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ABSTRACT

We present spatially resolved stellar kinematics of 15 massive (M, = 101515 M) quiescent galaxies at z ~ 1.2-2.3 from the
JWST-SUSPENSE program. This is the largest sample of spatially resolved kinematic measurements of quiescent galaxies at cosmic
noon to date. Our measurements are derived from ultra-deep NIRSpec/MSA stellar absorption line spectra using a forward-modelling
approach that accounts for optics, source morphology, positioning, and data reduction effects. Ten out of 15 galaxies are orientated
such that we can measure rotational support. Remarkably, all 10 galaxies show significant rotation (V,, = 117-345kms™!, o =
180—387 km s™!) and are classified as fast rotators from their spin parameter. The remaining galaxies are too misaligned with respect to
the slitlet to constrain their rotational velocities. The widespread rotational support in our sample indicates that the process responsible
for quenching star formation in early massive galaxies did not destroy rotating disc structures. When combined with other quiescent
galaxy samples at z ~ 0.5-2.5, we find a trend between rotational support and age, where younger quiescent galaxies are more
rotationally supported. This age trend was also found at z ~ 0, and it likely explains why our high-redshift galaxies have more
rotational support than massive early-type galaxies at z ~ 0, which are older on average. Our kinematic modelling also enabled us to
calculate dynamical masses. These dynamical masses greatly exceed the stellar masses for our sample (median Mgy, /M, = 2.73); they
even allow for the bottom-heavy initial mass function found in the cores of low-z massive ellipticals. Altogether, our results support a
scenario in which distant quiescent galaxies evolve into nearby massive early-type galaxies, by gradually building up their outskirts,

and simultaneously losing rotation through a series of (mostly minor) mergers.

Key words. galaxies: evolution — galaxies: kinematics and dynamics — galaxies: structure

1. Introduction

The most massive and oldest quiescent galaxies that exist
in the Universe today are predominantly slow-rotating ellipti-
cals (van de Sande et al. 2017; Veale et al. 2017; Emsellem et al.
2011). To explain their slow rotation and morphologies, a picture
emerged in which the mechanism responsible for the quenching
of star formation may also cause significant structural changes,
as suggested by the classic major merger scenario (e.g. Barnes
1988; Hernquist 1993; Struck 1999; Hopkins et al. 2008). This
classic scenario of massive galaxy evolution thus posits that the
rotating-disc structure of massive galaxies may be destroyed dur-
ing the initial quenching event, and that the structures of distant,

* Corresponding author: slob@strw.leidenuniv.nl

quiescent massive galaxies resemble those of nearby massive
early-type galaxies.

However, over the past few decades this classic picture
has been challenged by detailed studies of distant quiescent
galaxies. First, distant quiescent galaxies are more compact
than low-z early-type galaxies, which indicates that signifi-
cant size growth occurs after quenching (e.g. Daddi et al. 2005;
van Dokkum et al. 2008; van der Wel et al. 2014; Suess et al.
2021). This picture is supported by colour-gradient stud-
ies, which show that the outskirts of old quiescent galax-
ies are bluer than their cores, and that they thus may have
been built up by the accretion of low-mass low-metallicity
galaxies (e.g. Greene etal. 2015; Martin-Navarro et al. 2018;
Suess et al. 2019; Cheng et al. 2024). Moreover, photometric
studies showed that a significant fraction of distant massive qui-
escent galaxies are disc-like, with lower Sérsic indices and flatter
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shapes than nearby early-type galaxies (McGrath et al. 2008;
van Dokkum et al. 2008; van der Wel et al. 2011; McLure et al.
2013; Bruce et al. 2012, 2014; Buitrago et al. 2013; Chang et al.
2012, 2013). Detailed studies of nearby early-type galaxies also
challenge this classic picture. While the most massive oldest
low-z early-type galaxies show little rotational support, younger
low-z quenched galaxies still have significant rotation (e.g.
van de Sande et al. 2017, 2018; Croom et al. 2024).

To confirm whether quiescent galaxies beyond the low-z uni-
verse are rotationally supported discs, direct measurements of
their dynamical properties from resolved stellar kinematic stud-
ies are needed. Indeed, the results from the LEGA-C' survey
revealed that a significant fraction of massive quiescent galax-
ies at z ~ 0.7 are rotationally supported (Bezanson et al. 2018;
van Houdt et al. 2021). Beyond z > 1, studies like this were
only possible for lensed galaxies with large ground-based tele-
scopes until recently because these measurements rely on spa-
tially resolved faint absorption lines. In particular, this was done
for four strongly lensed quiescent galaxies at z ~ 2, all of which
show significant rotation (Newman et al. 2015, 2018; Toft et al.
2017).

If they hold true for the general population of distant qui-
escent galaxies, these results have important implications for
massive galaxy evolution theory. They imply that rotating discs
are not destroyed during the quenching of star formation. Other
physical processes, including the accretion of low-mass satel-
lites after the initial quenching event, might instead perturb the
galaxy structures and form the low-z population of slow-rotating
ellipticals. This picture is also supported by simulations, which
show that dry mergers can effectively destroy ordered rotation
in galaxies from cosmic noon to z ~ 0 (e.g. Bournaud et al.
2007; Naab et al. 2009; Schulze et al. 2018; Dubois et al. 2016;
Lagos et al. 2018a,b, 2022).

With the launch of the James Webb Space Tele-
scope (JWST), the high sensitivity and spatial resolution of
JWST/NIRSpec (Ferruit et al. 2022) now enable us to study the
detailed kinematic properties of statistically significant samples
of distant quiescent galaxies. Indeed, studies based on NIR-
Spec/IFU have identified quiescent galaxies at z > 3 with strong
rotational support (D’Eugenio et al. 2024; Pascalau et al. 2025).
Moreover, Newman et al. (2025) used the NIRSpec/IFU to con-
firm the rotational support of one of the three lensed galaxies
presented by Newman et al. (2018). Although these results con-
firmed that NIRSpec/IFU is a powerful tool for measuring accu-
rate resolved stellar kinematics of individual galaxies, its field
of view and sensitivity limit the sample size of distant quiescent
galaxies for which kinematic parameters can be measured.

Instead, the micro-shutter array (MSA) on NIRSpec offers a
powerful and more efficient strategy for measuring stellar kine-
matics for large samples of galaxies at z > 1. NIRSpec/MSA
can simultaneously observe ~100 objects, which makes it highly
efficient for studying large samples of high-redshift galaxies.
By leveraging spatial information from high-resolution imag-
ing, we can mitigate the fact that the slit-based observations
from NIRSpec/MSA only cover one spatial dimension. Com-
bined with detailed models of the instrument and detector
optics, we can thus measure the spatial and kinematic prop-
erties from NIRSpec/MSA spectra with a forward-modelling
approach (de Graaff et al. 2024, see also Price et al. 2016, 2020;
van Houdt et al. 2021; Straatman et al. 2022).

In this paper, we present the kinematic properties of 15 mas-
sive (log M, /Mgy ~ 10.2 — 11.5) quiescent galaxies at z = 1 —
2.5 from the JWST-SUSPENSE programme (Slob et al. 2024).

! Large Early Galaxy Astrophysics Census.

A110, page 2 of 17

These galaxies represent the first sample of kinematically mod-
elled quiescent galaxies at z > 1. The galaxies are all observed in
a single NIRSpec/MSA pointing and have deep JWST/NIRCam
or Hubble Space Telescope (HST) imaging, which provide spa-
tially resolved spectroscopic and imaging data. From these
data, we derive the intrinsic stellar kinematics using a forward-
modelling technique based on MSAFIT (de Graaff et al. 2024),
and we accordingly constrain the kinematic properties of these
galaxies. We use these measurements to assess the prevalence of
quiescent rotating discs in our sample and discuss the implica-
tions for galaxy evolution models.

The paper is organised as follows. In Section 2 we present
the data. Our measurements and forward-modelling technique are
outlined in Section 3. In Section 4 we present the results of our
modelling, the inferred measures of rotational support for our
sample, and the dynamical masses. We discuss caveats and the
implications for galaxy evolution, the initial mass function (IMF),
and virial mass estimates in Section 5, and we finally summarise
our findings in Section 6. Throughout this work, we assume a
A cold dark matter cosmology with Q;, = 0.3, Qs = 0.7, and
Hy = 70kms~' Mpc'.

2. Data
2.1. NIRSpec MSA spectroscopy

We used NIRSpec/MSA observations from the JWST-
SUSPENSE programme (programme ID 2110, Slob etal.
2024), which observed 20 massive (log M./My ~ 10.2-11.5)
quiescent galaxies at z = 1 — 3. These galaxies were selected
to be quiescent based on their location in the UVJ diagram
(Muzzin et al. 2013; see Slob et al. 2024 for details of the selec-
tion procedure). Below, we provide a summary of the observing
strategy and reduction of the data. For a full description, we
refer to Slob et al. (2024).

