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A B S T R A C T 

James Webb Space Telescope ( JWST ) uncovered a large number of massive quiescent galaxies (MQGs) at z > 3 , which theo- 
retical models struggle to reproduce. Explaining the number density of such objects requires extremely high conversion ef- 
ficiency of baryons into stars in early dark matter haloes. Using stellar kinematics, we can investigate the processes shaping 

the mass assembly histories of MQGs. We present high-resolution JWST /NIRSpec integral field spectroscopy of GS-9209, 
a massive compact quiescent galaxy at z = 4 . 66 ( log ( M ∗/ M �) = 10 . 52 ± 0 . 06 , R eff = 220 ± 20 pc). Full spectr al fit ting of 
the spatially resolved stellar continuum reveals a clear rotational pattern, yielding a spin parameter of λ2 R eff = 0 . 85 ± 0 . 10 . 
This study suggests that at least a fraction of the earliest quiescent galaxies were fast rotators and that quenching was a 

dynamically gentle process, preserving the stellar disc even in highly compact objects. Using J eans anisotr opic modelling 

and assuming a N avarr o–Fr enk–White pr ofile, we measur e a dark mat ter fr action of f DM 

( < 2 R eff ) = 14 . 5 

+6 . 0 
−4 . 2 per cent . Our 

findings use stellar kinematics to confirm the massive nature of early quiescent galaxies, previously inferred from stellar 
population modelling. We suggest that GS-9209 has a similar structure to low-r edshift ‘r elic’ g alaxies. How ev er, unlike 
r elic g alaxies, which hav e bott om-heavy initial mass functions (IMF), the dynamically inferred stellar mass-to-light ratio 

of GS-9209 is consistent with a Milky W ay-like IMF . The kinematical properties of GS-9209 are different from those of 
z < 1 early-type galaxies and more similar to those of recently quenched post-starburst galaxies at z > 2 . 

Key wor ds: g alaxies: evolution – galaxies: formation – galaxies: kinematics and dynamics – galaxies: structure. 
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 INTRODUCTION  

alaxies’ star formation histories (SFHs) and observed stellar 
opulations are fundamental to our understanding of galaxy evo- 

ution. The star formation activity of a galaxy is closely related 

o its morphology (as it was revealed by studies on 0 < z < 2 . 5
 alaxies e.g . R. Br ennan et al. 2017 ; P. Dimaur o et al. 2022 ). A
urther link exists between galactic morphologies and kinematics 
ith the classical paradigm splitting the galaxies population into 

otationally supported flattened discs and dispersion-supported 

pheroids (E. Emsellem et al. 2007 , 2011 ; M. T. Graham et al.
018 ; J. de Sande et al. 2018 ; A. C. R. Thob et al. 2019 ). Such
lassifications seem to be valid up to a redshift of z ∼ 3 (e.g. R.
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rennan et al. 2017 ) but it is unclear whether they hold true for
igher z galaxies (R. G. Abraham 1999 ). 
The question of how different types of galaxies are born, ev olv e,

nd end up being ‘red and dead’ has been central in our quest
o understand galactic evolution. Since the star formation rate 
SFR) is a key property of any galaxy, it goes without saying that
uenching also has a dramatic impact on the evolution of both

ndividual systems and the galaxy population as a whole. There 
s a wide variety of quenching mechanisms at play, depending 
n galaxy’s stellar mass, kinematics, and on its environment (A. 
an & S. Belli 2018 ; A. F. L. Bluck et al. 2020a , b ; L. Cortese,

. Catinella & R. Smith 2021 ). A few examples include removal
f cold molecular gas via outflows driven by active galactic nu-
lei (AGNs; e.g. A. Fluetsch & others 2019 ; S. Veilleux & others
020 ), ram pr essur e stripping (the main mechanism in the case
f low-mass galaxies; J. E. Gunn & J. R. Gott 1972 ), or stran-
ulation in the case of more massive galaxies (a complete halt
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f the galaxy’s pristine gas inflows, Y. Peng & others 2015 ). The
att er is oft en the result of the halo heating due t o supermassiv e
lack hole (SMBH) feedback (J. Silk & M. J. Rees 1998 ; R. G.
ower & others 2006 ; D. J. Croton & others 2006 ; C. D. P. Lagos,
. A. Cora & N. D. Padilla 2008 ; S. Brownson & others 2019 )
ut the gas might also get heated when falling into the dark
atter haloes’ gravitational potential (virial shock heating; S. D.
. White & M. J. Rees 1978 ; D. Kereš et al. 2005 ; A. Dekel &

. Birnboim 2006 ). Star formation quenching is an important
rocess in the evolution of galaxies, having a crucial effect on
heir subsequent morphologies. Furthermor e, ther e is a strong
orrelation between a galaxy’s average stellar population age
nd its morphology (M. R. Blanton & J. Moustakas 2009 ; R. S.
omerville & R. Davé 2015 ) or kinematics (S. M. Croom et al.
024 ). 

Since the launch of James Webb Space Telescope ( JWST ; J. P.
ardner et al. 2023 ; J. Rigby et al. 2023 ) the sample of high- z
assive quiescent galaxies (MQGs) has seen a dramatic increase

n the number of studies on confirmed spectroscopic candidates
n the redshift range 3 < z < 5 (A. C. Carnall et al. 2023a , b , 2024 ;
 . V alentino et al. 2023 ; F . D’Eugenio et al. 2024 ; A. Graaff et al.
024 ; T. Nanay akkar a et al. 2024 ; D . J . Setton et al. 2024 ; W. M.
aker et al. 2025a ; P. G. Pérez-González et al. 2025 ) even going
s early as z ∼ 7 . 3 (A. Weibel et al. 2025 ). These observations im-
ly much higher number densities of MQGs compared with the
r edictions fr om numerical simulations or semi-analytic models
e.g. TNG300 – A. I. Hartley et al. 2023 ; Magneticum Pathfinder

L. C. Kimmig et al. 2025 ; FLARES – C. C. Lovell et al. 2023 ;
HARK v2.0 – C. d. P. Lagos et al. 2024 ; FLAMINGO – W. M.
aker et al. 2025a ; L-Galaxies – A. Vani et al. 2025 ). C. d. P. Lagos
t al. ( 2025 ) analysed six large cosmological simulations (three
emi-analytic models: GAEA , GALFORM, and SHARK and three
ull hydro - dynamical simulations: SIMBA , EAGLE, and Illus-
risTNG ) and showed that these simulations predict that the
umber densities of z ∼ 4 . 5 MQGs ( M ∗ > 10 10 . 5 M �, sSFR < 0.1
yr −1 ) are smaller than measured from JWST observations, the
ifference ranging from 1.5 to 3 dex depending on the simu-

ation. Furthermore, it w as demonstr ated that the simulations
re unable to reproduce the observed stellar mass functions of 
uiescent galaxies at 2 < z < 5 , as demonstrated by W. M. Baker
t al. ( 2025b ). 

Even mor e puzzlingly, high-r edshift MQGs appear t o hav e as-
embled large stellar masses ( M ∗ > 10 10 M �) during intense star
ormation episodes (up to 2000 M � yr −1 or mor e, B . Forr est et al.
020 ) and then quench e xtr emely rapidly in comparison to their
ocal counterparts (D. Thomas et al. 2010 ; R. M. McDermid et al.
015 ). Many observational studies have focused on the SFHs of 
hese galaxies, but the processes governing their mass assembly
istory and quenching remain covered in mystery. MQGs pose
t least three major challenges for current models of galaxy for-
ation and evolution, resulting from (1) their unexpected high

umber densities at high redshift (e.g. A. C. Carnall et al. 2023b ;
 . V alentino et al. 2023 ; S. Alberts et al. 2024 ; A. S. Long et al.
024 ; Y. Zhang et al. 2025 ), (2) their high stellar mass (possibly
elat ed t o the high efficiency of bary on conv ersion int o stars in
igh-redshift massive haloes, e.g. A. Dekel et al. 2023 ), and (3) the
apid quenching mechanism. Within the standard paradigm of 
alaxy formation, the star formation and quenching time-scales
f MQGs imply the existence of impossibly massive haloes at
arly times (e.g . K. Glazebr ook et al. 2024 ; C. Turner et al. 2025 ;
. Weibel et al. 2025 ). 
NRAS 547, 1–28 (2026) 
Continued star formation from the available cold gas would
e more problematic, giving rise to impossibly massive galaxies,
hich would be inconsistent with both observations (R. G. Bower,
. J. Benson & R. A. Crain 2012 ; C. M. Harrison et al. 2018 ) and
ith the low-redshift stellar mass function extrapolation (D. J.
cLeod et al. 2021 ). Ther efor e, another issue to be discussed is

he fast quenching time-scale of high- z MQGs given the early
tage of the Universe when dark matter haloes ar e accr eting g as
t e xtr emely high rates (S. Tacchella et al. 2018 ). These conditions
oint towards the possible responsible quenching mechanism be-

ng AGN ejective feedback (J. Silk & M. J. Rees 1998 ; T. Di Matteo,
. Springel & L. Hernquist 2005 ; R. Maiolino et al. 2012 ; S. Belli
t al. 2024 ; L. Xie et al. 2024 ; S. Lim et al. 2025 ) as significantly
ore violent and more rapid than other quenching mechanisms

S. Tacchella et al. 2022 ). In fact, about 50 per cent of MQGs at
 . 5 < z < 4 . 5 are AGN hosts (W. M. Baker et al. 2025a ; L. Bugiani
t al. 2025 ). Furthermore, these claims of AGN feedback being re-
ponsible for quenching high- z MQGs are backed-up by theoret-
cal studies such as J. M. Piotrowska et al. ( 2022 ) or C. d. P. Lagos
t al. ( 2025 ). Other theoretical w orks discuss possible alt ernativ e
rocesses leading to a rapid gas consumption in MQGs, such as
iolent disc instabilities or feedback free star formation (A. Dekel
t al. 2023 ; A. Vani et al. 2025 ). 

Indeed, many previous studies on MQGs show them to
ave low amounts of cold gas, the fuel star formation ( f gas =
 gas / 

(
M gas + M ∗

)
< 20 per cent ; e.g. S. Belli et al. 2021 ; K. E.

hitaker et al. 2021 ; C. C. Williams et al. 2021 ; C. Woodrum
t al. 2022 ; J. Scholtz et al. 2024 ). How ev er, other studies confirm
he presence of non-negligible cold molecular gas reservoir that

QGs are unable to use for star formation. This is seen at various
edshifts: z ∼ 0 (K. Rowlands et al. 2015 ) and z ∼ 1 (R. Bezanson
t al. 2022 ). The latt er study rev eals the e xtr emely short cold
as depletion time-scales ( ∼ 100 - 200 Myr) of recently quenched
 alaxies, interpr eting this r esult as a possible evidence of AGN
eedback. These studies highlight the contrast between the pop-
lation of old quiescent galaxies and the ones who stopped form-

ng stars more recently (post-starburst galaxies, PSBs). A similar
lassification of high-redshift MQGs has emerged from studies
f their SFHs (M. Park et al. 2024 ). In contrast to PSBs, the cold
 as fractions of g alaxies quenched long befor e the observation
ime ( > 1 Gyr) is more difficult to interpret. Using a sample of 
 ∼ 0 . 7 MQGs, C. Woodrum et al. ( 2022 ) find evidence for post-
uenching rejuvenation effects driven by gas-rich minor mergers.
ow ev er, K. A. Suess et al. ( 2023 ) found that the less massive, but
ore highly star-forming sat ellit es of MQGs, although they do

ot necessarily bring substantial amounts of cold gas, they can
ontribute (via minor mergers) to up to 30 per cent of the central
alaxies stellar mass. 

In this paper, we present high-resolution R ∼ 2700 NIRSpec
ntegr al-field-unit (IFU) observ ations of the massive quenched
alaxy GS-9209 at redshift z = 4 . 66 , whose SFH and various
tructural and morphological properties (size, central BH, AGN
roperties, stellar and dust SED) have been studied in depth in
. C. Carnall et al. ( 2023b ) and Z. Ji et al. ( 2024b ). With the
nique ability of NIRSpec/IFU to provide both complete spa-

ial and spectral information, we focus here on the kinematical
nd dynamical characterization of this MQG. This is the earliest
uiescent system for which an IFU study is conducted (reveal-

ng an or der ed r otational pattern in V ∗, the first moment of the
ine- of- sight velocity distribution). Integral-field spectroscopy is
ecessary because it can distinguish between the types of AGN
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Figure 1. Top panel: composite image of GS-9209 obtained by the su- 
perposition of F 090 W, F 200 W, and F 444 W NIRCam photometry images. 
The dotted line is the effective FoV of our NIRSpec observations. A possi- 
ble sat ellit e is indicat ed. Bott om panel: zoomed-in portion of the same 
image, where we highlight the 0 . 35 arcsec × 0 . 35 arcsec aperture used for 
measuring the int egrat ed st ellar v elocity dispersion σ ′ ∗. 
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1 Available at https://sep.readthedocs.io/en/v1.1.x/ 
eedback that played a major role in quenching GS-9209: ejective 
eedback (expelling much of the cold gas out into the CGM be-
ore it gets the chance of collapsing into stars, e.g. P. F. Hopkins
t al. 2008 ; C. Feruglio et al. 2010 ; R. Maiolino et al. 2012 ) versus
rev entativ e feedback (which does not allow new cold gas to be
ccreted by the galaxy usually due to halo heating, e.g. R. G.
ower et al. 2006 ; S. Brownson et al. 2019 ). A possible kinematic
arameter that can potentially give us insights about the type of 
GN feedback in a galaxy’s history is ( V/σ ) R eff 

, the ratio between 

r der ed stellar rotation and random motions, within the half-
ight radius ( R eff ). In the case of high-redshift star-forming discs
 e hav e that ( V/σ ) R eff 

> 1 (N. M. Förster Schreiber & S. Wuyts
020 ). Galaxies that show a disc-like rotational kinematic pattern 

n V ∗ but have, in the same time, ( V/σ ) R eff 
values lower than

 could pot entially indicat e a violent, ejective AGN feedback in
 alaxy’s history, wher eas g alaxies that have ( V/σ ) R eff 

∼ 1 . 5 - 2 are
ore likely to be associated with a gentle mode of AGN feedback

prev entativ e). 
This paper is structured as follows: in Section 2 , we discuss the

eneral data analysis and data reduction pipeline, outlining the 
r e-pr ocessing that we have done on raw data before using it in
ur analysis. Section 3 discusses the computational and mathe- 
atical tools that we have used to analyse the photometry data 

nd perform Multi-Gaussian expansion (MGE) parametrization, 
s well as spectrum fitting and Voronoi binning, vital in deriving
he subsequent resolved kinematics maps. In Section 4 , we ded- 
cat e separat e subsections t o various important key results that
ighlight different properties of GS-9209. We discuss the implica- 

ions for galaxy formation and evolution models and compare our 
esults with those from independent observations in Section 5 . 
ur findings are summarized in Section 6 , where we also give
ossible directions where further research might give precious 

nsights. Throughout this paper, we adopt a flat universe cos- 
ology with matter density parameter �m 

= 0 . 307 and Hubble 
onstant H 0 = 67 . 7 km s −1 Mpc −1 as in Planck Collaboration VI 
 2020 ). We use the AB magnitude system. 

 DA  T  A  

he data we use were obtained as part of the JWST Cycle 2
rogram ID 3659 (PI: Francesco D’Eugenio). This is a NIRSpec 
P. Jakobsen et al. 2022 ) IFU programme (T. Böker et al. 2022 )
nd the observations use the high-resolution ( R ∼ 2700 ) dis-
erser/filter combinations G235H/F170LP and G395H/F290LP. 
n this work we focus on G235H/F170LP, which was inte- 
rated for 14.7 h, using 18 dithered observations in a nine-point
edium-sized cy cling patt ern (repeat ed twice). Each dither con- 

isted of 20 groups per integration and two integrations, using the
RSIRS2 readout mode (B. J. Rauscher et al. 2017 ). The medium-

ize dither pattern gives an effective field of view (FoV) of our
articular observation of 101 × 91 spaxels with a resolution of 
 . 05 arcsec per spaxel. The NIRSpec FoV is displayed in Fig. 1
dotted rectangle), superimposed to a false-colour NIRCam im- 
ge. At the redshift z ∼ 4 . 658 of our target, we probe a rest-frame
 avelength r ange λrest ∈ 

[
2934 Å; 5603 Å

]
with the det ect or gap 

etween 4220 and 4310 Å (rest-fr ame w avelengths; see Fig. 2 ). 

