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A B S T R A C T 

We explore ho w observ ations relate to the physical properties of the emitting galaxies by post-processing a pair of merging 

z ∼ 2 galaxies from the cosmological, hydrodynamical simulation NEWHORIZON , using LCARS (Light from Cloudy Added to 

RAMSES) to encode the physical properties of the simulated galaxy into H α emission line. By carrying out mock observations 
and analysis on these data cubes, we ascertain which physical properties of the galaxy will be reco v erable with the HARMONI 
spectrograph on the European Extremely Large Telescope (ELT). We are able to estimate the galaxy’s star formation rate and 

dynamical mass to a reasonable degree of accuracy, with values within a factor of 1.81 and 1.38 of the true value. The kinematic 
structure of the galaxy is also reco v ered in mock observations. Furthermore, we are able to reco v er radial profiles of the velocity 

dispersion and are therefore able to calculate how the dynamical ratio varies as a function of distance from the galaxy centre. 
Finally, we show that when calculated on galaxy scales the dynamical ratio does not al w ays provide a reliable measure of a 
galaxy’s stability against gravity or act as an indicator of a minor merger. 

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

bservations are the primary means by which humanity explores
he Univ erse. Ov er the ne xt sev eral years new facilities such as the
European) Extremely Large Telescope (ELT), with its 39 m diameter
rimary mirror, will become operational and present new observa-
ional opportunities. Such telescopes will allow higher resolution
nd deeper observations than current facilities (Tamai et al. 2016 ;
irasuolo et al. 2020 ). This will be pivotal for the study of galaxy

ormation and evolution, particularly at high redshifts ( z � 1.5). It
s therefore vitally important to understand how these observations
ranslate back into the intrinsic properties of galaxies, giant molecular
louds (GMCs), the interstellar medium (ISM), and star formation. 

Through multiwavelength observation researchers have been able
o determine the star formation rate (SFR) of high redshift galaxies.
uch observations have resulted in the measurement of a correlation
etween SFR and stellar mass ( M � ) of a galaxy which has since
ecome known as the Main Sequence (MS) of star-forming galaxies
e.g. Daddi et al. 2007 ; Noeske et al. 2007 ). Star-forming galaxies
an be placed into one of two populations: normal star forming
r starbursts. Normal star-forming galaxies lie within the scatter of
he MS correlation ( ∼ 0 . 3 dex ), whereas starbursts are defined as
 E-mail: kearn.grisdale@physics.ox.ac.uk 

(  

e  

S  

Pub
aving a SFR at least four times greater than expected from the MS
orrelation (Elbaz et al. 2011 ; Schreiber et al. 2015 ). Furthermore,
t has also been determined that the cosmic star formation rate
ensity (SFRD) evolves with z, having peaked at z ∼ 1.9, before
eclining by an order of magnitude to the current epoch (Madau &
ickinson 2014 ). The normalization of the MS correlation increases
ith redshift (Speagle et al. 2014 ) in line with the increase in the

osmic SFRD, which means galaxies at high- z have higher SFRs
han those at the current epoch but are not be considered starburst
alaxies. F or e xample, at z ∼ 2 galaxies on the MS tend to hav e a
FR of ∼20 × that of an MS galaxy at z = 0. 
A relationship between the gas surface density ( � g ) and

FR surface density ( ̇� � ) of galaxies has also been found, often taking
he form of a so-called Kennicutt–Schmidtt law: �̇ � ∝ � 

n 
g , with n ∼

.5 (Schmidt 1959 ; Kennicutt 1998 ). The scalings of SFR with z and
 g support observ ations sho wing that galaxies at high z have more

as than galaxies in the local Universe. 
Measuring the kinematics of a galaxy can provide key insights into

he processes guiding its evolution, such as the source of dynamical
upport (Puech et al. 2007 ; Epinat et al. 2009 ) or determining if a
alaxy is undergoing a merger. F or e xample, both the K -band Multi
bject Spectrograph (KMOS) Redshift One Spectroscopic Surv e y

