain a corrected spectrum. We ensured that flux was conserved
during the wiggle correction procedure. We show an example of the wiggles and
our correction in Fig. 4.8.

We tested the impact of the wiggles and the wiggle correction on our results
by extracting and fitting the uncorrected spectra in the same way as the cor-
rected spectra for the galaxies in our sample. In Figure 4.9, we show one-to-one
plots comparing our fitted ages (left column), [Fe/H] values (middle column), and
[Mg/Fe] values (right column) for our integrated (top row), core (middle row), and
outskirt (bottom row) spectra. The integrated fits are largely consistent, showing
that the wiggles do not have a significant impact on integrated spectra, although
we note that there is still some scatter. The core and outskirt fits are also rela-
tively consistent but have more scatter around the one-to-one relation compared
to the integrated fits. We also note that Dumont et al. (2025) show that this
wiggle correction algorithm does not affect the true equivalent widths of absorp-
tion features, and only acts to correct the broad, sinusoidal artefact across broad
wavelength regions.
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Figure 4.9: One-to-one plots comparing our fiducial (wiggle-corrected) fits to fits where
we do not correct the wiggles. The integrated fits are shown in the top row, the core
fits are shown in the middle row, and the outskirt fits are shown in the bottom row. We
compare age in the left column, [Fe/H] in the second, [Mg/Fe] in the third column, and
[Mg/H] in the right column. Uncorrected fit results are shown on the y-axes and fiducial
fit results are shown on the x-axes.