.1 Data reduction and background subtraction 

e used the publicly a vailable JWS T data reduction pipeline 
1.12.5, with calibration files from the context file 1193. The 
tandard pipeline was complemented by customized methods for 
nowball flagging, pink-noise correction, and outlier detection, as 
escribed in M. Perna et al. ( 2023 ). 

.1.1 Sour c e detection 

e used the package sep 1 (Source Extraction and Photometry 
ython library). This first normalizes the original image and sub- 

racts a crude estimate for the back gr ound ( sep.B ackgr ound )
MNRAS 547, 1–28 (2026) 

https://sep.readthedocs.io/en/v1.1.x/
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M

Figure 2. Spectrum of the galaxy GS-9209 in blue (within a 0 . 35 arcsec × 0 . 35 arcsec square aperture) smoothed and cleaned for outliers and non- 
v alid v alues. It shows a strong Balmer break of ≈ 2–2.25, indicating that old stellar populations (spectral class A and lat er) dominat e. Some particular 
absorption and emission lines are highlighted. We also show the spectrum fitted with the ppxf algorithm and the (weak) emission lines from the gas 
t emplat es. The latter are shown overlaid on the residuals, which are displayed on the bottom of the figure. 

a  

o
t  

w  

m  

l  

w  

[
 

f  

l  

g  

i  

s  

i  

p

2

F  

F  

(  

2

B  

g  

m  

e  

u  

t  

A  

b  

t  

s  

t  

s  

g  

i

2

W  

(  

T  

m  

T  
nd then extracts the sources based on a lower detection thresh-
ld value of 3 for the signal-to-noise ratio (S/N). The output of 
his pr ocedur e is a binary mask that can be used acr oss multiple
avelengths from the data cube. We chose to make a combined
ask that reunites the individual masks produced at the wave-

engths corresponding to the NIRCam F 200 W filter (because we
ill do further photometric analyses in this bandpass) and to the

O iii ] λ5007 emission. 
In our case, since we have an extended source, we use the

unction find_galaxy from the MgeFit package 2 (M. Cappel-
ari 2002 ), which provides us with approximate values for the
 alaxy’s centr e position, ellipticity, and major axis. We ar e only
nt erest ed in the major axis value because we select this as the
ize of the mask that we are using ( 7 spaxels = 0 . 35 arcsec ). This
s in agreement with the value where the light from the radial
rofiles of the galaxy becomes negligible. 

.1.2 Back gr ound subtraction 

or the back gr ound subtraction, we use our own robust pipeline.
irst, the algorithm does a slice-by-slice back gr ound subtraction

these are wavelength slices) for each spaxel, using the function
NRAS 547, 1–28 (2026) 

 Version 6.0.4, available at https://pypi.org/project/mgefit/ 
3

p

 ackgr ound2D fr om photutils 3 (L. Bradley et al. 2024 ). To-
ether with the areas of the galaxy itself (identified using the
ethod described in Section 2.1.1 ), the spaxels with non-valid

ntries (N aN) ar e also mask ed for a given wa velength slice. We
se MedianB ackgr ound fr om photutils as a back gr ound es-

imat or, t ogether with a 3 σ clipper ( SigmaClip from astropy ;
stropy Collaboration 2022 ) that improves the robustness of the
ack gr ound level calculations and reduces the possibility of con-
amination from bright spaxels. There are also some wavelength
lices for which this back gr ound subtraction pr ocedur e fails (of-
en because of either e x cessive masking or due to issues with the
lice itself e.g. being within the wavelength range of the det ect or
ap). In these cases, our pipeline handles such slices by doing an
nterpolation based on neighbouring ‘good’ slices. 

.1.3 Outliers removal 

e use the outlier-detection algorithm of F. D’Eugenio et al.
 2024 ), but ev en aft er this st ep, some low-lev el art efacts remain.
o remov e them, w e first mask any inv alid v alues, then apply a
edian filt er t o smooth the spectrum, and clip any > 3 σ outliers.

he resulting ‘double-cleaned’ spectrum is shown in Fig. 2 , where
 We used version 2.0.1, but the most recent one is available at https:// 
hotutils.readthedocs.io/en/stable/ 

https://pypi.org/project/mgefit/
https://photutils.readthedocs.io/en/stable/
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Figure 3. The original image in the NIRCam F 200 W band (a 40 × 40 pixels zoom-in around the brightest pixel; the NIRCam photometry pixel scale 
is 0 . 03 arcsec per pixel) is shown in the left panel. Results of the PySersic fitting pr ocedur e of the original image are displayed in the middle panel. 
The panel on the right-hand side illustrates the residuals from the fit i.e. res = original − model . On each of these images, we display the FWHM size 
( 0 . 065 arcsec ) of the PSF of the NIRCam instrument in the F 200 W band. 
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Table 1. Best-fitting parameters for the PySersic F 200 W Image-SVI flow 

method. Here θ is the astronomical PA measured by PySersic from North 
(the y -axis) counterclockwise. 

Parameter Value 

Observed ellipticity 0 . 251 ± 0 . 015 
Sérsic index 2 . 97 ± 0 . 14 
R eff (arcsec) 0 . 0344 ± 0 . 0006 
θ (deg) 173 . 9 ± 14 . 7 
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 e extract ed the spectrum fr om a 0 . 35 ar csec × 0 . 35 ar csec squar e
pertur e centr ed on the brightest spaxel of the cube median im-
g e. This imag e was obtained by taking the median flux value at
ach spax el acr oss all v alid w avelength slices and spans appr o x-
mately 5 R eff . The chosen aperture (illustrated in Fig. 1 ) is ap-
r o ximately the largest extent over which we can probe spatially
esolved kinematics. 

 METHODS  

.1 Photometry analysis and morphology modelling 

or kinematical calculations, we need an accurate model of the 
alaxy’s surface brightness profile. Our approach requires Multi- 
aussian Expansion of the light profile ( MGE ; E. Emsellem, G.
onnet & R. Bacon 1994 ; M. Cappellari 2002 ). Since GS-9209 is

ighly compact (A. C. Carnall et al. 2023b ), we follow the meth-
ds of J. Houdt et al. ( 2021 ); we first use a Sérsic model, taking
dvantage of its small number of free parameters (Section 3.1.1 ), 
nd then re-parametrize this best-fitting model using MGE (Sec- 
ion 3.1.2 ). 

.1.1 Photometry modelling with PySersic 

o determine our fiducial Sérsic profile, we used the PySersic 

4 

ayesian fitting tool for galaxy photometry (I. Pasha & T. B. Miller
023 ). We fit the galaxy image in the NIRCam F 200 W band and
e use the empirical NIRCam ePSF from Z. Ji et al. ( 2024c ) for

his filter. The imaging data were obtained as part of JADES
 JWST Advanced Deep Extragalactic Survey; D. J. Eisenstein et al. 
023 ), processed as described in M. J. Rieke et al. ( 2023 ), F.
’Eugenio et al. ( 2025 ), and D . J . Eisenstein et al. ( 2025 ). We show
ur results from PySersic fitting in Fig. 3 ; we will construct all
ur subsequent analysis based on the median values of the pos-
erior distributions of the parameters of the model profile (given 

n Table 1 ). 
In our analysis, we fit the back gr ound-subtracted NIRCam 

alaxy image to a Sérsic profile (J. L. Sersic 1968 ). The noise maps
 equir ed as inputs for PySersic are taken from the background-
emov ed phot ometry data. In order t o evaluat e the quality of 
he models, we have chosen the Student’s t loss function, which 
 version 0.1.5; https://github.com/pysersic/pysersic 
I  

1  
s to be minimized by the fitting algorithm. For estimating the
ost erior distribution, w e compare both the methods currently 

mplement ed int o PySersic : Laplace method and SVI (st ochastic
ariational inference) flow. The first method initially finds the 
aximum A Posteriori (MAP) values of the parameters and as- 

umes Gaussian posterior distributions around the MAP, whereas 
n the second (which we choose as fiducial), a normalized flow is
rained to estimate the posterior distributions. We find that none 
f the results of our analysis depends on the method chosen;
hese results are consistent with each other, within their associ- 
ted uncertainties (given in Tables 1 in the main text and A1 in
ppendix A ). The calculated effective radius is in agreement with

he value obtained by A. C. Carnall et al. ( 2023b ), but our Sérsic
ndex 2 . 97 ± 0 . 14 is somewhat larger than the liter ature v alue
 2 . 3 ± 0 . 3 ). For the next st ep, w e used the median values of the
osterior distributions from the PySersic fit – SVI method – in 

rder to obtain the model image, de-conv olv ed from the empirical
SF of the original F 200 W image. We also oversample by a factor
f 10 with respect to the original image. 

.1.2 Multi-Gaussian expansion fitting of photometry 

e perform a MGE fitting of the PSF de-conv olv ed model image
rom PySersic . We used the mge_fit_1d procedure within the 

geFit package (M. Cappellari 2002 ). This pr ocedur e gives an
ppr o ximation of the one-dimensional radial surface brightness 
rofile (with a MGE re-parametrization) of the model image. 
ecause the latter is, by construction, a purely Sérsic model, the
urface brightness profile is given by (L. Ciotti & G. Bertin 1999 ):

 ( R ) = I 0 · exp 

[−b n · ( R/R eff ) 1 /n ] . (1) 

n our case, since our pr ocedur e fits a normalized image ( L tot =
 ), we will need to convert to real physical units after doing the fit.
MNRAS 547, 1–28 (2026) 
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e can obtain I 0 using the equation (4) from L. Ciotti & G. Bertin
 1999 ). In that equation, b n = 5 . 61 for n = 2.97 (equation 18 from
he same paper) and � ( 2 n ) ≈ 108 . 36 for n = 2.97 (equation 7 ).

ith R eff = 11 . 45 pixels on the oversampled image, we get I 0 =
 . 106 normalized arbitrary units per pixel 2 . 

Each Gaussian j has three parameters: 

(i) The peak flux F j given by the MgeFit . This is measured in
rbitrary units (relative to the normalized total luminosity) per
ixel. 
(ii) The dispersion of the two - dimensional Gaussian along the
ajor axis, σ j in pixels. 
(iii) The observed axial ratio of the two - dimensional Gaus-

ian, q ′ j following the notation of M. Cappellari ( 2008 ). In the
ge_fit_1d fitting pr ocedur e, this is not given as an output of 

he fit. We assume that all of the two - dimensional Gaussians have
 fixed observed axial ratio q ′ j = 0 . 749 , the value given by the
ySersic photometry fitting tool. 

GS-9209 has an apparent F 200 W band AB magnitude of 
 F200W 

= 23 . 9 mag . At the sour ce r edshift z = 4.658, this corre-
ponds to an absolute magnitude M abs = −22 . 38 at a rest-frame
av elength λrest ≈ 3510 Å. The piv ot wav elength of the F 200 W
andpass is 19 875 Å and the absolute magnitude of the Sun in
he SDSS_u bandpass (with a pivot wavelength of 3556 Å, close
o the rest-frame wavelength that we are probing in the case of 
S-9209) is M u , � = 6 . 39 (C. N. A. Willmer 2018 ). This means that

he absolute luminosity of GS-9209 (at rest-frame wavelength of 
3500 Å) is L gal , tot = 3 . 4 × 10 11 L �. We then need to convert the

nt egrat ed flux values that w e hav e for our Gaussians, F j to surface
rightness values, which we will use in our Jeans anisotropic
odelling (JAM) algorithm. This is done using the following

quation (M. Cappellari 2002 , 2008 ): 

 j = 

F j 
σ j 

√ 

2 π
. (2) 

.2 Spectrum fitting with ppxf 

o measure the st ellar kinematics, w e use the ppxf 5 software,
n efficient full spectr al fit ting algorithm (M. Cappellari & E.
msellem 2004 ; M. Cappellari 2017 , 2023 ). ppxf is able to si-
ultaneously fit both the stellar continuum and gas emission

ines so one can extract the kinematics of multiple components
e.g . F. Belfior e et al. 2019 ; K. B . Westfall et al. 2019 ). The algo-
ithm constructs a model of the galaxy as a linear combination
f individual spectral t emplat es, conv olv ed with the line- of- sight
elocity distribution (LOSVD). 

In our w ork, w e used t emplat es built using FSPS v 3.2 (C. Con-
oy & others 2009 ; C. Conroy & J. E. Gunn 2010 ), with the MILES
tellar library for the optical region (P. Sánchez-Blázquez & oth-
rs 2006 ; J. Falcón-Barroso & others 2011 ) and with the MIST
sochrones (J. Choi et al. 2016 ). We adopted a E. E. Salpeter ( 1955 )
nitial mass function (IMF), but this choice has no impact on
he derived stellar kinematics. This is because for the stellar-
opulation age of the target ( ∼ 500 Myr; A. C. Carnall et al.
023b ) and spectral range of our data we do not track a wide
nough variety of IMF-sensitive featur es. In or der t o det ermine
he IMF characterizing GS-9209, we need to use the M ∗/ L ratio
 esult fr om the JAM dynamical modelling (Section 4.2 ). 
NRAS 547, 1–28 (2026) 

 We used version 9.4.1; the software is available from https://pypi.org/ 
r oject/pp xf/ 

6

a
7

The stellar spectral templates have an instrumental resolution
ith constant full width at half-maximum (FWHM) 	λtemp ≈
 . 5 Å (J. Falcón-Barroso et al. 2011 ). For comparison, the av-
r age rest-fr ame instrumental resolution that w e hav e for the
alaxy spectra observations is 	λinstr ∼ 1 . 5 Å = 〈 λ〉 / 〈 R 〉 with
 λ〉 = 

√ 

λmin , rest · λmax, rest and 〈 R 〉 ∼ 2700 . Since the resolution of 
he data is better than the resolution of the t emplat es, w e need to
orrect the derived stellar dispersion using the following equation
adapted from equation 5 from M. Cappellari 2017 ): 
′ 2 
∗ = σ 2 

∗, ppxf − σ 2 
instr + σ 2 

templ , (3) 

here σ∗, ppxf , the velocity dispersion indicated by the ppxf algo-
ithm, is not the same as the intrinsic (but not de-projected yet)
elocity dispersion, σ ′ 

∗. We need to correct for the Gaussian dis-
ersions of the line spread functions of the instrument observing
he galaxy ( σinstr ) and of the stellar templates that we used in our
nalysis ( σtempl ). In order t o conv ert from 	λtempl to σtempl or from
λinstr to σinstr we use the general formula (valid for both cases): 

j = 

c · 	λj λmed 

2 . 355 
, (4) 

here ‘j’ = either ‘templ’ or ‘instr’ and λmed is the median wave-
ength of our range. To confirm the accuracy of our methods, we
epeated our analysis by using st ellar t emplat es from a higher
esolution library 6 ( R ∼ 3200 ), which uses the C3K model atmo-
pheres (C. Conroy et al. 2019 ) instead of MILES . The results
id not differ by more than a few per cent compared to our
riginal method (e.g. for the spectrum in Fig. 2 using MILES
t ellar spectra, w e obtained σ ′ 

∗ = 239 ± 34 km s −1 compared to
34 ± 37 km s −1 when using C3K ). This is in good agreement
ith the value obtained by A. C. Carnall et al. ( 2023b , using
edium-r esolution spectr oscopy) for the stellar dispersion σ ′ 

∗ =
47 ± 16 km s −1 . 