We used the NIRSpec/MSA with the medium resolution
(R ~ 1000) G140M-F100LP disperser and filter combination,
which covers the rest-frame optical wavelengths for our sam-
ple. The galaxies were observed using a custom two-point nod-
ding pattern with a nod size of two shutters, which ensured that
self-subtraction for the extended galaxies in the sample was min-
imised. The data were reduced using a modified version of the
JWST Science Calibration Pipeline (Bushouse et al. 2023), with
a custom outlier-detection algorithm described by Slob et al.
(2024). With a total on-source integration time of 16.4 hr, the
resulting 2D spectra have median signal-to-noise ratios between
rest-frame 46004800 A of S/N = 10-58 A~!, and extend over
multiple effective radii for the majority of sources in the sample.

To study the resolved kinematics for the galaxies in our sam-
ple, we extracted spectra for each individual row along the spa-
tial direction of the rectified 2D spectra. The data were taken at
two dither positions, and we combined the extracted 1D spectra
row by row for each dither separately. Due to the undersampling
of the NIRSpec point spread function (PSF) along the spatial
axis, these row-by-row spectra are affected by sinusoidal pat-
terns (wiggles) in their fluxes (see Perna et al. 2023 for an exam-
ple with NIRSpec/IFU data). We corrected for these wiggles by
fitting a sinusoidal profile to each spectral row and divided our
data by this fit, as described by Cheng et al. (in prep.).

Throughout this work, we adopt the stellar masses derived
from full spectral energy distribution (SED) fitting, including
the NIRSpec spectrometry, reported by Slob et al. (2024). These
masses were derived using a Chabrier (2003) IMF, with a non-
parametric star formation history.
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Fig. 1. LOS velocity profiles for a model galaxy
that is perfectly aligned and centred (left, black
circles), a model galaxy that is perfectly cen-

tred but misaligned (middle, dark grey crosses),
and a model galaxy that is offset and misaligned

300 Mo . ﬁ gﬁf?sg; i 300 1 ] (right, lig.ht grey squares) with respect to the
Ny . central micro-shutter. The left panels show the
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150 F . ‘e APA = 45° ] 150 . ity field with a maximum rotational velocity
o R .,\\ Offset in slit v of 300kms~!. The right panels show the LOS
< % € i . velocity profiles for a galaxy without intrinsic
< or \, 1 =2 or i ottt o Y rotational velocity, representing the effects from
§ W . § ) optics, the PSF, and data reduction steps. These
> _150k \ * N 150k i effects can lead to observed LOS velocities of
N . up to ~50kms~'. The modelled galaxies have
. re = 0.13”(1.1kpc at z ~ 1.5), a Sérsic index of
_300 |- Rotating \'\.\._ —300  Non-rotating i 1.5, and an axis ratio g of 0.3. The grey bands
indicate the areas of the velocity profile that are

Row —— Row — affected by bar shadows from the MSA.
2.2. Imaging many absorption lines with low equivalent widths, which are

Fifteen out of 20 galaxies in our sample fall within the imag-
ing footprint from the COSMOS-Web programme (Programme
ID: 1727 Casey et al. 2023). These galaxies were observed with
four different NIRCam filters (F115W, F150W, F277W, and
F444W). For our analysis, we used the images that are avail-
able in MAST?, which were reduced using the JWST Calibra-
tion Pipeline v11.17.14 with the CRDS pipeline mapping (pmap)
context 1230. For the 5 galaxies in the JWST-SUSPENSE sam-
ple that are not covered by COSMOS-Web, we used HST/ACS
imaging in the F814W filter (Scoville et al. 2007). Although
this filter is bluer than COSMOS-Web imaging, the galaxies for
which we used F814W are at z ~ 1.2. At these redshifts, the
F814W filter still covers rest-frame optical wavelengths.

3. Kinematic modelling

It is challenging to obtain intrinsic stellar kinematics from NIR-
Spec/MSA data because these slit-based spectra cover only one
randomly aligned spatial dimension. In Figure 1 we demonstrate
the significant change in the observed line-of-sight (LOS) veloc-
ity profile when a source is misaligned and/or positioned off-
centre within an MSA shutter. However, based on the detailed
imaging and measurements of structural parameters of the galax-
ies in our sample, we know the position, photometric orientation,
and inclination of the galaxies with respect to the MSA shut-
ters. When we assume that the kinematic and photometric axes
are aligned and that the galaxies are axisymmetric, the imaging
and structural parameters can be used to measure the intrinsic
kinematic properties of our galaxies using a forward-modelling
approach based on MSAFIT (de Graaff et al. 2024). This software
package takes the source position and morphology and the com-
plicated instrumental effects of NIRSpec/MSA into account.

To obtain stellar kinematics from absorption line spectra,
several adaptions to MSAFIT were made. MSAFIT is designed
to model emission lines in unrectified spectra. However, stel-
lar kinematics of distant quiescent galaxies are based on

2 https://mast.stsci.edu/

most readily measured in a combined rectified spectrum. Our
approach thus requires comparing the model and the data in
reduced space, specifically, by directly matching their 1D veloc-
ity profiles. We therefore used MSAFIT to generate 2D model
spectra, and then applied our observing strategy and reduction
procedure. The resulting 2D model spectra can be directly com-
pared to our reduced observations. Below, we describe our full
procedure, starting with the velocity and structural measure-
ments in Sections 3.1 and 3.2, respectively. In Sections 3.3 and
3.4, we describe the forward model and our sampling method.

3.1. Velocity measurements

We measured velocity and dispersion profiles for each galaxy in
our sample by determining the velocity shift (V; ) and veloc-
ity dispersion (07, 0bs) for each row i in the 2D spectrum using
PPXF (Cappellari & Emsellem 2004; Cappellari 2017, 2023). To
obtain reliable Vs and o, 0ps measurements, even in galaxy
outskirts where the S/N is low ((S/N); ~ 3-5 10\’1, rest frame),
we restricted the stellar population templates used in PPXF fitting
(van de Sande et al. 2017; D’Eugenio et al. 2024). We selected
the template for each galaxy by first fitting the integrated spec-
trum with PPXF. We also included a 12th-order polynomial in
the fit to correct for flux-calibration issues. We used the result-
ing stellar population template for each row. Thus, we assumed
that the stellar populations do not vary significantly across the
spatial profile of the galaxy. While spatial gradients in stellar
population parameters have been observed in distant quiescent
galaxies (e.g. Jafariyazani et al. 2020; Cheng et al. 2024), they
are generally mild and thus are unlikely to affect the measured
kinematic information.

We used the full wavelength range of our spectra in the fit-
ting, but to ensure that our results were not biased by nebular
emission, we masked out any emission lines. Furthermore, we
masked the NaT absorption doublet because this line is a tracer
of neutral gas in the interstellar medium (ISM) as well as active
galactic nucleus (AGN) outflows, and can have a significant
kinematic offset from stellar absorption features (e.g. Belli et al.
2024; Davies et al. 2024).
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To measure o,;obs With PPXF, we must take the line spread
function (LSF) of NIRSpec/MSA into account. For the G140M
grating, the LSF of NIRSpec/MSA changes by a wavelength-
independent factor that depends on source position and morphol-
ogy (de Graaff et al. 2024; Slob et al. 2024) and is thus different
for each galaxy in our sample. We determined the exact slit posi-
tion with our forward-modelling method and therefore initially
did not have the exact LSF for each source. For the first itera-
tion, we thus assumed an LSF that was narrower by a factor of
10 (rather than a typical factor of ~1.3) than the NIRSpec/MSA
LSF reported in the JDox user documentation® for the model and
the data. This high factor ensured that we underestimated the true
LSF.

After the initial model fit, we had the exact position of the
source in the slit, and we modelled the true LSF for each galaxy
following the method of Slob et al. (2024). To obtain the LSF,
we used our best-fit galaxy position in the slit and generated 50
emission lines without intrinsic velocity or dispersion, applied
all relevant data reduction steps, and fitted a Gaussian profile
to each emission line. We then used the width of the Gaussians
over the wavelength range of the detector to determine the rescal-
ing factor for the JDox NIRSpec/MSA LSF for each galaxy. We
refitted the dispersion and velocity of each row in the data and
the model after convolving the stellar templates with the rescaled
LSF of each galaxy.

For each galaxy in our sample, we fitted all rows with a
(S/N); > 4 pixel‘l. To ensure that the V; ops and o obs measure-
ments were of good quality, we removed rows from our analysis
for which the error on V; 5, and o ; obs from PPXF was larger than
70km/s. Visual inspection showed that the fits become unreli-
able for larger errors. We set the systemic velocity of the galaxy
to the best-fit velocity of the integrated spectrum.