KROSS) and KMOS 

3D surv e ys (see Stott et al. 2016 ; Wisnioski
t al. 2019 , respectively, and references within) used Integral Field
pectroscopy (IFS) observations of H α emissions line to calculate
© 2022 The Author(s) 
lished by Oxford University Press on behalf of Royal Astronomical Society 
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otational velocities and velocity dispersions for a number of galaxies 
t 0.6 < z < 2.7. These studies were able to determine whether or
ot a given galaxy in their sample was rotationally dominated. Such 
eterminations can be made by comparing the rotational velocity 
o the velocity dispersion (commonly known as v θ / σ and first
ntroduced by Binney 1978 ). Alternatively, it is possible to use 
tability criteria such as the classic Toomre ‘ Q ’ (Toomre 1964 ) or the
ore recent Romeo dispersion relation (Romeo, Burkert & Agertz 

010 ). 
Recently, Hogan et al. ( 2021 ), hence forth H21, performed 

bservations, using the KMOS on the Very Large Telescope (VLT), 
f a sample of luminous Infra-Red (IR) galaxies, at 2 < z < 2.5.
he goal of this work was to establish whether z ∼ 2 luminous

R galaxies are isolated or interacting discs. H21 established that 
 significant fraction, ∼ 40 per cent , appear to be isolated galaxies 
ased on their properties, such as v θ / σ , their position on the MS,
nd their levels of dust obscured star formation when compared to 
ocal starburst galaxies. H21 determined that the huge SFR seen in 
R luminous galaxies at cosmic noon can be powered by steady-state 
echanisms and do not require stochastic events, such as the gas rich
ajor mergers that power local ultraluminous infrared galaxies. 
All of these observations require some method for converting the 

hotons received from a galaxy into physical measurements of its 
roperties, e.g. multiplying the integral of an emission line by a 
onversion factor to get an SFR (see Kennicutt, Tamblyn & Congdon 
994 ). Cosmological simulations can provide useful insight into 
bservations by running their suites, each with different physical 
odels, and comparing the results to observations. For example, 
risdale et al. ( 2017 ) compared the power spectrum calculated 

rom H I observations (see Walter et al. 2008 ) with the spectrum
alculated from simulations. In this study, it was found stellar 
eedback processes were needed to recreate the observ ed power-la w 

lopes. 
In the last several years, it is becoming increasingly compu- 

ationally viable to run cosmological simulations which include 
adiative transfer (RT; see e.g. Rosdahl et al. 2013 ; Kannan et al.
019 ). Running such simulations, particularly on larger volumes 
akes a significant number of CPU hours. The other drawback to 
hese simulations is they tend to have a severely limited spectral 
esolution, i.e. only ha ving N wa velength bins, where N is normally
etween 1 and 10 (e.g. Rosdahl et al. 2018 , used 3 bins which
o v ered wav elengths between 0 and 910 Å). Thus, these kinds of
T-cosmological simulations can provide insight into the number 
f photons in a given wavelength range ho we ver they are unable
o provide information about the shape and position of emission 
eatures. This makes creating line-of-sight velocity or velocity 
ispersion maps more difficult. Additionally, all the parameters of an 
T simulation, such as the assumed shape of the star’s spectral energy
istribution (SED), is set before run time and exploring how the 
hoice of SED would affect the observation of the simulated galaxy 
equires re-running the simulation, adding to the computational cost. 
or a more holistic view of RT simulations, we direct the read to
liev et al. ( 2009 ). 

One way to gain higher spectral resolution and be able to test
ow changing the parameters affect observability is to employ a 
ost-processing pipeline to ‘paint’ photons into the simulation after 
untime. In Grisdale et al. ( 2021 ), we employed such a pipeline to
xplore the likelihood of detecting Population III stars with the ELT.
e were able to show that if such stars have top heavy initial mass

unction (IMF) detection would be possible. 
The High Angular Resolution Monolithic Optical and Near- 

nfrared Integral field spectrograph (HARMONI) will be the work- 
orse spectroscopic instrument on ELT, providing spectra from 0.47 
o 2 . 45 μm (Thatte et al. 2014 ). This relatively large wavelength
ange and its high spatial resolution coupled with the large primary
irror of the ELT, makes it even more important to ensure we are

ble to accurately interpret observations and decode the properties 
f the emitting object. It is here that processing simulations with
ipelines, such as the one described used in Grisdale et al. ( 2021 ),
an be extremely powerful. 