.3 Voronoi bins analysis 

he purpose of the Voronoi binning algorithm is to perform a
wo - dimensional re-binning of our spectral data to achieve a min-
mum S/N thr eshold. We cr eate S/N maps for all the spaxels using
he median-filtered signal across the wavelength slices for which
rest < 3500 Å. As can be seen from Fig. 2 this r epr esents the flat-
est region of the spectrum, so the computed S/N is not affected
oo much by the presence of absorption/emission lines or by the
lope of the continuum. We mask all the noise dominated spaxels
ith S / N < 1 . We used the VorBin 

7 package (M. Cappellari &
. Copin 2003 ). We set a threshold S/N target > 3 for our Voronoi
ins. 

For each Voronoi bin, we obtain the spectrum as the sum of the
pectra of the pixels contained within that bin. The spectrum for
ach Voronoi bin has been further processed as follows: 

(i) In the case of each spectrum, the non-valid values and the
 3 σ outliers were masked. This creates the ‘cleaned’ Voronoi

in spectrum, which is then smoothed using a median filter. The
moothed spectrum is not brought forward into our analysis but
t is used only to identify and mask bad spectral pixels. 
 These t emplat es are available from the authors C. Conroy upon reason- 
ble request. 
 We used version 3.1.5, available from https://pypi.org/project/vorbin/ 

https://github.com/cconroy20/fsps
https://pypi.org/project/ppxf/
https://pypi.org/project/vorbin/
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Figure 4. Maps of the observed (i.e. not de-projected) first (left panel) and second (right panel) moments of the stellar kinematics for the MQG GS-9209 
i.e. the stellar line- of- sight velocity ( V ∗) and the st ellar v elocity dispersion ( σ∗). The left panel indicat es a rotational patt ern of the motions of the stars in 
this galaxy. The right panel shows a dispersion-dominated central region. The spatially resolved kinematics maps extend to about 4 spaxels = 0 . 2 arcsec , 
which means appr o ximately 6 R eff ≈ 1 . 3 kpc . We furthermor e show the outlines separating the Vor onoi bins fr om each other and the positions of the 
centres of each Voronoi bin. The spaxels contained within each Voronoi bin are all colour coded according to either V ∗ (left panel) or σ∗ (right panel). 
The plots also display the PSF FWHM of the NIRSpec IFU instrument at λobs = 2 μm . 
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(ii) We log -r ebin each ‘cleaned’ spectrum t o a v elocity scale
 × ln ( λmax /λmin ) /N λ ≈ 50 km s −1 (her e N λ r epr esents the num-
er of wavelength slices) and run an initial ppxf fit. We impose
onstraints on the ages and metallicities ranges of the t emplat es
o be used: age < 1.3 Gyr (the age of the Universe at z ∼ 4 . 66 ) and
1 ≤ log ( Z/Z �) ≤ 0 . 5 . The purpose of allowing high-metallicity 

 emplat es is to capture the effect of α-elements enrichment (e.g.
. G. Beverage et al. 2021 , 2023 ; A. C. Carnall et al. 2024 ). The
oal of this initial ppxf run on the cleaned spectra is to reduce
he numbers of stellar templates that we use. We determine the
t ellar t emplat es (in this first run of the ppxf fit) for which the
ight weights are positive. These stellar templates will be used in
he second fit (the gas t emplat es remain unchanged). 

(iii) We then run a second ppxf fit on the ‘cleaned’ Voronoi 
in spectra and the results of this fit are used for further anal-
sis, specifically the stellar kinematic values V ∗, ppxf , the stellar 
otational velocity, and σ∗, ppxf , the stellar velocity dispersion re- 
urned by ppxf , together with the uncertainties in each of these
arameters. We use equation ( 3 ) in order to take into account
he difference between the stellar velocity dispersion returned by 
pxf and the value corrected for instrument and t emplat es line
idths. 

Using the intrinsic velocity dispersion (obtained after applying 
he corr ection fr om equation ( 3 )) we build our V rms map that
s r equir ed for our subsequent JAM Dynamical Modelling (Sec- 
ion 4.2 ). Here V rms = 

√ 

V 

2 ∗ + σ 2 ∗ . 

 R E S U LT S  

.1 Spatially resolved kinematics maps of GS-9209 

he results of our stellar kinematics analysis are shown in Fig. 4 .
he image on the left side shows that the stars in this galaxy
ave substantial angular momentum around the galaxy centre. 
he image on the right side shows a decrease of the stellar ve-

ocity dispersion from the galaxy centre to its outskirts. With 

ur kinematics data alone, it is difficult to disentangle between 

eam smearing effects and the plausible explanation of this struc- 
ur e being r elat ed t o the presence of a dispersion-dominat ed
entral bulge. This information can be revealed if we combine 
patially resolved kinematics data and resolv ed st ellar popula- 
ion ages maps. The key point of this analysis is that the disc-
ike kinematics is still preserv ed aft er the quenching took place.

ence, it turns out that galaxies may first stop forming stars
and quench inside-out) but preserve their disc-like kinemat- 
cs for another time interval before other dynamical processes 

ay come into play and transform them into the slowly rotat-
ng spheroids and early-type galaxies (ETGs) that we observe 
t z ∼ 0 . 

.2 JAM dynamical modelling 

AM is a robust method that is suitable for a plethora of galaxies
ynamical modelling tasks including estimating the galaxies dark 

att er cont ent (G. de Ven et al. 2010 ; M. Barnabè et al. 2012 ; S.
omerón et al. 2023 ), computing central SMBHs (D. A. Drehmer
t al. 2015 ; A. Feldmeier-Krause et al. 2017 ; S. Comerón et al.
023 ) or determining dynamical masses to high accuracy (R. P.
arel & P. G. Dokkum 2007 ; M. Cappellari et al. 2009 ; J. Houdt

t al. 2021 ; M. Cappellari 2023 ; K. Zhu et al. 2023 ). The better
erformance and accuracy of JAM has been t est ed and acknowl-
dged against other techniques such as the more generalized 

chwarzschild dynamical models (M. Schwarzschild 1979 ). Such 

 ests w ere done using either simulated data (Y. Jin et al. 2019 )
r real data (G. Y. C. Leung et al. 2018 ). These tests revealed the
bility of this method to accurately produce a robust dynamical 
MNRAS 547, 1–28 (2026) 
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Table 2. Marginalized posterior probabilities on the free parameters of 
our fiducial dynamical model (which assumes an NFW Dark Matter den- 
sity profile and a Gaussian prior on log M BH 

; see the main text). The values 
r eported ar e the median and 16th–84th per centile pr obability range. 

Parameter Value Model 

q intr 0 . 62 ± 0 . 10 Fiducial 
σz /σR 0 . 85 ± 0 . 08 Fiducial 
log f DM 

( < 2 R eff ) −0 . 84 ± 0 . 15 Fiducial 
log [ ( M ∗/L ) / ( M �/L �) ] −1 . 01 ± 0 . 06 Fiducial 
log M BH 

/ M � imposed prior Fiducial 
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odel for a wide variety of input kinematics data. In our study,
e use the JamPy package. 8 
To calculate the posterior probability distributions on the
odel paramet ers, w e use the Adaptiv e Metropolis algorithm

N. Metropolis et al. 1953 ) as implemented within the adamet
ackage 9 (M. Cappellari et al. 2013a ). We repeated our analysis
sing the Markov Chain Monte Carlo sampling alogirthm emcee
J. Goodman & J. Weare 2010 ; D. Foreman-Mackey et al. 2013 )
nd we concluded the results obtained were statistically consis-
ent but that adamet algorithm had a better time efficiency by a
actor of ∼ 2 . 

Our JAM dynamical models rely on the assumption that our
alaxy is axisymmetric and furthermore that there is no spatial
ariation of the M ∗/L ratio or of the radial anisotropy parameter
P.-Y. Lablanche et al. 2012 ). This assumption is motivated by the
ndings of K. A. Suess et al. ( 2021 ) who report that massive PSB
alaxies at 2 < z < 2 . 5 typically have flat colour gradients. The
utputs from the MGE fitting of the F 200 W photometry (surface
rightness, dispersions along the major axis and observed axial
atios of the Gaussians) are given as inputs for the light map of 
AM . The choice of F 200 W band to construct these flux maps is
ustified because in this way, we capture the stellar light at rest-
r ame w avelengths near the Balmer break ( λrest ∼ 3500 - 4000 Å)
rimarily coming from type A-stars dominating the spectrum of 
S-9209. Furthermore, at these wavelengths, we avoid possible

ontamination from faint AGNs that might be present at lower
est-fr ame w avelengths. 

The coordinates of the Voronoi bins that we pass on to JAM
er e r otated such that the major axis of the galaxy is parallel to

he horizontal axis of the new coordinate system. This means that
 e need t o rotat e our x bin and y bin count erclockwise by an angle
f −98 ◦ (the best-fitting position angle retrieved by the pafit
lgorithm 

10 ). This value agrees to within 2 ◦ with the negative of 
he position angle measured clockwise from the image x -axis. i.e.
70 ◦ − θ , where θ is the astronomical PA measured by PySer-
ic fr om N orth (the y -axis) counter clockwise, suggesting a very
ood alignment of the kinematic axis to the morphological major
xis. Our JAM dynamical modelling algorithm further r equir es
he size of the PSF as an additional input. We assume a two-
imensional Gaussian PSF of circular shape i.e. with the same
WHM in both the direction of the NIRSpec/IFU slicers and
erpendicular to them. The NIRSpec PSF size that we give as an

nput to JAM is the g eometrical averag e between the values given
y the equations (3) and (4) from F. D’Eugenio et al. ( 2024 ) adopt-

ng a typical wavelength of λ ∼ 2 μm (because our photometry
nalysis was based on NIRCam F 200 W data). In our case, this
ver age v alue is FWHM PSF = 0 . 104 arcsec . 

All the dynamical models that we build assume a cylindrically
ligned framework of the velocity ellipsoid (M. Cappellari 2008 ).
ur fiducial dynamical model assumes a N avarr o–Fr enk–White

NFW; J. F. N avarr o, C. S. Fr enk & S. D. M. White 1996 ) density
rofile for the dark matter halo and a Gaussian probability prior
n the logarithm of the central BH mass (with the mean being
 log M BH 

/ M �〉 = 8 . 8 and a standard deviation of 0.3). The choice
or the mean and the standard deviation of this Gaussian prior is

otivated by the r esults fr om the br oad-line component of H α fit
btained by A. C. Carnall et al. ( 2023b ). The reason for imposing
NRAS 547, 1–28 (2026) 

 version 8.0.0, available at https://pypi.org/project/jampy
 version 2.0.9 available from https://pypi.org/project/adamet/ 
0 version 2.0.8 available from https://pypi.org/project/pafit/ 
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 prior on the central BH mass is because our spatial resolution of 
 . 05 arcsec spaxel −1 is about 6.5 times larger than the radius of the
lack hole’s sphere of influence (assuming the mass obtained by
. C. Carnall et al. 2023b ). This is discussed in Appendix B and

llustrated in Fig. B1 where we present our Alternative-1 Black-
ole-Mass -Follows -Light (BH + MFL) model used to infer the

entr al BH mass, which w as allow ed t o be fit freely by the JAM
lgorithm. The other parameters of Alternative-1 the dynamical
odel (reported in Table B1 ) agree within 1 σ uncertainties with

he values obtained from our Fiducial dynamical model (the latter
er e r eported in Table 2 ). 
We obtain a stellar mass for this galaxy of 

og ( M ∗/ M �) = 10 . 52 ± 0 . 06 from our Fiducial dynamical
odel. This value is consistent within 1 σ with the value of 

0 . 58 ± 0 . 02 estimated by A. C. Carnall et al. ( 2023b ) from stellar
opulation modelling. In any case, we can see fr om e.g . fig . 1 of 
. Duan et al. ( 2024 ) that this galaxy is at least 3 σ more massive

han the median of the redshift range 4 . 5 ≤ z ≤ 6 . 5 . 
In our fiducial dynamical model, the dark matter density

rofile is assumed to be classical NFW (with the small radius
lope γ = −1 ) satisfying the equation (J. F. N avarr o et al. 1996 ;
. S. B. Wyithe, E. L. Turner & D. N. Spergel 2001 ): 

DM 

( r ) ∝ 

1 
( r / r b ) −γ · ( 1 + r / r b ) 3+ γ

, (5) 

 b is the break radius of the dark matter (DM) Halo in which
S-9209 resides. Using the stellar mass–halo mass relation re-

ults from the fig. 7 of P. S. Behroozi, R. H. Wechsler & C. Con-
oy ( 2013 ), we deduce that the halo of GS-9209 has a mass of 
og ( M h / M �) ≈ 12 . 36 ± 0 . 10 . Then we determine the virial ra-
ius of our DM Halo, R vir , from 

 h = 

4 π
3 

	vir ρm 

( z ) R 

3 
vir . (6) 

n this equation, we assume that the density contrast is 	vir =
00 . Doing the calculation we obtain R vir ≈ 70 ± 6 kpc. N e xt, we
stimate the concentration parameter c 200 = R vir / r b fr om Fig . 5
f A. A. Klypin, S. Trujillo-Gomez & J. Primack ( 2011 ). We obtain
 value of c 200 = 4 . 7 ± 0 . 2 , which gives r b = 14 . 9 ± 1 . 4 kpc. This
s the reason for which we have chosen to fix this break radius in
ur calculations to 15 kpc ( 2 . 31 arcsec at this redshift) in our JAM
ynamical modelling algorithm. In a similar way to the method

llustrated in Section 3.1.2 , we fit this NFW profile to obtain the
GE Gaussians for the Dark Matter component. Subsequently,

he one-dimensional MGE best fit of the dark matter halo density
rofile and the MGE fit of the stellar component light profile
constructed in Section 3.1.2 ) are combined. 

The dynamical model is used to determine a number of param-
ters that define either the morphology or the structure of this
alaxy: 

https://pypi.org/project/jampy
https://pypi.org/project/adamet/
https://pypi.org/project/pafit/
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Figure 5. Outputs of the fiducial dynamical model. In this model, we consider a Gaussian prior on the mass of the central BH (as shown on the bottom 

right corner plot panel; see the details in Section 4.2 ) and we furthermore assume a classic NFW density profile of the dark matter halo. We obtain 
a Dark Matter fraction of about 14 . 5 +6 . 0 

−4 . 2 per cent within two effective radii. In this plot, we denote log ( M ∗/L ) ≡ log [ ( M ∗/L ) / ( M �/L �) ] . The fiducial 
dynamical model has χ2 

r = 1 . 4 . The central black dashed line corresponds to the major axis of the galaxy, which we will use in the calculation of ( V/σ ) ∗
in Section 4.4.2 . 
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(i) q intr , the intrinsic axial ratio. Combined with the observed 

xial ratio, this will give us the inclination angle of the galaxy
ith respect to the line of sight. The latter is crucial in com-
uting the de-projected values of various kinematic parameters 
Section 4.4 ). 

(ii) σz σR , the radial anisotropy of the velocity ellipsoid (cylin- 
rically aligned). This is also used in de-projection calculations. 
(iii) M ∗/ L , the stellar mass to light ratio. 

Because V rms is independent of the tangential anisotropy (see 
he discussion in section 3.1.5 of M. Cappellari 2008 ), we need to
est another dynamical model Alternative-2 in order to determine 
he tangential anisotropy σφ/σR (this parameter is required for 
ubsequent de-projection calculations). We fit the first-order ve- 
ocity moment along the line of sight i.e. the V ∗ spatially resolved

ap from the left panel of Fig. 4 with the JAM keyword input
oment = ‘z’ . In this model, we again assume a classic NFW
M halo density profile and Gaussian priors on each of the pa-

ameters q intr , σz /σR , log f DM 

( < 2 R eff ) , log [ ( M ∗/L ) / ( M �/L �) ] , 
nd log ( M BH 

/ M �) . The means and the standard deviations of 
heir Gaussian priors are taken as the best fit and the uncertainty
stimates produced as outputs of Fiducial dynamical model (Ta- 
le 2 ). We introduce the new parameter σφ/σR to be fitted by the
AM algorithm. We impose an informative Gaussian prior on this 
arameter with a mean of 1 and a standard deviation of 0.2 as
otivated by the second panel of fig. 2 from M. Cappellari et

l. ( 2007 ). The outcome posterior distributions of this model are
hown in Fig. C1 in Appendix C , with the mean and the uncer-
ainties given by the 16 th and 84 th per centiles r eported in Table
1 . We are thus able to put a tight constraint σφ/σR = 1 . 01 ± 0 . 05 .

