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A B S T R A C T 

Galaxies with a disc morphology have been established at z > 9 with the James Webb Space Telescope ( JWST ). However, 
confirming their disc-like nature requires studying their gas kinematics, which can be challenging when relying solely on the 
warm gas observed by JWST . Unlike the cold gas traced by the Atacama Large Millimetre/Submillimetre Array (ALMA), 
warm gas is sensitive to outflows, complicating the interpretation of the disc dynamics. This elicits the question of how to 

compare information obtained from varied tracers, as well as how to physically interpret the low angular and spectral resolution 

observations generally available at high redshift. We address these challenges through comparative kinematic analysis of idealized 

and realistic JWST Near-Infrared Spectrograph integral field unit (NIRSpec/IFU) mock observations derived from two galaxies 
in the SERRA suite of cosmological zoom-in simulations. With these synthetic data, we determine the robustness of dynamical 
information recovered from typical IFU observations, and test widely used criteria for identifying discs and gaseous outflows 
at high redshift. We find that at the typical NIRSpec/IFU spectral and angular resolution ( ∼0.05 arcsec pixel−1 ), non-circular 
motions due to inflows or outflows can mimic the smooth velocity gradient indicative of a disc, and bias measured velocity 

dispersion upwards by a factor of 2–3 ×. As a result, the level of rotational support may be underestimated in the NIRSpec/IFU 

observations. However, the recovered dynamical mass appears to be relatively robust despite biases in vrot and σ . 

Key words: galaxies: high redshift – galaxies: kinematics and dynamics. 
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 I N T RO D U C T I O N  

he evolution of galaxies is governed by a complex interplay of
strophysical phenomena including minor and major merger events,
mooth gas accretion, and gaseous outflows driven by feedback from
tars and active galactic nuclei (e.g. P. Dayal & A. Ferrara 2018 ; R.
. Crain & F. van de Voort 2023 ). These processes leave distinct
ynamical signatures in a galaxy, and therefore the study of galaxy
inematics represents a unique probe of the mechanisms governing
he mass assembly and growth of galaxies. 

The James Webb Space Telescope ( JWST ) is opening up an
nprecedented view into the first galaxy populations, allowing the
tudy of both their stellar morphology through the analysis of rest-
rame near-infrared or optical imaging, and their kinematics through
tars (e.g. F. D’Eugenio et al. 2024 ), and emission lines (e.g. H α,
O III ]) tracing the warm ionized gas. Early morphological analysis
f JWST imaging suggested that the disc population at z > 1.5 may
e up to 10 × greater than was seen by the Hubble Space Telescope
L. Ferreira et al. 2022 ). Discs have been discovered up to z ∼ 9
 E-mail: S.G.Phillips@2017.ljmu.ac.uk 

 

n  

t
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Commons Attribution License (https://creativecommons.org/licenses/by/4.0/), whi
n the Cosmic Evolution Early Release Science Survey (CEERS;
. L. Finkelstein et al. 2023 ) using morphological criteria, whereby
alaxies are classified as potential discs if they display flattened,
xtended light distributions (e.g. B. E. Robertson et al. 2023 ; J.
ega-Ferrero et al. 2024 ). The disc fraction estimated from a large
ample of CEERS galaxies is 60 per cent at z = 3 and ∼30 per cent
t z = 6 − 9 (J. S. Kartaltepe et al. 2023 ). Kinematic information
s crucial for positively confirming that visually identified disc
andidates are indeed rotational systems (e.g. E. Wisnioski et al.
015 ; R. C. Simons et al. 2019 ; F. Rizzo et al. 2022 ; B. Wang et al.
024 ). One widely employed metric used to quantify the degree of
otational support in a galaxy is the ratio of rotational velocity to
elocity dispersion, v/ σ , where the velocity dispersion measures the
urbulence of the interstellar medium (ISM) through the broadening
f the spectral line (Z. Li et al. 2023 ; A. De Graaff et al. 2024 ; E.
elson et al. 2024 ). A value of v/ σ ≥ 3 is considered an indicator
f a settled disc (N. M. Förster Schreiber & S. Wuyts 2020 ), and
/ σ ≥ 10, typical of local galaxies, indicates a dynamically cold
isc. 
Galaxy kinematic studies using warm ionized gas tracers, most

otably H α, at intermediate redshifts (0 . 5 � z � 3 . 5) have found
hat the velocity dispersion within galaxies increases, and the v/ σ
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atio decreases, as a function of redshift (E. Wisnioski et al. 2015 ;
. J. Turner et al. 2017 ; H. L. Johnson et al. 2018 ; H. Übler et al.
019 ; J. E. Birkin et al. 2024 ) such that galaxies at z ≥ 2 . 5 have
/ σ < 2 (e.g. E. Wisnioski et al. 2015 ; O. J. Turner et al. 2017 ).
his is in agreement with simulations (e.g. D. Ceverino et al. 2017 ;
.-L. Hung et al. 2019 ). For instance, using TNG50 simulations, A.
illepich et al. ( 2019 ) find that at z < 5, discs traced by H α become
ignificantly more turbulent with increasing redshift. 

Cold gas observations of galaxies, especially [C II ]-158 μm and 
O observations with the Atacama Large Millimetre/Submillimetre 
rray (ALMA), are characterized by lower velocity dispersion and 
 greater degree of rotational support (i.e. v/σ ∼ 10) at z = 0 . 5 − 6
G. C. Jones et al. 2017 ; M. Neeleman et al. 2020 ; F. Rizzo et al.
020 , 2021 , 2023 ; F. Fraternali et al. 2021 ; F. Lelli et al. 2021 , 2023 ;
. Tsukui & S. Iguchi 2021 ; F. Roman-Oliveira, F. Fraternali & F.
izzo 2023 , but see J. S. Spilker et al. 2022 ). Marginally resolved
inematic characterisations of sources in the Epoch of Reionization 
EoR) indicate that disc structure may already be present at these 
arly times (R. Smit et al. 2018 ; E. Parlanti et al. 2023 ; A. C. Posses
t al. 2023 ), while the high resolution observations presented in L.
. Rowland et al. ( 2024 ) reveal the earliest dynamically cold disc yet
iscovered, with v/ σ ∼ 10 at z = 7 . 31 . 
F. Rizzo et al. ( 2024 ) examine the discrepancy between warm

nd cold gas dynamics by comparing the velocity dispersion and 
/ σ measurements using spatially resolved CO, [C I ], and [C II ]
bservations from the ALMA Archival Large Program to Advance 
inematic Analysis (ALPAKA) sample at z = 0.5–3.5 (F. Rizzo 

t al. 2023 ) and from the literature (M. Girard et al. 2019 , 2021 ; C.
acchini et al. 2020 ; F. Fraternali et al. 2021 ; F. Lelli et al. 2021 ,
023 ; F. Rizzo et al. 2021 ; F. Roman-Oliveira et al. 2023 ) with
rends from observations and models of warm ionized gas. They find 
hat H α yields measurements of σ (v/ σ ) that are higher (lower) than
hose from cold gas by a factor of ∼3. 

This observational result is in accord with theoretical work by 
. Kohandel et al. ( 2024 ), using the SERRA zoom-in cosmological

imulations (A. Pallottini et al. 2022 ). M. Kohandel et al. ( 2024 )
ompare simulated velocity dispersion and v/ σ values obtained from 

