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A B S T R A C T 

Resolved high-redshift galaxy gas kinematics is a rapidly evolving field driven by increasingly powerful instrumentation. 
However, the resolution and sensitivity still impose constraints on interpretation. We investigate the uncertainties inherent to 

high- z galaxy kinematical analysis by modelling a suite of rotating disc galaxies, generating synthetic interferometric ALMA 

observations, and fitting them with the 3D-kinematical tools 3D BAROLO , GALPAK3D , and QUBEFIT. We present the recovered 

3D-fitted kinematical parameters to assess their reliability, quantify the range of values possible for individual source studies, 
and establish the systematic biases present for observed samples. The V /σV 

ratio, which indicates how dynamically cold a 
system is, is of particular importance and depends on the choice of 3D-fitting tool. On average, 3D BAROLO and QUBEFIT slightly 

overestimates V /σV 

( < 1 σ ) and GALPAK3D underestimates it ( < 2 σ ). Therefore, all three tools are reliable for kinematical studies 
of averages of high-redshift galaxy samples. The value range possible for individual sources is significant, however, even more 
so for samples of not purely rotation dominated sources. To determine whether an observed galaxy is rotation dominated enough 

to be fitted with a 3D-kinematical tool, V /σV 

can be extracted directly from the observed data cube, with some caveats. We 
recommend that the median offsets, value ranges, and tool-dependent biases presented in this paper are taken into account when 

interpreting 3D-fitted kinematics of observed high-redshift galaxies. 

Key words: galaxies: evolution – galaxies: high-redshift – galaxies: kinematics and dynamics. 

1

T
e  

s
S  

o
s
(  

k
W  

S
c
b  

2

(
S  

2  

�

i
m
s  

2  

r
a  

i  

[  

2  

h
(  

g
(
J
a  

2  

t
f  

c  

©
P
C
p

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/543/4/3103/8250639 by guest on 24 O
ctober 2025
 I N T RO D U C T I O N  

he widespread presence of disc-like galaxies at z ≈ 1–3 is consid- 
red a key probe of internal mechanisms regulating the life cycle of
tar-forming galaxies and their evolution across cosmic time (Förster 
chreiber & Wuyts 2020 ). About half of the current stellar mass
bserved in galaxies today was formed during an epoch when these 
ystems appeared clumpy and irregular in the rest-frame ultraviolet 
UV) and optical (Swinbank et al. 2012 ; Conselice 2014 ), but their
inematics and global light distribution were largely regular (e.g. 
uyts et al. 2011 ; van der Wel et al. 2014 ; Wisnioski et al. 2019 ).

mooth modes of gas accretion, star formation, and outflows set 
onditions for equilibrium growth that controlled the stellar mass 
uild-up of galaxies (e.g. Genzel et al. 2006 ; Dekel, Sari & Ceverino
009 ). 
Surveys spatially resolving galaxy spectra using integral field units 

IFUs) have been pivotal in establishing this picture (e.g. Förster 
chreiber et al. 2009 , 2018a ; Swinbank et al. 2012 ; Wisnioski et al.
015 ; Stott et al. 2016 ; Turner et al. 2017 ), and complementary
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nterferometric observations unveiling the cold molecular interstellar 
edium (ISM) gas phase at high redshift have provided further 

upporting evidence (e.g. Genzel et al. 2013 , 2023 ; Übler et al.
018 ; Molina et al. 2019 ; Rizzo et al. 2023 ). Surprisingly, recent
eports suggest a high prevalence of dynamically cold rotating discs 
t even higher redshifts, where the dynamical ‘coldness’ of a system
s derived from the Vrot /σV ratio of gas tracers such as H α and
C II ] (Rizzo et al. 2020 , 2021 ; Pope et al. 2023 ; Kohandel et al.
024 ; Rowland et al. 2024 ; Scholtz et al. 2025 ). These observations
ave been further corroborated by James Webb Space Telescope 
 JWST ) imaging analysis (Robertson et al. 2023 ), suggesting that
alaxies were building their stellar mass in a quasi-equilibrium state 
e.g. Krumholz & Burkert 2010 ) even at earlier epochs. However, 
WST observations also show the presence of companion galaxies 
nd pre-coalescence mergers (e.g. Jones et al. 2024 ; Lamperti et al.
024 ; Scholtz et al. 2024 ), raising doubts about the accuracy of the
ools currently used for identifying and characterizing galaxy discs 
rom three-dimensional data sets. For example, Simons et al. ( 2019 )
oncluded from synthetic IFU observations at z ≈ 2 that for close-
air mergers the risk of classifying a merger as a disc can be as
igh as 100 per cent depending on the specific disc classification
riterion adopted (and weakly dependent on the separation of the 
is is an Open Access article distributed under the terms of the Creative
h permits unrestricted reuse, distribution, and reproduction in any medium,
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erging galaxies). Rizzo et al. ( 2022 ) showed that distinguishing
etween a rotating disc and a merger, and correctly classifying them
ith the current data quality and methods, is impossible for all but

he highest data quality, achievable only for a small sample of the
rightest galaxies. Unfortunately, the limited sensitivity and resolu-
ion of current observations present challenges in characterizing the
orphology and kinematics of the ISM in high-redshift galaxies. 
The current tools used to classify and characterize the gas

inematics of high-redshift galaxies are far from flawless. These
ools face a difficult task: modelling galaxy data with the relatively
arge point spread function (PSF) or synthesized beam size, which
mooths out and circularizes any galaxy structure. The observed
otation velocity fields also appear more regular than they actually
re, and the velocity dispersion is artificially increased due to the
roadening of the emission lines by unresolved velocity gradients,
lus the finite spectral resolution of the instrument (see Glazebrook
013 , for a review). In some cases, due to the smoothing, even
erging systems can be classified as disc-like galaxies (Smit et al.

018 ; Simons et al. 2019 ; Rizzo et al. 2022 ). The tools developed for
nalysing the ‘2D’ kinematic fields correct for ‘beam-smearing’ and
nstrument spectral broadening effects (e.g. Swinbank et al. 2012 ;

isnioski et al. 2015 ; Stott et al. 2016 ; Levy et al. 2018 ). However,
ince the convolution with the PSF or synthesized beam is flux-
eighted, it affects data cubes as a whole, implying that a more

ppropriate solution to account for these effects is to model the data
ets in three dimensions. 

Over the last decade, several ‘3D’ galaxy kinematics modelling
ools have been developed to overcome these challenges and fully
xploit the data cubes delivered by IFUs and radio interferometers
e.g. the Atacama Large Millimetre/sub-millimetre Array – ALMA).

any of these ‘3D-kinematical tools’ are publicly available, and
 non-exhaustive list includes TIRIFIC (Józsa et al. 2007 ), KINMS

Davis et al. 2013 , 2017 ), 3D BAROLO (Di Teodoro & Fraternali 2015 ;
i Teodoro & Peek 2021 ), GALPAK3D (Bouché et al. 2015a , b ),
UBEFIT (Neeleman et al. 2020 , 2021 ), and DYSMALPY (Davies et al.
011 ; Davis et al. 2013 ; Price et al. 2021 ; Lee et al. 2024 ). The
ajor difference among these tools lies in the adopted approach to
odel the data, which can be largely arranged into routines that

se multiple tilted rings ( TIRIFIC and 3D BAROLO ) or parametrically
efined profiles ( GALPAK3D , KINMS , QUBEFIT , and DYSMALPY ) to fit
he data. Parametric models assume how the parameters – such as
he intensity, rotation velocity, and disc thickness/dispersion profiles

vary with radius before fitting, unlike the multiple tilted-ring
odels. However, all of these tools assume that galaxies are well-

escribed by axisymmetric geometries, which may very well not be
rue for high-redshift systems. The blurring or beam-smearing of
he data limits any detailed decomposition of the systems into their
onstituents, meaning the characterization of the sub-structures of the
igh-redshift ISM remains nearly uncharted, with a few exceptions
ade possible by strong gravitational lensing (Motta et al. 2018 ;
essauges-Zavadsky et al. 2019 ; Kade et al. 2024 ). 
Lee et al. ( 2024 ) benchmark DYSMALPY , 3D BAROLO , and

ALPAK3D against each other using samples of discs, created through
ach of the respective tools, DYSMALPY , 3D BAROLO , or GALPAK3D , and
odelled after main-sequence star-forming galaxies at z = 1–3. They
nd a clear correlation between the accuracy of the recovered rotation
elocity and velocity dispersion and the method of creation of the
nput galaxies. The intrinsic template mismatch can result in up to a
actor 2 offset of the recovered kinematical parameters. Furthermore,
ee et al. ( 2024 ) find that all three tools recover the rotation velocity
ccurately but find a substantial scatter in the velocity dispersion. For
D BAROLO they note in particular a risk of overmasking, especially
NRAS 543, 3103–3122 (2025)
t low velocity dispersions, resulting in underestimation of the line
idths. 
This paper aims to comprehensively study the capabilities of 3D-

inematic tools in recovering the kinematic properties of the gas
n high-redshift galaxies. We focus on building mock galaxy data
rom physical thin disc models and synthetic interferometric ALMA
bservations of these systems within a common framework. Our
tudy focuses on rotating discs with multiple input geometries and
ata quality set-ups, which we fit using the public 3D-kinematic
ools: 3D BAROLO , GALPAK3D , and QUBEFIT . These three tools were
elected, partly to constrain the parameter space, and primarily due
o their respective claims of being able to perform well on poorly
esolved data, i.e. high-redshift galaxy data. Our main goal is to
ain clear insights into what aspects of the kinematics can be trusted
ost, which will allow us to better understand the interpretation of

ransitional qualities and processes present in high-redshift galaxies.
e do this by providing a range of percentage offsets on the

inematics expected when 3D-fitting observed galaxies, and thereby
llowing observers to avoid overinterpreting their results. This paper
egins with a description of the rotating galaxy disc models in
ection 2 , the simulation process of synthetic interferometric ALMA
bservations in Section 3 and the 3D-kinematical tool’s set-up in
ection 4 . Section 5 details the kinematical parameters obtained
ia fitting the synthetically observed galaxy discs using 3D BAROLO ,
ALPAK3D , and QUBEFIT . In Section 6 , we discuss the considerations
equired when using the 3D-kinematical tools, and the range of
ecovered kinematical parameters focusing on V /σV , its method
f derivation and impact on the conclusion of dynamically cold
iscs. We conclude with a summary in Section 7 . Throughout this
ork, we assume a Lambda cold dark matter ( � CDM) cosmology
ith �m 

= 0 . 3, �� 

= 0 . 7, and H0 = 68 km s−1 Mpc−1 (Planck
ollaboration XIII 2016 ). 