Our resolved fitting procedure resulted in V;ops and o7y obs
measurements for up to 11 rows for the galaxies in our sample.
In Figure 2 we compare the velocity and velocity dispersion pro-
files from PPXF to example absorption lines from our observed
spectra. In order to constrain the kinematic profiles, we required
Viobs and o, ; ops measurements in at least 4 rows and excluded
the three galaxies from our sample that did not meet this crite-
rion. We thus have resolved velocity curves for 17 galaxies.

3.2. Structural parameters

We used GALFIT (Peng et al. 2002, 2010) to measure the
morphological parameters of our sample using NIRCam imag-
ing in the F115W, F150W, F277W, and F444W filters from the
COSMOS-Web programme (Programme ID: 1727, Casey et al.
2023; see Appendix A for more details on our fitting procedure).
The morphological parameters were required to account for the
source morphology in our kinematic modelling.

The structural parameters measured using the different NIR-
Cam filters agree well, without systematic offsets between dif-
ferent filters. For our modelling, we used the median structural
parameters of the NIRCam filters, which cover rest-frame opti-
cal wavelengths for our galaxies. In practice, this meant that
we excluded the F115W filter for galaxies with z > 1.3, and
for galaxies with z > 2, we also excluded the FI50W filter.
We note that our kinematic modelling results do not change
significantly for the structural parameters of one specific filter
instead of the median values. For sources that were not cov-

3 https://jwst-docs.stsci.edu/jwst-near-infrared-
spectrograph/nirspec-instrumentation/nirspec-
dispersers-and-filters
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Fig. 2. 2D absorption line profiles of Call K (left) and H (middle),
and the best-fit model (right) for two example galaxies. The red points
(lines) show the best-fit velocity (velocity dispersion) profile from PPXF
that was used as input for our forward modelling in Section 3.3. We note
that the PPXF fits were obtained from the entire wavelength range of the
spectra, and the two absorption lines illustrated in this figure serve as an
example.

ered by the COSMOS-Web footprint, we used the morphological
parameters from HST/ACS F814W observations (Griffith et al.
2012). The morphological parameters from COSMOS-Web and
HST/ACS F814W agree within 1o for galaxies with z < 1.3,
and thus, we expect no significant bias in the structural param-
eters of the galaxies for which we used the F814W parameters.
Two out of 17 galaxies for which we measured resolved veloc-
ity curves were excluded from our sample because they are not
covered by COSMOS-Web and are too faint to be included in
the Griffith et al. (2012) morphological catalogue. Our final sam-
ple thus consists of 15 galaxies, whose measured morphological
parameters we report in Table 1.

3.3. Forward modelling

We used a forward-modelling procedure to derive the intrinsic
kinematics from the observed velocity and the velocity disper-
sion profiles for each galaxy. The first step in this procedure is
to generate model line profiles for a set of morphological and
kinematic parameters using MSAFIT (de Graaff et al. 2024). We
refer to de Graaff et al. (2024) for a detailed description of the
modelling set-up, but provide a summary of the main steps and
key differences between our methods and MSAFIT below.

Our kinematic model depends on nine parameters, which
describe the surface brightness profile, location, and orientation
with respect to the micro-shutters and intrinsic stellar kinematics
of the source. For the surface brightness profile, we used a Sérsic
model (Sersic 1968), parametrised by the half-light radius ., the
minor-to-major axis ratio ¢, and the Sérsic index n. The position
in the central shutter (dx, dy), and the position angle (PA) with
respect to the shutter together with the surface brightness profile
define which part of the galaxy falls within the MSA shutters.
We are only interested in v and o7, and not in the intensity of the
modelled line profiles. We therefore set the total flux F of the
Sérsic profiles to a fixed number for each generated model.

We used a thin-disc model for the velocity field, which is
defined using an arctangent rotation curve (Courteau 1997),

u(r) = %va arctan(i), (H

It
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Table 1. GALFIT measurements and dynamic modelling results.

Structural parameters

Inferred velocity parameters

ID Zspec Te n q APA @ Ve, 0o V.. loo Ay, logo(Mayn) logo(M.) ®
(kpe) () (kms™") (kms™) (Mo) (Mo)
127108 1.335 1.51£0.17 1.9+0.1 0.82+£0.01 52+1 114733 210%5, 0.547022 0.18709%  11.0701  10.247092
127154 @ 1.205 2.06 +0.25 2.3+0.1 041+0.01 66+1  >I 242*% >0.00 >0.00 112701 10.75709!
127700 @ 2.013 149+0.17 40+0.1 0.96+0.01 7911 >1  241*} >0.00 >0.00 11101 10.92+0%
127941 @ 2141 1.84+0.83 49+02 0.54+0.01 82=1 >131 259*) >049 >0.18 114702  10.8070%
128036 2.196 1.02+0.08 1.5+0.1 0.67+0.01 26+1 248717 21072 1.1870%% 0427093 11.0709  10.92+0%
128041  1.760 1.50£0.08 1.6+0.1 0.45£0.01 91 3367)F 226%] 1487007 04800 113700 10.717)9!
128452 1205 1.59+021 40+0.1 0.72+0.01 66+1 154*3%  275% 0.56*03% 0.1870%  11.3*01  10.99700)
128913 2285 232+£0.74 3.7+0.1 0.77£0.01 42+1 152735 180%7 0.847032 0227005 11.170)  10.917093
129133 2.139 1.04+0.08 2.3+0.1 042+0.01 45+1 30517 2572 1.19*097 0527093  11.1709  11.0970%2
129149 1.579 1.01+0.08 1.9+0.1 036+0.01 64=1 191*2 387*, 0.49*09 027709 114701 11.02%9!
129197 @ 1474 120+025 44+0.1 083£0.01 87«1 >100 197°}> >048 >0.11  109*01 105200
129982 1.249 648 +1.13 3.6+0.1 039+0.01 30+1 334*32 2139)' 1.57*02¢ 0527097 11.9701  11.22%09!
130040 @ 1.170 5.15+0.50 3.9+£0.2 0.53+£0.02 672 180%]) 285*7 0.63*005 0.29*003 11.8*09  11.21%0!
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Notes. “PA offset with respect to the MSA shutter. 0° corresponds to the major-axis alignment, 90° corresponds to the minor-axis alignment.
® Stellar masses for a Chabrier (2003) IMF from Slob et al. (2024). “Galaxies without COSMOS-Web coverage. The structural parameters are
taken from HST/ACS F814W imaging (Scoville et al. 2007; Griffith et al. 2012). PGalaxies for which we cannot constrain the rotational velocity.

We report 20 lower limits for V,

e s

Vi l00, and 4,,.

where v, is the maximum velocity with respect to the systemic
velocity of the galaxy, and r, is the turnover radius. To allow
for a dynamically warm disc, we included a constant velocity
dispersion profile o (r) 0. We note that a thin-disc model
is likely too simplistic a description of the velocity profile of
most galaxies in our sample, and we discuss the effects of this
assumption in Section 5.

The model was initialised using the nine parameters
described above by generating flux and velocity profiles to obtain
a model flux cube (I(x,y,1)) in the MSA plane coordinates
(x,y). To evaluate the steep Sérsic profile in the centre, we over-
sampled the innermost region of the profile (<0.057,) by a factor
of 500 and the outer region (>0.2r,) by a factor of 10. The profile
was then integrated onto a coarser grid with a sampling equal to
the NIRSpec pixel size (0.01””) or to the Nyquist frequency of
the PSF if that was lower.

To mitigate PSF under-sampling effects and ensure that we
took the spectral information into account across the full wave-
length range of the spectrum, we generated three emission lines
for each model galaxy, spaced evenly in wavelength. This num-
ber was a compromise between model accuracy and computation
time. Although including more lines would slightly decrease the
uncertainties, this would not affect our overall results.

To model the NIRSpec/MSA PSF, we used a custom version
of the PSF model described by de Graaff et al. (2024), with an
oversampling greater by a factor of 2. This higher oversampling
was necessary to ensure that the PSF was over-sampled com-
pared to the Nyquist sampling. Using MSAFIT, we convolved the
model flux cube with the PSF following de Graaff et al. (2024),
and this PSF-convolved model was then projected onto the two
2048 x 2048 pixel NIRSpec detectors, following the trace for
the shutter (s;;) in which the source was observed. The resulting
model spectrum, showing three emission lines, encapsulates slit

losses, bar shadows, interpixel capacitance, and spatial under-
sampling. This model is equivalent to a noiseless un-rectified
single-frame NIRSpec/MSA observation.