 α and [C II ] at z = 4–9, finding that the velocity dispersion from
C II ] is a factor of 2–3 × smaller, on average, than the H α value.
hey find that v/ σ does not strongly evolve with redshift, and show

hat the tracers probe different galactic regions. [C II ] traces the
isc, as [C II ] originates from the cold neutral medium and is found
round molecular clouds (L. Vallini et al. 2015 ; A. Pallottini et al.
017a ; K. P. Olsen et al. 2021 ), while H α traces both the disc and
urrounding ionized gas, such as outflowing or inflowing streams (see 
lso T. Ejdetjärn et al. 2022 , 2024 ). This contamination of warm gas
inematics by the non-circular motion of gas surrounding the galaxy 
s primarily responsible for the difference between kinematics as 
easured by cold and warm gas tracers. 
Hence, cold gas observations provide a less biased estimate of the 

isc velocity dispersion, rotational velocity, and circular velocity. To 
enefit from the synergy between JWST and ALMA, it is imperative 
o be able to interpret the difference in kinematic measurements from
arm and cold gas. However, as discussed in F. Rizzo et al. ( 2022 ),

t is challenging to obtain high resolution and high signal-to-noise 
atio (SNR) observations at z > 4 with ALMA, the primary facility
urrently available for observing galaxies in cold gas. Existing 
LMA high-resolution surveys of galaxies at z > 4 are therefore 
iased towards bright, massive galaxies with high star formation 
ates (e.g. O. Le Fèvre et al. 2020 ; R. J. Bouwens et al. 2022 ; J. Li
t al. 2024 ). The JWST /IFU allows some redress of this bias towards
xtreme sources at z > 4, as it is capable of observing normal galaxies
rom this redshift range in warm gas, and thus greatly extends the
ccessible redshift range for warm gas kinematics. Recent studies 
nalyse the kinematics of individual objects in the EoR at high
esolution with the G395H grating ( R ∼ 2700). They identify a
alaxy group with indications of merger activity in its constituent 
alaxies at z = 6 . 34 (G. C. Jones et al. 2024 ), a candidate unsettled,
urbulent disc at z = 6 . 9 (S. Arribas et al. 2024 ), a galaxy at z = 6 . 9
nterpreted as a merging system (J. Scholtz et al. 2025 ), and a lensed
alaxy with a velocity gradient that could be indicative of rotation
r merger activity at z = 9 . 11 (C. Marconcini et al. 2024 ). NIRCam
rism observations have furthermore revealed evidence of potential 
iscs at z > 5 (Z. Li et al. 2023 ; E. Nelsone et al. 2024 ; A. L.
anhaive et al. 2025 ). In the context of such progress, the aim of

his paper is to understand whether we can robustly identify galaxies
osting discs at z > 6 and derive their intrinsic properties, including
he level of turbulence and the presence of outflows, with the typical
bservations available from the JWST /NIRSpec IFU. 
To achieve this, we create idealized and realistic mock NIRSpec 

bservations for two galaxies from the SERRA simulations (A. 
allottini et al. 2022 ), which form part of the sample studied in
. Kohandel et al. ( 2024 ). These are representative massive disc

alaxies ( ∼ 1010 M�) at redshift z = 6 − 7, chosen based on the
omparison between the kinematics as measured by H α and [C II ]
see Section 2.1 ). One appears to host strong outflows, while the
ther shows no sign of non-circular motion. They act as case studies
or which we examine the dynamical properties that can be recovered
rom observations using state-of-the-art analysis techniques. The 
tructure of the paper is as follows: in Section 2 we introduce the
uite of simulations our target galaxies are drawn from, and establish
heir properties. In Section 3 , we outline the process by which both
dealized and realistic mock NIRSpec observations are created from 

he simulation outputs. In Section 4 , we describe the methods we
se to analyse the data. The results are discussed in Section 5 and
ummarized in Section 6 . 

 SERRA SI MULATI ONS  

ERRA is a suite of high resolution ( � 104 M�, � 20 pc ) zoom-in
osmological simulations which tracks the formation and evolution 
f galaxies at z > 4 (A. Pallottini et al. 2022 ). These simulations
odel the interactions between radiation, gas, stars, and dark 
atter within a cosmological framework, using the adaptive mesh 

efinement code RAMSES (R. Teyssier 2002 ; J. Rosdahl et al.
013 ). Combined with the zoom-in technique, this provides the 
patial and temporal resolution necessary for studying small-scale 
rocesses, including star formation and feedback (e.g. from SN and 
tellar winds; A. Pallottini et al. 2017a ), chemical evolution (non-
quilibrium chemistry up to molecular hydrogen formation; T. Grassi 
t al. 2014 ; A. Pallottini et al. 2017b ), and radiative effects (e.g.
hotoionization and photoevaporation: D. Decataldo et al. 2019 ; A. 
allottini et al. 2019 ). 
In post-processing (cfr. A. Lupi et al. 2020 ; H. Katz et al. 2024 ),

he SERRA simulations can be used to analyse line emission across
ultiple wavelengths using realistic, observational-like pipelines (A. 
anella et al. 2021 ; F. Rizzo et al. 2022 ), to provide detailed insights

nto the physical conditions of high-redshift galaxies. [C II ] and H α

ine emission in SERRA is computed using the CLOUDY spectral 
ynthesis code (G. J. Ferland et al. 2017 ), accounting for the turbulent
tructure of molecular clouds (L. Vallini et al. 2018 ; A. Pallottini et al.
019 ; M. Kohandel et al. 2020 ). For each emission line, simulated
ntegral field unit observations are created from the output of the
oom-in simulations in the form of hyperspectral data cubes (M. 
MNRAS 544, 2758–2776 (2025)
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Table 1. Properties of the SERRA galaxies derived directly from the simulations. 

Name z M� Mgas LH α L[C II ] SFR reff , H α reff ,[C II ] σ[C II ] σH α (v/ σ )[C II ] (v/ σ )H α

(1010 M�) (109 M�) (109 L�) (109 L�) (M� yr−1 ) (kpc) (kpc) (km s−1 ) (km s−1 ) 

Opuntia 6.07 1.2 4.5 1.8 0.3 19 1 0.7 26.8 58.6 8.8 4.1 
Narcissus 6.82 1.0 4.1 23 1.1 38.4 0.8 0.8 20.8 23.9 11.9 10.4 

Figure 1. Maps of stellar distribution, with a colourbar showing the stellar mass density per unit area. The field of view is 8 kpc × 8 kpc, corresponding to 
∼1.4 arcsec × 1.4 arcsec at z = 6 . 07 (Opuntia, M� = 1 . 2 × 1010 M�) and ∼1.5 arcsec × 1.5 arcsec at z = 6 . 82 (Narcissus, M� = 1 . 0 × 1010 M�). 
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ohandel et al. 2019 , 2020 ). These are cubic regions with two
patial and one spectral dimension, centred on target galaxies, upon
hich the velocity-dependent line surface brightness is modelled
sing Gaussian kernels to account for ISM temperature and internal
urbulence. 

.1 Target sources 

n this paper, we consider two simulated star-forming galaxies from
he SERRA suite as representative case studies: ‘Opuntia’ at z = 6 . 1
SFR = 19 M� yr−1 , M� = 1 . 2 × 1010 M�) and ‘Narcissus’ at z =
 . 8 (SFR = 38 . 4 M� yr−1 , M� = 1 . 0 × 1010 M�). 
These galaxies were selected from the M. Kohandel et al. 2024

ample ( � 3000 galaxies at 4 ≤ z ≤ 9) based on their kinematic
roperties, as as each hosts a dynamically cold disc. From this
ample, the authors find that 60 per cent of sources are dynamically
old in [C II ]. 

We selected our two target galaxies based on their contrasting
ultiwavelength kinematic properties. Narcissus, introduced in M.
ohandel et al. ( 2024 ), is an EoR galaxy that maintained a cold
isc for over 10 dynamical times, showing consistent v/σ in both
C II ], a tracer of cold gas, and H α, which traces the warm ionized
omponent. The second galaxy, Opuntia, was previously analysed
n F. Rizzo et al. ( 2022 ) and displays a significantly warmer ionized
as component (see intrinsic 1 values in Table 1 ). This contrast in
NRAS 544, 2758–2776 (2025)

 In M. Kohandel et al. ( 2024 ), the intrinsic σem −line is defined as the 
uminosity-weighted average velocity dispersion, calculated using moment- 
 and moment-0 maps of the respective emission line. The rotational 
elocity Vrot is estimated using the galaxy’s circular velocity, given by 

c = ( GMdyn /rd )1 / 2 where Mdyn = M∗ + Mg represents the dynamical 

r

m
d

he cold and warm gas kinematics of high-redshift galaxies has been
ound to be a signature of outflows (see M. Kohandel et al. 2024 ; M.
ohandel, A. Pallottini & A. Ferrara 2025 ). 
To give an overview of the galaxies, in Fig. 1 we show their stellar

istributions. The stellar mass is strongly centrally concentrated in
puntia, while Narcissus additionally hosts pockets of high-stellar
ensity. The most relevant global properties for the galaxies are
ecorded in Table 1 . Narcissus has a high H α luminosity, leading to
n offset relative to widely used LH α–SFR calibrations such as the
ne presented in J. Kennicutt ( 1998 ). This offset is not unexpected for
alaxies in the EoR, as the J. Kennicutt ( 1998 ) relation assumes solar
etallicity and continuous star formation over 100 Myr. In contrast,

ERRA galaxies form stars in relatively metal-poor bursty episodes
A. Pallottini et al. 2025 ), which can enhance the ionizing photon
roduction per unit star formation rate (SFR) and thus increase the
redicted H α luminosity (Kohandel et al., in preparation). Similar
xcesses have been reported in other zoom-in simulations (e.g.
PHINX ; H. Katz et al. 2019 ), where low metallicity and bursty star
ormation systematically raise line luminosities. 