 DISC  MODELLI NG  

e adopt simple analytic models of thin disc galaxies to provide a
ontrolled environment for testing and separating the effects of the
ifferent influential components. Assuming a thin disc is an ideal
ase that is commonly adopted in kinematical analyses, including
n the defaults of the kinematical tools investigated in this paper. It
s a sufficient assumption here as we fit the rotation velocity and
ispersion independently and do not predict the galaxy height [while
 thick disc correlate the height and radius of the galaxy to the
bserved kinematics ( h/R ∼ σ/V )]. The models differ in which
arametric profiles are used to describe the radial dependence of the
rightness, rotation velocity, and velocity dispersion along the major
xis of the disc. 

Note that our models rely on theoretical profiles detailing physical
otating discs derived from two different gravitational potentials. We
egin this section by presenting the two different theoretical disc
odels, thereafter we delve into the modelling framework and how
e incorporate velocity dispersion. 

.1 Matter distribution and rotation velocity 

here are multiple different theoretical galaxy discs in literature
see for example Freeman 1970 ; Persic, Salucci, & Fulvio 1996 ;
inney & Tremaine 2008 ). For our models we choose two different
iscs defined by two separate gravitational potentials. From the
ravitational potentials the flux and the rotation velocities of the
espective discs follow as a function of radius. 
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.1.1 Exponential disc 

ne of the most well known, and often observed, brightness dis-
ributions in galaxy discs is the exponential (‘exp’), which has a 
rightness profile that peaks in the central region and then decreases 
xponentially. The exponential disc is described by 

 ( r) = I0 exp ( −r/l) , (1) 

here I0 is the brightness of the central pixel, and l is the scale
ength of the disc (current estimates of the Milky Way’s scale length
s 2–3 kpc; Sérsic 1963 ; Freeman 1970 ; Persic, Salucci, & Fulvio
996 ; Binney & Tremaine 2008 ). 
The gravitational potential of such a system is, in the galactic 

lane 

� ( r, 0) = −4 πG	0 

∫ R 

0 
d a

a K1 ( a /l) √ 

r2 − a2 

= −πG	0 r[ I0 ( x) K1 ( x) − I1 ( x) K0 ( x)] , 

(2) 

here x = r/ (2 l), 	0 is the surface mass density, In , Kn are the
odified Bessel functions of n th order, and l is the scale length

Binney & Tremaine 2008 ). The corresponding rotation curve to 
uch a gravitational potential rises until 2.15 l, after which it declines.
ote that in this paper, we refer to this profile as ‘rising to declining’

‘risDec’). The rotation curve is 

 ( r) =
√ 

4 πG	0 

l 
lx2 [ I0 ( x) K0 ( x) − I1 ( x) K1 ( x)] 1 / 2 . (3) 

n our models, we set the surface mass density to 	0 = 4125 M �pc −2 

s this corresponds to a Vmax of 250 km s−1 , which matches the
otation velocity values chosen for the other investigated rotation 
urves. 

.1.2 Cored logarithmic disc 

he other gravitational potential we adopt is the logarithmic poten- 
ial, which we here often refer to as the cored logarithmic (‘corelog’)
isc. This type of gravitational potential is of particular interest as,
hile it does not require modelling of both a baryonic disc and a
ark matter halo, the shape of the gravitational potential results in 
 baryonic disc that behaves very similar to such a dual system’s
isc. The logarithmic potential corresponds to a disc with slightly 
ncreased central mass, a core, with a r−2 decrease thereafter, and the 
otation curve is rising at lower radii and then flattens out – we call this
otation curve ‘rising to flat’ (‘risFlat’). This kind of rotation curve 
etter matches observations, and it was the observations of rising- 
o-flat rotation curves that was one of the first pieces of evidence for
ark matter in galaxies (Rubin & Ford 1970 ). 
The logarithmic gravitational potential is (Binney & Tremaine 

008 ) 

 ( r) = V 2 
max 

ln [ r2 
d + r2 ] 

2 
, (4) 

here rd is the kinematical scale radius. The brightness profile of 
his system is 

 ( r) = I0 
r4 

d 

( r2 
d + r2 )2 

, (5) 

here I0 is the brightness of the central pixel. And the rotation curve
s described by 

 ( r ) = Vmax r √ 

r2 
d + r2 

. (6) 
The kinematical scale radius, rd , relates to the total gravitational 
otential of the system, which means that in our case this value is
omparable to the disc scale length, l, used in the exponential disc
equation 1 ). Therefore our models are constrained to rd = l. 

.2 Velocity dispersion 

nfinitesimally thin modelled discs have no physical velocity disper- 
ion inherent in the discs themselves apart from any assumption we
ake regarding the gas’s inherent turbulent motions due to Brownian 
otion and temperature (there is also a contribution from the change

n line-of-sight velocity across the individual pixel/spaxel when the 
iscs are observed); however, this is not a fully accurate description
f galaxies. Observations have found values for star-forming galaxies 
t z ≈ 1–4 in the range of 50–100 km s−1 with a Vmax /σV of 1–10
e.g. Law et al. 2009 ; Genzel et al. 2011 ; Johnson et al. 2018 ; Förster
chreiber et al. 2018b ; Pillepich et al. 2019 ; Wisnioski et al. 2019 ;
ohandel et al. 2020 ; Herrera-Camus et al. 2022 ; Pope et al. 2023 ;
oman-Oliveira, Fraternali & Rizzo 2023 ; Birkin et al. 2024 ). In
ur standard set-up, we have therefore chosen σV = 50 km s−1 and
max = 250 km s−1 , resulting in Vmax /σV = 5. And we further vary

he velocities to achieve a range of Vmax /σV = 0 . 5 − 10. We choose
wo different velocity dispersion profiles as a function of radii, one
onstant, to mimic an ideal disc with a homogeneously distributed gas 
t a constant temperature, and an exponential profile, as gas disper-
ion has in some cases been observed to increase towards the centre
f galaxies (e.g. Rizzo et al. 2022 , 2023 ; Roman-Oliveira et al. 2023 ;
irkin et al. 2024 ). The dispersion profile is therefore artificially
odelled as either constant, σV ( r) = σ0 , or σV ( r) = σ0 exp ( −r/rσ ),
here we in our case set the characteristic radius, rσ , equal to the

cale radius, rσ = rd , and σ0 so that σV ( rd ) = σ0 = 50 km s−1 , to
imit the parameter space. 

.3 The modelling framework 

he modelled galaxies are infinitesimally thin axisymmetric rotating 
iscs whose matter distribution, rotation velocity, and velocity 
ispersion follow the radial formulae presented in Sections 2.1 and 
.2 . 
The modelling process is as follows: 

(i) Define a three-dimensional normal vector for plane that the 
odelled disc resides in. 
(ii) Define a x –y pixel grid with a pixel size, on to which the disc

s projected while storing the xyz values of each projected point in
nits of arcseconds. 
(iii) Calculate the flux, line-of-sight velocity, and velocity disper- 

ion in each pixel based on the choice of brightness, rotation curve,
nd dispersion profiles. Note that apart from user defined galaxy 
arameters, these functions/profiles depend only on the distance 
rom the centre of the disc to the pixel in question. The line-of-sight
elocity, Vlos , is derived from the rotation speed, V ( r) as 

los = V ( r) sin ( i) cos (PA ) , (7) 

here i is the inclination and PA is the position angle. 

(a) As each of these three parameters vary as a function of
radii, the change across a single pixel can be large, depending
on the pixel size. To account for this, we create a 10 × 10 sub-
pixel grid and set each parameter to be the average of multiple
computed values within one pixel. 

(b) Furthermore, the change in line-of-sight velocity across 
the pixel broadens the emission line, i.e. causes an increase 
MNRAS 543, 3103–3122 (2025)
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Table 1. Model galaxy set-ups. The flux, rotation velocity, and line-of-sight velocity profiles are detailed in Section 2.1 . The first half of this table lists 
the parameters that are the same for all the modelled discs. The second part of the table lists each set-up’s abbreviated name and their specific individual 
settings; the six set-ups above the dotted line are set for studying the effect of the choice of moment profiles, whereas the six set-ups below the dotted line 
focus on the impact of rotation versus dispersion-dominated systems. 