To convert these single-frame model spectra into combined
rectified model spectra, we generated a model for each nod (i.e.
shutter position s;;) using the above method. We then applied
all reduction steps that were made on the observed data (see
Section 2) to reduce and combine the individual frames. This
step resulted in a single rectified combined 2D model spectrum
containing the three modelled emission lines. The line profiles
of these lines accounted for optics and detector effects (from
MSAFIT) and for resampling and combination effects (from the
data reduction steps).

Finally, we obtained row-by-row line-of-sight velocity
(V1imoda) and dispersion (0 imod) measurements of each line /
by fitting a Gaussian profile to each row i. By taking the median
value of V; nod and 07 ; mod Of the three lines, we obtained line-of-
sight velocity and dispersion profiles for each model. In Figure 1
we illustrate the line-of-sight velocity profiles for galaxy models
with different velocity profiles and slit alignments.

3.4. Parameter inference

MSAFIT was originally developed to perform Markov chain Monte
Carlo (MCMC) sampling. However, the adaptations to the code
described in the previous section make it significantly more
expensive in both RAM and CPU usage, and thus it is currently
unfeasible to use MCMC sampling for our method. We therefore
performed the fitting using SCIPY.OPTIMIZE, evaluated using the
x* metric, which requires fewer models to be generated.

We fit for five parameters in our modelling
([dx, dy,v,, 1, 00]). The remaining four parameters, n,gq,re,
and PA were fixed to the GALFIT measurements because the
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uncertainty in these parameters was small, and the fitting times
were significantly reduced with fewer free parameters. We
initialised the slit position dx and dy as the astrometric solution
in the slit, and let the values vary by 0.75 pixels in either
direction to allow for pointing and astrometric inaccuracies. For
each galaxy, we estimated the initial guess for v, by eye and
set the initial guess for o as the integrated velocity dispersion
measured from PPXF. We allowed v, and o to vary 200 km/s
around this initial guess in the fit. The choice of initial v, and o
does not affect the results of our fitting, but a reasonable initial
guess speeds up the sampling process. We initialised r; as 0.757,
and allowed it to vary from 0.05r, to 2r..

We performed the fitting using two iterations of
SCIPY.OPTIMIZE. In the first iteration, we used the Powell
method, with a tolerance of 1072. This sampling method
incorporates random jumps within the bounds of the parameter
space to ensure that the sampler explores the full grid and
does not become stuck in a local minimum. For the second
iteration, the model was initialised at the best-fit parameters
of the first iteration, and we then ran SCIPY.OPTIMIZE with the
Nelder-Mead method and a tolerance of 10~* to explore a finer
grid around these best-fit values.

We obtained errors on the best-fit model and inferred veloc-
ity parameters by creating 2000 simulations of the data, ran-
domly perturbed around the uncertainties of the data points and
GALFIT parameters. For each perturbed sample, we determined
the best-fit model and parameters from the models that were gen-
erated in the fitting routine. The uncertainties on the model and
best-fit parameters were calculated from the standard deviation
of all perturbed samples.

4. Results
4.1. Kinematic properties

We present the results of our kinematic forward-modelling proce-
dure for all 15 distant quiescent galaxies in Table 1. In Figure 2 we
show example absorption line profiles in the 2D spectra and our
inferred best-fit model, with the best-fit PPXF line profiles over-
laid. In Figure 3 we show the best-fit line-of-sight velocity and
dispersion models in 1D, and inferred 2D space for the ten galax-
ies for which we can constrain the rotational velocity. We show the
remaining five galaxies in Appendix B. We also show the NIRCam
or HST/F814W imaging for all galaxies. We overplot the MS A slit
positions for the imaging and the inferred 2D velocity fields.

In total, we can constrain the rotational velocity for 10 out of
15 targets in our sample. Four out of five of the remaining galax-
ies in our sample are aligned along the minor axis with respect to
the MSA shutter (APA > 70°), and galaxy 127154 has posterior
with a strong degeneracy between the source position and veloc-
ity. We obtained only lower limits on the rotational velocity of
these 5 galaxies. The remaining 10 galaxies for which we could, in
principle, measure rotational velocities rotate substantially, with
the model deprojected V,, ranging from 114 — 336 kms™!, with
a median value of 203km s~!. The intrinsic velocity dispersions
range from 197 to 387 km s~!, with a median value of 241 kms~!.

We note that for two galaxies (129197 and 130647), the stel-
lar velocity models provide a poor fit to the kinematic data in
Figure B.1. For 129197 the discrepancy between model and data
likely arises because the galaxy is misaligned with respect to
the MSA shutter, which prevents us from constraining the veloc-
ity curve in the outskirts. While 130647 is also aligned along
the minor axis with respect to the shutter, we observe a veloc-
ity excess in centre of the galaxy, rather than in the outskirts.
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This velocity excess may be due to a massive central black hole
(Newman et al. 2025). In this context, it is interesting to note that
the NIRSpec spectrum of this galaxy exhibits strong emission
lines that likely originate from an AGN (Slob et al. 2024). Spa-
tially resolved IFU observations are needed to fully constrain the
stellar kinematics in the central region of this galaxy and assess
the origin of the central velocity excess.

To quantify the degree of rotational support in our sample,
we computed the deprojected (V/o),, = V(r.)/op, which is a
direct measure of the intrinsic rotational support in disc galaxies.
For the ten galaxies in our sample for which we can constrain
the rotational velocity, (V/o),, ranges from 0.54 to 1.57, with a
median of 0.79. Four galaxies have (V/o),, > 1, corresponding
to a rotationally supported disc.

We plot (V/o),, as a function of stellar mass in Figure 4.
We also show the three quiescent galaxies from Newman et al.
(2018) at z > 2 in this plot. Furthermore, to compare with
galaxies with similar masses at lower redshifts, we show
the V/o ratios for quiescent galaxies in the LEGA-C survey
(van der Wel et al. 2021) at z ~ 0.7 (van Houdt et al. 2021; see
also Bezanson et al. 2018). We find no trend between mass and
(V/o),, for the quiescent galaxies in these samples. We colour
the symbols in Figure 4 by V,, and find that galaxies with similar
degrees of rotational support ((V/o),,) cover a range of V,,. We
discuss the implications of these results further in Section 5.1.

To further compare the rotational properties of our sam-
ple with samples of nearby early-type galaxies, we also com-
puted the spin parameter, 4,, (Emsellem et al. 2007, 2011). This
parameter is a proxy for the angular momentum per unit mass,
defined as

o = X< Firi Vil

¢ [z, 2
EK,eFiri Vi +O—v,i

Here, r; is the radius of a spatial bin, F; is the flux of the Sérsic
profile, V; is the line-of-sight stellar velocity, and o is the line-
of-sight stellar dispersion. We computed V; by projecting the
best-fit arctangent rotation curve (Eq. (1)) to 2D space, applying
the relevant inclination effects for a thin disc. We took o,; = 0
across the galaxy.

In Figure 5 we show A, as a function of ellipticity €. Here,
€ is the ellipticity from the elliptical isophote fit to the relevant
imaging at one r.. For the five galaxies for which we cannot
constrain rotational velocities (grey crosses), we show the lower
limits of A,,. The ten galaxies for which we were able to measure
the rotational support are all classified as fast rotators based on
their location in the A,,—e plane (Cappellari 2016). Compared
to the four quiescent galaxies at z > 2 for which kinematic
measurements were previously available (Newman et al. 2018;
D’Eugenio et al. 2024), which are also shown in this figure, the
galaxies in our sample appear to be less rotationally supported
from their position in the A,, —€ plane. We discuss possible expla-
nations for this difference in Section 5.1.

We note that while all ten galaxies in our sample for which
we can constrain the velocity are identified as fast rotators from
their position in the 4,, —€ plane, only four of these galaxies have
(V/o),, > 1, corresponding to a rotationally supported disc. This
difference in classification likely arises because the (V/o),, crite-
rion is too simplistic for stellar kinematics of quiescent galaxies,
as they are probably not described by simple thin disc models.
Furthermore, the boundary between fast and slow rotators in the
Ay, —€ plane is defined empirically, so we do not expect this to
directly correspond to the (V/o),, > 1 definition. We discuss
this in more detail in Section 5.4.
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Fig. 3. Observed kinematics and best-fit models for the ten distant quiescent galaxies for which we can constrain rotational velocities. In the left
panels, we show the observed velocities (dispersions) as the black (orange) data points, and the best-fit models are represented by the corresponding
lines. In the top right panels we show NIRCam RGB imaging (Casey et al. 2023) where available, or HST F814W imaging otherwise (Scoville et al.

2007). In the bottom right panels we show the inferred 2D line of sight velocity fields. We overlay the MSA microshutter positions in both panels
on the right.
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Fig. 4. V,_ /o as a function of stellar mass for the 15 distant quiescent
galaxies in our sample (squares). The grey squares indicate galaxies for
which we can only obtain lower limits to V,, /0. We also show quies-
cent galaxies at z ~ 0.8 from LEGA-C (circles, van Houdt et al. 2021)
and three lensed quiescent galaxies at z ~ 2 (diamonds, Newman et al.
2018). The dashed line indicates a ratio of 1, corresponding to the defi-
nition of rotational support. The symbols are coloured by V..