As shown in A. Pallottini et al. ( 2022 ), the L[C II ] –SFR relation of
ERRA galaxies is consistent with z ∼ 4 observations (e.g. S. Carniani
t al. 2018 ), and similar to the relations at z = 0 for starburst galaxies
I. De Looze et al. 2014 ; R. Herrera-Camus et al. 2018 ) albeit with
 larger scatter (0.48 dex), which can cause individual galaxies to
ppear above (Opuntia) or below (Narcissus) the average of the
elation. 
ass within the desired field of view, and rd is the disc effective radius, 
efined as the radius containing 50 per cent of the gas mass. 
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 C R E AT I N G  M O C K  OBSERVATIONS  

ur ability to reliably derive disc kinematic properties in the 
resence of significant non-circular motions is limited by the spectral 
esolution, angular resolution, and signal-to-noise ratio. In order to 
est the effect of varying SNR and angular resolution on the feasibility
f recovering the main properties of discs at z > 4 and the presence
f non-circular motions driven by outflows, we create both realistic 
ock NIRSpec and idealized observations from the two simulated 

alaxies. The simulated data cubes have a native spectral pixel size 
f 10.1 km s−1 and spatial pixel size of ∼ 0 . 03 kpc, corresponding 
o an angular resolution of ∼ 0 . 005 arcsec at the redshifts of our
argets. The field of view is 8 kpc × 8 kpc ( ∼1.4 arcsec × 1.4
rcsec for Opuntia, ∼1.5 arcsec × 1.5 arcsec for Narcissus). We 
se the simulation output to create idealized and mock NIRSpec 
bservations using the general formula 

processed cube = (simulated cube ⊗ PSF ⊗ LSF ) + noise , (1) 

here ⊗ represents a convolution operator, PSF is the point spread 
unction, and LSF is the line spread function. Different PSFs, LSFs,
nd noise approximations are used for the idealized (Section 3.1 ) and
ealistic (Section 3.2 ) cases. 

.1 Idealized data 

e do not perform any spatial or spectral rebinning, in order to
reserve the high intrinsic resolution in the creation of idealized 
bservations, and so permit a comparison of the information recov- 
rable from realistic mock NIRSpec observations and observations 
ith ideal data quality. We convolve with a small PSF so as to
aximize the number of resolution elements sampling the galaxy 

nd therefore test the impact of resolution on our ability to recover
inematic properties from H α. The process of creating the idealized 
ata is outlined in the following. 

(i) The pixel size ( ∼0.005 arcsec) and the spectral pixel size (10.1
m s−1 ) are not changed from the simulation output. 
(ii) The data were convolved with a PSF and LSF (equation 1 ).

he PSF is formed from a 2D Gaussian with full width at half-
aximum (FWHM) of 3 pixels ≈ 0.016 arcsec. The LSF has a 
WHM equivalent to twice the spectral pixel size. 
(iii) We add noise taking a realization from a normal distribution, 

etting a high S/N ratio of 50 in an aperture of equivalent size to the
SF at the outer extent of the galaxy, so as to maximize signal while
till providing a noise background to facilitate kinematic fitting. 

.2 Realistic mock NIRSpec data 

he process of creating the mock observations was to interpolate the 
ata to the spectral and angular pixel scale of NIRSpec, and then to
dd a realistic realization of noise. The highest spectral resolution 
ode of JWST /NIRSpec, designed for kinematic characterization of 

istant galaxies, has a resolution R � 2700 (P. Jakobsen et al. 2022 ),
hich may not be sufficient to accurately measure velocity dispersion 
alues below ∼ 50 km s−1 , as a single spectral resolution element has 
 width of ≈ 111 /

√ 

8 ln (2) = 47.1 km s−1 , and the instrumental LSF 

ay here introduce strong uncertainties (e.g. F. Lelli et al. 2023 ,
nd see A. De Graaff et al. 2024 in which the LSF of the NIRSpec
ispersers is found to be a strong function of the target light profile,
ith the measured LSF being up to 2 × lower than reported by STSci
see their appendix A.) The pixel scale of JWST is ∼0.1 arcsec

ixel–1 , equating to ∼0.6 kpc pixel–1 at z = 6, and in IFU mode the
oV is ∼3.0 arcsec × 3.0 arcsec(T. Böker et al. 2022 ). 
To simulate detector noise we ran the JWST Exposure Time 
alculator (ETC; K. M. Pontoppidan et al. 2016 ) on a blank scene,
sing the grating G395H, which provides the best spectral resolution 
or H α at our target redshifts. The read-out pattern employed is
RSIRS2, which offers an improvement in the handling of correlated 
oise compared to traditional read-out methods through regular 
ampling of reference pixels, and is particularly effective for long 
xposures of faint sources (B. J. Rauscher et al. 2012 ; S. M. Birkmann
t al. 2022 ). The detector parameters are informed by the set-up
tilized to perform integral field spectroscopy on galaxies at z > 8
n GTO Cycle 1 Programme 1262 (PI Luetzgendorf). The specific 
etails of creating the idealized and mock observations are described 
n the following. 

(i) Spectral binning to achieve a spectral pixel size equivalent to 
hat of the ETC-generated noise cube for each galaxy, which had a
alue of 32.3 km s−1 (Narcissus) and 35.8 km s−1 (Opuntia). Spatial 
inning to a pixel scale of 0.05 arcsec pixel–1 , representing dithered
bservations. 
(ii) Convolution with a simulated PSF and LSF for NIR- 

pec/G395H. The PSF has a FWHM of 0.23 arcsec (0.20 arcsec)
or Narcissus (Opuntia) and is created with the same dithered pixel
ize of 0.05 arcsec, using the python package WEBBPSF (M. D. Perrin
t al. 2012 , 2014 ), and the LSF is a Gaussian profile with FWHM
quivalent to λ/ R , where λ is the redshifted wavelength of H α and
 is the resolution corresponding to this wavelength, with a value of
600.8 (3223.9) for Narcissus (Opuntia). 
(iii) Addition of noise. The ETC-generated noise cube was scaled 

y a multiplicative factor to reach a SNR of 5 in an aperture with the
ame area as the PSF at the outer extent of the galaxy. The region
eferred to here as the ‘outer extent of the galaxy’ is indicated with
otted lines in Fig. 2 , from which it is apparent that the region does not
ave a uniform flux. To account for this, we use the flux of the entire
egion to estimate the average signal within a PSF-sized aperture. 

e dropped 10 000 apertures at random positions on random slices
f the ETC-generated noise cube, plotted the flux measurements in 
 histogram and took the standard deviation of the distribution as N.
e fitted the emission line spectrum of the galaxy with a Gaussian

rofile and extracted the centre ( μ) and standard deviation ( σ ) of the
tted Gaussian. We used these measurements to create a spectral sub-
ube of the data in the region ±2 σ of the emission line centre. From
his sub-cube we extracted the signal within a PSF-sized aperture 
t the outer extent of the galaxy, S, and hence obtained the scaling
actor by which we multiplied the noise before adding it to the galaxy
ata. We then estimate the exposure time that would be required to
chieve a similar observation of a real target. To do this, we input
he properties of our mock observations to the ETC, including the
uminosity and effective radius, and calculate the SNR obtained at 
arious exposure times. We find that an SNR of 5 is achievable in an
perture at the outer extent of the galaxy in 7236 s for Narcissus (using
 detector set-up of 6 groups/integration, 4 integration/exposure, and 
 dithers) and in 57 597 s for the fainter Opuntia (using a detector
et-up of 28 groups/integration, 1 integration/exposure, and 28 total 
ithers). However, the exposure time required to obtain the same 
NR can vary strongly as a result of small differences in target galaxy
izes and emission line widths, the latter being particularly relevant 
or galaxies with strong velocity gradients or outflow components, 
s is the case here. Therefore, for our results to translate reliably
o real observations, in Section 5.1 we consider the effect on our
ecovered kinematic measurements of changing the SNR, rather than 
he exposure time. 
MNRAS 544, 2758–2776 (2025)
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Figure 2. Moment-0, -1, and -2 maps, respectively depicting integrated spectral intensity, line-of-sight velocities, and velocity dispersion for Opuntia (top 
three rows) and Narcissus (bottom three rows) inclined at 60◦. The [C II ] and H α emission maps in the first and second columns are obtained directly from 

the simulations. See Table 1 for the intrinsic kinematic measurements. The third and fourth columns show the emission line cubes that have been processed to 
represent an idealized warm gas observation and a realistic mock NIRSpec/IFU observation as described in Section 3 , for which the moment-1 and -2 maps are 
masked at 25 σ (in the idealized case) and 5 σ (in the mock NIRSpec case). The v = 0 isophote is plotted on the mock NIRSpec moment-1 maps and dotted lines 
indicate the region representing the ‘outer extent of the galaxy’ in the mock NIRSpec moment-0 maps. PSFs are shown in the moment-0 maps for the derived 
data. 
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 KINEM ATIC  ANALYSIS  