.3 Dynamical mass of GS-9209 

e compute the total dynamical mass of this galaxy using equa-
ion (7) from A. der Wel et al. ( 2022 ) (assuming that our galaxy
ehaves kinematically similar to a disc; this is justified by the
otation pattern that we can see in spatially resolved V ∗ map;
ig. 4 ): 

 dyn = K ( n ser ) K 

(
q ′ 

)
R eff σ

′ 2 
∗ / G . (7) 
MNRAS 547, 1–28 (2026) 
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e use the same parametrizations as in A. der Wel et al. ( 2022 );
his parametrization assumes that the total dynamical mass is
wo times larger than the mass predicted by JAM dynamical

odelling within the half light radius: M dyn = 2 × M JAM 

( < R eff ) .
n this equation, K(n ser ) is given by eq. (20) of M. Cappellari
t al. ( 2006 ). This correction factor depends on the Sérsic in-
ex (we adopt a value n ser = 2 . 97 ± 0 . 14 following the results of 
he PySersic photometric fitting and given in Table 1 ), whereas
 ( q ′ ) depends on the observed axial ratio, for which we take q ′ =
 − ε′ = 0 . 748 ± 0 . 015 with ε′ also taken from the PySersic
tting results (Table 1 ). From the PySersic photometry fitting,
 e hav e that R eff = 223 ± 4 pc . This uncertainty is pr opag ated

rom the PySersic fitting and is not our actual error for R eff .
e estimate the latter to be around ±20 pc , taking into account

he systematic uncertainties. For the stellar velocity dispersion,
e take σ ′ 

∗ to be the non de-projected value that we obtained
rom the ppxf full spectrum fitting i.e. σ ′ 

∗ = 239 ± 34 km s −1 (Sec-
ion 3.2 ). 

Using these values, we obtain log 
(
M dyn / M �

) = 10 . 3 ± 0 . 3 .
he quoted uncertainties are dominated by systematics such as

he calibration uncertainty of the virial estimator scaling relation.
verall, this result is consistent (within the 1 σ uncertainties)
ith the stellar masses that we have found using our Fiducial
ynamical model ( log ( M ∗/ M �) = 10.52). A considerably more
obust method of computing the dynamical mass was proposed
n section 5.2 of M. Cappellari ( 2023 ) and relies on the use of 
am_axi_sersic_mass pr ocedur e, which has a number of im-
ortant advantages such as allowing us to pass as inputs the size
f the PSF and our custom rectangular aperture ( 0 . 35 arcsec ×
 . 35 arcsec ) that we used to produce the spectrum in Fig. 2 .
urthermore, the method takes into account the effects of in-
lination and radial anisotropy when predicting the dynamical
ass of the Sérsic model of our galaxy. With n Ser = 2 . 97 , and the

alues for R eff and σ ′ 
∗ mentioned abov e, w e obtain a remarkably

imilar value: log 
(
M dyn , JAM 

/ M �
) = 10 . 32 ± 0 . 14 . Our result is

onsistent with the fact the target has a relatively low dark matter
raction, as inferr ed fr om our fiducial dynamical model (Fig. 5 ),
ith the total density of this galaxy being close to its stellar
ensity. 

.4 Quantitative analysis of the galaxy’s kinematics 

o allow for a better comparison with the observationally re-
rieved kinematics parameters of other galaxy samples from the
iterature or with the characteristics of galaxies in numerical
imulations, we must compute some quantities that numerically
uantify the rotational pattern observed in this galaxy and the net
ontribution of rotation itself t o the t otal kinetic energy budget of 
he galaxy. These are: 

(i) ( V/σ) ∗ the ratio of between stellar rotational velocity and
elocity dispersion. 

(ii) λ2R eff : the spin paramet er of our galaxy, calculat ed using
ll the bins available within a projected distance of ≤ 2 R eff from
he g alaxy’s centr e. The r eason for choosing an aperture of 2 R eff 
nstead of the conventional 1 R eff is because of the fact that we
nly have one Voronoi bin within the latter aperture. We adopt
he effective radius and the g alaxy’s centr e position that were
etermined by PySersic . 
(iii) κrot = ( K . E . ) rot / ( K . E . ) total . This is the fraction of kinetic

nergy that goes into or der ed stellar r otation (defined in the same
ay as in L. V. Sales et al. 2012 ). 
NRAS 547, 1–28 (2026) 
.4.1 Inclination angle; de-projection calculations 

he intrinsic (de-projected) axial ratio of the galaxy, q intr , is a
ree parameter that our JAM algorithm provides a best fit for. In
he Fiducial model (which is mor e r obust compar ed to the BH-

FL one in Appendix B ), JAM predicts a value q intr = 0 . 62 ± 0 . 10
Table 2 ), although the data do not provide tight constraints, since
he posterior probability distribution is consistent with the upper
imit set by the priors (Fig. 5 ). In order t o t est the robustness of this
stimat e, w e conduct a further dynamical model test Alternative-
 . In this model, we use the same set-up as in the Fiducial model
ut this time we put an additional Gaussian prior on q intr with
 mean of 0.41 and a standard deviation of 0.18. The choice for
hese values is motivated by the study of J. Houdt et al. ( 2021 )
n a sample of massive galaxies from the LE GA -C survey (A.
el et al. 2016 ). While these values apply to a sample of galax-

es at 0 . 6 < z < 1 , ther e ar e curr ently no similarly large spec-
roscopic surveys of quiescent galaxies at much higher redshifts
han this LE GA -C sample. As given in Table D1 the Alternative-3
ynamical model gives q intr , 3 = 0 . 58 ± 0 . 09 and it has a higher
educed χ2 

r than the Fiducial dynamical model. Since q intr , 3 is
ignificantly closer to q intr retrieved by the fiducial model than
o the mean of the prior imposed on this parameter within the
lternative-3 dynamical model, it means that we can trust the

eliability of our data to determine the true value of the intrin-
ic axial ratio of GS-9209. Hence, we assume q intr = 0 . 62 in our
ubsequent calculations. This value agrees with the median axial
atio found by L. Ka win wanichakij et al. ( 2025 ) for a sample of 
7 MQGs at 3 < z < 4 . 3 (originally from T. Nanay akkar a et al.
025 ). 

The equation that relates the observed axial ratio, the intrinsic
xial ratio, and the inclination of our line of sight compared to the
alaxy axis of symmetry is the equation (14) from M. Cappellari
 2008 ). R earr anging the t erms, w e hav e 

an i = 

√ 

1 − q ′ 2 

q ′ 2 − q 2 intr 
. (8) 

e obtain an inclination angle of i = 57 . 8 ◦ ± 9 . 5 ◦ ( i = 0 ◦ would
orrespond to a face-on view). The inclination angle that we
btain for GS-9209 is surprisingly (although not physically im-
ossibly) high. We should keep in mind the fact that this galaxy
xhibits line emission from the AGN broad-line region (BLR;
. C. Carnall et al. 2023b ). There have been several studies about
LRs, Type-1 AGNs, and Seyfert-1 galaxies from a geometrical
erspective (T.-Z. Zhang & X.-B. Wu 2002 ; R. Decarli, M. Dotti &
. Treves 2011 ; L. Kuhn et al. 2024 ). The general consensus is that

he maximum half-opening angle of the cone of BLR emission is
omewhere in the region θo ≈ 50 ◦- 60 ◦, which means that, in our
ase, the detection of broad-line H α emission in GS-9209 implies
hat the inclination angle should (conservatively) be below 60 ◦.
iven the inclination angle value of i ≈ 58 ◦ for GS-9209, it means

hat the line of sight is only barely inside the BLR emission cone.
lthough the distribution of the inclination angles for general
LRs is peaked at around 〈 i 〉 ≈ 30 ◦ if we assume thin disc shapes

R. Decarli et al. 2011 ), there have been studies that reported an
nclination angle close to the cone half-opening angle and also
lose to about 60 ◦ (e.g. M. C. Bentz, P. R. Williams & T. Treu 2022 ).
n other cases, the inclination angles of the galactic disc and the
nclination angle of the BLR are widely different but broad-line
mission is still det ect ed (e.g . sour ces MC G + 04-22-042, Mrk 1392
r Zw 229 − 015 ; R. Du et al. 2025 ). 
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Figur e 6. N on-depr oject ed st ellar kinematics first and second moments 
( V ∗– top panel and σ∗– bott om panel, t ogether with their 1 σ uncertainties) 
radial profiles obtained from the fiducial dynamical model. 
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11 Information about the NIRCam filters can be found here . 
.4.2 V/σ

e adopt the following method for determining ( V/σ ) ∗. We con- 
ider a set of points located on the major axis of the galaxy (in
he rotated coordinate system in which the major axis is in the
orizontal dir ection). Ther efor e, we select this set of points in the
rojected space such that they have y rot , P = 0 and they are equally
paced between x rot , P = −4 spaxels and x rot , P = + 4 spaxels along
he major axis indicated on the bottom panel on the right-hand
ide of Fig. 5 (4 spaxels mean 0 . 20 arcsec , which is approximately
he size of the region we can extract kinematics data from). For
ach Voronoi bin ‘V’ (located at coordinates x V,k and y V,k with
 ≤ k ≤ 16 ) we compute the angular distances to each point ‘P’
n galaxy’s major axis ( x p,i and y p,i = 0 for 0 ≤ i ≤ 4 ; we chose
o sample the data points at distances of 0 . 1 arcsec from one
nother, giving a total of five points on the galaxy’s major axis):
 i,k = 

√ 

y 2 V,k + 

(
x V,k − x p,i 

)2 . Then for each constructed point on 

he galaxy’s major axis we define a kinematic rotational velocity 
 kin , i and velocity dispersion σkin,i such that 

 kin , i = 

( 16 ∑ 

k=0 

V k /d 

2 
i,k 

) / ( 16 ∑ 

k=0 

1 /d 

2 
i,k 

) 

, (9) 
kin , i = 

( 16 ∑ 

k=0 

σk /d 

2 
i,k 

) / ( 16 ∑ 

k=0 

1 /d 

2 
i,k 

) 

. (10) 

 k and σk ar e the r otational velocity and the velocity dispersion
for the Voronoi bin ‘k’) computed by our Fiducial dynamical 

odel for the Voronoi bin ‘k’. In this section, V k and σk can be re-
 ar ded as the PSF-deconv olv ed kinematics map values obtained
ithin the Fiducial dynamical model (Fig. 6 ). These are retrieved
y setting the keywords in JAM : analytic_los = False and in-
erp = False . 
Using the equations ( 9 ) and 10 , we obtain the radial profile

ata points (the pink cross symbols on Fig. 6 ) at various radial
istances from the galaxy’s centre along the galaxy’s major axis 
at the positions R i with respect to galaxy’s observed centre). We
hen compute the values for V ∗ and σ∗ at the galaxy’s outskirts (so
n our case at R = 0.2 arcsec along the major axis). This pr ocedur e
ives us the projected value of ( V/σ ) ∗. In order to calculate the
e-project ed value w e use equation (A.2) from J. Falcón-Barroso
t al. ( 2019 ) and obtain ( V/σ ) ∗ = 0 . 76 ± 0 . 16 . 

.4.3 Specific angular momentum parameter λ2R eff 

ur resolution does not allow us t o comput e the spin parameter
ithin 1 R eff directly. We have only one Voronoi bin within 1 R eff 

out of the 17 Voronoi bins) but six Voronoi bins within 2 R eff 
f the g alaxy’s centr e. The radial distances of the Voronoi bin ‘k’
r e R k = 

√ 

x 2 rot , k + y 2 rot , k , wher e x rot and y rot ar e the Vor onoi bins
oordinates in the rotated system. We do not correct for inclina-
ion at this step yet as we will do the de-projection calculations
t a later step. The spin parameter within 2 R eff can be computed
y summing over the Voronoi bins within the said aperture. For
he resolv ed st ellar kinematics maps of the galaxy, V k and σk , we
se the output stellar kinematics maps from the JAM fiducial 
ynamical model. Following the definition from E. Emsellem 

t al. ( 2007 ): 

2 R eff = 

R k < 2 R eff ∑ 

k 
F k R k | V k | 

R k < 2 R eff ∑ 

k 
F k R k 

√ 

V 

2 
k + σ 2 

k 

. (11) 

n this equation F k r epr esents the light flux at the position of the
oronoi bin. This light flux distribution map can be obtained as
 direct output of our JAM dynamical model, but an alt ernativ e
ethod is to simply add up all the signal from the pixels contained
ithin each V oronoi bin. W e chose to use the former method
ecause it ensures better consistency with the input light maps 
hat were used for JAM . How ev er, in order t o estimat e the un-
ertainties on the Voronoi bin fluxes, F k , we proceeded by first
reating a pseudo-NIRCam F 200 W band image of our target in
rder to mimic the photometric data from which the light maps
nputs for JAM were constructed. Each Voronoi bin spectrum was 
onv olv ed with the transmission curve T ( λ) of the F 200 W band 

11 

uch that for any wavelength slice λ j : 

 bin k , pseudo = 

∑ 

j 

F bin k 
(
λ j 

) × w 

(
λ j 

)
, (12) 
MNRAS 547, 1–28 (2026) 

https://jwst-docs.stsci.edu/jwst-near-infrared-camera/nircam-instrumentation/nircam-filters#NIRCamFilters-tablenotes/
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ith the wavelength slices weights defined as w 

(
λ j 

) =
 

(
λ j 

)
/ 
∑ 

i 
T ( λi ) . The noise values associated with the pseudo-

 200 W images are calculated using 

 bin k , pseudo = 

√ √ √ √ 

∑ 

j 

N 

2 
bin k 

(
λ j 

) × w 

2 
(
λ j 

)
. (13) 

s a result, we will approximate the uncertainties on the JAM
or onoi bin flux es as N bin k , real = F k × N bin k , pseudo /F bin k , pseudo ,
hich we will use to pr opag ate the uncertainties on λ2 R eff from

quation ( 11 ). Doing the calculations and the error propaga-
ions, we obtain the raw (not de-projected and not PSF cor-
ected) λ2 R eff = 0 . 26 ± 0 . 03 . In order to account for PSF effects,
e use the empirical correction given by equations (9) and (16)

rom K. E. Harborne et al. ( 2020 ) and plugging in our values
or observed ellipticity, Sérsic index, effective radius from Ta-
le 1 , and σPSF = 0 . 044 arcsec , we obtain λ2 R eff ( PSF corrected ) =
 . 82 ± 0 . 10 . This still needs to be corrected for de-projection ef-
ects, for which we use equation (A.3) from J. Falcón-Barroso
t al. ( 2019 , originally from E. Emsellem et al. 2011 ) and we obtain
2 R eff ( PSF corr ected , depr ojected ) = 0 . 85 ± 0 . 10 . 
N e xt, we can convert from λ2 R eff to λR eff using equation (2) from

. Falcón-Barroso et al. ( 2019 ): λ2 R eff = ( 1 . 19 ± 0 . 14 ) λR eff . With
his extrapolation, we would obtain λR eff = 0 . 72 ± 0 . 09 . This λR eff 
alue enables us to make comparisons with observations from
he literature (see Section 5 ). The crit erion t o define a galaxy as a
low rotator was proposed as the equation (19) of M. Cappellari
 2016 ): λR eff < 0 . 08 + ε/ 4 . The intrinsic ellipticity of our galaxy is
≈ 0 . 38 in the Fiducial dynamical model. This certainly places

ur galaxy well within the fast rotator regime. We can instead
onsider the alt ernativ e crit erion from E. Emsellem et al. ( 2011 ):
R eff > 0 . 31 

√ 

ε for z ∼ 0 fast rotators. In this case, we reach the
ame conclusion that GS-9209 is definitely a fast rotator. This is
urther illustrated by calculating the value for ( V/σ ) R eff 

= 0 . 93 ±
 . 27 (obtained from λR eff by using equation 18 from M. Cappellari
016 ) is in agreement, within the uncertainties, with the value
omputed in Section 4.4.2 . 