We also show the distributions of low-z quiescent galax-
ies from the SAMI (Croom et al. 2012; van de Sande et al.
2017; Croom et al. 2021), ATLAS3D (Cappellari et al. 2011;
Emsellem et al. 2011), and MASSIVE surveys (Ma et al. 2014;
Veale etal. 2017) in the A, —e plane using the catalogues
described by van de Sande et al. (2019). Our galaxies are faster
rotators than nearby early-type galaxies with log(Ms/M.) > 11.
However, at lower masses (10 < log(My/M,) < 11), the low-z
population occupies the same region in the A,,—e plane as our
sample. We discuss this further in Section 5.1.

4.2. Galaxy sizes

In Figure 6 we show where our galaxies fall in the mass—size
plane, using the rest-frame optical sizes derived in Section 3.2.
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Fig. 5. Spin parameter A,, as a function of projected ellipticity € for the
distant quiescent galaxies in our sample (squares). We also show four
previously identified quiescent rotating discs at z = 1.95-3.06 from
Newman et al. (2018) (diamonds) and D’Eugenio et al. (2024) (trian-
gle). The data points are coloured by stellar mass. We show the distri-
bution of low-z early-type galaxies from the SAMI (van de Sande et al.
2017), ATLAS3d (Emsellemetal. 2011), and MASSIVE surveys
(Veale et al. 2017) in two mass ranges as contours. The dotted line
shows the separation between fast and slow rotators defined by
Cappellari (2016); all ten galaxies in our sample for which we can con-
strain rotational support are classified as fast rotators. The five galaxies
for which we could only obtain lower limits for the spin parameter are
shown in grey.

We also plot the HST/ACS F814W sizes of quiescent galax-
ies from the LEGA-C sample at z ~ 0.7 (van Houdt et al.
2021) and the HST/WFC3 F160W sizes of three lensed qui-
escent galaxies at z 2 (Newman et al. 2018). For both
of these samples, the filters used to measure the sizes cor-
respond to rest-frame optical wavelengths at their respective
redshifts. We also plot the optical sizes of z ~ 0 quiescent
galaxies from the SAMI (van de Sande et al. 2017), MASSIVE
(Veale et al. 2017), and ATLAS3D (Emsellem et al. 2011) sur-
veys. The majority of the galaxies in our sample are classified as
“compact” (van der Wel et al. 2014) and are consistent with the
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Fig. 6. r. vs. stellar mass for the galaxies in our sample (squares).
We also show quiescent galaxies at z ~ 0.7 from LEGA-C (circles,
van Houdt et al. 2021), three lensed quiescent galaxies at z ~ 2 (dia-
monds, Newman et al. 2018), and galaxies at z ~ 0 from the SAMI
(van Houdt et al. 2021), MASSIVE (Veale et al. 2017), and ATLAS3D
(Emsellem et al. 2011) surveys as red stars. The LEGA-C and SUS-
PENSE points are coloured by V,,, and the galaxies for which we could
only obtain lower limits for V,, are shown in grey. We show the linear fit
to quiescent galaxies at z ~ 1.75 from the 3D-HST+CANDELS survey
(van der Wel et al. 2014) in grey, with the dashed lines indicating the
1o scatter.

mass-size relation of quiescent galaxies at z ~ 1.75 from the 3D-
HST+CANDELS survey (van der Wel et al. 2014). We coloured
the data points by V,. and found no trend correlation between
the amount of rotation and the offset from the coeval mass—size
relation.

4.3. Dynamical masses

From the best-fit kinematic and structural parameters, we can
derive the total dynamical mass of the galaxies in our sample, as
defined by Price et al. (2022),

Ugirc(re)re

G 3)

Mdyn,lot = kiot

Here,v%, = v*(re)+3.35 07 (Burkert et al. 2010), where the factor
3.35 accounts for an asymmetric drift correction from the veloc-
ity dispersion. We discuss this further in Section 5.4. We assumed
a thin-disc model in our dynamic modelling and therefore used
kot = 1.8, which is the virial coefficient for an oblate potential
with an intrinsic axis ratio go = 0.2 and n ~ 1—4 (Price et al.
2022). We note that the thin-disc model is likely a too simple
description for many galaxies in our sample, and the true value
of ki may be higher. In Section 5.4 we further discuss how the
thin-disc assumption influences our dynamical mass estimates.
The resulting dynamical masses are reported in Table 1 and
are shown against stellar masses measured from SPS modelling
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Fig. 7. Dynamical against stellar masses assuming a Chabrier (2003)
IMF (red squares) and a o,-dependent IMF from Treu et al. (2010)
(blue circles) for the distant quiescent galaxies in our sample. The
dashed line indicates the one-to-one ratio of dynamical vs stellar mass.
Light points indicate galaxies for which only lower limits to the rota-
tional velocity could be obtained.

(Slob et al. 2024) in Figure 7. For all galaxies in this study, the
dynamical masses are higher than the stellar masses, assuming a
Chabrier (2003) IMF, as is expected from the fact that the dynam-
ical masses includes the stellar, gas, and dark matter components
of a galaxy. When we assume that the gas mass of the galaxies
in our sample is low (e.g. Williams et al. 2021; Belli et al. 2021),
we find that our sample has a median dark matter fraction of 63%
within 1r,, with individual galaxies having fractions up to 83%.

The dynamical-to-stellar mass ratios of our sample are
~0.2dex higher than those of quiescent galaxies with simi-
lar masses and redshifts for the same IMF assumption (e.g.
van de Sande et al. 2013; Belli et al. 2017; Forrest et al. 2022;
Kriek et al. 2024). In Section 5.2 we discuss this offset further,
and we also investigate the implications of our dynamical-to-
stellar mass ratios for the IMF.

5. Discussion
5.1. Buildup and quenching of massive galaxies

In the previous section, we showed that the majority of the dis-
tant quiescent galaxies in our sample are rotationally supported.
Interestingly, the four distant quiescent galaxies at z > 2 for
which kinematic properties were previously measured all have
higher spin parameters. Moreover, our galaxies are, on average,
more rotationally supported than massive nearby galaxies (see
Figure 5). Taken at face value, these results imply that rotational
support of quiescent galaxies decreases over cosmic time.

To investigate whether the difference in rotational support
between nearby early-type galaxies and distant quiescent galaxies
is a genuine redshift effect, we also plot (V/o),, as a function of
age in Figure 8. For our sample, we used the ages derived using
PROSPECTOR (Johnson et al. 2021) from Slob et al. (2024). For
the LEGA-C galaxies, we used ages from spectral fitting with ALF
(Conroy & van Dokkum 2012a; Conroy et al. 2018) presented by
Cheng et al. (2025). Beverage et al. (2025) showed that the ALF
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Fig. 8.V, /o as a function of stellar age for the distant quiescent galax-
ies in our sample (squares). We also include samples from literature
using the same symbols as in Figure 4. The dashed black line represents
a ratio of 1, corresponding to the definition of rotational support. The
symbols are coloured by stellar mass. The grey squares indicate galax-
ies for which we can only obtain lower limits to V,, /0. We show the
Pearson correlation coefficient and p-values in the top right. The dotted
red line corresponds to a linear fit to the ages and V,, /0.

ages are consistent with the PROSPECTOR ages, and thus, no sys-
tematic biases are expected.

Figure 8 shows a trend between (V/0),, and age, with older
galaxies being less rotationally supported than young quiescent
galaxies. We calculated the Pearson correlation coefficient for
the combined LEGA-C, SUSPENSE, and Newman et al. (2018)
samples to assess the degree of correlation between (V/o),, and
age, and find a negative correlation (r = —0.40) with a p-value
< 0.01. We quantified this relation between age and rotational
support by fitting a linear function, which resulted in a best-fit
relation of the form

(V/o),, = —0.95 £0.13 x log(Age) + 1.4 = 0.05. 4)

Although the trend between rotational support and age has
already been identified for low-z galaxies (van de Sande et al.
2018; Croom et al. 2024), our results imply that it was already
in place at higher redshifts. This trend might also explain why
our galaxies are less rotationally supported than other quiescent
galaxies at z > 2; they are all relatively old (ages > 1 Gyr), while
three out of four quiescent rotating discs from Newman et al.
(2018) and D’Eugenio et al. (2024) are post-starburst galaxies
with ages of ~0.5-0.8 Gyr.