.1 Qualitative analysis of the moment maps 

oment maps are typically used to obtain evidence on the dynamical 
tate of a galaxy. For instance, the presence of a continuous, 
mooth gradient in the moment-1 map is used as a criterion in the
dentification of discs (e.g. E. Wisnioski et al. 2015 ), but it is not
ufficient. At marginal resolution, non-circular bulk motion of gas 
nd interactions between merging systems can mimic certain disc 
haracteristics (R. C. Simons et al. 2019 ). 

Fig. 2 shows the moment maps derived from Opuntia and Nar- 
issus. The first and second columns are the [C II ] and H α maps
btained directly from the simulated galaxies, the third column is 
rom the idealized observation, and the fourth is from the mock 
IRSpec/IFU observation. 
For Opuntia, the [C II ] moment maps trace the dynamically cold

entral disc, which has a smooth velocity gradient and a centrally 
eaked velocity dispersion distribution. Opuntia appears far more 
xtended in H α, where we still see the central disc structure but also
he diffuse gas surrounding it. In the mock NIRSpec/IFU observation, 
he moment-1 map shows the smooth gradient indicative of a disc. 
owever, the velocity gradient is not only tracing the disc structure

tself. The comparison with the intrinsic simulated H α maps (second 
olumn) clearly shows that the velocity gradient in this case is tracing
oth the disc and the surrounding gas. Hence, at the angular resolution
f the JWST observations, the diffuse component dominates and 
imics the emission originating from the outer extent of the galaxy. 
he deviation of the v = 0 isophote from a straight line in the centre
f the moment-1 map provides an indication of the presence of
on-circular motion (e.g. S. Arribas et al. 2024 ; H. Übler et al.
024 ). However, this method can be misleading in certain cases, 
s the features in the velocity field can be smoothed out when the
ngular resolution is low (F. Rizzo et al. 2022 ), and the shape of the
sovelocity contour can vary strongly and arbitrarily depending on 
he mask that is applied to produce the velocity field (Appendix A ). 

Traced by [C II ], we see that the central disc of Narcissus is
ncircled by extended filiamentary structures. From their morphol- 
gy in the moment-0 map alone, these could be interpreted as
nflowing or outflowing gaseous streams, but the moment-1 map 
ppears to contradict this scenario as the filiaments reproduce the 
elocity gradient of the inner disc. We therefore consider them to be
ravitationally bound to the disc, and perhaps best described as ‘cold 
as spiral arms’. For Narcissus, the structure traced by cold and warm
as appears similar; according to both, Narcissus has a strong axial 
symmetry in the [C II ] and H α distributions. Its irregular structure
omprises multiple off-centre clumps clearly visible in the moment- 
 maps, which could represent satellites or localized clumps of star
ormation. While there is a velocity dispersion peak coincident with 
he galactic centre, the flux is not centrally concentrated and is instead 
eighted to the south of the galaxy. In the mock NIRSpec/IFU 

oment-1 map we again see a smooth, discy velocity gradient, 
hough here it is indeed tracing disc structure. The high-velocity 
ispersion clumps are no longer resolved, and appear merged into a 
ingle off-centred region. 

.2 Kinematic modelling with 3D BAROLO 

inematic fitting to the simulated IFU observations is performed 
sing the software 3D BAROLO (E. M. Di Teodoro & F. Fraternali 
015 ), which fits 3D tilted ring models (D. H. Rogstad, I. A.
ockhart & M. C. H. Wright 1974 ) to emission line data cubes.
D BAROLO creates mock realizations of rotating disc models defined 
y kinematic and geometrical parameters, notably including rota- 
ional velocity, velocity dispersion, inclination angle, position angle, 
nd the coordinates of the disc centre. 

Before comparing the data with the model, 3D BAROLO convolves 
he model with a Gaussian component which approximates the 
bservational PSF to account for the impact of beam smearing. 
D BAROLO outputs model cubes convolved with the beam, as well 
s moment maps and major and minor axis position–velocity (PV) 
iagrams, which are 2D velocity profiles extracted along the major 
nd minor kinematic axes of a source. To perform fitting with
D BAROLO , we provide estimated values for certain parameters 
otivated by measurements and assumptions of the underlying 

hysics, as described in the following. 
Kinematic parameters . The rotation velocity and velocity disper- 

ion are allowed to vary between 10 and 300 km s−1 , with initial
arameter estimates of 250 km s−1 and 50 km s−1 , respectively, 
nformed by measurements for rotating disc candidates at similar 
edshifts (R. Smit et al. 2018 ; A. C. Posses et al. 2023 ; L. E. Rowland
t al. 2024 ). 

Geometrical parameters . Since the goal of this project is to
onstrain the impact of data quality on the feasibility of deriving
ynamical properties, it is a ‘proof of concept’ study and we therefore
id not consider it necessary to fit the inclination angle from the data
s if we had no a priori knowledge of the galaxy properties. 

Position angle is left to be fitted. The Z0 parameter, controlling the
cale height of the disc, is fixed at 0.001 arcsec for each observation
s we assume a thin disc. We experiment with altering the assumed
isc thickness and confirm that this has very little effect on the
tted model, as the rotating disc features are consistent between thin
nd thick discs and the uncertainties introduced by the thin disc
ssumption is not significant compared to the errors on the velocity
easurements. Assumed disc thickness mainly affects the inclination 

ngle (F. Roman-Oliveira et al. 2023 ) which for our purposes is fixed.
Resolution elements . The radial separation ( RADSEP ) was set

o as to obtain the maximum possible number of independent 
easurements without oversampling. The value of NRADII is then 

he number of independent tilted rings that could be placed along the
xtent of the galaxy at a separation of RADSEP ≈ FWHM. For the
ealistic mock NIRSpec observations, NRADII is 2. 

In Appendix B , we present representative channel maps of each
ata cube along with the best-fitting model from 3D BAROLO . 

 RESULTS  

n this section, we introduce evidence for the presence of discs in our
ample (Section 5.1 ), and examine the impact of observational effects
n the recovered kinematics and related measurements: turbulence 
nd rotational support (Section 5.2 ). We use our mock observations
o comment on the validity of current techniques used for outflow
dentification (Section 5.3 ), and furthermore we test the impact of the
iases in our kinematic measurements on the recovered dynamical 
asses (Section 5.4 ). 

.1 Disc identification 

e use the position angle fitted by 3D BAROLO to the mock NIRSpec
bservations and idealized H α and [C II ] observations to define the
inematic axis as measured by each tracer. Each measured axis is
lotted over the corresponding galaxy in Fig. 3 . We extract the major
V diagrams along these kinematic axes, and the minor PV diagrams
long the orthogonal axes. In Fig. 4 , we show the contours of the data
MNRAS 544, 2758–2776 (2025)
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Opuntia
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Figure 3. Kinematic axes obtained from 3D BAROLO fitting (Section 4.2 ), 
measured from the realistic mock NIRSpec observations, along with idealized 
H α and [C II ] observations, overlaid on the intrinsic H α moment-1 maps. 
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black) and the disc model (red). PV diagrams provide evidence for
etermining the kinematic properties of galaxies, with a rotating disc
howing a characteristic signature in its PV diagrams (F. Fraternali
t al. 2002 ; W. J. G. De Blok et al. 2008 ; M. Neeleman et al. 2020 ).
he minor axis diagram of a rotating disc is symmetric about the
xes defining the systemic velocity and the centre, and the major axis
iagram displays an S-shape (F. Rizzo et al. 2022 ). For a rotating
isc with no outflows, inflows, or other sources of non-virial motions,
here should be no emission outside of the S-profile, and therefore the
uadrants unoccupied by the S-profile are referred to as ‘forbidden
egions’. 