.4.4 κrot , ∗

e want to compute how much of the total kinetic energy budget
f our galaxy goes int o st ellar or der ed r otation. This parameter
s defined using the equation (1) of L. V. Sales et al. ( 2012 ). In
rder to determine its value in our case, we use the jam.axi.intr
outine, which computes the intrinsic first and second velocity

oments for an arbitrary axisymmetric galaxy model. 
The first step is to compute the light and the dark matter

omponents MGE parametrization. For a Gaussian with a peak
urface brightness I k , dispersion σk , and observed axial ratio q ′ k ,
nd intrinsic axial ratio q k (see Section 3.1.2 for details), the lu-
inosity density is (equation 38 from M. Cappellari 2020 ): 

k = 

I k q ′ k 
q k σk 

√ 

2 π
. (14) 

n our case, for all Gaussians of the light component in our
arametrization q ′ k = 0 . 749 and q k = q intr = 0 . 62 . For the dark
att er component, w e fit the classic NFW density profile (equa-

ion 5 ) using mge_fit_1d in a similar way to how we fit the Sérsic
rofile in Section 3.1.2 for the luminuous component. The result-

ng best-fitting peak surface densities of the DM Gaussians are
onv ert ed t o v olume densities using again the equation ( 14 ) and
NRAS 547, 1–28 (2026) 
ssuming a spherical dark matter halo so for all of these Gaus-
ians q ′ DM 

= q DM 

= 1 . We next use the jam.mge.radial_mass
unction in order t o calculat e the amount of luminous mass
ithin the effective radius in order to scale the dark matter com-
onent in such a way that f DM 

( < 2 R eff ) matches the r esult fr om
ur Fiducial dynamical model (14.5 per cent). Combining the
GE Gaussians for these tw o components, w e obtain the grav-

tational potential parametrization for our dynamical model that
ill be passed as input to jam.axi.intr (together with the lumi-
ous component parametrization alone). We assume the central
H mass to be 10 8 . 8 M � (A. C. Carnall et al. 2023b ), the inclina-

ion angle is i = 57 . 8 ◦, and β = 1 − σ 2 
z /σ

2 
R = 0 . 286 (both values

re computed based on the results of the Fiducial dynamical
odel). 
For our intrinsic dynamical model we use a grid in a cylindrical

yst em of coordinat es with R = 0 at the centr e of the g alaxy and
 = 0 in the central plane of this galaxy. The points in the grid
t which we evaluate the model span from 0 . 5 R eff < R < 20 R eff 
nd from −R eff 

√ q intr < z < + R eff 
√ q intr with 1000 equally spaced

oints in both R and z r anges. A t each of these points, this model
valuates four quantities: 

(i) σ 2 
R, j , σ

2 
z, j , σ

2 
φ, j , the squared velocity dispersions along the ra-

ial, vertical, and azimuthal directions. 
(ii) 

〈
v 2 φ

〉
j , the second velocity moment along the tangential di-

ection, which in turn gives us the mean velocity of rotation along

he tangential direction 

〈
v φ

〉
j = 

√ 〈 
v 2 φ

〉 
j 
− σ 2 

φ, j . 

The equation (1) from L. V. Sales et al. ( 2012 ) can thus be
ewritten as 

rot , ∗ = 

∑ 

j 

(
m j 

〈
v φ

〉2 
j 

)
∑ 

j 

[
m j 

(
σ 2 

R, j + σ 2 
z , j + 

〈 
v 2 φ

〉 
j 

)] . (15) 

he mass weights at each point of the (R, z) grid have been com-
uted using equation (13) from M. Cappellari ( 2008 ) for the lumi-
ous component MGE parametrization and its analogous (equa-

ion 15 from M. Cappellari 2008 ) for the dark matter component
aussians and for each point on the grid m j = νlum 

(
R j , z j 

) +
DM 

(
R j , z j 

)
. The total luminosity of a Gaussian with peak surface

rightness I k , dispersion σk , and observed axial ratio q ′ k is L k =
 πq ′ k σ

2 
k I k and the equation is completely analogous for the total

ass of a DM Gaussian. Using our results for these quantities, we
btain κrot , ∗ = 0 . 39 ± 0 . 08 . 

 DISCUSSION  

.1 Dynamical structure of GS-9209 

n this subsection, we discuss the properties of GS-9209 result-
ng from our dynamical model. We combine this information
ith the findings of our kinematics analysis in order to infer

he most likely scenarios for the mass assembly history for this
alaxy. In A. C. Carnall et al. ( 2023b ), the authors justify, based
n their model SFH, that z ∼ 3 - 5 MQGs have likely gone through
 starburst/sub-millimetr e g alaxy (SMG) phase prior to the obser-
ation epoch. Ther efor e, we will now focus on e xploring what the
ossible low-redshift descendants of MQGs like GS-9209 might
e. 
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.1.1 Dark matter c ontent-c omparison with local observations 

n the corner plot of Fig. 5 , w e estimat e a dark matter mass
raction within 2 R eff of 14 . 5 +6 . 0 

−4 . 2 per cent . Because we assume a
lassical NFW dark matter density profile, this allows us to sub-
equently extrapolate the fraction of DM within one effective 
adius: f DM 

( < R eff ) = 6 . 3 +2 . 8 
−1 . 7 per cent , although it is crucial to

tress that this quantity is obtained indirectly, because the spatial 
esolution of our data do not allow us to directly measure this
uantity or the precise shape of the inner DM profile. 

We compare this inferred low dark mat ter fr action that we
ound for GS-9209 (within 1 R eff ) with the values reported by
 number of observational studies. M. Cappellari et al. ( 2013a )
nalyse a sample of local ETGs within the ATLAS 3D survey and 

onduct JAM dynamical modelling of these galaxies, finding a 
edian f DM 

( < R eff ) ∼ 13 per cent for their entire sample, but 
nly about ∼ 9 per cent for their most robustly modelled galax- 
es. S. Lu et al. ( 2024 ) have a 20 times larger sample of low-
 edshift ET Gs and conduct a similar JAM dynamical modelling 
nalysis, obtaining that the average f ( < R eff ) ≈ 10 per cent for 
e > 10 2 . 1 km s −1 . S. Shetty & M. Cappellari ( 2015 ) also find a
edian f DM 

( < R eff ) = 9 per cent for a sample of massive galax- 
es ( 10 10 M � < M ∗ < 10 12 M �) at z ∼ 0 . 8 . For the higher redshift
ample of 1 . 4 < z < 2 . 0 MQGs of J. T. Mendel et al. ( 2020 ), the
ver age DM fr action within the effective r adius is lower (6.6
er cent on average) compared with their likely local descen- 
ants. This is in line with the predictions of simulations such as
. Hilz, T. Naab & J. P. Ostriker ( 2013 ), who find that f DM 

( < R eff )
ncreases as galaxies build up their stellar mass via mergers 
hroughout their evolution. Hence, f DM 

( < R eff ) is also predicted 

o increase with cosmic time. In the case of post-Cosmic Noon 

ajor mergers, the increase is mild and mainly driven by mixing
rocesses leading to an intrinsic change in the spatial distribution 

f light and dark matter components (M. Hilz et al. 2012 ). How-
ver, minor mergers will lead to a more substantial increase in
 DM 

( < R eff ) because in this case, the increase in stellar effective 
ize is significant (C. Nipoti, T. Treu & A. S. Bolton 2009 ), meaning
hat now R eff probes more extended regions of the dark matter
alo (hence with more dark matter mass). Possible colour gradi- 
nts could also have an impact, since the outskirts of MQGs are
ominat ed by y ounger st ellar populations (assuming an inside-
ut quenching scenario) hence with lower M ∗/L ratios. This was 
rov ed t o be true for GS-9209 (Z. Ji et al. 2024b ) with the galaxy’s
utskirts at r > 0 . 3 arcsec from the centre being younger than
he central region at r < 0 . 3 arcsec . Since our kinematics data
nly extend up to 0 . 2 arcsec and our dark matter fractions are
easured within apertures lower than 0 . 2 arcsec , this means that

he gradient discovered by Z. Ji et al. ( 2024b ) was probed on larger
patial scales and our assumption of spatially uniform M ∗/L is
till valid. 

We provide a comparison between the dark matter fraction of 
S-9209, f DM 

( < 2 R eff ) , and the predictions of numerical simu- 
ations (focusing on the TNG50-1 simulation box) in Appendix E .

.1.2 Extr emely c ompact natur e and possible desc endants of 
S-9209 

ompact stellar sizes were reported for individual MQGs (A. C. 
arnall et al. 2023b ; A. Graaff et al. 2024 ; A. Weibel et al. 2025 )
ut also for sample studies (K. Ito et al. 2024 ; L. Wright et al. 2024 ;
. Ji et al. 2024a ). It means that prior to quenching, the cold gas

uelling the e xtr eme star formation episodes in the history of such
alaxies was either channelled to the galaxy’s innermost central 
art (this is in agreement with the findings of previous studies
ased on cosmological simulations, e.g. A. Zolotov et al. 2015 ; S.
acchella et al. 2016 ; W. McClymont et al. 2025 ) or that a com-
action episode happened post-quenching: when the gas in the 
riginal stellar disc was consumed and the turbulent motions dis- 
ppeared, the stellar orbits got shrinked as a result of dynamical
riction. The rotation pattern of the stellar component observed 

n GS-9209 tells us that the stellar disc is not destroyed by the
uenching mechanism (at least not immediately). This seems to 
e in agreement with the inside-out quenching scenario (S. Tac- 
hella & others 2015 ) and it tells us that the formation of spheroid
omponents takes place on a much longer time-scale compared 

o quenching in the case of MQGs in the early Universe. 
The presence of a rotational pattern in the V ∗ resolved map

f this galaxy further indicates that this galaxy assembled most 
f its stellar mass, not by dry major mergers but more likely via
ecular accretion of cold gas possibly channelled along the cosmic 
eb filaments (which ensures transportation of the gas deeper to- 
ards the central regions of massive haloes). This picture is, how-

ver, challenged by the findings of L. C. Kimmig et al. ( 2025 ) who
rgue in the favour of the hypothesis that high-redshift MQGs 
ay have initially been local nodes of the cosmic web residing in

nder dense envir onments. This means that the local filamentary 
tructure is unable to efficiently accumulate mass at the node, 
eading to an e xtr eme episode of isotropic spherical mass accre-
ion on to the node, which is followed by a strong starburst phase.
n any case, the subsequent quenching is likely the result of the
ction of AGN ejective feedback driving large outflows of cold 

as, which is rapidly expelled out of the galaxy’s circumgalactic 
edium. Prev entativ e feedback causes the heating of the gas in

he halo, which ensures the long-term quiescence of galaxies such 

s GS-9209 or ZF-UDS-7329 (K. Glazebrook et al. 2024 ). 
Gas -rich merg ers (either major or minor) must also take place

likely before the quenching event) in the case of GS-9209, since
his galaxy is somewhat rounder compared to both the average 
ocal and high- z pure discs. C. d. P. Lagos et al. ( 2018 ) show that
as -rich merg ers typically produce small chang es in a galaxy’s
tellar specific angular momentum and, in some cases, it might 
ven cause a galaxy to spin-up. Dry major mergers, however, are
ess plausible since they would distort or even destroy the stellar
otation pattern that we observe. This seems to be in agreement
ith the findings of D. Puskás et al. ( 2025 ) who determine that
ajor mergers contribute less than 15 per cent to galaxies’ stellar
ass growth (in a redshift range 3 < z < 9 and for a sample with

tellar masses 8 < log ( M ∗/ M �) < 10 ). Such galaxies could be the
rogenitors of MQGs like GS-9209. Numerical simulations (e.g. 
. Tacchella et al. 2019 ) reveal that ex situ processes become the
ominant source of mass growth in the case of massive M ∗ >

0 11 M � galaxies only at lower redshifts z < 2 . Q. Duan et al.
 2025 ) find that at the redshift of GS-9209, the merger rate per
alaxy is about 2 Gyr −1 on average. A. C. Carnall et al. ( 2023b )
alculate that the age of this galaxy at the observation time (i.e.
 obs − t form 

) is 400 −500 Myr. Thus, all these results support the
ossibility that GS-9209 has not undergone a significant major 
erger throughout its history prior to z = 4.66. How ev er, any
ajor mergers in the subsequent evolution of MQGs like GS- 

209 will ultimately determine the possible descendants of early 
ormed early quenched massive galaxies. 

Due to the high- z MQGs’ compactness, many authors claimed 

hem to be the progenitors of the compact dense cores of Cosmic
oon and later ETGs (A. C. Carnall et al. 2023b ; Z. Ji et al. 2024c ;
MNRAS 547, 1–28 (2026) 
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. Weibel et al. 2025 ). Indeed, correlations between quenching
nd M bulge exist (M. Cappellari et al. 2013b ; A. F. L. Bluck et al.
014 ) and, furthermore, by z ≈ 2 . 5 there is clear evidence for
assive bulges and galaxies with suppressed star formation, at

east in their cor e r egions (S. Tacchella et al. 2015 ). How ev er, it
s likely that a fraction of high-redshift compact MQGs similar to
S-9209 may not be inv olv ed in low-redshift major mergers. They
ight be the progenitors of a rare class of compact massive ETGs

nown as ‘relics’. An example of such a galaxy is NGC 1277 (I.
rujillo et al. 2014 ; S. Comerón et al. 2023 ), which has seen little
hange in terms of its stellar populations or structural properties
ithin the last 12 Gyr. Further evidence that internal processes
ave the largest contribution to the mass assembly of NGC 1277

s r epr esented by the discovery that this g alaxy pr edominantly
osts metal-rich (red) globular clusters (M. A. Beasley et al. 2018 ).
he stellar populations of r elic g alaxies ar e believ ed t o be formed
uring a single starburst episode in the history of this galaxy.
. A. Beasley et al. ( 2018 ) find that the fraction of blue metal-poor

lobular clusters in NGC 1277 (whose likely origin is accretion
rom less massive companion galaxies) is significantly smaller
ompared to galaxies of similar M ∗ to NGC 1277. 

Reg ar ding the dark matter content, NGC 1277 is even more
ary on dominat ed ( f DM 

( < 5 R eff ) < 5 per cent ) than GS-9209.
oth NGC 1277 and GS-9209 are fast rotators, highly compact and
trongly bary on dominat ed, indicating that the latt er galaxy is the
urr ently highest-r edshift analogue of the local r elics g alaxy pop-
lation. A possible link between high-redshift MQGs and low-
 edshift r elics has been suggested by E. A. Hartmann et al. ( 2025 ).
. Comerón et al. ( 2023 ) suggest that the low dark-matter content
f relics in the local Universe might be caused by processes taking
lace in early stages of galaxy formation. One possible expla-
ation could be that, during the early stages of massive galaxy

ormation, baryons cool and accrete on to the central galaxy on
 shorter time-scale than dark matt er. An alt ernativ e possibility
s given by an extensive dark matter component stripping during
he galaxy’s infall into a rich galaxy cluster (NGC 1277 is part of 
he Perseus Cluster, but this does not apply to GS-9209, which is
n isolated object). Finally, the low dark mat ter fr action could also
e explained by an early proto - galactic collision that essentially

eft the galaxy heavily bary on dominat ed for its entire subsequent
volution. 