We found no strong trend between stellar mass and (V/o),,
for distant quiescent galaxies, with a Pearson-r coefficient of
—0.19. Furthermore, Figure 6 shows that although the most com-
pact galaxies all rotate significantly, there is no trend between
the amount of rotation and the offset from the coeval mass-size
relation overall. Figure 5 also shows no trend between stellar
mass and spin parameter for our sample. These results are in
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contrast with findings for the spin parameter in the nearby uni-
verse (see Figure 5), where the most massive nearby galaxies
are slow rotators, while less massive galaxies are fast rotators.
However, we note that the z > 0 samples for which stellar
kinematics have been obtained to date have few galaxies with
log(M./Ms) < 10.5, so that the dynamic range probed by cur-
rent studies is small.

The trend between rotational support and age we observe at
z > 1 implies that the difference between rotational properties
of nearby and distant massive quiescent galaxies is driven by
the fact that more distant galaxies are younger on average, and
thus, that their V/o ratios are higher. This trend also implies that
significant structural changes must take place after a galaxy has
stopped forming stars, instead of a complete destruction of the
stellar disc during the quenching event. These structural changes
likely happen gradually as galaxies evolve because the rotational
support in z ~ 0.7 LEGA-C galaxies is not significantly lower
than the oldest SUSPENSE galaxies.

This gradual decline of rotational support in the quiescent
population is consistent with a scenario where dry mergers “spin
down” galaxies down after quenching. Cosmological simula-
tions also showed that multiple consecutive dry mergers are the
main mechanism that generates the low-z population of mas-
sive slow rotators (e.g. Penoyre et al. 2017; Schulze et al. 2018;
Dubois et al. 2016; Rodriguez-Gomez et al. 2017; Lagos et al.
2018a,b; Rantala et al. 2024). While both major and minor merg-
ers can be responsible for a decrease in stellar angular momen-
tum, the cumulative effect of a series of dry minor mergers can
gradually and more effectively decrease the angular momentum
than a single major merger (Naab et al. 2014; Lagos et al. 2018a;
Rantala et al. 2024). These mergers do not only slow down rota-
tion, but can also explain the size growth (e.g. van Dokkum et al.
2010; Bezanson et al. 2009; Patel et al. 2013) and the buildup
of the blue and metal-poor outskirts of massive galaxies
(e.g. Suess et al. 2020; Martin-Navarro et al. 2018; Cheng et al.
2024). The finding that distant quiescent galaxies have many
small companions (Newman et al. 2012; Suess et al. 2023) also
directly supports the minor merger scenario. Furthermore, mas-
sive relic galaxies in the nearby universe, which formed most
of their mass at high redshift and evolved without undergoing
mergers after quenching, are predominantly fast-rotating galax-
ies with discy morphologies (e.g. Ferré-Mateu et al. 2012, 2017;
Yildirim et al. 2015; Spiniello et al. 2024; Tortora et al. 2025).
The kinematic properties of these relic galaxies thus further indi-
cate that mergers may be needed to transform galaxies into slow
rotators.

If we assume that the galaxies in our sample are the direct
progenitors of massive galaxies at z ~ 0 and are representative
of the general population at cosmic noon, we can estimate how
their rotational properties evolve up to z ~ 0. The galaxies
for which we measured rotational support have a median stel-
lar mass of log(M,./My) ~ 11 and a median 4,, = 0.28.
Based on number density arguments, we expect these galax-
ies to grow ~0.3dex in stellar mass since cosmic noon (e.g.
van Dokkum et al. 2010; Muzzin et al. 2013; Hill et al. 2017).
We took all galaxies from the SAMI, ATLAS3D, and MASSIVE
surveys with masses log(M./Mgy) = 11.15-11.45, which are the
likely descendants of the SUSPENSE galaxies. The median spin
parameter of this population is 4,, = 0.14. While the above cal-
culation is only a rough estimate, and the evolution of individual
galaxies in our sample will be varied, we can conclude that the
spin parameter of massive quiescent galaxies should decrease
by a factor of ~2 between cosmic noon and z ~ 0 on average.



Slob, M., et al.: A&A, 702, A110 (2025)

Thus, the majority of our population of fast-rotating quiescent
galaxies at cosmic noon will likely gradually evolve into the
(cores of) old slow-rotating early-type galaxies. We also note,
however, that some massive quiescent fast-rotators still exist by
z ~ 0, such that some of our galaxies may still be fast-rotators
by z ~ 0.

Our results show that significant structural changes occur
after quenching. However, the relatively low V/o ratios (V/o ~
1) of our sample compared to cold and ionised gas kinemat-
ics of star-forming disc galaxies of similar masses at z > 2
(V/o z 3; e.g. Forster Schreiber et al. 2009; Epinat et al. 2009;
Wisnioski et al. 2015, 2019; Neeleman et al. 2020; Rizzo et al.
2021; Fraternali et al. 2021; Parlanti et al. 2023; Danhaive et al.
2025) suggest that some loss of rotational support may occur
during star-formation quenching. The galaxies in our sample are
relatively old (ages >1 Gyr), and it is therefore not straightfor-
ward to discern whether this decrease in V/o occurred during
quenching or in the period between quenching and the time of
observation. It is also unclear how the stellar kinematics compare
to the gas kinematics in distant star-forming galaxies, although
at z ~ 1, the stellar kinematics lead to significantly lower (V/o),,
ratios than the gas kinematics (Ubler et al. 2024).

Nonetheless, even the younger quiescent rotating discs from
Newman et al. (2018) have V/o ratios that are low compared
to those of high-redshift star-forming galaxies. Newman et al.
(2018) argued that while quenching through major mergers
might explain this observed decrease in the rotational support,
the flattened shapes and lack of significant bulges in their galax-
ies imply that this scenario is likely too simplistic. Furthermore,
we note that based on their rotational velocities, our galaxies fall
on the z ~ 1 stellar mass Tully—Fisher relation for star-forming
galaxies (Conselice et al. 2005). This finding implies that the dif-
ference in V/o between star-forming and quiescent galaxies is
driven by an increase in the velocity dispersion and not by a
decrease in the rotational velocity. In a future study, we plan to
test this hypothesis by measuring ionised gas and stellar kine-
matics of star-forming galaxies beyond z > 1 using the method
described in this work.

5.2. Implications for the IMF

In the previous section, we showed that our distant quiescent
galaxies likely grow inside-out into low-z early-type galaxies
through (mostly) minor mergers. Our results thus imply that the
galaxies in our sample are expected to become the cores of mas-
sive galaxies today. These cores of the most massive (dispersion-
dominated) galaxies are found to have a more bottom-heavy IMF
than the Milky Way (e.g. Treu et al. 2010; Conroy & van Dokkum
2012b; Cappellari et al. 2012; Tortora et al. 2013; Li et al. 2017,
see also Martin-Navarro et al. 2018). To assess whether our
dynamical-to-stellar mass ratios would allow for a bottom-heavy
oy-dependent IMF, we calculated log(M..) assuming the relation
from Treu et al. (2010). For this relation, the IMF is more bottom
heavy than the Salpeter IMF for galaxies with o, > 250 km/s. We
show the resulting stellar masses against the dynamical masses
as blue circles in Figure 7. The o-dependent IMF assumption
results in a median dynamical-to-stellar mass ratio of 2.5 for our
sample, implying a dark matter fraction of 59% within one r..
Furthermore, while for this IMF assumption, the stellar masses
of two galaxies in our sample exceed the dynamical mass, the
stellar masses of all galaxies are consistent with the dynamical
mass within 1o. The very low implied DM fraction for some of
the galaxies for a bottom-heavy IMF is consistent with the low

dark matter fraction found in some relic galaxies (e.g. NGC 1277;
Comerdn et al. 2023).

Previous ground-based studies of distant quiescent galaxies
showed that stellar masses calculated using the o -dependent IMF
from Treu et al. (2010) result in median dynamical-to-stellar mass
ratios <1 (Mendel et al. 2020; Kriek et al. 2024; Forrest et al.
2022). Thus, these studies claimed that the bottom-heavy IMF
observed today could not yet have been in place in distant quies-
cent galaxies. We found dynamical masses that allowed for a o -
dependent IMF, however, which implies distant quiescent galax-
ies can become the cores of nearby elliptical galaxies.

The relatively high dynamical-to-stellar mass ratios we
derived compared to previous ground-based studies are likely
the result of a combination of factors. First, NIRCam provides
longer wavelengths, higher spatial resolution, and deeper imag-
ing than HST, enabling more robust structural measurements and
resulting dynamical masses. Secondly, previous studies relied on
spectra with lower S/N, which might have biased their veloc-
ity dispersions and the resulting dynamical masses. Our high
S/N spectra also allowed more accurate M/L ratio calibrations
than ground-based studies, from which we can measure more
reliable stellar masses. Moreover, our detailed kinematic mod-
elling, including rotation, likely resulted in more reliable dynam-
ical masses than were inferred from integrated velocity disper-
sions. Altogether, a range of observational challenges that affect
the structural and spectral measurements might cause the lower
dynamical-to-stellar mass ratios found in earlier work.