For Opuntia, it is possible to discern a disc-like S-shaped distribu-
ion in the major axis PV diagram of both the idealized and realistic
ock NIRSpec cases, though it is significantly less distinct in the
ock NIRSpec diagram due to the lower resolution. In the idealized

ase, it is clear that there are non-circular motions present as there
s emission not reproduced by the rotating disc model visible in the
o-called forbidden regions (e.g. the emission region in the negative
uadrant of the major axis PV diagram, indicated with an arrow).
n the mock NIRSpec case, the rotating disc model is able to well
eproduce the overall emission in the bright inner region, but the
greement between the data and disc model worsens for the faint
mission (the outermost contour line), in both the major and minor
xis PV diagrams. 

In Narcissus, it is evident that the major axis PV diagrams are
eavily luminosity-weighted to one side, inconsistent with what
ould be expected for an axisymmetric disc. In the idealized case

here is a small peak that could potentially be associated with an
utflow, extending below the disc profile S-shape in the inner region,
t approximately −350 km s−1 (indicated on Fig. 4 with an arrow),
nd a similar feature is also visible in the minor axis diagram (again
ndicated by an arrow). 

The complementarity of data and model in the mock NIRSpec
V diagrams is poorer still for Narcissus than for Opuntia. Despite
arcissus being less influenced by non-circular motions, the asym-
etry of the H α distribution and the presence of bright clumps lead

o a significant discrepancy between data and disc model along both
he major and minor axis. From the mock NIRSpec observations,
oth galaxies would be identified as discs, Opuntia with v/σ = 2 . 1,
nd Narcissus with v/σ = 3 (Table 2 ). However, neither would be
lassified as cold discs, despite Narcissus being a dynamically cold
isc, and Opuntia being a disc with strong rotational support (i.e. v/ σ
 5) in simulated H α. 
It is evident that the presence of non-circular gas motion in

puntia, and of irregular disc structure in Narcissus, affects the
hapes of their PV diagrams. We therefore examine the ensuing
NRAS 544, 2758–2776 (2025)
onsequences for their disc classification according to the PVSplit
ethod, a dynamical classification technique introduced in F. Rizzo

t al. ( 2022 ). PVSplit analysis is based on three empirical parameters
hat quantify the symmetric and morphological properties of the

ajor and minor PV diagrams. These are Pmajor , a measure of the
symmetry of the major axis PV diagram with respect to the axis
efining systemic velocity, PV , which quantifies the distribution of
mission peaks along the velocity axis, and PR which is similarly
efined along the radial axis. The accuracy of PVSplit in separating
ergers and discs is demonstrated in F. Rizzo et al. ( 2022 ) for mock
LMA observations at SNR ≥ 10 where at least three independent

esolution elements can be laid along the galactic major axis. Fig. 5
hows where Narcissus and Opuntia fall on the PVSplit parameter
pace in relation to the plane of best division between disc and non-
isc systems, as defined by F. Roman-Oliveira et al. ( 2023 ) using the
upport-vector machine method to maximize the distance separating
he disc and non-disc galaxy samples pre-classified by F. Rizzo et al.
 2022 ), which are also plotted on the PVSplit diagram. Opuntia is
lassified as a disc, while Narcissus is classified as non-disc. 

In summary, the comparison between the data and disc model
eveals that the two galaxies might not be identified as regular rotating
iscs from realistic NIRSpec/IFU observations. This result indicates
hat despite the limited angular and spectral resolution, the mock
bservational data is not accurately reproduced by an axisymmetric
isc model, and rather we see that the presence of non-circular
otions in Opuntia and of asymmetries in Narcissus are identifiable

hrough discrepancies with respect to the disc model. 
We tested the effect on our recovered rotational velocity and

elocity dispersion of changing the SNR from ∼ 5 to SNR ∼ 3 and
10, finding that the velocity measurements are robust for both

alaxies across the entire S/N range. The kinematic measurements
ecovered at SNR ∼ 3 and SNR ∼ 10 are presented in a table in
ppendix C . 

.2 Quantifying biases in measured turbulence and rotational 
upport 

rom the 3D BAROLO fitting described in Sections 4.2 and 5.1 , we
xtracted the rotation velocity and velocity dispersion profiles. We
hus obtained the radial average values of σ and v/σ , which we
omputed as the ratio between the maximum rotation velocity and
he average velocity dispersion across the individually fitted rings.
onsidering each of these in comparison to the intrinsic [C II ]
easurement gives insight into the extent to which the presence

f non-circular motions under the conditions of lower spectral and
ngular resolution amplifies the disparity between the turbulence and
otational support measured from warm and cold gas. Fig. 6 shows
he comparison between these values and their analogues calculated
irectly from the simulations in both [C II ] and H α, as described
n Section 2.1 . The values are tabulated for both the idealized
nd realistic mock NIRSpec data in Table 2 . In the following, we
escribe the comparison of velocity measurements extracted from our
dealized and mock observational data with those from the intrinsic
imulated H α and [C II ]. This comparison is performed to probe the
mpact of the gas tracer, without introducing complexity through
bservational effects acting on the reference values themselves. 
In the case of Narcissus, less dominated by non-circular motions,

he H α σ ( v/σ ) values from the realistic mock NIRSpec and
dealized cases are consistent with each other, but ∼ 3 × higher
 ∼ 3 × lower) than the intrinsic H α measurement, which is close
o the intrinsic [C II ] measurement. We thus interpret the difference
ith respect to the intrinsic value as due to the assumption of an
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Figure 4. Position–velocity diagrams for the idealized observations (left) and mock NIRSpec observations (right), where the major axis diagrams are extracted 
along the axes shown in Fig. 3 . Contour levels are at 3n σ , where n = [1, 2, 3, 4, 5] and the σ value used to define the contours is the RMS value of noise-dominated 
regions in the diagrams. Black contours trace the data, and red contours represent the disc model. Arrows indicate regions of the PV diagrams that deviate from 

the expected profile for a disc. 

Table 2. The maximum values of rotational velocity and the average values of the velocity dispersion 
for each galaxy, as ascertained with 3 D BAROLO , alongside the intrinsic measurements. 

vrot, max (km s−1 ) 〈 σ 〉 (km s−1 ) v/ σ

Opuntia (Idealized) 410+ 89 
−85 108+ 5 

−5 3 . 80 . 8 
0 . 8 

Opuntia (Mock NIRSpec) 290+ 25 
−28 136+ 10 

−14 2 . 1+ 0 . 2 
−0 . 3 

Opuntia (Intrinsic H α) 240.3 58.6 4.1 

Opuntia (Intrinsic [C II ]) 235.8 26.8 8.8 

Narcissus (Idealized) 261+ 23 
−27 68+ 3 

−3 3 . 8+ 0 . 5 
−0 . 5 

Narcissus (Mock NIRSpec) 193+ 14 
−17 62+ 10 

−11 3+ 0 . 9 
−0 . 6 

Narcissus (Intrinsic H α) 248.6 23.9 10.4 

Narcissus (Intrinsic [C II ]) 247.5 20.8 11.9 
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xisymmetric disc that we adopted to derive the kinematics, since it
s apparent in both the high- and low-resolution observations. 