Interestingly, GS-9209 and NGC 1277 possess a key differ-
nce: the IMFs of their stellar populations. S. Comerón et
l. ( 2023 ) found an e xtr emely bottom-heavy IMF with α =

( M ∗/L ) / ( M ∗/L ) Salpeter = 1 . 3 - 1 . 5 for NGC 1277. A. Ferré-Mateu
t al. ( 2017 ) also found that two additional r elic g alaxies (Mrk
216 and PGC-032873) have bottom-heavy IMFs. Indeed, M.
aksymowicz-Maciata et al. ( 2024 ) r eported (fig . 5 of their pa-

er) that e xtr eme r elic g alaxies ar e gener ally char acterized by
 bottom-heavy IMF. However, we find that GS-9209 is instead
haracterized by a standard IMF. This is because our fiducial
ynamical model returned log ( M ∗/ M �) = 10 . 52 ± 0 . 06 , which

s in e x cellent agr eement with the value found by A. C. Carnall
t al. ( 2023b ) ( 10 . 58 ± 0 . 02 ) who performed an SED fitting of the
alaxy’s spectrum and assumed a Kroupa IMF (P. Kroupa 2001 ).
his may point to some differences in the formation and mass as-
embly processes of early massive quenched galaxies, compared
o low-r edshift r elic g alaxies. Hence, it is unclear whether the
ormer category truly r epr esents the progenitors of the latter. 

Reg ar dless, our findings r epr esent the first dynamical measure-
ent of the IMF at z > 3 , highlighting the potential of future

patially resolved surveys of high-redshift MQGs. 
NRAS 547, 1–28 (2026) 

M  
.2 λR eff Comparison with literature 

ur value of λ2 R eff = 0 . 85 ± 0 . 10 gives λR eff = 0 . 72 ± 0 . 09 (as
hown in Section 4.4.2 ). We can study the properties of GS-9209
y comparing it with GS-10578 (another MQG, but at lower red-
hift, z ∼ 3 . 064 ). As we can observe in Fig. 7 these galaxies occupy
 similar place in the λR eff − ε plane but they hav e quit e different
tellar masses. It is important to look in more detail at some
otential key differences between the way these two galaxies as-
embled their mass and quenched star formation. 

F. D’Eugenio et al. ( 2024 ) mention that GS-10578 had its main
tar formation episodes at epochs z = 3 . 7 - 4 . 6 . The stellar mass of 
S-10578 is appr o ximat ely fiv e times larger than that of GS-9209.
oth g alaxies r etain high values of specific angular momentum,
hich means that these galaxies formed most of their stellar mass

n situ and that they likely did not experience significant gas-poor
ergers (otherwise we would not observe a significant stellar ro-

ation; e.g. C. d. P. Lagos et al. 2018 ). If galaxies like GS-9209 were
he direct progenitors of those like GS-10578, given the stellar

ass differences between the two galaxies, and the difference in
he ages of the Universe at these redshifts, this would imply an
v erage st ellar mass growth r ate of ˙ M ∗ ≥ 200 M � yr −1 . If this w as
uelled solely by fresh cold gas accretion (major mergers would
isturb the observed stellar disc motions), that new reservoir
f cold gas would need to be converted into stars in order to
atch the observational constraints of low molecular hydrogen
ass fraction in z > 3 quiescent galaxies (e.g. T. L. Suzuki et al.

022 ; J. Scholtz et al. 2024 ). Such high values of SFR are typically
ssociated with high-redshift sub-millimetre galaxies (SMGs) or
igh-redshift dusty star-forming galaxies (DSFGs; S. Carniani
t al. 2013 ; R. Gilli et al. 2014 ; Q. Tan et al. 2014 ; C. M. Casey
t al. 2019 ; P. Sharda et al. 2019 ; D. A. Riechers et al. 2020 ; F.
izzo et al. 2020 , 2021 ; J. E. Birkin et al. 2021 ; F. F r aternali et al.
021 ; S. Ikarashi et al. 2022 ; E. Parlanti et al. 2023 ; S. Arribas
t al. 2024 ; M. Fuent ealba-Fuent es et al. 2024 ; F. Sun et al. 2024 ;
. Zhu et al. 2024 ; N. B. Sillassen et al. 2025 ). Consequently, a
lausible explanation is that z > 4 SMGs and/or DSFGs could be
he progenitors of MQGs like GS-9209 or GS-10578. Some galaxy
ormation and evolution simulations predict an evolutionary link
etween SMGs and MQGs (C. d. P. Lagos et al. 2015 ). 

M. Park et al. ( 2024 ) analysed SFHs in Cosmic Noon MQGs and
hey report having found their sample to be split into three differ-
nt sub - categories (fig. 7 of that paper). In our case, the findings
f M. Park et al. ( 2024 ) resonate with the different SFHs of GS-
0578 (which is a recently formed, recently quenched galaxy) and
S-9209 (an early formed, early quenched galaxy). As a result,
espite showing some similarities, galaxies such as GS-9209 are
nlikely to be the direct progenitors of those like GS-10578. This
nderlines the idea that the likely mechanisms of mass assembly
nd quenching of MQGs wer e alr eady in place at z > 5 and,
oreover, the same processes seem to occur in a similar way for
idely different stellar masses. 
Close similarity in terms of the position in the λR eff − ε plane

an be observed in the case of the z ∼ 2 galaxies MRG-M0138 and
RG-M2129. How ev er, just as in the case of GS-10578 versus GS-

209, the stellar masses of these Cosmic Noon quiescent galaxies
re also widely different: M ∗ = 10 10 . 96 M � for MRG-M2129 and
 ∗ = 10 11 . 69 M � for MRG-M0138. In the case of these galaxies,

he stellar rotation component (highlighted by the high ellipticity
nd high λR eff ) has been preserv ed aft er quenching. In addition,
he g alaxies ar e observed (via lensing) at similar redshifts ( z ∼
 . 15 for MRG-M2129, S. Toft et al. 2017 and z ∼ 1 . 95 for MRG-
0138, A. B . N ewman et al. 2018b ), which, given the highly
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Figur e 7. λR eff ag ainst ellipticity, colour coded by log ( M ∗/ M �) . The small symbols are galaxies from v arious observ ational surveys that offer a compre- 
hensive picture of the kinematic properties of local galaxies with M ∗ > 10 9 M �. The small pentagons are z < 0 . 17 g alaxies fr om the MaNG A DynPop 
catalogue (K. Zhu et al. 2023 ). The small diamonds are local galaxies (0.005 < z < 0.03) from the CALIFA survey (J. Falcón-Barroso et al. 2019 ). The small 
cir cles r epr esent E and S0 type g alaxies in the nearby Universe fr om ATLAS 3D survey (M. Cappellari et al. 2011 ). For the purpose of their colour coding by 
st ellar mass, w e multiplied the r -band luminosity data from M. Cappellari et al. ( 2013a ) with the stellar M/L ratio in the same band (from M. Cappellari & 

others 2013b ). Because these three data sets are large, we LOESS smoothed (see W. S. Cleveland & S. J. Devlin 1988 ) each of them. The X crosses are 
z < 0.095 galaxies from SAMI survey (J. de Sande et al. 2017 ). The small triangles r epr esent e xtr emely massive ( M ∗ > 10 11 . 5 M �) local ET Gs fr om the 
MASSIVE sample (M. Veale et al. 2017a , b ). We overplot the positions on this diagram of 10 MQGs near Cosmic Noon ( 1 . 2 < z < 2 . 3 from M. Slob et al. 
2025 ; diamonds), three additional lensed MQGs at z = 1 . 93 - 2 . 64 (MRG sample; A. B. Newman et al. 2018b ), two massive, dark matter-defficient galaxies, 
NGC 1277 and NGC 1278 ( f DM 

( < 5 R eff ) < 0 . 05 and f DM 

( < 1 . 5 R eff ) = 0 . 14 ± 0 . 04 , r espectively) r eported by S. Comerón et al. ( 2023 ) and, finally, three 
galaxies at z ∼ 3 . 5 from the VISTA Deep Extr agalactic Observ ations survey (VIDEO; M. J. Jarvis et al. 2013 ), including the earliest slow rotator known, 
XMM-VID-2075 (B . Forr est et al. 2025 ; downwar ds pointing triangle). GS-10578 (F. D’Eugenio et al. 2024 ) is the most similar fast rotat or MQG t o our 
target. The two fast/slow rotator boundaries follow the equations: λR eff = 0 . 08 + ε/ 4 (for ε < 0 . 4 ; M. Cappellari 2016 , pink dashed line) and λR eff = 

0 . 31 · √ 

ε (E. Emsellem et al. 2011 , black solid line). In this plot, we also illustrate the empirical relation λ2 R eff = ( 1 . 19 ± 0 . 14 ) × λR eff (J. Falcón-Barroso 
et al. 2019 ) that we used to estimate the observationally inaccessible λR eff (due to spatial resolution limitations) based on our measurement of λ2 R eff . 
Admittedly, this empirical correction is not perfect, but it is accurate enough to preserve our conclusion that GS-9209 is unambiguously a fast rotator. 
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ifferent stellar masses, argues for different SFHs in these galax- 
es. Again, given the high λR eff , it is most likely that these galaxies
uilt most of their stellar masses via secular cosmological gas 
ccretion and in situ gas conv ersion int o stars. Nev ertheless, the
uenching mechanism leading to the halting of star formation in 

uch massive galaxies seem to be taking place in a similar way
ndependent of M ∗. It can be remarked that the MQGs at z > 1 . 5
hat w e plott ed in Fig. 7 and the relic galaxy NGC 1277 at z = 0 are
ll fast-rotators. This is in very good agreement with the findings
rom the Magneticum Pathfinder simulations. Fig. 10 from L. C. 
immig et al. ( 2025 ) highlights that at all redshifts 2 . 7 < z < 5 . 4
 est ed by the authors, slow rotators quiescent galaxies represent
 minority of the overall galaxy population. 

.3 V/σ Comparison with observations 

n Fig. 8 , we plot the evolution of the ratio betw een st el-
ar rotational velocity and stellar velocity dispersion ( V/σ ≡
 ( R eff ) /σ0 ) based various observational samples. We present the 
uiescent galaxies in the LE G A-C and SUSPENSE samples, to-
ether with the six MQGs at z > 1 . 5 , which ha ve a vailable stellar
MNRAS 547, 1–28 (2026) 



16 R. G. Pascalau et al. 

M

Figur e 8. This figur e illustr ates the r atios of rotational v elocity t o v elocity dispersion, ( V/σ ) ∗ as traced by st ellar kinematics of various targets at 0 . 5 < 

z < 5 . All targets are colour coded using the logarithm of the stellar mass. GS-9209 (presented in this work) is the highest-redshift object for which this 
measur e of r otational support was determined. The back gr ound he xagons ar e 0 . 6 < z < 1 MQGs whose st ellar kinematics w ere det ermined with Jeans 
anisotropic models (J. Houdt et al. 2021 ). The two thick error bars indicate the median redshift and V R eff /σ0 , together with their [ 5 ; 95 ] per cent and 
[ 16 ; 84 ] per cent ranges, respectively. The 10 small diamonds are a sample of MQGs near Cosmic Noon ( 1 . 2 < z < 2 . 3 ) from the SUSPENSE survey 
(M. Slob et al. 2025 ). We also overplot the three lensed MQGs at 1 . 95 < z < 2 . 64 from A. B. Newman et al. ( 2018b ), the recently discovered massive 
slow rotator at z = 3 . 45 (XMM-VID-2075; B. Forrest et al. 2025 ) and the GS-10578 (F. D’Eugenio et al. 2024 ) fast-rotator, with the most similar kinematic 
properties to GS-9209. The existence of XMM-VID-2075 slow rotator is surprising, given that most of the other z > 1 MQGs are fast rotators. The existing 
observational data are too scarce to constrain an evolutionary trend with redshift, but excluding XMM-VID-2075, the other data points shown here seem 

t o indicat e that the st ellar V/σ ratio does not ev olv e sigificantly across cosmic time. 
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inematics data. In cases where V ( R eff ) /σ0 is not directly re-
ort ed, w e comput e this ratio as follows. For five of our indi-
idual MQGs highlighted in the plot (GS -9209, GS -10578 from
. D’Eugenio et al. 2024 , MR G-0138, MR G-0150, and MR G-
129 from A. B. Newman et al. 2018b ), we use their radial
rofiles of the velocity dispersion σ ( R ) to determine the ratio
( R = 0 ) /σ ( R = R eff ) . In the case of the slow rotator XMM-
ID-2075, B . Forr est et al. ( 2025 ) r eport σ0 ∼ 500 km s −1 

nd σR eff = 387 ± 22 km s −1 , from which we obtain a value
f 1 . 29 ± 0 . 07 for this ratio. We then estimate the values of 

( V/σ ) R eff 
based on the measured λR eff parameters using equa-

ion (18) from M. Cappellari 2016 . We then multiplied ( V/σ ) R eff 
y σ ( R eff ) /σ0 . The existence of a slow rotator MQG at z ∼
 . 44 could be potentially explained as the outcome of a ma-
or merger event, which strongly disrupted a previously exist-
ng stellar disc. This would also be consistent with the rel-
tively high observed axial ratio of that object ( q ′ ∼ 0 . 89 ; B.
orrest et al. 2025 ). How ev er, an alt ernativ e hypothesis of an

sotr opic g as infall has been pr oposed by Á. Chandr o-Gómez et al.
 2025 ). 

For the three lensed massive quiescent targets from A. B. New-
an et al. ( 2018b ), their effective radii are given in A. B . N ewman

t al. ( 2018a ) in the case of MRG-2129 and MRG-0150 and in
. B . N ewman et al. ( 2025 ) for MRG-0138. We have assumed

hat for these three MQGs σ0 ≈ σ ( R = 0 ) . This appr o ximation
s true in the case of GS-9209 ( σ ′ 

∗ ≈ 239 ± 34 km s −1 , see Sec-
ion 3.2 ; σ ′ ( R = 0 ) ≈ 230 - 240 km s −1 , see Fig. 6 ). The numerical
ncertainty of the aperture-int egrat ed v elocity dispersion that we
easure is larger than the difference between σ ′ 

∗ and σ ′ ( R = 0 )
y an order of magnitude. 
NRAS 547, 1–28 (2026) 
In the case of quiescent galaxy samples with stellar kinematics,
here is no significant trend between ( V/σ ) ∗ and redshift (see
ig. 8 ). How ev er, this sample of z > 2 MQGs, together with the
uenched galaxies from LEGA-C and SUSPENSE , is not large
nough to obtain a statistically significant conclusion. Within
he LE G A-C sample, lower mass quiescent g alaxies have mor e
otational support. This is in contrast with the findings of z < 3
onized gas kinematics surveys targetting star-forming galaxies
E. Wisnioski et al. 2015 , 2019 ; R. C. Simons et al. 2016 ; N. M.
örster Schreiber et al. 2018 ; R. Genzel et al. 2020 ); in these cases,

he galaxies with the highest V/σ ratios are also v ery massiv e (E.
isnioski et al. 2019 ; A. L. Danhaive et al. 2025 ). This highlights

he different behaviour of distinct kinematics tracers (e.g. star and
arm ionized gas, in this case), which furthermore implies that

( V/σ ) ∗ and ( V/σ ) ∗ cannot be compared directly. This is because
onized gas typically traces a more dynamically active interstellar

edium, while the stars in fast-rotators MQGs like GS-9209 or
S-10578 have reached a steady-state or der ed r otation. 

 CONCLUSIONS  

n this paper, we used ultra-deep (14.7 h) high-resolution
FU JWST /NIRSpec data with the G235H grating to conduct a
etailed analysis of the structural, kinematic and dynamic prop-
rties of the z ∼ 4 . 66 MQG GS-9209. 

(i) F rom the integr ated aperture spectrum, we measure a stel-
ar velocity dispersion of σ ′ 

∗ = 239 ± 34 km s −1 in agreement with
he value found by A. C. Carnall et al. ( 2023b ) ( 247 ± 16 km s −1 ,
btained using medium-resolution spectroscopy). 
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(ii) We showed the resolved maps V ∗ and σ∗, extending out to
6 R eff ∼ 1 . 3 kpc . The st ellar v elocity map shows clear evidence

or or der ed r otation, which mak es GS-9209 the highest -redshift
alaxy for which such a feature is probed via integral field spec-
roscopy. 