5.3. Using virial relations for NIRSpec/MSA spectra?

When no resolved kinematic measurements are available,
dynamical masses can be calculated from the observed veloc-
ity dispersion of the integrated spectrum, oy jnspec, Using virial
relations. We assessed how these dynamical masses compare to
the dynamical masses from our kinematic models. We used the
integrated velocity dispersions from Beverage et al. (2025) for
our sample to calculate the dynamical masses as

2
K(n) O-U,il'll spec Te

dyn,intspec = G 5
Here, K(n) is the virial coefficient defined by Cappellari et al.
(2006). In Figure 9 we show these dynamical masses
(log(Mgyn,intspec)) against the dynamical masses we calculated
from our kinematic models (Iog(Mgyn xinmode!)) in Section 4.3.
The dynamical masses from our kinematic models are on aver-
age 0.11*)1% dex higher than the dynamical masses from the
integrated spectra.

The large offset between the two dynamical mass estimates
can be attributed to the fact that the integrated velocity disper-
sions were not corrected for the aperture losses of the NIR-
Spec/MSA slits. An aperture correction was defined for slit-based
observations for both rotation-dominated (Price et al. 2014) and
dispersion-dominated sources (van de Sande et al. 2013), which
can increase the integrated velocity dispersion by a factor up to
~1.4 in rotation-dominated systems. Because most sources that
are observed with the NIRSpec/MSA are not centred and aligned
within the MSA shutter, however, it is non-trivial to define an
aperture correction for NIRSpec/MSA observations. Thus, the
dynamical masses derived from the observed integrated velocity
dispersion of NIRSpec/MSA spectra are likely underestimated.
This is especially true for the extended galaxies in our sam-
ple, with effective radii that span across multiple shutters for
many sources in our sample. Using our kinematic models, we
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Fig. 9. Dynamical masses calculated from the integrated velocity dis-
persion (log(Mgyn,intspec)) against dynamical masses calculated from our
kinematic models (1og(Mayn xinmodet))- The dashed line indicates a one-
to-one ratio. The pink squares indicate galaxies for which only lower
limits to the rotational velocity could be obtained.

assessed how large the offset is between the velocity dispersion
of the integrated spectrum (0 intspec) and the intrinsic line-of-
sight integrated velocity dispersion within one effective radius
(Tar)-

To compute o,,, we assumed that the observed integrated
velocity dispersion is equal to V2, (r) = 0'0 + Vlz0 (1), following
Cappellari (2008). Here, o is the best-fit velocity dispersion,
and Vis(r) is the best-fit line of sight rotational velocity from
our modelling (see the bottom right panels in Figure 3). From
this line-of-sight Vins(7), we calculated o, ,, by integrating over
the elliptical aperture corresponding to 1 7., and weighting by the
Sérsic profile of the galaxy, following van de Sande et al. (2013).

In Figure 10 we show the velocity dispersion of the inte-
grated spectrum (0 inespec), taken from Beverage et al. (2025),
against the inferred integrated line-of-sight velocity dispersion
within 1 r. as derived from our kinematic model (o) for the
galaxies in our sample. As expected, the velocity dispersion
within 1 7. is systematically higher than the velocity dispersion
of the integrated spectrum, with a median offset of 33*3] kms™
The errors on the median were calculated using Monte Carlo
simulations of the data. In Appendix C we show that the inferred
dynamical masses from the aperture-corrected velocity disper-
sions are consistent with the dynamical masses from the kine-
matic models.

Our results show that caution is needed when dynamical
masses are derived using the integrated velocity dispersion of
NIRSpec/MSA spectra without applying an aperture correction,
as significant offsets between o inspec and o, are expected
when a source is larger than the size of the micro-shutter. We
note that this bias from the observed integrated velocity disper-
sion is also expected for measurements of emission line kine-
matics of star-forming galaxies observed using NIRSpec/MSA,
such that dynamical masses calculated from emission lines are
also sensitive to this effect.
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Fig. 10. Velocity dispersion of the integrated spectrum (o jnispec)
from Beverage et al. (2025) against the inferred integrated line-of-sight
velocity dispersion (o,,,) within 1 r. for the galaxies in our sample.
The dashed line indicates a one-to-one ratio. The pink squares indicate
galaxies for which only lower limits to the rotational velocity could be
obtained. The median offset between the integrated velocity dispersion
and the velocity dispersion within 1 r. is 33*; kms™'.

5.4. Caveats

In this work we present the kinematic properties of 15 distant
quiescent galaxies from their resolved MSA spectra using a
forward-modelling approach that took the source position and
alignment with respect to the MSA shutters into account. For all
ten galaxies for which we were able to constrain the rotational
velocity, we measured strong rotation (V,, > 114kms™!). To
assess the significance of the rotational support in these galaxies,
we computed the intrinsic velocity as a function of radius from
Equation (1) for 2000 simulations of v, r., and r,/r., randomly
perturbed around their uncertainties. We show these simulated
u(r) curves for the ten galaxies in Appendix D, with the 1o~ and
20 levels indicated in pink and red, respectively. This test illus-
trates that the large errors we find for V,, in part of our sample
are not only driven by uncertainties in our kinematic modelling,
but is also strongly dependent on the uncertainty of the measure-
ment of r.. Nonetheless, from the 20~ confidence intervals, we
can conclude that all ten galaxies rotate significantly.
Interestingly, we find that the galaxies that are most aligned
along the major axis with respect to the MSA shutter have the
highest V/o measurements. This finding suggests that the degree
of rotational support we find for galaxies that are slightly mis-
aligned within their shutter may be underestimated. Detailed
IFU observations or duplicate slit-based observations under mul-
tiple telescope angles are thus needed to confirm whether our
forward-modelling approach systematically underestimates the
rotational velocities of misaligned galaxies. However, our over-
all conclusions would not change qualitatively if the rotational
support of the galaxies in our sample were systematically higher.
Finally, the thin-disc assumption that we made in our mod-
elling might bias the dynamical mass and (V/o),, calculations.
For a thin-disc model, the virial coefficient in Equation (3)
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is kit = 1.8. Based on the high velocity dispersions (o >
250km/s) of some of the galaxies in our sample, however, it
is more likely that these galaxies are thick discs, with more
complicated dynamical profiles. For thick discs, the virial coef-
ficient ki is higher (Price et al. 2022), which would result in
higher inferred dynamical masses. However, our kinematic mod-
elling results and (V/o),, likely also change when we allow for
intrinsically thick discs, as a thin disc assumption maximises
V(r). Another limitation to the thin-disc parametrisation is the
assumption that o, is radially invariant, while in reality, the
velocity dispersion may be lower in the outskirts of these galax-
ies. To fully assess how our thin-disc model parametrisation
affects the inferred dynamical masses and (V/o),, we plan to
model our sample using JAM methods (Cappellari 2008) in a
future study. JAM methods assume a variable intrinsic thickness
in the models and will allow us to further constrain the dynam-
ical properties. We also note that JAM methods will allow us
to calibrate the asymmetric drift parameter for stars we used in
our dynamical mass calculations, which will further decrease the
uncertainties on the dynamical masses.

6. Conclusions

We present the kinematic properties of 15 distant (z = 1.2-2.3)
quiescent galaxies from the JWST-SUSPENSE program, the
largest sample of kinematic measurements of quiescent galaxies
at z > 1.2 to date. The galaxies were observed for 16 hours in a
single NIRSpec/MSA configuration, and the resulting ultra-deep
medium-resolution spectra resolve numerous stellar absorption
lines in both the spatial and dispersion direction. From these
absorption line spectra, we measured the stellar velocity and
velocity dispersion profiles.

As the MSA shutters are misaligned and miscentred with
respect to the galaxies, the observed kinematics cannot be
directly interpreted. We instead derived the intrinsic kinemat-
ics using a forward-modelling approach, making use of the
high-resolution images from JWST/NIRCam COSMOS-Web
(Casey et al. 2023) and HST/F814W (Scoville et al. 2007). In
our forward-modelling approach, we took the source morpholo-
gies and positions with respect to the shutters, the NIRSpec
PSF, and optical as well as resampling effects from the data
reduction into account and assumed a thin-disc model. From
the inferred velocity and velocity dispersion profiles, we quan-
tified the degree of rotational support in our sample using V,,
and (V/o),,. For ten galaxies, we were able to constrain the rota-
tional velocities, and all have significant rotation. The remaining
five galaxies are too misaligned with respect to the MSA shutter
to constrain their rotational velocity. Moreover, all ten galaxies
with measured stellar rotation are classified as fast rotators from
their position in the 4,,—€ plane.