For Opuntia, in the idealized case, the measured σH α (v/ σH α), 
s 1 . 8 × higher (1 . 1 × lower) than the intrinsic σH α and 4 . 0 ×
igher (2 . 3 × lower) than σ[C II ] (v/ σ[C II ] ). For the mock NIRSpec
bservations, the measured σH α (v/ σH α) is 2 . 3 × higher (2 . 0 × lower)
han the intrinsic σH α and 5 . 1 × higher (4 . 2 × lower) than σ[C II ] 

v/ σ[C II ] ). These comparisons illustrate the extent to which the non- 
ircular gas component artificially increases the turbulence and 
ecreases the rotational support as measured by hot gas relative to 
old gas intrinsically. For both the idealized and the mock NIRSpec 
bservations, a rotating disc model is not able to well reproduce 
he data. In the idealized case, this is very clear, whereas for the
ock NIRSpec case, we ascertain the disagreement between data and 
odel from indications based on the fitting in the lower SNR outer

egions of the galaxies, and the PVSplit results. Given the limited 
onstraints available for the mock NIRSpec observations, making 
mprovements to the modelling by adding, for example, non-circular 
n  
otions, will not improve fitting due to the high number of parame-
ers to be fitted relative to the available observational constraints. The
igher turbulence and lower rotational support measured from the 
ock NIRSpec observations compared to the idealized observations 
otivates the conclusion that the lower resolution of the mock 
IRSpec observations, as well as a residual beam smearing effect 

e.g. A. Bosma 1978 ; K. K. G. Begeman 1987 ; E. M. Di Teodoro &
. Fraternali 2015 ; L. Zhou et al. 2017 ) and contamination by non-
ircular motions, leads to artificially inflated values of the velocity 
ispersion. Under the assumption of a rotating disc, 3D BAROLO tries 
o reproduce the diffuse gas in non-circular motions by increasing the
elocity dispersion, and therefore the measured σ values are biased 
pwards. 

.3 Recovering outflow properties from observations 

puntia has a significantly more turbulent H α component, a phe- 
omenon which was connected to the presence of outflows in M.
MNRAS 544, 2758–2776 (2025)
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ohandel et al. ( 2024 ), and further developed in M. Kohandel et al.
 2025 ). Due to the complex geometry of outflow host candidates,
t is challenging to positively attribute non-circular motion of gas
bserved in galaxies to the presence of outflows (for a review of
utflow detection techniques see S. Veilleux et al. 2020 ). However, in
his section we treat the presence of outflows in Opuntia as confirmed,
 result which will be analysed in forthcoming work on outflows in
imulations. To understand the properties of the gas surrounding the
isc in Opuntia, we separate the disc and non-disc emission in the
dealized case using the disc model fitted by 3D BAROLO . From the
isc model, we create a disc mask consisting of all pixels included
n the disc model on a channel-by-channel basis, and we invert
his to create a non-disc mask. We apply these masks in turn to
he Opuntia idealized observation, yielding two separate data cubes
onsisting of only disc emission and only non-disc emission. Maps
f these separate emission components are presented in Appendix D .
NRAS 544, 2758–2776 (2025)
n Fig. 7 the integrated spectrum of the idealized observation is
lotted in black, and its disc and non-disc components in purple
nd pink, respectively. From this, we additionally show the PV
iagrams for each component extracted along the same axis as was
sed for the PV diagram of the unmasked idealized observation. We
ee that the integrated spectrum of the entire idealized observation
as a Gaussian profile. The non-disc emission component shows a
imilar Gaussian profile with a lower amplitude and full width at
alf-maximum, and the integrated spectrum of the disc component
xhibits a characteristic double-horned peak profile. 

In literature, a widely used technique to identify outflows is fitting
 double Gaussian profile to the emission line spectrum of a galaxy,
omprising one narrow component representing virial motion, and
ne broad component associated with outflows (e.g. S. Carniani et al.
015 ; R. Maiolino et al. 2017 ; R. Herrera-Camus et al. 2021 , out of
any examples.) In Appendix E , we attempt to fit a two-component
aussian composite line profile to the integrated spectrum of the
ock NIRSpec observations, and find that the fitted Gaussian peaks

o not conform to the broad and narrow shapes that would generally
e considered indicative of the presence of outflows. A. Concas



Mock NIRSpec observational galaxy kinematics 2767

e
t
a
n
T
o

 

m  

p
n  

c
w
o
t
o

5

A
o
t  

t  

m
o
o
d  

fi
N
t  

r
o  

d

5

T
s
b  

t
o
(  

C

w  

t  

v
c

v

 

d
t  

o
t

M

F  

d

o  

t  

b  

w

v

w  

R

f
w
i
t
t
p
i  

m
m  

N

w
a
f  

c
b  

u

o
1
d  

a
a
u

g
m
t
m
s  

t

d
t  

a  

s
o
a  

f  

t  

t
c
o  

a  

e
M

5

W  

m

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/544/3/2758/8272716 by Sarah D
akin user on 05 June 2026
t al. ( 2022 ) criticize the oversimplifying assumptions inherent in 
he double Gaussian fitting outflow detection method, which does not 
ccount for observational effects which may artificially give rise to a 
on-Gaussian emission line profile that could include broad wings. 
he authors caution that this method may result in the identification 
f outflows where none are present. 
Our results as presented in Fig. 7 add an additional caveat; this
ethod may also fail to identify outflows where they are in fact

resent. The integrated spectrum of the idealized observation does 
ot display the profile of a double Gaussian with a narrow and broad
omponent despite hosting diffuse emission, likely due to outflows, 
hich dominates the emission from the galaxy. This component is 
nly revealed by the three-dimensional analysis made possible by 
he IFU, and thus our result indicates a challenge for confirming 
utflows from integrated or slit spectroscopy. 

.3.1 Considering disc and non-disc emission at low resolution 

pplying the method described above to separate the idealized 
bservation of Opuntia into a disc and non-disc component and 
hen comparing the summed emission in each gives a ratio of
he disc to non-disc emission of 1:1.9. If we apply the same

ethod to separate the emission components in the mock NIRSpec 
bservation of Opuntia, we obtain a disc to non-disc emission ratio 
f 1:0.3, signifying the extent to which low resolution causes non- 
isc emission to appear part of the disc. Appendix B provides the
tted channel maps and residuals for both the idealized and mock 
IRSpec observations. Residuals may be thought of as identifying 

he non-disc emission; however, in the mock NIRSpec case and for
eal observations with low SNR, this would be an overinterpretation 
f the data, as with decreasing SNR it becomes more challenging to
istinguish real emission from noise. 

.4 Implications for dynamical mass 

he observational and modelling biases that affect kinematic mea- 
urements may consequently impact the estimates of the total mass 
udget within a galaxy. The rotational velocity is, in fact, a tracer of
he galactic gravitational potential ( � ), which additionally depends 
n the pressure support provided by random motion within the gas 
i.e. σ ) (J. Binney & S. Tremaine 1987 ; A. Cimatti, F. Fraternali &
. Nipoti 2020 ). 

1 

ρ

∂ ρσ 2 

∂ R 

= −∂ � 

∂ R 

+ v2 
rot 

R 

, (2) 

here R is the radius and ρ is the gas volumetric density. This equa-
ion can be rewritten as v2 

circ = v2 
rot + v2 

A , where vcirc is the circular
elocity, defined by v2 

circ = R∂ �/∂ R and vA is the asymmetric drift 
orrection 

2 
A = −Rσ 2 ∂ ln ( ρσ 2 ) 

∂ R 

. (3) 

When the galaxy is dynamically cold ( V /σ � 10), the asymmetric
rift term is negligible and vrot ≈ vcirc . In this case, to estimate 
he order of magnitude of the total mass enclosed up to outermost
bservable radius Rout , we assume spherical symmetry and define 
he dynamical mass as 

dyn = Rout v
2 
circ 

G 

≈ Rout v
2 
rot 

G 

. (4) 

or galaxies with low rotation support ( V /σ < 10), the asymmetric
rift correction should be applied to obtain an unbiased estimate 
f the total gravitational potential. For a galaxy disc where the gas
hickness does not depend on radius, and for an exponential surface
rightness profile � = e−R/Rgas , the asymmetric drift term can be
ritten as 