Fixed parameters 

kpc arcsec–1 6.365 
Inclination (o ) 45 
Position angle (o ) 45 
rd (′′ ) 0.2 
Pixel size (′′ pix−1 ) 0.01 
Spectral resolution (km s−1 ) 10 

Abbreviation Flux profile Rotation curve Dispersion profile Vmax σV at rd 

(km s−1 ) (km s−1 ) 
exp-risFlat-const exponential rising-to-flat constant 250 50 
exp-risFlat-exp exponential rising-to-flat exponential 250 50 
exp-risDec-const exponential rising-to-declining constant 250 50 
exp-const-const exponential constant constant 250 50 
corelog-risFlat-const cored-logarithmic rising-to-flat constant 250 50 
corelog-risFlat-exp cored-logarithmic rising-to-flat exponential 250 50 

rotDom-constDisp exponential rising-to-flat constant 250 25 
rotDom-expDisp exponential rising-to-flat exponential 250 25 
inBetween-constDisp exponential rising-to-flat constant 150 150 
inBetween-expDisp exponential rising-to-flat exponential 150 150 
dispDom-constDisp exponential rising-to-flat constant 50 250 
dispDom-expDisp exponential rising-to-flat exponential 50 250 
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in the observed velocity dispersion. This is accounted for
by quadratically adding the standard deviation of the 100
computations of the line-of-sight velocity in each pixel to the
respective velocity dispersion. 

(c) Throughout this process, flux is conserved. 

(iv) Create the galaxy cube by constructing an artificial Gaussian
mission line from the flux, line-of-sight velocity, and velocity
ispersion values of each pixel. The modelled galaxy disc is saved
s a classical three dimensional Flexible Image Transport System
 FITS ) file with two spatial dimensions and one spectral. 

The x –y plane is the plane of the sky, the z -axis is the line of sight.
he inclination of the galaxy is the angle between the line of sight
nd the normal of the plane of the galaxy, so that a 0o inclination
s a face-on galaxy and a 90o inclination is an edge-on galaxy. The
osition angle is the angle between the y -axis and the major axis of
he galaxy, positive values counter-clockwise. 

A large sample of disc models with different combinations of
rofiles and settings were created, from this we chose a suitable
maller sample of discs to cover a range of behaviours. The final
ample can be split into two main investigation topics, the first half
ocuses on different profile combinations and the second half focuses
n the impact of rotation versus dispersion-dominated systems. The
ettings of these discs are listed in Table 1 . 

.4 Connection to observational values 

ur disc models are of [C II ] 1900.536 GHz, as [C II ]is a commonly
sed fine-structure emission line for resolved kinematics studies of
igh- z galaxies (see e.g. Kohandel et al. 2019 ; Rizzo et al. 2020 ;
ones et al. 2021 ; Devereaux et al. 2024 ; Kade et al. 2024 ; Telikova
t al. 2024 ). [C II ] is expected to trace warm and cold gas. We adopt
 redshift of 5.1, which also sets the physical size our galaxy inhibits
er arcsecond, 6.365 kpc arcsec−1 . Assuming an integrated [C II ] line
uminosity over the galaxy of 5 × 109 L� (e.g. Kade et al. 2024 ), we
NRAS 543, 3103–3122 (2025)
erive a total [C II ] velocity integrated galaxy flux following Carilli &
alter ( 2013 ) (see also Solomon, Downes & Radford 1992 ) 

[C II ] = 1 . 04 × 10−3 S[C II ] 
V D2 
L νobs L�, (8) 

here DL is the luminosity distance in Mpc, νobs the observed
requency in GHz, and S[C II ] 
V is the total integrated [C II ] line
ux in Jy km s−1 , which in our case derives to 6.466 Jy km s−1 

 νobs = 311 . 563426 GHz). In our simulations we set the integrated
ine flux, S
V = 6 . 47 Jy km s−1 , equal to 	i Si 
V , where 
V is
he velocity step size and Si is the bin brightness. The total galaxy
ux is conserved for all models. The analysis presented here can be
xtrapolated to any emission line observed in a high- z galaxy with
LMA, JWST , or similar observatories, as long as the emission is

ikely to trace the galaxy disc. 

 SYNTHETI C  ALMA  O B S E RVAT I O N S  

he simulated synthetic ALMA observations were carried out using
ASA , SIMALMA , and TCLEAN (CASA Team 2022 ). For the SIMALMA

bservations, we set the integration time, the precipitable water
apour (pwv) level, and the ALMA configuration according to
able 2 . The SIMALMA synthetically observed cubes were cleaned
sing TCLEAN and natural weighting. The data cubes were spatially
nd spectrally binned in the cleaning process, spatially going from
 pixel size of 0.01 arcsec × 0.01 arcsec to the respective values
isted in Table 2 and spectrally binned by a factor of 2 to a spectral
hannel width of 20 km s−1 . The pixel size for the synthetic ALMA
bservations are set to a minimum of 5 pixels per beam minor
xis, to ensure accurate reproduction of the signal in the resultant
ube. Each model disc was synthetically observed at three different
ombinations of integration time, pwv, ALMA configuration, and
ixel size to achieve three different levels of resultant data quality:
igh, medium, and low, as listed in the Table 2 . The number of
ndependent resolution elements across the synthetically observed
iscs are derived using the beam sizes presented in Table 2 at a
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Table 2. The settings for the ALMA synthetic observations created using SIMALMA . All ALMA synthetic observations are carried out on the sample model 
galaxy set-ups listed in Table 1 . Integration time, precipitable water vapour, ALMA configuration, and pixel size are set in the synthetic observation process. 
The SNR and beam size are derived and obtained from the resultant synthetically observed cubes. 

Synthetic ALMA observations 
SNRa Integration time pwvb ALMA config Pixel size Resultant beam size Beam PA 

Data quality (s) (mm) (′′ ×′′ ) (′′ ×′′ ) (kpc × kpc) (deg) 

High 20 21 600 0.472 8.6 0.02 × 0.02 0.16 × 0.12 [1.02 × 0.76] −84 
Medium 15 7200 0.7855 8.4 0.04 × 0.04 0.40 × 0.36 [2.55 × 2.29] −79 
Low 9 3400 1.262 8.2 0.1 × 0.1 1.03 × 0.87 [6.56 × 5.54] −88 

Notes. a Signal-to-noise ratio is derived as the peak value in the central pixel of the galaxy divided by the standard deviation of the noise measured in an 
emission-free area of the cube. 
b Best weather conditions at 0.472, first octile, 0.7855 in between second and third octile, and fourth octile 1.262. 
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ignal-to-noise ratio (SNR) cut-off of 3, and depend on the chosen 
ntrinsic brightness profile and the dispersion, due to the conserved 
otal flux independent of intrinsic model. 

It is worth noting that while we do not recommend the low data
uality settings to be used for resolved galaxy kinematics studies, 
his kind of set-up is sometimes used and it is therefore important to
nclude in the analysis. 

 3 D - K I N E M AT I C A L  FITTING  TO O L S  A N D  

E T-U P  

ur disc models are fitted with three different 3D-kinematical tools: 
D BAROLO (Di Teodoro & Fraternali 2015 ), GALPAK3D (Bouché et al. 
015a , b ), and QUBEFIT (Neeleman et al. 2020 , 2021 ), which were
eveloped to handle high-redshift/low-resolution galaxies, and are 
ften used and publicly available. All three tools assume axisym- 
etric thin rotating discs. 3D BAROLO relies on tilted rings to optimize 
 model galaxy disc (Rogstad, Lockhart & Wright 1974 ; Bouché et al.
015b ), each ring is fitted individually. GALPAK3D and QUBEFIT adopt 
arametric models, i.e. pre-fit chosen equations describing the 
rightness, rotation velocity, and velocity dispersion as a function 
f radius. These tools optimize the kinematical parameters of the 
quations describing the model disc. 

The degree of freedom, i.e. the number of free parameters for each
ool, includes: 

for 3D BAROLO , for each ring: rotation velocity, velocity dispersion, 
osition angle, and or inclination depending on the specific run; 
for GALPAK3D : maximum rotation velocity, velocity dispersion, 

nclination, and or position angle depending on the specific run, 
urnover radius, flux, maximum radius; 

for QUBEFIT : maximum rotation velocity, velocity dispersion, 
nclination, and or position angle depending on the specific run, 
urnover radius, flux. 

For the 3D B AROLO fits, we set the disc thickness to less than the
ixel size, setting the normalization to azimuthal and the masking 
lgorithm to smooth&search , with the exception of the low- 
uality data where we use the search masking method due to the
oorly resolved data. We note that, 3D BAROLO modelling performance 
oes not qualitatively change if we consider different choices for 
he SNR cut-off limit. In Appendix B (Fig. B1 ), we show that this
olds for both the recovery of the rotation velocity and velocity 
ispersion (but see Lee et al. 2024 ). Furthermore, the number of
ings remain consistent independent of the SNR cut-off value and 
he 3D BAROLO default of SNR cut-off of 5 and smoothing factor 
 provides the best masks with the least amount of excess noisy
egions and most accurate extent relative to the number of rings. The
D BAROLO ring width is set to 1/2.5 of the beam major axis full width
t half-maximum (FWHM) and the number of rings is set to the
ighest number possible while still ensuring that even the outermost 
ing is completely filled. 