(iii) We find that GS-9209 is rotation supported, having a high 

PSF-corrected) λ2 R eff = 0 . 85 ± 0 . 10 , from which we can extrapo-
ate that λR eff = 0 . 72 ± 0 . 09 , comparable to other quiescent galax-
es at z = 2 - 3 . This value of λR eff is equivalent to a ( V/σ ) R eff 

=
 . 93 ± 0 . 27 . This means that the mechanism responsible for
uenching this galaxy still preserved the rotating stellar disc. GS- 
209 is a fast rotator similar to other intermediate and high- z
QGs (A. B. Newman et al. 2018b ; F. D’Eugenio et al. 2024 ).

urthermore, the high degree of rotational support suggests that 
he kinematic transformation between fast and slow rotators ob- 
erv ed at low er redshifts occurs only aft er quenching. This is in
greement with the results obtained from numerical simulations: 
uenching preceedes kinematic transformation in galaxies that 
ecome slow rotators at z ∼ 0 (S. Tacchella et al. 2019 ; C. d. P.
agos et al. 2022 ). 
(iv) We then fit our fiducial dynamical model (with a classi- 

al NFW DM profile and a BH whose mass takes a Gaussian
rior motivated by virial scaling relations based on its broad- 

ine H α emission properties). The model assumes a cylindrical 
lignment of the velocity ellipsoid. With our fiducial dynamical 
odel, we obtain the currently highest-redshift measurement of 

he dark matter content of a galaxy based on its stellar kinematics:
f DM 

( < 2 R eff ) = 14 . 5 +6 . 0 
−4 . 2 per cent . Given the compact nature of 

he sour ce (compar ed to e.g . its host dark matter halo) the low
M fraction is in line with the expectations. Other important 
arameters that come out from the dynamical modelling are the 

ntrinsic axial ratio and the radial anisotropy. These are crucial in
ur de-projection calculations for the kinematics parameters. 

(v) Also from our fiducial dynamical model, we infer a 
 

M ∗/L ) = 0 . 10 ± 0 . 02 M �/L �. This r epr esents the first such mea-
urement at z > 2 and it is consistent with a standard Milky Way-
ike IMF from stellar population modelling. The agreement with 

he value inferr ed fr om SED modelling (A. C. Carnall et al. 2023b )
rovides independent confirmation on the large stellar mass of 
arly quiescent galaxies. 

(vi) The low dark matter content of GS-9209 and its high spin
arameter make it similar to the z ∼ 0 population of relic galaxies
e.g . S. Comer ón et al. 2023 ). This remarkable category of galaxies
as undergone little evolution within a time interval of ∼ 10 Gyr 
r more. How ev er, one possible key difference between high-
edshift MQGs and low-redshift relics is the difference between 

heir IMFs. Further dynamical studies on high- z MQGs would 

eveal their IMFs, which could confirm or refute the possibility 
f them being the progenitors of low-redshift relic galaxies. 

(vii) We compared the value of λR eff of GS-9209 (corrected for 
rojection and PSF effects) to independent observational surveys 

n the z < 1 Universe but also to various z > 2 particular MQGs
or which this parameter was calculated. For virtually all inter- 

ediate and high- z MQGs (e x cept for one recently discovered
igh-r edshift slow r otator) the positions on the λR eff - ε plane in-
icate that they are fast rotators. This is a strong evidence that
he star formation quenching and the destruction of the stellar 
isc likely happen in this precise order. The causality relation 

etween these two important milestones in a galaxy’s evolution is 
 et t o be fully underst ood. For the general galaxy population, as
hey build up their stellar mass, the amount of rotational support
iminishes. This is in good agreement with the current galaxy 
volution theories (e.g. F. Schulze et al. 2018 analyse the evolution 

f λR eff - ε plane at z < 2 in the Magneticum simulations, re-
orting an increased fraction of slow rotators). This is correlated 

ith the formation and growth of central bulges and dispersion-
ominated spheroidal sub-structures. 

The difficulty encountered by multiple simulations to r epr o- 
uce the observed number density of MQGs and their physical 
roperties (the most problematic one being the compact size) 
oints to key differences between the processes governing the 
volution of galaxies within t < 1 Gyr and the ones implemented
n theoretical models. By exploring these differences, we can 

mprove our understanding of the complex physical processes 
haping the SFHs of high-r edshift g alaxies, their mass assembly
istories, and the spatial distribution of baryons. In this direction, 
ur work highlights the crucial ability of stellar kinematics data 
o provide constraints for cosmological simulations. From an ob- 
ervational point of view, studying quiescent galaxies enables us 
o measure their dark matter content without the complication 

f a possible large gas fraction such as in star-forming galaxies.
onstructing a sample of high-redshift quenched galaxies with 

patially resolved stellar kinematics would provide tighter con- 
traints on current theoretical models. 

In the absence of galactic outflows, this galaxy could be able
 o rejuv enat e in the future via merger induced starbursts, for
nstance. The analysis of spatially resolved outflow properties in 

igh- z MQGs could give more clear insights into their possible
escendants. Another possible study would also involve FIR/sub- 
m observations of this galaxy with ALMA, having the primary 

oal of investigating the amount of cold molecular gas and the
tate of that gas. This can be done with the [ C ii ] λ158 μm fine
tructure emission line or with CO emission lines, which are both
racers of molecular gas even for quiescent galaxies (C. D’Eugenio
t al. 2023 ). Such studies can be ext ended t o samples of multiple
QGs at z > 2 , which would allow us to determine both the

old gas content and the gas-consumption histories of MQGs 
ore accurately. This is because high-redshift MQGs are usu- 

lly quenched close (less than 1 Gyr) to the observation time, so
assiv e ev olution effects are minimal, which puts more stringent
onstraints on the nature of the quenching mechanism. Such a 
ample could be compared with the results of numerical simula- 
ions (e.g G. Lorenzon et al. 2025 ) and thus provide an extremely
 aluable step forw ard in constr aining the physics implemented in
he next generation of galaxy evolution simulations. 
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Table A1. Best-ftting parameters for PySersic F 200 W Image-Laplace 
sampling method. 

Parameter Value 

Observed ellipticity 0 . 252 ± 0 . 015 
Sérsic index 2 . 958 ± 0 . 140 
R eff (arcsec) 0 . 0345 ± 0 . 0007 
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P P E N D I X  A:  B E ST- F I T T I N G  PARAMETERS  

RO M  PYSERSIC P H O  T  OMET RY  F I T T I N G  

hese tables present the best-fit ting par ameters that we obtain
rom PySersic photometry fitting of the galaxy image in NIR-
am’s F 200 W filter. The first table gives the parameters obtained
NRAS 547, 1–28 (2026) 
sing the Laplace sampling method of retrieving the best-fitting
arameters from the chains’ samples. In general, the SVI flow
ethod is more reliable and accurate so we chose to use these val-

es in our subsequent analysis. For the data reported in Table A1 ,
e use a prior assumption of a simple Sérsic profile across all the

alaxy. 

P P E N D I X  B :  JAM  DY NAM I C A L  MODEL  T E ST  

OR  T H E  C E N T R A L  B L AC K  H O L E  MASS  

his alt ernativ e dynamical model ( Alternative-1 ) is a simple
ass -follows -light (MFL) model (i.e. no dark matter component)
ith an additional central BH mass ( M BH 

). As we can remark
r om Fig . B1 , we cannot pose tight constraints on M BH 

but we are
ble to reject central black holes with masses M BH 

> 10 9 . 27 M �
t 2 σ level (97.7 per cent) and M BH 

> 10 9 . 76 M � at 3 σ level (99.9
er cent). 
Using M BH 

= 10 8 . 8 M � and σ ′ 
∗ = 239 km s −1 , the radius of 

he sphere of influence of the black hole is about R i , BH 

=
M BH 

/σ ′ 2 
∗ = 50 pc ≡ 7.7 mas, 6.5 times below the pixel reso-

ution of our IFU data ( 0 . 05 arcsec ). This angular resolution
imitation is the main reason for which we can only infer an
pper black hole mass for GS-9209. The inferred stellar mass is

og ( M ∗/ M �) = 10 . 61 ± 0 . 03 , in r emarkable agr eement with the
alue obtained from the Fiducial dynamical model (see Section
.2 ). 
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Figure B1. Outputs of the model Alternative-1 , assuming that we only have a central BH, which, together with the stellar mass itself, ar e r esponsible 
for producing the gravitational potential (hence the stellar kinematics). Because the galaxy is quiescent, we can safely neglect the mass of int erst ellar gas 
(and dust). This is a Black-Hole & Mass -Follows -Light (BH + MFL) model. The best-fitting parameters predicted by this model are given in Table B1 . 
The two panels on the right-hand side show the input versus the output map of V rms predicted by this model. In this plot w e denot e log ( M/L ) tot ≡
log [ ( M/L ) tot / ( M �/L �) ] . This model has reduced χ2 

r = 2 . 7 . 

Table B1. Marginalized posterior probabilities on the free parameters 
of the Alternative-1 model (BH allow ed t o be fit freely and mass follows 
light). The values reported are the median and 16th–84th percentile prob- 
ability range. 

Parameter Value Model 

q intr 0 . 67 ± 0 . 06 Alternative-1 
σz /σR 0 . 94 ± 0 . 05 Alternative-1 
log M BH 

/ M � < 9.27 ( 2 σ ) Alternative-1 
log [ ( M/L ) tot / ( M �/L �) ] −0 . 91 ± 0 . 03 Alternative-1 
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P P E N D I X  C :  JAM  DY NAMI C AL  MODEL  T E ST  

I T H  TANGENTIAL  A N I S OT ROP Y  σφ/σR 

n this case, we use a dynamical model similar to our Fiducial
odel: classical NFW Dark Matter Halo density profile, but this 

ime we fit V ∗ instead of V rms . We adopt Gaussian priors on all the
aramet ers t o be fitt ed, as explain in the caption of Fig. C1 . As
his figure shows, Alternative-2 dynamical model constrains the 
angential anisotropy to be σφ/σR = 1 . 01 ± 0 . 05 . This quantity is
mportant because it is used in de-projection calculations. 
MNRAS 547, 1–28 (2026) 
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Figure C1. This figure shows the dynamical model Alternative-2 , which fits the first LOSVD moment of the stellar kinematics, V ∗. This model has 
similar characteristics to the Fiducial model e x cept that now we allow for a tangential anisotropy σφ/σR (with a Gaussian prior of mean = 1, standard 
deviation = 0.2, this choice being motivated by the second panel of fig . 2 fr om M. Cappellari et al. 2007 ). We also impose Gaussian priors on the other 
fiv e paramet ers, as follows: q intr (mean: 0.62, standard deviation: 0.10), σz /σR (mean: 0.846, standard deviation: 0.08), log f DM 

( < 2 R eff ) (mean: −0.84, 
standard deviation: 0.16), log [ ( M ∗/L ) / ( M �/L �) ] (mean: −1.01, standard deviation: 0.06), log ( M BH 

/ M �) (mean: 8.8, standard deviation: 0.3). These 
priors are motivated by the output results of the Fiducial dynamical model. In this plot, we denote log ( M ∗/L ) ≡ log [ ( M ∗/L ) / ( M �/L �) ] . 

Table C1. Best-fitting parameters and uncertainties from JAM using the 
dynamical model Alternative-2 (tangential anisotropy, NFW DM density 
profile). The Gaussian priors on each parameter are given in the caption 
of Fig. C1 . 

Parameter Best-fit ting v alue 

q intr 0 . 64 ± 0 . 06 
σz /σR 0 . 79 ± 0 . 05 
log f DM 

( < 2 R eff ) −0 . 88 ± 0 . 16 
log 

[
( M ∗/L ) / ( M �/L �) 

] −1 . 01 ± 0 . 06 
σφ/σR 1 . 01 ± 0 . 05 
log ( M BH 

/ M �) 8 . 85 ± 0 . 29 

A
W
A

T  

m  

G  

o  

t  

o  

T  

T

P P E N D I X  D:  JAM  DY NAMI C AL  MODEL  T E ST  

I T H  A  GAUSSIAN  PRIOR  ON  T H E  I N T R I N S I C  

XIAL  R AT I O  

his dynamical model fits V rms and it is similar to the Fiducial
odel, the only difference being the fact that now we introduce a
aussian prior on q intr (in addition to the alr eady e xisting prior
n the central BH mass). The reason for this test is to probe
 o what ext ent the pr edictions on q intr that ar e pur ely based
n our data alone can win against a physically motivated prior.
he results of Alternative-3 dynamical model fitting are given in
able D1 . 
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Figur e D1. This figur e shows the dynamical model Alternative-3 , which has similar charact eristics t o Fiducial e x cept that now we force a Gaussian 
prior on q intr (mean = 0.41, standard deviation = 0.18) allowing σz /σR , log f DM 

( < 2 R eff ) and log [ ( M ∗/L ) / ( M �/L �) ] as free parameters. In this plot, 
w e denot e log ( M ∗/L ) ≡ log [ ( M ∗/L ) / ( M �/L �) ] . This model has a reduced χ2 

r = 1 . 65 , which is larger than χ2 
r = 1 . 4 of the Fiducial dynamical model. 

Table D1. Best-fitting parameters from JAM using the dynamical model 
Alternative-3 (NFW DM density profile, Gaussians priors on q intr and 
log M BH 

). The Gaussian priors on each parameter are given in the caption 
of Fig. D1 . 

Parameter Best-fit ting v alue 

q intr 0 . 57 ± 0 . 09 
σz /σR 0 . 81 ± 0 . 09 
log f DM 

( < 2 R eff ) −0 . 82 ± 0 . 14 
log 

[
( M ∗/L ) / ( M �/L �) 

] −1 . 01 ± 0 . 06 
log 

(
M BH / M �

)
8 . 79 ± 0 . 29 
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P P E N D I X  E :  DARK  M AT T E R  

 O N T E N T- C  OMPARISON  W I T H  T H E  TNG-50 
I M U L AT I O N S  

ased on their study of EAGLE hydrodynamical simulations (J. 
chaye et al. 2015 ), A. D . Ludlow, J . Schay e & R. Bow er ( 2019 )
ropose the following criterion for simulated galaxies size con- 
ergence: 

 gal ≥ R conv ≡ 0 . 055 L ( z ) , (E1) 
ith L ( z ) being the mean spacing between dark matter particles, 
alculated using the equation L ( z = 0 ) = L box /N 

1 / 3 
DM 

and L ( z ) =
 ( z = 0 ) / ( 1 + z ) . The values for the threshold convergence ra- 
ius for a number of TNG simulation bo x es (D. Nelson et al.
019 ), as well as for the EA GLE (J . Schaye et al. 2015 ), Illustris-
 (A. Pillepich et al. 2018 ; V. Springel et al. 2018 ), SIMBA (R.
avé et al. 2019 ), FLAMINGO (J. Schaye et al. 2023 ), Magneticum

R.-S. Remus & L. C. Kimmig 2025 ), and COLIBRE (J. Schaye
t al. 2025 ) cosmological simulations, are given in Table E1 . For
S-9209, the effective light radius is R eff ≈ 223 ± 20 pc , which

s below the convergence radius calculated using this criterion, 
or all simulations considered except for TNG50-1 (which has 
 convergence radius comparable to GS-9209 effective radius). 
his means that all the other simulations cannot accurately probe 

he existence and number densities of extremely compact high- 
edshift MQGs, because the size convergence is uncertain for 
imulated galaxies that have R eff < R conv . We will ther efor e focus
n analysing the MQGs produced within the TNG50-1 simulation 

ox. 
We compare f DM 

( < 2 R eff ) of GS-9209 with the values in the 
ases of simulated galaxies in the TNG50-1 box. How ev er, these
imulations compute the dark matter fraction within twice the 
MNRAS 547, 1–28 (2026) 
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M

Table E1. Convergence radii (using the criterion from A. D. Ludlow 

et al. 2019 ) for various simulations that we considered for analysing their 
predictions for the dark matter content of GS-9209 at z = 4 . 66 . This table 
justifies our choice of TNG50-1 in our analysis: this box has a similar 
spatial resolution to GS-9209 effective radius and the box size is still 
reasonably large (50 cMpc h −1 ) to probe a reasonable cosmic volume at 
z = 4 . 66 . 