Compared to massive early-type galaxies in the nearby uni-
verse, on average distant quiescent galaxies are more rotationally
supported. We find a trend between rotational support and age in
the combined LEGA-C, SUSPENSE, and Newman et al. (2018)
samples at z ~ 0.5-2.5, with young galaxies having more rota-
tional support. This age trend is thus a likely explanation for the
increased rotational support we find at high-z, where on average
galaxies are younger than in the nearby universe. Surprisingly,
we find no trend between stellar mass and rotational support at
z>0.5.

Our findings imply that distant quiescent galaxies are still
rotating discs just after they stopped forming stars. Thus, the
physical process responsible for quenching star formation in
massive galaxies likely did not disrupt rotational support. To

explain the population of slow-rotating massive quiescent galax-
ies at low z, significant structural changes must instead occur
after the galaxies have already become quiescent. Our results
support a scenario in which galaxies experience a series of
(mostly minor) dry mergers after quenching. These mergers
lead to growth in both mass and size, and gradually disturb the
ordered rotation of galaxies. We cannot rule out, however, that
the galaxies in our sample may have lost part of their specific
angular momentum during quenching, as their V/o values are
lower than the V/o values (inferred from gas kinematics) of
massive star-forming galaxies at z > 2. On the other hand, the
rotational velocities are similar to those of star-forming galaxies
of similar masses, implying that the low V/o ratios are mostly
driven by an increase in the velocity dispersion.

From the kinematic and structural properties, we also derived
dynamical masses. The resulting dynamical masses imply dark
matter fractions of ~63% within 1r, for our galaxies, assuming
a Chabrier (2003) IMF. The dynamical-to-stellar mass ratios of
our sample are higher than in previous studies, and in contrast to
these studies, our dynamical-to-stellar mass ratios do allow for a
bottom-heavy (o,-dependent) IMF. This finding implies that dis-
tant quiescent galaxies can evolve into the cores of nearby mas-
sive early-type galaxies, which are found to have more bottom-
heavy IMFs. Furthermore, using our kinematic models, we find
that the observed integrated velocity dispersions from our NIR-
Spec/MSA spectra are ~10% lower than the inferred integrated
line-of-sight velocity dispersions from our models. These results
show that extreme caution is needed when using integrated
velocity dispersions from NIRSpec/MSA spectra to calculate
dynamical masses because significant biases can be introduced
by not applying the relevant aperture corrections.

Our study demonstrates the power of the NIRSpec/MSA
to obtain stellar kinematic properties of large samples of mas-
sive quiescent (and possibly also star-forming) galaxies at and
beyond cosmic noon. This work is enabled by ultra-deep inte-
gration times, our custom observing strategy (large nods and
long slits), and the identification of a field of many bright quies-
cent targets. To further improve the constraints on stellar kine-
matics beyond z = 1, larger samples are needed. Although
archival data could be used to this end, the shorter integration
times and smaller spatial coverage along the MSA shutters of
most MSA programs observed to date make this challenging.
Thus, future targeted larger and deeper surveys, with a similar
observing strategy as the JWST-SUSPENSE programme, may
be required to obtain stellar kinematics for larger samples of dis-
tant galaxies. Moreover, to assess possible biases in our forward-
modelling method, especially for galaxies that are misaligned
with respect to the MSA shutter, detailed IFU observations are
needed. Finally, the method we presented offers a promising
avenue to combine stellar kinematic measurements with direct
measurements of the IMF using the NIRSpec/MSA, paving the
way for robust probes of dark matter haloes of quiescent galaxies
beyond the low-z universe (see the approved JWST programme
5629).
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Appendix A: Structural parameters from GALFIT

As described in Section 3.2, we used GALFIT (Peng et al. 2002) to measure the structural parameters of the galaxies in our sample
for which COSMOS-Web imaging was available. We describe our fitting method below.

First, we construct a synthetic PSF for each of the four NIRCam filters that we use to fit the structural parameters (F115W,
F150W, F277W, and F444W) using the WebbPSF software (Perrin et al. 2014). In our fitting, we use the distorted PSF, sampled
to the NIRCam pixel scale of each filter. As the image input for GALFIT we use the COSMOS-Web images that are available in
MAST?, and cut out images of 200 x 200 pixels around each galaxy in our sample. We then construct segmentation maps for each
cutout using PHOTUTILS, and mask out any additional galaxies in the cutout. We subtract a local background estimate from each
masked cutout using PHOTUTILS. Finally, we fit the background-subtracted cutout for each galaxy and each filter using GALFIT.

In Figure A.1 we show the effective radius (r.), Sérsic index (n), axis ratio (g), and position angle (PA) for each galaxy in
the F150W filter versus the F115W (blue points), F277W (green points), and F444W (red points) filters. For r., g, and PA the
measurements from the four filters are in good agreement, with little scatter and no systematic offsets. For the Sérsic index the
scatter between the four different filters is more prominent, but there is no structural offset between the different filters. In our
modelling we use the median value of each structural parameter in the NIRCam filters which cover rest-frame optical wavelengths
for our galaxies. For galaxies at z > 1.3 this means we exclude the F115W filter, and for galaxies at z > 2 we exclude the F115W
and F150W filters.

Although this might lead to larger uncertainties in the Sérsic index, we note that the choice of n does not affect our modelling
significantly. On the other hand, r., g and PA have a more direct impact on our modelling results. The small scatter between the
different filters for these parameters implies that no additional uncertainties are introduced by using the median of the different
filters.
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Fig. A.1. Measured effective radius (r.; first panel), Sérsic index (n; second panel), axis ratio (g; third panel), and position angle (PA; last panel)
for the galaxies in our sample in the F150W filter against the F115W (blue points), F277W (green points), and F444W (red points) filters. The
dashed line in each panel represents a one-to-one ratio.
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Appendix B: Kinematic modelling results for misaligned galaxies

For five out of 15 galaxies we could not constrain the rotational velocities due to the fact that they were (mostly) aligned along the
minor axis with respect to the MSA shutter. We show the best-fit kinematic models for these galaxies in Figure B.1.
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Fig. B.1. Same as Figure 3 but for the five galaxies in our sample for which the rotational velocity could not be constrained.

Appendix C: Aperture-corrected dynamical masses

In Section 5.3 we derive integrated line-of-sight velocity dispersions (o, ,,) within one r. from our best-fit models. We now use these
oy, values to calculate the virial dynamical masses to assess the influence of the aperture correction on our inferred dynamical
masses. In Figure C.1 we show the virial dynamical masses against the dynamical masses from our kinematic modelling (Section
4.3). As expected, we find that these dynamical masses are higher compared to the virial masses without an aperture correction from
Section 5.3, and are in good agreement with the dynamical masses presented in Section 4.3 (A = —0.0lfg:ﬁ).

Interestingly, we find no trend between the observed axis ratio of galaxies and the offset between the virial dynamic mass and

the dynamical mass from our kinematic modelling. This is in contrast to findings for the LEGA-C sample from van der Wel et al.
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(2022), who find that the ratio between the Jeans mass and virial mass show a significant trend with the axis ratio. van der Wel et al.
(2022) attribute this trend to projection effects and galaxy geometry, which are especially relevant for rotating systems. They correct
for this variation empirically by defining a second order homology correction K(g) which removes any residual trends. For the
rotationally supported galaxies in our sample we expect that projection effects would have a similar effect as for the LEGA-C
sample, and it is thus puzzling that we see no trend with the observed axis ratio. However, we also note that our dynamical masses
may be biased due to the thin disc assumption made in our kinematic modelling, and Jeans masses are needed to further investigate
this effect. Furthermore, the smaller number of sources in our sample compared to the LEGA-C sample may bias our results.
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Fig. C.1. Dynamical masses calculated from the aperture corrected inferred integrated velocity dispersion using the virial theorem against dynam-
ical masses calculated from our kinematic models. We colour the points by the axis ratio, g. The median offset between the two dynamical masses
is shown in the top left corner.

Appendix D: Distributions of intrinsic velocity curves

As described in Section 5.4, we assess the significance of the rotational support in our galaxies by creating 2000 simulations of the
intrinsic rotational velocity v(r). In Figure D.1 we show these rotation curves, with their 1o and 20 distributions. For all 10 galaxies
the rotational support is significant within 20.
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Fig. D.1. Intrinsic velocity as a function of radius from Equation (1), for 2000 simulations of v,, r., and r,/r., randomly perturbed around their
uncertainties (black lines). The solid red line shows the best-fit model, and the 10 and 20 levels of v(r) are indicated in pink and red, respectively.
The dashed line indicates the measured r., with the 10 and 20" levels indicated with grey bands. All 10 galaxies have significant rotation from the
20 rotation curve limits.
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