For the parametric models, GALPAK3D and QUBEFIT , we choose 
rightness and rotation velocity profiles that are similar and com- 
arable between the two tools, resulting in a standard setting of an
xponential flux profile and an arctan rotation curve. Regarding the 
elocity dispersion, for GALPAK3D our standard dispersion set-up is 
 thin disc, as our models are infinitesimally thin and it enables a
ore accurate comparison to QUBEFIT , where we use the thin disc
odel. Nevertheless, we also study the effect of assuming thick-disc 

eometry in the modelling performance. For QUBEFIT the standard 
elocity dispersion profile is a constant profile, but we also investigate 
he effect of an exponential dispersion profile, as well as a constant
otation curve. For GALPAK3D and QUBEFIT we adopt the defaults of 
o masking and an SNR cut-off of 2, respectively. As far as possible,
e adopt the same start values for each fit independent of tool. 
To better emulate the realistic process and results obtained from 

eal observational data, we make sure to vary the free parameters,
hile the flux, rotation velocity, and velocity dispersion are always 

ree (and the scale radius when applicable), we vary combinations 
f free inclination and/or free position angle, as well as investigate
he effect of an incorrect assumed fixed inclination (this option is
eparated in the result section from the others). For systems with
xpected non-axisymmetric structures 3D BAROLO fits are in some 
ases run twice, once with free position angle and inclination 
nd a second time with the averages of the position angle and
nclinations obtained in the first run. Our discs do not include non-
xisymmetric structures and the run with the fixed position angle and
xed inclination to their respective correct values can be taken as a
ubstitute for this fitting method. The full list of the profile settings
nd free parameters used for the 3D fitting is listed in Tables A1 –A3
ogether with a note on whether the fit has converged or not. 

Furthermore, note that while 3D BAROLO , GALPAK3D , and QUBE- 
IT all present modelled maximum rotation and velocity dispersion 
alues, these values are not derived or presented in the same manner.
n general, when comparing kinematical values of galaxies caution 
s advised as the maximum rotation velocity can be the velocity at
he maximum radius of the field of view of the cube, at ∼ 2 . 2 rd ,
t the optical radius, at the effective radius, or as an average
here the rotation curve is flat (if it becomes flat), whereas the
elocity dispersion can be the turbulent non-disc term, the combined 
isc and turbulent dispersion, or the combined disc, turbulent, and 
nstrumentally broadened dispersion. In this work, to ensure a correct 
omparison between three tools and to avoid issues relating to how
ach of them define the parameters, we thereby work only with the
D-kinematical tools’ output model cubes, and any parameter values 
e present in this paper have been extracted directly from the cubes

hemselves at radii or manner stated. 
MNRAS 543, 3103–3122 (2025)
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 RESU LTS  

e extract the rotation velocity and velocity dispersion values from
he intrinsic, synthetically observed, and model cube in three different
ays for each: 

(i) The de-projected rotation velocity value extracted 

(a) at 1 rd , and at 2 . 2 rd , 
(b) and as the maximum value obtained within a radius large

enough to include the full synthetically observed signal and
thereby the full extent of the region modelled (radius of 1
arcsec). 

(ii) The velocity dispersion value, 

(a) at 1 rd , and at 2 . 2 rd , 
(b) and as the mean value within the 1 arcsec radius (σ̄V ). 

These values are derived from the extraction of a one-beam wide
lit along the major axis of the galaxy, and the 1 rd , and at 2 . 2 rd 

alues are calculated as an average in a 10 per cent range around
he 1 and 2.2 scale radius, respectively. As the line emission seen in
he 3D-fitted model cubes and the intrinsic cubes cover the full field
f view, exceptions for missing values or large value changes are
ot necessary. But for the synthetically observed cube, the cube is
asked at a SNR of 3 and suffers from noise, so for the 2 . 2 rd radius,
e ensure that the highest radial values are not masked out and

hat they do not suffer from edge effects by checking that the change
etween the second to last data point and the last data point is smaller
han 10 per cent, which is a suitable assumption for both rotation
elocities and velocity dispersions in the outskirts of galaxies. The
e-projected rotation velocity value is calculated using the 3D fitted
odel inclination for the model cube and the intrinsic value for the

ntrinsic ideal cube and the synthetically observed cube. We avoid
omparisons using the number of standard deviations offset between
he 3D fit model and the intrinsic, as that would unfairly bias towards
ts with large error bars; we instead compare the model best-fitting
alue against the intrinsic corresponding value. 

The rotation velocity and velocity dispersion values of the
onverged systems (the list of which systems have con-
erged is found in Appendix A ) are presented on the form:
model value − intrinsic value ) / intrinsic value in Figs 1 –6 , and as
he percentage in Table 3 . The fourth section of the figures shows
he parameters offsets and scatters as extracted directly from the
ynthetically observed cubes masked at a SNR of 3. The plots in the
gures are zoomed-in to facilitate visual interpretation, the minimum,
nd maximum values for each parameter range are listed in Table 3
or the three 3D-kinematical tools. 

In general, the three tools show difficulties with converging for
ispersion-dominated systems ( Vmax /σV < 1), 3D BAROLO for low
ata quality dispersion-dominated systems, GALPAK3D for high data
uality dispersion-dominated systems, and QUBEFIT for all data
uality dispersion-dominated systems as well as in-between systems
 Vmax /σV ≈ 1) at low data quality. On average, the convergence rate
or the three tools for rotation dominated systems is 100 per cent,
2 per cent, and 99 per cent for 3D BAROLO , GALPAK3D , and QUBE-
IT, respectively. For non-ideal discs ( Vrot /σV ≤ 1 the convergence
ate is 81 per cent, 73 per cent, and 46 per cent, respectively. 

In Figs 1 –6 , the darkest violins are the kinematical parameter
ccuracy of the optimal cases where the intrinsic system is rotation
ominated ( Vmax /σV = 5 , 10) and fitted with a range of combinations
f correctly fixed or free position angles and/or inclination, and,
hen applicable, fitted with an arctan rotation curve and a constant
NRAS 543, 3103–3122 (2025)
ispersion profile (Section 5.1 ). The white star highlights the fit where
he position angle and inclination are fixed to the intrinsically correct
alues, and, in the case of the parametric tools, the profile settings
re exponential brightness profile, arctan rotation curve, and constant
ispersion profile. The transparent violins include both rotation dom-
nated ( Vmax /σV = 5 , 10), dispersion dominated ( Vmax /σV = 0 . 2),
nd in-between systems ( Vmax /σV = 1), illustrating the range you
an expect when you do not know whether your galaxy is rotation
ominated or not (Section 5.2 ). The grey (light) and purple (dark)
utlines show the effect of fitting with an assumed inclination that
s 10◦ too large or 10◦ too small, this is detailed further in Section
.3 . The black and grey lines next to the GALPAK3D violins denote
he fits with a thick disc instead of the default thin disc, detailed
n Section 5.4 . The blue (dark) and cyan (light) lines next to the
UBEFIT violins illustrate the results of the fits with a constant rotation
urve, presented in Section 5.5 . And in Section 5.6 , we explore the
ffect of fitting galaxy discs with intrinsic constant or exponential
ispersion profiles using QUBEFIT modelled constant or exponential
ispersion profiles. 

.1 Rotation and dispersion in rotation-dominated discs 

he dark shades in Figs 1 –6 show the medians and extents of
he kinematical fit parameters of the rotation-dominated systems
 V /σV = 5 and 10) fitted with either correct or free inclination and/or
osition angle (the median, scatter, maximum, and minimum values
f the parameters coloured blue are listed in Table 3 ). 
Figs 1 –3 and Table 3 show that the extraction radius of the

ecovered de-projected rotation velocity value is less important
han the choice of tool used for the fitting. Lower-quality data
onsistently result in larger ranges of recovered rotation veloc-
ty values for all three tools with the strongest effect present
or QUBEFIT . 3D BAROLO consistently overestimates the rotation ve-
ocity and exhibits the smallest range of values of the three
ools. GALPAK3D underestimates the rotation velocity and QUBE-
IT overestimate it with larger offsets and a significantly larger range
f values at lower data quality. 
The velocity dispersion is the most difficult parameter to accurately

ecover, as seen in Figs 4 –6 . In general, for the three kinematical
ools, it is more difficult to recover an accurate dispersion value
n higher-quality data, where the output values suffer from larger
alue ranges, especially strongly so for the parametric tools, and
n the case of GALPAK3D there are also larger offsets of the median
ispersion values in the high-quality data models. 3D BAROLO models
how a slightly underestimated dispersion value, and is the tool
ith the smallest range of dispersion values – this holds for all
ata qualities analysed here. The parametric tools, GALPAK3D and
UBEFIT , overestimate the recovered median dispersion, with QUBE-
IT ’s performing better than GALPAK3D . For both tools, the recovered
alues have large scatters and high maximum offsets, especially
n the high-quality data. While GALPAK3D provides larger median
ffsets and larger scatters as the data quality increases, QUBEFIT best
ecovers the medium data quality dispersion values with the smallest
alue range. Furthermore, QUBEFIT shows a clear tendency to better
ecover the dispersion at lower radii. This is not seen as clearly in the
D BAROLO and GALPAK3D models, which only show a slight decrease
n median offset and value range at lower radii compared to larger
adii or the mean dispersion. 