Simulation box R conv (pc) 

TNG50-1 233 
TNG100-1 591 
Illustris-1 568 
Eagle -100 cMpc box 646 
Eagle -25 cMpc box 323 
Magneticum -uhr resolution 1195 
Magneticum -xhr resolution 447 
C OLIBRE -L050m5 bo x 301 
C OLIBRE -L200m6 bo x 601 
SIMBA 1406 
FLAMINGO -best resolution 2700 

s  

h  

c  

g  

fi  

d  

s  

u  

a  

l  

w  

I  

t  

P  

s  

w  

s  

a  

g

L

T  

T  

w  

o  

t  

a
fi  

i  

e  

p  

i  

s  

t  

m  

l  

e  

d  

D  

1  

l  

Figure E1. Dark matter fraction within 2 R eff, M , ∗ of simulated galaxies 
at z ∼ 4 . 66 in TNG50-1 run. We observe that as we go towards smaller 
effective radii and larger stellar masses, f DM 

decr eases. Ther e is good 
agreement between the value obtained from our JAM dynamical mod- 
elling algorithm f DM 

(
< 2 R eff, M , ∗

) = 14 . 5 +6 . 0 
−4 . 2 per cent and the predic- 

tions given by the TNG-50 simulation. We remark a similar behaviour 
for the variation of f DM 

(
< 2 R eff, M , ∗

)
across the mass–size plane for 

the quiescent versus non-quiescent simulated galaxies. The quiescence 
criterion is sSFR < 0 . 2 / t H 

( z = 4 . 66 ) . The vertical line is the threshold 
below which the stellar masses of the simulated g alaxies ar e smaller 
than 100 × m gp (where m gp is the mass of a gas particle). The horizontal 
line is the physical Plummer-equivalent gravitational softening parameter 
εDM , ∗ ( z = 4 . 66 ) (for collisionless particles i.e. dark matter and stars). 
This is calculated as εDM , ∗ ( z ) = εz=0 

DM , ∗/ ( 1 + z ) with εz=0 
DM , ∗ = 290 pc for 

TNG50-1 . The plotted simulations data were smoothed using the two- 
dimensional Locally-Weighted Regression ( LOESS ; W. S. Cleveland & S. J. 
Devlin 1988 ) to ensure that each data point shows the local average trend 
and to remove local outliers. 
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tellar half mass radius 2R eff, M , ∗ (twice the radius enclosing
alf of the total stellar mass within a given subhalo). PySersic
omputed the projected effective light radius obtained from the
alaxy’s photometry data in NIRCam/ F 200 W band, R eff, 2D . The
rst step is to use JAM dynamical modelling to compute the three-
imensional intrinsic half light radius R eff, lum , 3D (the radius of a
phere enclosing half of the total light emitt ed ov er the entire vol-
me of the galaxy) of GS-9209. This is done by using an entirely
nalogous pr ocedur e to jam_mge_half_light_radius . The
att er comput es the radius of a circle enclosing half of the light
ithin the surface brightness Gaussian surfaces (characterized by

 j , σ j , and q ′ j using the same notations as in Section 3.1.2 ) from
he MGE parametrization of the galaxy’s Sérsic profile fitted by
ySersic to the original image. Instead, we need to convert these
urface brightness Gaussians to luminosity density Gaussians as
e did in Section 4.4.4 . The intrinsic luminosity density Gaus-

ians are characterized by ν j , σ j , and q j (with the same notations
s in equation 14 ). The int egrat ed luminosity of a Gaussian is
iven by (equation 13 from M. Cappellari 2008 ): 

 j = ν j q j ×
(
σ j 

√ 

2 π
)3 

. (E2) 

he total luminosity of all the Gaussians is the sum of L j values.
his allows us to compute the radial distance at which Gaussians
ithin that aperture only add up to half the total luminosity. We

btain that, for GS-9209, R eff, lum , 3D = 0 . 91 R eff, 2D , where R eff, 2D is
he effective light radius from the F 200 W image. This is in good
greement with the findings highlighted in the top-left panel of 
g . 4 fr om G. de Ven & A. van der Wel ( 2021 ) who determine sim-

lar values for the ratio between the two - dimensional projected
ffective light radius and the three-dimensional intrinsic counter-
art. Because GS-9209 is an MQG, it is reasonable to assume that

ts gas mass is negligible. Future studies using the G395H/F270LP
pectrum from NIRSpec will allow us to quantify neutral gas in
he galaxy’s int erst ellar medium, whereas ALMA could det er-

ine the amount of cold gas (or at least impose a stringent upper
imit for the cold gas mass in GS-9209). Studies such as J. Scholtz
t al. ( 2024 ) showed that for GS-10578, an MQG at z ∼ 3 , the CO-
erived cold gas mass is less than 3 per cent of its M ∗, whereas F.
’Eugenio et al. ( 2024 ) determine that the neutral gas mass of GS-

0578 is about 10 8 M � (derived from NaD absorption). The upper
imits found by T. L. Suzuki et al. ( 2022 ) on the gas fractions of five
NRAS 547, 1–28 (2026) 
QGs at 3 . 5 < z < 4 and with 10 . 5 < log ( M ∗/ M �) < 11 . 0 are
ess stringent ( f gas ≤ 20 per cent ) but consistent with the general
icture that high-redshift MQGs are highly likely to contain very

ittle cold gas. For these reasons, we can consider that stars are the
nly luminous component in our model of GS-9209. Assuming
o spatial variation of the stellar mass-to-light ratio, it means that
 eff, lum , 3D = R eff, M , ∗ = 0 . 91 R eff = 203 pc . This r esult is in agr ee-
ent with the findings from fig. 8 of A. Graaff et al. ( 2022 ) based

n z ∼ 0 . 1 galaxies from EAGLE simulations, who obtain that
or the most compact galaxies in their sample, their photometry-
ased effective radii are typically slightly larger than the mass
ffective radii, but the difference is less than 0.1 dex. 

In order to compute f DM 

within 2 R eff, M , ∗ we use the method
utlined below. We chose the snapshot that is closest to the red-
hift of GS-9209, which has the ID ‘18’ and redshift z snap ≈ 4 . 66 .

e use the provided group catalogues to extract all the galaxy or
alo properties needed in the subsequent analysis. Specifically,
ll the quantities we need at this point reside in the Subhalos data
 epositories (these ar e r etrieved using the Subfind algorithm mod-
fied to account for the properties and behaviour of the galaxies’
aryonic component). For our analysis we only need the quanti-
ies that can be queried using the keywords: SubhaloMassIn-
adType , SubhaloHalfmassRadType , SubhaloMassType,
nd SubhaloSFR . SubhaloFlag is used to eliminate possi-
le artefacts from our sample. This is particularly important
or our analysis because such contaminating subhaloes are
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ypically compact and bary on dominat ed (although usually more 
han three orders of magnitude less massive than GS-9209). 
hey are not individual galaxies but clumps within genuine 
alaxies. The first keyword is used to e xtract, fr om the gr oup
atalogue, the masses for each component of a galaxy (gas, 
M, stars + winds, BH) within 2 R eff, M , ∗, and hence to com-
ute the DM fraction within this aperture f DM 

( < 2 R eff, M , ∗) = 

 DM 

( < 2 R eff, M , ∗) /M tot ( < 2 R eff, M , ∗) . The total mass is obtained 

y adding up all the particles of all types within < 2 R eff, M , ∗ from
he subhalo’s centre of mass. The second keyw ord giv es the stellar
alf mass radii of the galaxies in each simulation. The units in

he catalogue are ckpc h 

−1 so in order t o conv ert t o pkpc, w e
ake h = 0.6774 (this value is adopted by TNG simulations) and
e divide by 

(
1 + z snap 

)
. The SubhaloMassType keyword gives 

he masses of each component of a galaxy that is gravitationally 
ound to that subhalo. In our case we are only int erest ed in the
tellar mass. 

The results of f DM 

( < 2 R eff, M , ∗) variation across the M ∗- R eff, M , ∗
re shown in Fig. E1 . This plot shows that the low dark matter
ontent of GS-9209 is in good agreement with the values obtained 

n the case of its simulated counterparts. Furthermore, it is ex- 
ect ed that w e find a low amount of dark matter within two
ffectiv e st ellar half-mass radii for GS-9209 given its e xtr emely
ompact size. Analysing the plot, we find that the TNG50-1 sim-
lation cannot r epr oduce MQGs with similar stellar masses and 

ffective radii to GS-9209 at z = 4 . 66 . 
Overall, GS-9209 occupies a notably different position on the 
ass–size plane than the majority of the population of quies- 

ent galaxies in this simulation (marked as cir cles). B y car e-
ully analysing the high-mass and low-effective radius end of the 
iagram ( M ∗ > 10 10 M �; R eff < 300 pc ), we notice that there is
nly one compact MQG similar to GS-9209. This object has a 
lightly higher dark matter fraction of than the value we infer
or GS-9209, but it is still unambiguously baryon dominated. 
his allows us to estimate the number density of compact mas-
ive quiescent galaxies (c-MQGs) like GS-9209 (as predicted by 
imulations): n c −MQG ∼ ( 50 / h Mpc ) −3 = 2 . 4 × 10 −6 Mpc −3 . This 
s appr o ximately one order of magnitude below the calculated 

umber densities values that were reported in various z = 3 - 5
ecent MQGs observational studies (e.g K. Glazebrook et al. 2017 ; 
 . V alentino et al. 2023 ; A. C. Carnall et al. 2023a , 2024 ; M. Park
t al. 2024 ). This result can be explained in two different ways,
ne of them being the claim that even highly performant cos-
ological full hydro - dynamical simulations with the best spatial 

esolution might be unable to fully capture the physical processes 
hat govern the formation and evolution of c-MQGs in the early 
niv erse. How ev er, it is also likely that these simulations do not

ccurately r epr oduce compact g alaxies, primarily because of size 
on vergence ca veats (for TNG50-1 , R conv is appr o ximately equal to
he effective light radius of GS-9209). Even if TNG50-1 can theo-
 etically pr obe the r egime of compact MQGs, it still struggles to
 epr oduce the existence of objects similar to GS-9209, highlight-
ng the need for building cosmological simulations that have both 

 large box volume ( ≥ 100 cMpc h 

−1 ) and good enough spatial
esolution ( < 200 pc ; as defined based on the conv ergence crit e-
ion of A. D. Ludlow et al. 2019 ). This would be r equir ed in order
 o t est whether the disagreement between the observed number
ensities of high- z MQGs and the predictions of simulations is an

ssue related to number statistics and computational limitations 
f the simulations or, alt ernativ ely, if the physical mechanisms
mplemented need to be revised. 

P P E N D I X  F :  JAM  RECOVERY  T E ST S  OF  

AL AXY ’S  DY NAM I C A L  PARAMETERS  

n this section we present some example recovery tests we con-
ucted on our fiducial dynamical model used in the main text.
or each of these runs in particular, we use jam_axi_proj rou-
ine to construct a model galaxy data based on a set of four pa-
ameters: the intrinsic axial ratio, q intr , radial anisotropy ratio, 
z /σR , the stellar mass to light ratio, log [ ( (M/L ) tot / ( M �/L �) ] , 
nd the logarithmic dark matter fraction within one effective 
adius, log f DM 

( < 2 R eff ) . We have chosen that in this case we will
ot use the Gaussian prior on the central BH mass and instead

ust fix it to M BH 

= 10 8 . 8 M � (for speeding up the computations).
e show the corner plots illustrating the posterior distributions 

and the correlations among these distributions) of the four afore- 
entioned key structur al par ameters in Figs F1 , F2 , F3 and F4 .
ach figure corresponds to one recovery test that we run. We
erform the tests as follows: 

(i) We start from the values of the parameters obtained for GS-
209 (Table 2 ). For each parameter, we run one recovery test. 

(ii) We vary only one parameter at a time. For instance, for the
 intr recov ery t est, all the other paramet ers besides q intr are taken
o be the values found in Table 2 (and the BH mass is taken as
0 8 . 8 M �). We then assign an arbitrary value for the parameter
 e want t o t est, sufficiently differ ent fr om the value we had in

he case of GS-9209 (e.g. q intr = 0 . 3 in our example case that we
escribed). 
(iii) We keep doing one such test per parameter per dynamical 
odel. How ev er w e do not t est for M BH 

since this value cannot be
onstrained given the kinematics resolution w e hav e. We t est for
ll the other parameters instead. For the light distribution map 

e use the same values as obtained from the MgeFit in the case
f GS-9209. We also use the same distance, same Voronoi bins
 otated coor dinates, same pix el scale as we did for GS-9209 (as
eywords for jam_axi_proj ). 

(iv) After initializing the set of parameters for a test, the 
ext thing to do is to build the model galaxy kinematics using
am_axi_pr oj r outine with no input data or err or maps. We
dd the noise after creating the model galaxy using the same
oise map as for GS-9209. We pass all of these to the χ2 JAM
inimization routine and we run adamet with 10 4 steps (instead 

f 10 5 as we did in the main text dynamical modelling). This is
one in order to illustrate the validity of the recovery tests, of the
odels we used and to allow the computation of more dynamical
odels t est ed in a short time. Nev ertheless, ev en in the case of the

riginal dynamical models, the convergence is reached quickly 
nough that if we use 10 4 steps in adamet instead of 10 5 , this
oes not produce a noticeable difference in terms of the retrieved
est-fit ting par amet ers from the post erior distribution. 
MNRAS 547, 1–28 (2026) 
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Figur e F1. Fiducial r ecov ery t est for q intr . The t est ed input value is q test , in = 0 . 3 and the test output is q test , out = 0 . 35 ± 0 . 12 . We have 
( σz /σR ) test , out = 0 . 94 ± 0 . 22 (consistent with the input value of 0.85), log ( M ∗/L ) test , out = −1 . 02 ± 0 . 05 (in agreement with the input value of −1.01) 
and 

(
log f DM ,< 2R eff 

)
test , out = 0 . 88 ± 0 . 22 (in agreement with the input value of −0.84). In this plot, we denote log ( M ∗/L ) ≡ log [ ( M ∗/L ) / ( M �/L �) ] . 

Figure F2. Fiducial recovery test for σz /σR . The tested input value is ( σz /σR ) test , in = 1 . 05 and the test output is ( σz /σR ) test , out = 1 . 00 ± 0 . 13 . We have 
q test , out = 0 . 55 ± 0 . 13 (in agreement with the input value of 0.62), log ( M ∗/L ) test , out = −1 . 00 ± 0 . 05 (in agreement with the input value of −1.01), and (
log f DM ,< 2R eff 

)
test , out = −0 . 80 ± 0 . 16 (in agreement with the input value of −0.84). In this plot, we denote log ( M ∗/L ) ≡ log [ ( M ∗/L ) / ( M �/L �) ] . 
NRAS 547, 1–28 (2026) 
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Figure F3. Fiducial recovery test for log ( M ∗/L ) . The tested input value is log ( M ∗/L ) test , in = −0 . 85 and the test output is log ( M ∗/L ) test , out = −0 . 86 ±
0 . 04 . We have ( σz /σR ) test , out = 0 . 89 ± 0 . 09 (in agreement with the input value of 0.85), q test , out = 0 . 66 ± 0 . 11 (in agreement with the input value of 0.62), 
and log 

(
f DM ,< 2R eff 

)
test , out = −0 . 85 ± 0 . 14 (in agreement with the input value of −0.84). In this plot, we denote log ( M ∗/L ) ≡ log [ ( M ∗/L ) / ( M �/L �) ] . 

Figure F4. First fiducial model recovery test for log f DM 

( < 2 R eff ) . The tested input value is 
(
log f DM ,< 2R eff 

)
test , in = −1 . 25 and the test output is (

log f DM ,< 2R eff 

)
test , out = −1 . 22 ± 0 . 32 . We have ( σz /σR ) test , out = 0 . 835 ± 0 . 084 (in agreement with the input value of 0.85), q test , out = 0 . 59 ± 0 . 11 (in 

agreement with the input value of 0.62), and log ( M ∗/L ) test , out = −1 . 008 ± 0 . 044 (in agreement with the input value of −1.01). In this plot, we 
denote log ( M ∗/L ) ≡ log [ ( M ∗/L ) / ( M �/L �) ] . 
MNRAS 547, 1–28 (2026) 
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