2 
A = −2 R σ 2 ∂ ln ( σ ) 

∂ R 

+ R σ 2 

Rd, gas 
, (5) 

here Rd, gas is the scale radius of the disc (F. Roman-Oliveira, F.
izzo & F. Fraternali 2024 ). 
Both Opuntia and Narcissus have low rotation support estimated 

rom the mock NIRSpec observations, so the asymmetric drift term 

ill be non-negligible. Despite this, we calculate dynamical mass us- 
ng both the asymmetric drift-corrected and uncorrected formalisms 
o quantify the accuracy of the dynamical mass measurements in 
he case in which the measured σ values are overestimated. The 
rocess by which dynamical masses are calculated is expounded on 
n Appendix F . In Table 3 , we show the total masses within 1 kpc
easured directly from the simulations, including stars, gas, and dark 
atter, which are 1 . 8 × 1010 M � and 2 . 1 × 1010 M � for Opuntia and
arcissus, respectively. 
For the idealized observations, the dynamical masses obtained 

ithout the asymmetric drift correction are a factor of 1.3 × (Opuntia) 
nd 2.3 × (Narcissus) lower than the intrinsic values derived directly 
rom the simulations (see Table 3 ). When the asymmetric drift
orrection is included the dynamical mass estimate becomes 1.1 ×
elow the intrinsic value for Opuntia, within 1 σ uncertainty, and is
nchanged at 2.3 × below for Narcissus, within 4 σ uncertainty. 
For the mock NIRSpec observations, the dynamical masses 

btained without the asymmetric drift correction are a factor of 
.4 × (Opuntia) and 2.6 × (Narcissus) lower than the intrinsic values 
erived directly from the simulations (see Table 3 ). When the
symmetric drift correction is included the dynamical mass estimates 
re 1.3 × above and 2.1 × below the intrinsic values, within 1 and 4 σ
ncertainties, for Opuntia and Narcissus, respectively. 
Therefore, we see that including the asymmetric drift correction in 

eneral acts to minimize the discrepancies in the measured dynamical 
ass with respect to the intrinsic values. However, the result 

hat applying the asymmetric drift correction does not change the 
easured dynamical mass for the idealized Narcissus observations 

hows that the presence of an asymmetric light distribution can lead
o bias in the dynamical mass. 

The literature shows that the physical assumptions inherent in 
ynamical mass calculations can lead to over or underestimating 
he mass of a system, as illustrated by R. C. Simons et al. ( 2019 )
nd M. Kohandel et al. ( 2019 ) using simulations. Our results
uggest that despite the indication from our tests that observations 
verestimate the velocity dispersion, the dynamical mass obtained 
fter correcting for the asymmetric drift acts as a reasonable proxy
or the total mass enclosed up to the observable radius, at least in
he axisymmetric case as exemplified by Opuntia. It must be noted
hat the measurement of inclination angle would present a further 
hallenge to the measurement of dynamical mass in observations 
f real galaxies. If we assume an error of ±10◦ on our inclination
ngle of 60◦, this introduces a further + 15 per cent/ −10 per cent
rror on our measured dynamical masses according to the relation 

dyn sin 2 ( i) ∼ constant. 

.4.1 Estimating dynamical mass from integrated spectra 

e test the method employed by M. Kohandel et al. ( 2019 ) of
easuring dynamical mass from the full width at half-maximum 
MNRAS 544, 2758–2776 (2025)
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M

Table 3. Mass values within 1 kpc measured from the simulations, the mock NIRSpec observations, 
and the idealized observations. 

Opuntia Narcissus 

Intrinsic M� (1010 M�) 1 . 1 1.0 
Intrinsic Mgas (1010 M�) 0.24 0 . 41 
Intrinsic MDM 

(1010 M�) 0 . 49 0 . 72 
Intrinsic Mtotal (1010 M�) 1.8 2.1 
Idealized Mdyn (1010 M�) a 1 . 4+ 0 . 3 

−0 . 3 0 . 9+ 0 . 3 
−0 . 4 

Idealized Mdyn (1010 M�) b 1 . 7+ 0 . 3 
−0 . 3 0 . 9+ 0 . 3 

−0 . 4 

Mock NIRSpec Mdyn (1010 M�) a 1 . 3+ 0 . 5 
−0 . 5 0 . 8+ 0 . 3 

−0 . 3 

Mock NIRSpec Mdyn (1010 M�) b 2 . 3+ 0 . 6 
−0 . 6 1 . 0+ 0 . 3 

−0 . 3 

Idealized integrated spectra Mdyn (1010 M�) 3 . 22+ 0 . 3 
−0 . 3 2 . 5+ 1 . 5 

−1 . 5 

Mock NIRSpec integrated spectra Mdyn (1010 M�) 4 . 27+ 0 . 6 
−0 . 6 1 . 6+ 0 . 6 

−0 . 6 

Notes. a Approximating rotational velocity and circular velocity as equivalent: vrot ∼ vc . 
b Applying the correction for asymmetric drift (equation 5 ). 
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f the emission line, according to the equation: 

est 
dyn =

(
FWHM 

2 

γ 2 sin 2 ( i) 

) (
R 

G 

)
, (6) 

here θ is the inclination angle of the galaxy, R is the galactic
adius, G is the gravitational constant, and we follow P. L. Capak
t al. ( 2015 ) in assuming a value of 1.32 for the parameter γ ,
 constant controlled by line profile and galaxy properties. This
ethod yields the following dynamical mass estimates: 3 . 22+ 0 . 3 

−0 . 3 ×
010 M � and 4 . 27+ 0 . 6 

−0 . 6 × 1010 M � (Opuntia) and 2 . 5+ 1 . 5 
−1 . 5 × 1010 M �

nd 1 . 6+ 0 . 6 
−0 . 6 × 1010 M � (Narcissus) in the idealized and mock NIR-

pec case, respectively. Conversely to the other methods discussed
n this section which underestimate the total mass within 1 kpc for
hese galaxies, estimating dynamical mass from the emission line
verestimates the mass in the case of Opuntia (though Narcissus is
onsistent within 1 σ ). This effect is understood through the results
resented in Section 5.3 , in which we see that the information
ecovered from integrated spectra may be contaminated by effects
uch as outflows, with no clear way to separate out the two velocity
omponents. 

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

n this work, we created idealized and realistic mock NIRSpec
bservations for two star-forming galaxies, Opuntia and Narcissus
t z = 6 . 1 and 6.8, respectively, from the SERRA simulations. They
ere selected as case studies as both are discs with v/σ ≈ 10 from

C II ] kinematics, but they have different warm gas kinematics. For
ne galaxy (Narcissus), the v/σ measured from H α is similar to that
rom [C II ], while for the other (Opuntia) the H α v/σ is a factor of 2
ower. 

We aim to assess how reliably we may expect to recover kinematic
nformation from JWST /NIRSpec IFU observations, and whether
e are able to identify galactic features such as rotating discs and
utflowing gas using kinematics at such redshifts. The comparison of
he idealized and realistic mock NIRSpec/IFU observations provides
nsight into the extent to which the spectral and spatial resolution
nd the S/N ratio impact the measured kinematic parameters,
hile comparing kinematic measurements from both sets of mock
bservations with those from the intrinsic H α simulations allows
s to examine the validity of the implicit assumptions made when
erforming kinematic fitting. 
Our main conclusions are summarized below. 
NRAS 544, 2758–2776 (2025)
(i) At z ≥ 6, we may expect to be able to recover complex structure
rom disc galaxies having a contribution from gas in non-circular
otions, or strong asymmetries, at the resolution and SNR typical of
IRSpec/IFU observations, through discrepancies between the data

nd a rotating disc model. 
(ii) Non-circular motions can be robustly identified by leveraging

he information contained in the data cubes and the PV diagrams. 
(iii) The presence of non-circular motions and asymmetries con-

ribute significant biases to measurements of turbulence and hence
otational support (Fig. 6 ). We see that for Narcissus, which has a
trong axial asymmetry, the assumption of an axisymmetric disc leads
o a factor of ∼3 inflation in the measured turbulence, irrespective of
patial and spectral resolution. For Opuntia, which is affected by non-
ircular motions, the lower spatial and spectral resolution available
n mock NIRSpec observations biases the measured turbulence to
 . 3 × higher than its intrinsic value. 
(iv) The recovered dynamical mass appears to be robust for

xisymmetric systems despite biases in vrot and σ , with the value
easured from our mock NIRSpec observations being within 1 σ

f the total baryonic + DM mass for Opuntia. Disc asymmetry
resents a further challenge for dynamical mass recovery, with both
he idealized and mock NIRSpec observations for Narcissus yielding
alues for dynamical mass that are ∼ 2 × lower than the intrinsic total
ass. 
(v) We present a caveat to the method of identifying outflows via

he fitting of a double-Gaussian profile consisting of a narrow and
road component to the galaxy integrated spectrum by illustrating
Fig. 7 ) that the integrated spectrum of Opuntia, a galaxy that appears
o host strong outflows, does not reproduce this profile, and its
utflows are only recoverable through a three-dimensional analysis. 