The fourth panels in Figs 1 –6 show the offset in the rotation and
ispersion if the values were obtained directly from the synthetically
bserved cube. The dispersion values are worse when obtained
irectly from the synthetically observed cubes compared to if
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Figure 1. The offset of the de-projected rotation velocity from the intrinsic value for each data quality and 3D-kinematical tool’s converged models in the 
first three parts of the plot, while the fourth and right-most part displays the offset between the synthetically observed cube and the intrinsic. The transparent 
colouring indicates the extent of the full data set, including rotation-dominated, liminal, and dispersion-dominated systems, whereas the opaque colours show 

only the rotation-dominated discs fitted with a range of combinations of correctly fixed and/or free position angle and/or inclination. The white stars pinpoint 
the values of the fits with intrinsically correct position angle and inclination (at an exponential brightness profile, an arctan rotation curve, and a constant 
dispersion profile for the parametric tools). The light (grey) outline (and dotted line) indicates the extent of the position angle offset of the rotation-dominated 
systems (full disc sample) fitted with a fixed inclination set to 10◦ below the intrinsic value, whereas the dark (purple) outline (and dotted line) shows the 
offset for the rotation-dominated systems (full disc sample) fitted with a fixed inclination at 10◦ above the intrinsic value. The black (and grey) lines next to the 
GALPAK3D violins illustrate the results for the rotation-dominated systems (full disc sample) fitted with a thick disc instead of a thin one. The dark (blue) and light 
(cyan) lines next to the QUBEFIT violins denote the fit parameter results of the rotation-dominated systems (full disc sample) when fitted with a constant rotation 
curve instead of the default arctan profile. The x -axis shows the combination of tool – 3D BAROLO , GALPAK3D , or QUBEFIT – together with the data quality: high, 
medium, or low. Offset and scatter values are presented in Table 3 . 

Figure 2. The offset of the de-projected rotation velocity from the intrinsic value at the scale radius. The figure is colour coded as Fig. 1 . 
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Figure 3. The offset of the maximum de-projected rotation velocity from the maximum intrinsic value along the major. The figure is colour coded as Fig. 1 . 

Figure 4. The offset of the velocity dispersion from the intrinsic value at 2.2 × the scale radius. The figure is colour coded as Fig. 1 . 
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btained by any of the 3D-kinematical tools, so this method of value
xtraction cannot be used for the dispersion values. The rotation 
elocity can, however, be equally well recovered directly from the 
ynthetic observations as via a 3D-kinematical tool for the rotation- 
ominated systems. 

.2 Rotation and dispersion in dispersion-dominated systems 

e have four intrinsic non-rotation-dominated systems, two fully 
ispersion dominated, V /σV = 0 . 2, one disc with a constant velocity
ispersion profile and one with an exponential velocity dispersion 
rofile, and two liminal systems, V /σV = 1, again one constant
nd one exponential dispersion profiled system. The transparent 
hading in Figs 1 –6 show the extent and medians of the recovered
alues for all systems, both the rotation dominated, liminal, and 
ispersion dominated – displaying the worst case scenario of not 
nowing if your system is rotation dominated or not. However, the
UBEFIT models do not converge often enough for the dispersion- 
ominated systems to warrant inclusion in this discussion. Therefore, 
e here focus on the 3D BAROLO and GALPAK3D models and note 
MNRAS 543, 3103–3122 (2025)



3112 M. Yttergren et al.

M

Figure 5. The offset of the velocity dispersion from the intrinsic value at the scale radius.The figure is colour coded as Fig. 1 . 

Figure 6. The offset of the velocity dispersion from the intrinsic value averaged across the major axis. The figure is colour coded as Fig. 1 . 
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hat the 3D BAROLO models do not converge for low data quality
ispersion-dominated systems, and the GALPAK3D models do not
onverge for the high data quality liminal exponential dispersion
rofiled systems and dispersion-dominated systems. 
For the rotation velocity both 3D BAROLO and GALPAK3D suffer from

ignificantly larger ranges of recovered values, although the medians
emain stable. While the increased ranges follow no clear trend for
D BAROLO , the GALPAK3D recovered rotation velocity ranges increase
ignificantly with decreasing data quality, and for low-quality data
he recovered value might be 10 times larger than the intrinsic value.
NRAS 543, 3103–3122 (2025)
The velocity dispersion is equally well recovered independent of
he V /σV of the input galaxy, apart from an increased range of values
rom the 3D BAROLO models – but this range is still smaller than the
ALPAK3D recovered range. 
When extracted directly from the synthetically observed cube, the

elocity dispersion is still equally poorly recovered, regardless of ro-
ation or dispersion-dominated discs. But the inclusion of dispersion-
ominated systems cause a significantly increased recovered rotation
elocity range. Resulting in large uncertainties on both the velocity
ispersion and the rotation velocity. 
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Figure 7. The impact of the choice of velocity dispersion profile when fitting with QUBEFIT . We show the velocity dispersion and rotation velocity value 
offsets from the intrinsic at 2 . 2 rd for the high data quality fits, split by intrinsic discs dispersion profiles (constant or exponential) and the corresponding model 
fits (constant or exponential). The transparent shades indicate the extent of the full data set, including rotation-dominated, liminal, and dispersion-dominated 
systems, whereas the opaque colours show only the rotation-dominated discs. 
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.3 The effect of incorrect inclination assumption 

he inclination of a galaxy can be difficult to obtain, so we ran the
D-fitting tools with two different fixed incorrect inclinations. One 
ith the inclination set to 10◦ above the intrinsic model inclination 

inclplus10) and one set to 10◦ below the intrinsic model inclination 
inclmin10). The medians and scatter showing the effect of this 
ncorrect inclination assumption on the offsets of the kinematical 
arameters are marked in Figs 1 –10 in purple and grey. The purple
ines outline the models fitted at inclination + 10◦ (inclplus10), while 
he grey outlines the models fitted at inclination −10◦ (inclmin10). In 
ach case the dotted line includes all disc set-ups, rotation-dominated, 
ispersion-dominated, and liminal systems, whereas the solid line 
utlines the rotation-dominated systems only. 
The most profound effect of an incorrectly assumed inclination 

s expected to be on the de-projected rotation velocity, as is clear
rom equation ( 7 ), which is also reflected in our results. Compared
o the rotation-dominated systems, assuming a too high inclina- 
ion angle, inclplus10, results in consistently underestimating the 
otation velocity, while not affecting the dispersion. On the other 
and, assuming a too low inclination angle, inclmin10, leads to 
onsistently overestimating the rotation velocity, and also causes 
n overestimation of the GALPAK3D recovered velocity dispersion. 

.4 The effect of thick versus thin disc in GALPAK3D 

ALPAK3D offers the option of either fitting the input galaxy with a 
hick or thin disc together with the choice of profiles for the brightness
rofile and rotation curve. Although our intrinsic discs are modelled 
s thin discs, thinner than a 0.01 arcsec pixel thick, we also study the
ffect of fitting with a thick disc in GALPAK3D . The results of the thick
isc fits are illustrated in Figs 1 –6 next to the GALPAK3D violin plots
ith black (and grey) squares showing the median values for the 

otation-dominated systems (and all systems) and the vertical lines 
howing the range of recovered values. Fitting with a thick disc leads
ALPAK3D to recover higher rotation velocities than obtained with the 

hin disc fits, resulting in a more accurate match to the intrinsic value.
owever, as data quality worsens, the range of recovered values in-

reases, eventually exceeding that of the thin discs fits. Additionally, 
hick disc fits yield lower recovered velocity dispersion values, i.e. 
ess overestimated ones than in the thin disc case, and the range of
ecovered values is also smaller. This suggests that, even for intrin-
ically thin discs, fitting with a thick disc in GALPAK3D may provide
ore accurately recovered rotation velocity and dispersion velocity. 

.5 Fitting with a constant rotation curve in QUBEFIT 

he blue (and cyan) lines in Figs 1 –6 show the median and range,
inimum to maximum, of the recovered parameter values for the 

otation-dominated systems (all systems). The plots show that there 
s no clear advantage to fitting a galaxy with a constant rotation
urve when the data quality is adequate. In fact, a higher data
uality tends to correlate to a more overestimated recovered velocity 
ispersion. However, when the data quality is poor, using a constant
otation curve when fitting yields a more accurately recovered 
otation velocity, without significantly affecting the recovered 
elocity dispersion value. 

.6 The choice of velocity dispersion profile with QUBEFIT 

s noted in Section 5.1 , dispersion is the most difficult parameter
o accurately recover. In QUBEFIT , we have the option of switching
etween fitting models with a constant or exponential dispersion 
rofile. Fig. 7 shows the recovered rotation velocities and dispersions 
eparated by different combinations of intrinsic and model dispersion 
rofiles. We only consider values extracted at 2 . 2 rd . The overall
ehaviour of the parameter offsets is similar regardless of value 
xtraction method and data quality, though less pronounced at lower 
ata quality. 
The first two sections of Fig. 7 show the recovered values for

ll discs, both discs with intrinsic constant dispersion profile and 
iscs with intrinsic exponential dispersion profile. It shows that if 
ou do not know whether your input disc has a constant or an
xponential dispersion profile, fitting with a constant dispersion 
rofile results in a wider range of dispersion values. In contrast,
tting with an exponential dispersion profile instead, on average, 

eads to an underestimation of the dispersion and an overestimation 
f the rotation. The following four sections split this up into first the
MNRAS 543, 3103–3122 (2025)
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Figure 8. The recovery of Vrot /σV at 2 . 2 rd . The figure is colour coded as Fig. 1 . 

Figure 9. The recovery of Vrot /σV at 1 . 0 rd . The figure is colour coded as Fig. 1 . 

d  

a  

e  

d  

d  

d  

b  

a  

v  

a  

d
 

o  

d  

d  

e  

b  

o

6

T  

a  

k  

f  

a  

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/543/4/3103/8250639 by guest on 24 O
ctober 2025
iscs with constant intrinsic dispersion profile, fitted with constant
nd exponential dispersion profiles, and the same for the discs with
xponential intrinsic dispersion profiles. Fitting with an exponential
ispersion profile consistently leads to underestimated velocity
ispersions and overestimated rotation velocities. Additionally, the
ifference in recovered values between the two fitting methods can
e used to infer the intrinsic profile, by first fitting it with a constant
nd then an exponential dispersion profile. If the change in dispersion
alue exceeds 150 per cent the disc’s dispersion most likely follows
n exponential profile. If the value change is smaller, the intrinsic
ispersion shape remains ambiguous. 
Furthermore, a more accurate rotation velocity value can be

btained using a constant dispersion profile fit even when the intrinsic
NRAS 543, 3103–3122 (2025)
isc dispersion is exponential. For large samples where the intrinsic
ispersion profile is unknown and fitting resources are limited, an
xponential dispersion fit is likely to yield a more concentrated distri-
ution of recovered values, though with an expected underestimation
f ∼ 30 per cent. 

 DI SCUSSI ON  

he sample consists of idealized rotating thin disc models, providing
 clean and controlled framework to isolate and investigate the
inematical parameters. While these models do not incorporate the
ull complexity of real galaxies, such as molecular clouds, spiral
rms, clumps, outflows, or companions, they serve as an important
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Figure 10. The recovery of Vrot, max /σ̄V , where Vrot, max is the maximum de-projected rotation velocity within the maximum disc radius and σ̄V the average 
dispersion within the same radius. The figure is colour coded as Fig. 1 . 
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enchmark. For individual galaxies, our results likely represent the 
est-case scenario. However, the trends and conclusions derived 
rom this work are well-suited to reflect the typical behaviours 
nd statistical properties of samples of observed high-redshift disc 
alaxies. 

Furthermore, we note that the thin disc assumption is increasingly 
ccurate for observations of colder gas, as cold gas is likely more
oncentrated along the galaxy mid-plane. Ionized gas, such as H α,
ay require caution as ionized gas is more sensitive to outflowing 

as components and H α has been seen to reside in a thicker disc
ormation (Kohandel et al. 2024 ). Gaseous non-planar structures are 
nteresting as they are located above and below the galaxy mid-
lane and rotate slower. Fortunately, the bulk of gaseous emission 
s in galaxy mid-planes, which for these high-redshift synthetic 
bservations result in a further decreased concern for any non- 
id-plane emission. Furthermore, in Section 5.4 , we noted that 
tting high-quality observations of thin discs with a thick disc 
t setting in GALPAK3D , can more accurately recover rotation and 
ispersion velocities, indicating that adopting a thick disc fit setting 
n GALPAK3D may be the better choice. 

We have noted that the results presented in this paper can be
xtrapolated to any emission line observed in a high- z galaxy with
LMA, JWST , or similar observatories, as long as the emission traces

he galaxy disc. However, we further note that JWST observations of
igh- z galaxies is primarily of ionized gas, such as H α, which
s expected to show higher velocity dispersions than the colder 
as tracers. This may result in discs that appear more dispersion
ominated, and as we have seen, in Table 3 and Section 5.2 , systems
hat are more dispersion dominated result in a lower convergence 
ate for the 3D-kinematical tools and a significantly increased range 
f recovered rotation velocity values. This indicates that individual 
ource studies comes with even further risks, highlighting that 
verages of large samples of galaxies is the more reliable method. 
urthermore, though JWST NIRSpec and Mid-Infrared Instrument 
MIRI) IFU’s boast high-spatial resolution, similar to our high and 
edium data quality, the spectral resolution suffers, ranging from 

0 to 230 km s−1 , significantly larger than our ALMA 10 km s−1 
elocity bins. This likely complicates the recovery of the dispersion 
elocity, although as the dispersion velocity is expected to be higher
or ionized gas compared to the work presented in this paper, this
ay cancel out. It would be beneficial to carry out similar studies

o this one on synthetic ionised gas integral field spectroscopy 
bservations to further detail the impact of the chosen gas tracer
nd the instrument specific PSF on the recovered rotation velocity 
nd velocity dispersion. 

.1 On the 3D-fitting tools 

t the outset of this project, we hypothesized that the choice of
ux, rotation velocity, and velocity dispersion profiles in the 3D- 
t settings of the parametric tools, GALPAK3D and QUBEFIT , would 
ave a significant impact on the outcome of the fits. This enforced
hoice and restriction of the user predicting the moment profiles 
rior to the fitting could be expected to bias the parametric tools
o a higher degree than a tool relying on tilted ring models, such
s 3D BAROLO . In addition, the higher number of free parameters in
he 3D BAROLO fits compared to the parametric tools, should result 
n a model with a lower residual, albeit with an increased risk of
verfitting the data. We see a larger range of recovered velocity
ispersion values for the parametric tools compared to the tilted ring
ethod. Figs 1 –6 show that, considering the offsets and value ranges

f the recovered rotation velocity and dispersion values, 3D BAROLO is 
n the lead. However, the information that a tilted ring model and its
esiduals can reveal regarding the physical properties of a galaxy is
ignificantly harder to interpret, and individual rings can fully trace 
on-circular motions instead of the disc, depending on the relative 
mission strength. Fortunately, bars, and some outflows, extend only 
n the central regions of the kinematical fields, allowing a tilted ring
odel to adjust for the inner non-axisymmetries with the innermost 

ings and fit the disc well in the outer regions, while a parametric
odel is likely biased by a bar or outflow though the entire disc
odel. The parametric models have the advantage of more clearly 

eparating what part of a source can be seen as a rotating disc and
hat part is non-axisymmetric, simplifying the interpretation of the 
MNRAS 543, 3103–3122 (2025)
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esiduals and highlighting non-axisymmetric structures – especially
f an outflow can be separated and blocked out prior to fitting. 

Regarding the choice of moment profiles in the parametric models,
e support Lee et al. ( 2024 )’s conclusion that the profiles have

o be chosen with care. Lee et al. ( 2024 )’s galaxies are at z = 1–
 with instrumental effects added as random Gaussian noise and
eam convolution, their models are created using the respective 3D-
inematical fitting tools, and the geometrical parameters are set to the
ntrinsic values, whereas our discs are at z = 5, created independently
rom the respective 3D-kinematical tools, are synthetically observed
ith ALMA, and we allow for variation of position angles and

nclinations. Lee et al. ( 2024 ) find a strong dependence of the ability
o recover the kinematical parameters on the exact form of the
nput galaxy, the combination of moment major axis profiles/matter
istribution. We also note that, in our galaxies the largest scatter is
aused by the unknown input intrinsic galaxy profile combinations,
hereas the choice of profiles for the fitting with parametric tools
as a smaller effect on the scatter of recovered parameter values. 

Focusing on the choice of velocity dispersion profile, we see in
ig. 7 that depending on the choice we can either end up overes-

imating the rotation velocity while underestimating the dispersion
resulting in overestimating the abundance of cold discs (fitting
ith an exponential dispersion profile) – or we can overestimate the
ispersion and thereby underestimate the abundance of cold discs
fitting with a constant dispersion on a disc with an exponential
ispersion). It is also interesting to note that GALPAK3D suffers
rom particular difficulties in converging when fitting systems with
xponential velocity dispersion profiles (as seen in Table A2 ). 

Furthermore, we note that using a constant rotation curve for fitting
he discs is advantageous in low-quality data, and may there result
n more accurately recovered velocities. As may fitting with a thick
isc in GALPAK3D , even though the input disc is known to be thin, but
ore investigation is required for a conclusion on the topic. 

.2 The presence of dynamically cold rotating discs and V /σV 

he discussion of the presence and abundance of cold rotating discs in
he early Universe is of particular importance for our understanding
f galaxy evolution and its history. Assessing the ‘coldness’, i.e.
he rotational dominance in a disc is done via the ratio between the
otation velocity and velocity dispersion, V /σV . Caution is advised
s these parameters can be obtained and extracted in a multitude
f ways. In this work, we present the V /σV ratio derived from the
alues recovered by the 3D-kinematical tools (Table 3 ), as well as
he values extracted directly from the synthetically observed cubes. 

.2.1 3D-modelled V /σV in rotation-dominated discs 

he median offset, 1 σ scatter, and maximum and minimum values
f the rotation velocity, and velocity dispersion values for the three
ata qualities are listed in Table 4 . The blue coloured numbers note
he rotation-dominated systems, and plotted in Figs 8 –10 . 

The V /σV ratio portrays a pretty consistent median offset and
catter per 3D-kinematical tool regardless of method of derivation,
espite separately large value ranges for the rotation velocity and
ispersion velocity. The dispersion is the most difficult parameter to
ecover for the 3D-kinematical tools, as Lee et al. ( 2024 ) also note,
nd causes the largest scatter of recovered values for high-quality
ata. This may be in part due to the differences in how the three tools
odel dispersions, and the largest effect, which is seen in GALPAK3D ,
ay be mitigated by using a thick disc fit, despite our discs being
NRAS 543, 3103–3122 (2025)
ntrinsically modelled as thin. The dispersion is more accurately
eproduced by the 3D models at lower radial distances, which of
ourse leads to a limited view of the disc kinematics. The dispersion
s also more accurately recovered in lower-quality data, likely due
o the smoothing out of variations across the discs. We also further
ote that the intrinsic versus 3D-modelled dispersion profile choice
as a strong effect on the recovered dispersion value, see Fig. 7 .
ut the reason for the large scatter and value range of the velocity
ispersion remains unclear. The rotation velocity is, on the other
and, more accurately recovered, in high and medium-quality data.
he recovered rotation velocity shows a significantly larger range of
alues at low data quality, especially for the parametric tools. As the
ecovered dispersion velocity follows an opposite trend with small
ange for low data quality and a large range for high data quality, the
esultant V /σV ratio is at an advantage. 