In conclusion, we show that at the spatial and spectral resolution
nd S/N ratio that may be expected for NIRSpec/IFU observations of
ndividual galaxies at z > 6, disc galaxies with strongly asymmetric
tructure, and those hosting significant outflows, are measurably
istinct from the standard rotating disc model. For this to be apparent,
e show that it is necessary to leverage the entire three-dimensional

patial and spectral information contained within the IFU data,
ather than collapsing those data into two-dimensional maps or
nspecting one-dimensional spectra. We stress the importance of
omparing the different kinematic results obtained from H α and
C II ], using synergistic warm and cold gas observations in building
haracterizations of galaxy kinematics. 
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Figure A1. Moment maps for a symmetric disc model, containing no non- 
circular motions, with SNR = 5, created using 3D BAROLO with GROWTH- 
CUT = 4, 3, 2.8. 
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PPENDIX  A :  T H E  EFFECT  O F  MASKING  O N  

E LOC ITY  M A P  ANALYSIS  

e created model galaxies with 3D BAROLO using the same parameters
s the best-fitting models for our galaxies. These models are by def-
nition galaxy discs containing only circular motions. We convolve
hese model disc galaxies with the mock NIRSpec PSF, and add
oise resulting in SNR = 5, using these models to create velocity
aps. In Fig. A1 , an example created using 3D BAROLO is shown for a
NRAS 544, 2758–2776 (2025)
odel disc galaxy to which we apply a selection of different masking
estrictions. SNRCUT sets the SNR threshold of the moment map,
hile GROWTHCUT is a secondary SNR cut used to grow the mask

see E. M. Di Teodoro & F. Fraternali 2015 , for further details). We
pply the masking combinations of (a) SNRCUT = 5, GROWTH-
UT = 4, (b) SNRCUT = 4, GROWTHCUT = 3, and (c) SNRCUT
 3, GROWTHCUT = 2 . 8. Although the underlying model contains

nly circular motions, the resulting v = 0 contour shows deviations
rom a straight line with its shape changing depending on the mask
hat is applied. The exact shape of these deviations depends on the

asking strategy adopted. This demonstrates that noise and masking
lone can induce apparent distortions of the v = 0 isoline, even in the
bsence of non-circular motions. Therefore, such features should not
e automatically interpreted as signatures of non-circular motions in
eal data. 

PPENDI X  B:  C H A N N E L  MAPS  

igs B1 –B4 show channel maps of the H α emission for the
dealized and mock NIRSpec observations of both galaxies, along-
ide the corresponding channel maps of the disc model fitted by
D BAROLO . 
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Figure B1. Representative channel maps for the idealized Opuntia observations (blue contours) and the corresponding model (red contours) alongside the 
residual (grey with black contours) as fitted by 3D BAROLO . Contours are spaced at 3n × σRMS starting at n = 1, where σRMS is the standard deviation of pure 
noise channels. The green cross marks the fitted centre of the galaxy. 
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Figure B2. Channel maps with contour levels 3n × σRMS for the idealized Narcissus observations. 

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/544/3/2758/8272716 by Sarah D
akin user on 05 June 2026
NRAS 544, 2758–2776 (2025)



Mock NIRSpec observational galaxy kinematics 2773

Figure B3. Channel maps with contour levels 3n × σRMS for the mock NIRSpec Opuntia observations. 
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Figure B4. Channel maps with contour levels 3n × σRMS for the mock NIRSpec Narcissus observations. 
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Table C1. The effect of changing the SNR of an observation on the 
recovered kinematic measurements. 

Name vrot, max σ v/σ

Opuntia (SNR = 3) 290+ 15 
−12 139+ 13 

−16 2 . 1+ 0 . 8 
−0 . 6 

Narcissus (SNR = 3) 189+ 15 
−19 64+ 10 

−10 3+ 1 . 5 
−0 . 7 

Opuntia (SNR = 5, reference) 290+ 25 
−28 136+ 10 

−14 2 . 1+ 0 . 2 
−0 . 3 

Narcissus (SNR = 5, 
reference) 

193+ 14 
−17 62+ 10 

−11 3+ 0 . 9 
−0 . 6 

Opuntia (SNR = 10) 298+ 8 
−9 138+ 12 

−14 2 . 2+ 0 . 7 
−0 . 6 

Narcissus (SNR = 10) 193+ 12 
−14 58+ 9 

−9 3 . 3+ 1 . 5 
−0 . 9 
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Figure D1. Moment-0 diagrams of the total idealized galaxy emission (first 
row), the disc component (second row), and the diffuse component (third 
row). 
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Å
−1

ar
cs

ec
−2

]

Opuntia

0

25

50

75

100

125

150

175

Narcissus

−600 −400 −200 0 200 400 600

Velocity [km/s]

0

10

20

30

40

50

60

70

F
lu

x

[1
0−

17
er

gs
−1

cm
−2

Å
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Figure E1. Integrated spectra of the Opuntia and Narcissus mock NIRSpec 
observations, fitted with a composite model (top row) consisting of two 
Gaussian components (second row). 
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PPEN D IX  C :  RESOLV ING  G A L A X I E S  AT  z > 6 

e test the effect of changing the SNR on the kinematic properties
ecovered from our mock NIRSpec observations. To do this, we 
t the same model with two tilted rings to different realizations 
f the mock NIRSpec data in which the SNR, as measured in a
SF-sized aperture at the outer edge of the galaxy, has been altered
rom ∼ 5 to ∼ 3 and ∼ 10. The results of this test are shown in
able C1 along with a reproduction of the results at SNR ∼ 5 for
eference. We interpret the errors being smaller for Opuntia at lower 
NR as resulting from the diffuse component being less visible, 
aking the model fit more straightforward. Correspondingly, at 

igher SNR the complex internal structure in Narcissus is more 
ignificant, which increases the uncertainty in the fitted rotating disc 
odel. 
At SNR ∼ 10, the increased SNR enables us to fit an ad-

itional ring with 3D BAROLO , and so we conduct a further test
f factors affecting our measured kinematic properties, this time 
rom increasing the number of independent resolution elements 
sed for fitting from two to three. The v/ σ measurements of the
ealistic mock NIRSpec observations are then 2 . 2+ 0 . 2 

−0 . 2 for Opuntia, 
n increase within 1 σ , and 3 . 9+ 0 . 7 

−0 . 6 for Narcissus, a increase within
 σ . The minor difference indicates that increasing the number 
f resolution elements is not effective for improving kinematic 
easurements without any corresponding improvement in spatial 

esolution. 

PPEN D IX  D :  C O M PA R I S O N  O F  DISC  A N D  

IFFUSE  EMISSION  

ig. D1 shows the moment-0 map of emission from the idealized 
alaxy observations, and the disc and diffuse components isolated 
y masking. 
PPENDI X  E:  D O U B L E  GAUSSI AN  FI TTING  TO  

O C K  NIRSPEC  SPECTRA  

ig. E1 shows a composite double-Gaussian model fitted to the 
ntegrated spectra of the realistic mock NIRSpec observations. This 

ethod is a widely employed technique to identify outflows from 
MNRAS 544, 2758–2776 (2025)
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pectra, particularly where three-dimensional data are not available;
f the integrated spectrum is best fit by narrow and broad Gaussian
eaks, this is considered evidence of outflows (see discussion
n Section 5.3 ). This method would not suggest the presence of
utflows in these mock NIRSpec observations, despite non-circular
as contributing significantly to the emission of Opuntia. 

PPENDIX  F:  DY NA M I C A L  MASS  

A L C U L AT I O N  

o evaluate the asymmetric drift correction for the realistic mock
IRSpec observations, we assume that the first term in equation ( 5 )
oes to zero, as it would not be meaningful to analytically evaluate
he relation ∂ ln ( σ ) /∂ R when we were able to fit only two rings and
NRAS 544, 2758–2776 (2025)

Published by Oxford University Press on behalf of Royal Astronomical Society. This is an 
( https://creativecommons.org/licenses/by/4.0/), which permits unrestricted reus
o have only two data points. Thus, the equation reduces to: 

2 
A =

Rσ 2 

Rd, gas 

e measure Rd, gas by fitting the moment-0 map with a Sérsic
rofile to determine the effective radius, and then converting this
o the scale radius according to Reff = 1 . 68 Rd . We employ the
ersic2D function from the ASTROPY modelling library to create

he model, which we convolve with the same PSF as the data using the
etroFit routine PSFConvolvedModel2D . For both galaxies
e fix the Sérsic index n = 1, assuming an exponential disc, and for
arcissus we additionally fix the central coordinates to avoid the fit
eing skewed by the galaxy’s asymmetries. 
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