Although, the low-quality data are not a recommended data quality
o use for resolved kinematics studies, the median offsets for the
 /σV values are comparable to the high and medium quality data
nd may therefore be useful for large samples of rotation-dominated
ystems, where GALPAK3D in particular provides the smallest range
f output parameters. 
Focusing on the medium and high data quality systems, 3D BAROLO ,

n average, overestimates the rotation velocity and underestimates
he velocity dispersion, resulting in an overestimation of the abun-
ance of cold discs by V /σV = [( + 513 

−20 ) − ( + 2128 
−18 )] per cent

depending on method of value extraction) for samples of rotation-
ominated systems. The median offset is within the 1 σ uncertainties,
mplying that the abundance of cold discs is adequately recovered.
owever, for single sources, the V /σV can be as high as + 72 per cent

arger or −52 per cent smaller than the actual value. 
GALPAK3D tends toward underestimation of the rotation velocity

nd overestimation of the dispersion, resulting in the largest under-
stimation of V /σV . On average for rotation-dominated systems the
bundance and presence of cold discs will be underestimated by on
verage ( −32+ 23 

−9 ) − ( −52+ 16 
−13 ) per cent in high and medium-quality

ata depending on method of derivation. For single sources the range
f possible values is −78 per cent to + 7 per cent. 

QUBEFIT recovers the most accurate median V /σV in high and
edium data quality rotation-dominated systems, and performs
orst at low data quality. For the medium and high-quality data

he V /σV ranges ( −2+ 8 
−5 ) − (13+ 7 

−63 ) per cent, with a maximum and
inimum of + 46 per cent and −67 per cent, respectively. 

.2.2 3D-modelled V /σV with incorrect inclination 

rom Figs 8 –10 we see the effect of incorrectly assumed incli-
ations. As expected, a too high assumed inclination causes an
nderestimated V /σV and a too low assumed inclination causes
n overestimated V /σV in 3D BAROLO and QUBEFIT . This is the
xpected behaviour due to the effect of inclination on the de-
rojected rotation velocity. However, we do not see this effect on
he GALPAK3D recovered V /σV , as the GALPAK3D models result in
ess of an effect on the recovered rotation velocity the assumed
nclination is too high, and for the too low assumed inclination
ALPAK3D overestimates the dispersion, which balances out the
ecovered V /σV value. 

.2.3 3D-modelled V /σV in non-optimal discs 

hen we increase the dispersion relative to the rotation velocity the
bility of the 3D-kinematical tools to converge is severely hampered
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see Tables A1 –A3 ). The 3D BAROLO convergence rate declines from
00 per cent to 81 per cent, GALPAK3D from 92 per cent to 73 per cent,
nd QUBEFIT all the way from 99 per cent to 46 per cent – too low to
nable conclusions to be drawn. The transparent shades in Figs 8 –10
ogether with black-coloured numbers in Table 4 show how large the
catter and value range become for 3D BAROLO and GALPAK3D when
he input systems are not solely rotation dominated. These values are
ndicative of what to expect when the input system is unknown. 

For high-quality data, GALPAK3D is likely to provide a comparably
ood fit as it does for the pure rotation-dominated discs, with a V /σV 

nderestimation of −40+ 22 
−78 per cent (min; max = –78; 20 per cent)

depending on method of value extraction). But for low-quality data
he value range can be as large as –251 per cent to + 1551 per cent. 

3D BAROLO on the other hand, handles low-quality data better
hile suffering with high-quality data when the input discs are not
urely rotation dominated. The median offsets are similar to those
f purely rotation-dominated samples, with only slightly higher
verestimations of V /σV , at ( + 18+ 40 

−42 ) − ( + 35+ 59 
−22 ) per cent but

anging from –41 per cent to + 916 per cent at high data quality
nd –10 per cent to 185 per cent at low data quality. 

However, the large value ranges of V /σV propagated by the
ispersion-dominated and liminal systems are presented as percent-
ge offsets from the intrinsic values. And for these systems the intrin-
ic value is 0.2 and 1, so while this can push the system into the region
f dynamically cold discs, the likelihood of that happening is not as
ronounced as the percentages make it appear. Still, considering
he value ranges there is still a significant risk of overestimating the
 /σV and thereby overestimating how dynamically cold the observed
ystem is. Fortunately, this mixed rotation and dispersion-dominated
ample still shows stable median V /σV offsets, so for large samples
f galaxies of unknown V /σV range we may still obtain adequate
 /σV values. But to achieve a kinematically accurate model, it is
ital to know whether the input disc is rotation dominated or not. 

.2.4 V /σV from synthetic observations instead of 3D-fitted models

hroughout this paper, we have plotted the rotation velocity, ve-
ocity dispersion, and V /σV extracted from 3D BAROLO , GALPAK3D ,
UBEFIT models, as well as extracted directly from the synthetically
bserved cube. We have noted that the rotation velocities extracted
irectly from the synthetically observed cubes suffer from large
catter when the input systems are not purely rotation dominated,
orse for higher data quality. Similarly, we find that the extracted
elocity dispersions are more inaccurate and scattered at higher data
uality. But again, the V /σV ratio partly compensates for these
iscrepancies, and Figs 8 –9 and Table 4 show that if the V /σV 

alue is obtained from a rotation velocity and dispersion extracted
t the same radial distance along the major axis, the resultant V /σV 

alue is good; the median offset, scatter, and value range obtained
or a mixed rotation- and dispersion-dominated sample are smaller
hen extracted directly from the synthetically observed cube at 2 . 2 rd 

 V /σV = −34+ 20 
−32 per cent, min;max = –96;48 per cent) and 1 rd 

 V /σV = −13+ 21 
−17 per cent, min;max = –56;164 per cent) than if

btained from the 3D models (independent of data quality). This is
articularly important when there is a risk of dispersion-dominated
ystems, where the scatter and value range are significantly reduced
hen extracted directly from the synthetically observed cube. 
However, for the Vrot, max /σ̄V the median offset, scatter, and value

ange are larger and therefore not reliable. Using this method of V /σV 

erivation on the observed cube is therefore not recommended. 
NRAS 543, 3103–3122 (2025)
In conclusion, when including the dispersion-dominated systems,
tting the data with a 3D-kinematical tool does not provide better
 /σV values than directly extracting the values from the observed
ube as long as the values are extracted at specific radii along the
ajor axis ( rd and 2 . 2 rd ). For the rotation-dominated input galaxies,

irect extraction V /σV at rd and 2 . 2 rd , and V /σV as Vrot, max /σ̄V , pro-
uces values comparable to those derived from the 3D-fitted cubes.
xtraction of V /σV directly from the observed cube may therefore be
sed for classifying an observed galaxy as rotation dominated enough
o be fitted with a 3D-kinematical tool or not. If the observed data
re poor the best (closest median value and smallest scatter) V /σV 

alues can be obtained from direct extraction along the major axis of
he observed cube. This is under the caveat that the system consists
f a single disc with a combination of moment profiles and rotation
elocity to velocity dispersion ratios within the range investigated
y our set-up. Machine-learning classification algorithms and/or
ethods to narrow down the geometrical parameters of galaxies

e.g. CANNUBI; Roman-Oliveira et al. 2023 ) may be crucial for
nsuring individual disc and rotation domination in a system prior to
D-fitting, to facilitate trustworthy results. 

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

e investigated the uncertainties and systematics of three 3D
inematic tools, 3D BAROLO , GALPAK3D , and QUBEFIT , in recov-
ring the intrinsic kinematics of rotating discs at high-redshift.
e built a large sample of idealized galaxy disc models. These

iscs were synthetically observed with ALMA, creating realistic
nterferometric synthetic data corresponding to line emission of the
C II ]1900.536 GHz emission line at a redshift of 5.1 (although the
esults presented here can be applied to any emission line that traces
he galactic disc). 

We summarize the key results as follows: 

(i) The recovery of the rotation velocity and velocity dispersion
s dependent on the choice of 3D-kinematical tool. For samples of
otation-dominated systems with kinematic parameters extracted at
 . 2 rd and averaged over data quality: 

(a) 3D BAROLO overestimates the rotation velocity and under-
estimates the velocity dispersion, resulting in an overestimation
of the abundance of cold rotating discs, by + 20+ 23 

−22 per cent. 
(b) GALPAK3D , on the other hand, underestimates the rotation

velocity and overestimates the dispersion, thereby underesti-
mating the V /σV = −38+ 18 

−15 per cent. 
(c) QUBEFIT overestimates both the rotation velocity and

dispersion, which results in a better V /σV of 2+ 26 
−9 per cent. 

(d) All three tools provide qualitatively similar V /σV ratios
for all three extraction methods explored (i.e. extracting at 2 . 2 rd ,
rd , and as Vrot, max /σ̄V ). 

(e) For individual sources the range of recovered values can
be large. The rotation velocity value range increases as data
quality decreases. The velocity dispersion is the most difficult
to constrain for the parametric tools, GALPAK3D and QUBEFIT ,
in high-quality data. 3D BAROLO provides the smallest range of
recovered dispersion values, in general, which indicates that
3D BAROLO might be the most suitable for obtaining accurate
dispersion velocities (although underestimated) for individual
sources. 

(ii) Normally, we do not know if our sample sources are rotation-
ominated prior to fitting. QUBEFIT rarely converges for dispersion-
ominated systems, but 3D BAROLO and GALPAK3D exhibit a higher
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revalence of convergence. For samples with a mix of rotation- 
ominated ( V /σV = 10 , 5), liminal ( V /σV = 1), and dispersion-
ominated systems ( V /σV = 0 . 2): 

(a) Decreasing data quality correlates to an increasing range 
of recovered rotation velocity values, for both 3D BAROLO and 
GALPAK3D , with the strongest effect seen in the GALPAK3D fits. 
In general fitting the non-rotation-dominated systems result in a 
significantly increased scatter on all recovered parameter values. 
However, the averages remain comparable to the median offsets 
obtained for rotation-dominated samples, so while individual 
fitted values cannot be trusted, the averages of large samples 
are still likely to provide useful characterization of the sample 
as a whole. 

(iii) For samples of rotation-dominated discs, extracting the V /σV 

irectly from the synthetically observed cubes provides slightly 
orse but still comparable median offsets and scatters as the values 

xtracted from the 3D-modelled cubes if the rotation velocity and 
ispersion values are both extracted at the same radius. However, for
ixed samples, containing dispersion dominated and liminal systems 

s well, direct extraction from the observed cubes results in similar
edian offsets but with smaller value ranges, especially so for lower 

uality data. Therefore, it may be advantageous to obtain the V /σV 

irectly from the observed cube to indicate whether the target is
otation dominated enough to be fitted with a 3D-kinematical tool. 
owever, note that this is only applicable if the rotation velocity and
ispersion are extracted at the same radius. 
(iv) Although low-quality data (2–3 beams across the major axis) 

s not recommended for resolved galaxy kinematics the recovered 
edian values of the rotation velocity and velocity dispersion for 

amples remain adequate, indicating that fitting samples of low 

esolution data can still provide usable average values – with the 
edian offsets presented in this paper taken into account. 
(v) In the parametric tools, GALPAK3D and QUBEFIT , the combina- 

ion of brightness profile, rotation curve, and dispersion profile has 
o be set prior to fitting. Using a constant rotation curve, an option
n QUBEFIT , when fitting is advantageous for poorly resolved data, 
nd, surprisingly, not detrimental to higher-resolution data either. 
ith GALPAK3D , we see indications that fitting intrinsically thin discs 
ith thick disc fits may result in smaller kinematical parameter value 
ffsets. The choice of dispersion profile (constant versus exponential, 
ption in QUBEFIT ) has a direct impact on the recovered rotation
elocity and velocity dispersion, and requires careful handling and 
ssessment during the fitting procedure. 

The derived abundance and presence of dynamically cold discs 
n a galaxy sample, as quantified by the V /σV ratio, depend on the
hoice of 3D-kinematical fitting tool. For the same sample, different 
ools may lead to either an overestimation or underestimation of 
he prevalence of cold discs. These findings are especially relevant 
n the context of recent high-redshift observations with ALMA and 
WST , where kinematical classifications play a key role in tracing 
he evolutionary pathways of galaxies. Tool-dependent biases in 
ecovered V /σV values must therefore be carefully considered to 
void systematic misclassification of galaxies. 

We recommend that any kinematic parameter derived from 3D 

odelling be interpreted in light of the median offsets and scatters
resented in this work. Applying correction factors or bias estimates, 
uch as those provided here, and deliberately selecting the 3D- 
tting tool will aid in drawing robust scientific conclusions. The 
ange of recovered kinematic parameter values can be substantial for 
ndividual sources. This study offers insight into how far one can 
rust fitted values for individual sources, and provides expectations 
or median offsets when interpreting samples. 
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érsic J. L. , 1963, Boletin de la Asociacion Argentina de Astronomia La Plata

Argentina, 6, 41 
imons R. C. et al., 2019, ApJ , 874, 59 
mit R. et al., 2018, Nature , 553, 178 
olomon P. M. , Downes D., Radford S. J. E., 1992, ApJ , 398, L29 
tott J. P. et al., 2016, MNRAS , 457, 1888 
winbank A. M. , Sobral D., Smail I., Geach J. E., Best P. N., McCarthy I. G.,

Crain R. A., Theuns T., 2012, MNRAS , 426, 935 
elikova K. et al., 2024, A&A , 699, A5 
urner O. J. et al., 2017, MNRAS , 471, 1280 

¨ bler H. et al., 2018, ApJ , 854, L24 
an der Wel A. et al., 2014, ApJ , 788, 28 
isnioski E. et al., 2015, ApJ , 799, 209 
isnioski E. et al., 2019, ApJ , 886, 124 
uyts S. et al., 2011, ApJ , 742, 96 

PPENDI X  A :  C O N V E R G E N C E  O F  3 D  FITS  

he following three tables lists each of the intrinsic cube set-
ps, as detailed in Table 1 , together with the set-ups used for the
D-kinematical fitting carried out with 3D BAROLO , GALPAK3D , and
UBEFIT . These tables show which fits converged according to the

ool specific convergence requirements. H, M, and L stand for high
ata quality, medium data quality, and low data quality, respectively
s synthetically observed using SIMALMA . The freeINCL, freePA etc,
tate if the inclination or position angle is left to vary in the fitting
rocedure, and if the inclination is fixed to ±10 of its actual value.
he flux, rotation velocity, and velocity dispersion are always free
arameters in the fits. 

http://dx.doi.org/10.1093/mnras/staa2792
http://dx.doi.org/10.1051/0004-6361/202348209
http://dx.doi.org/10.1088/0004-637X/724/2/895
http://dx.doi.org/10.1051/0004-6361/202451021
http://dx.doi.org/10.1088/0004-637X/697/2/2057
http://dx.doi.org/10.48550/arXiv.2411.07312
http://dx.doi.org/10.3847/1538-4357/aac2e5
http://dx.doi.org/10.1093/mnras/stz1643
http://dx.doi.org/10.3847/2041-8213/aad6de
http://dx.doi.org/10.3847/1538-4357/abe70f
http://dx.doi.org/10.1093/mnras/278.1.27
http://dx.doi.org/10.1093/mnras/stz2338
http://dx.doi.org/10.1051/0004-6361/201525830
http://dx.doi.org/10.3847/2041-8213/acdf5a
http://dx.doi.org/10.3847/1538-4357/ac22ad
http://dx.doi.org/10.1038/s41586-020-2572-6
http://dx.doi.org/10.1093/mnras/stab2295
http://dx.doi.org/10.1051/0004-6361/202243582
http://dx.doi.org/10.1051/0004-6361/202346444
http://dx.doi.org/10.3847/2041-8213/aca086
http://dx.doi.org/10.1086/153164
http://dx.doi.org/10.1093/mnras/stad530
http://dx.doi.org/10.48550/arXiv.2405.06025
http://dx.doi.org/10.1086/150317
http://dx.doi.org/10.48550/arXiv.2411.07695
http://arxiv.org/abs/2503.10751
http://dx.doi.org/10.3847/1538-4357/ab07c9
http://dx.doi.org/10.1038/nature24631
http://dx.doi.org/10.1086/186569
http://dx.doi.org/10.1093/mnras/stw129
http://dx.doi.org/10.1111/j.1365-2966.2012.21774.x
http://dx.doi.org/10.48550/arXiv.2411.09033
http://dx.doi.org/10.1093/mnras/stx1366
http://dx.doi.org/10.3847/2041-8213/aaacfa
http://dx.doi.org/10.1088/0004-637X/788/1/28
http://dx.doi.org/10.1088/0004-637X/799/2/209
http://dx.doi.org/10.3847/1538-4357/ab4db8
http://dx.doi.org/10.1088/0004-637X/742/2/96


High-z galaxy kinematics 3D tools’ biases 3121

Table A1. 3D BAROLO 3D-fitting set-up and convergence. For rotation dominated systems 3D BAROLO ’s convergence rate is 100 per cent, for non-ideal discs 
(‘inBetween’ and ‘dispDom’; Vrot /σV ≤ 1) it is 81 per cent. On the entire sample the convergence rate is 93 per cent. 

Table A2. GALPAK3D 3D-fitting set-up and convergence. For rotation dominated systems GALPAK3D ’s convergence rate is 92 per cent, for non-ideal discs 
(‘inBetween’ and ‘dispDom’; Vrot /σV ≤ 1) it is 73 per cent. On the entire sample the convergence rate is 85 per cent. 

Table A3. QUBEFIT 3D-fitting set-up and convergence. For rotation dominated systems QUBEFIT ’s convergence rate is 99 per cent, for non-ideal discs 
(‘inBetween’ and ‘dispDom’; Vrot /σV ≤ 1) it is 46 per cent. On the entire sample the convergence rate is 80 per cent. 
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igure B1. The impact of change of SNR cut-off value in the masking process in 3D BAROLO . This plot shows the velocity dispersion and rotation velocity value 
ffset from the intrinsic at 2 . 2 rd for the high data quality 3D BAROLO fits split per SNR cut-off value. The lack of variations present here remains independent of 
ata quality and method of parameter extraction. The transparent shading shows input systems independent of rotation or dispersion domination, while the solid 
olours display the rotation-dominated systems only. 
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