The primary goal of this work is to explore how the physical
roperties of a galaxy can be accurately recovered from (simulated) 
bservations of emission lines produced in the galaxy. To that end we
ake use of the hydrodynamical simulation post-processing pipeline 

CARS (Light from Cloudy Added to RAMSES) to convert properties, 
uch as the SFR and gas kinematics, into photons which can then
e ‘observed’ using the HARMONI simulator ( HSIM ) before being
nalysed. In Section 2 , we outline LCARS as well as the simulation
uite used in this work. We present our galaxy selection criteria,
hosen galaxy and its intrinsic properties in Section 3 , while Section 4
xplores the measured properties of this galaxy after being observed. 
e discuss implications of spatial resolution, whether photons are a 

ood tracer for gas properties and the meaning of v θ / σ in the new
igh spatial resolution observation paradigm in Section 5 . Section 6
resents a summary of this work and its conclusions. 

 M E T H O D  

.1 Simulation data set: NEWHORIZON o v er view 

n this work we have selected a simulated galaxy (see Section 3
or details of this galaxy) from the NEWHORIZON simulation. 
EWHORIZON is a hydrodynamical, cosmological simulation run 
sing the hydro + N -body, Adaptive Mesh Refinement (AMR) code
AMSES (Teyssier 2002 ) targeting a linear spatial resolution for the

mallest cell of �x ∼ 35 pc . New levels of refinement are unlocked
s the simulation progresses to account for cosmological expansion. 
ere, we give a very brief overview of the simulation but direct the

eader to Dubois et al. ( 2021 ) for complete details (see also Park
t al. 2019 ; Grisdale et al. 2021 ). 

NEWHORIZON is a re-simulation of a spherical region with a 
adius of 10 Mpc (comoving) which has been extracted from the 
orizon-AGN simulation (Dubois et al. 2014 ; Kaviraj et al. 2017 ).
he simulation includes physical processes such as star formation, 
tellar feedback from star particles and active galactic nucleus (AGN) 
eedback from black hole (BH) particles. Ho we ver, it does not include
 xplicit radiativ e transfer. Star formation occurs on a cell by cell basis
hen a cell’s gas number density is ≥ 10 cm 

−3 and temperature 
 2 × 10 4 K , following a Schmidt law (Schmidt 1959 ). The star

ormation efficiency per free-fall time is determined by the local 
ra v o-turb ulent conditions of the ISM (Kimm et al. 2017 ). Each star
article has a mass of M � ≥ 10 4 M � and is assumed to represent a
opulation of stars following a Chabrier IMF (Chabrier 2005 ) with
ower and upper mass cut-offs of 0 . 1 M � and 150 M �, respectively.
hese particles in turn inject momentum (3 × 10 49 erg M 

−1 
� ) back

nto the ISM via superno vae e xplosions occurring 5 Myr after each
article forms (Kimm & Cen 2014 ). 
The simulation produces BH particles in cells where both gas 

nd stellar densities are > 10 cm 

−3 . These particles are initialized
ith a seed mass of 10 4 M �. The mass of the particles can increase

hrough Bondi–Hoyle–Lyttleton accretion and through BH coales- 
ence (capped at the Eddington limit; Hoyle & Lyttleton 1939 ; Bondi
 Hoyle 1944 ). BH particles inject feedback into their environment

ia one of two modes, radio or quasar, set by the accretion rate of
MNRAS 513, 3906–3924 (2022) 
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Figure 1. 2D depiction of a SSP in a cell. The red star and red arrows 
represent the SSP and the radiation/wind that has e v acuated the void (white) 
region of gas. The cell’s gas is shown by the blue shell surrounding the SSP. 
The black lines indicate the scale of each part of the diagram. 

Table 1. CLOUDY Parameters. 

Parameter Definition 

SSP’s SED Sum of SEDs for star particles within the SSP 
L SED, tot Integral of the SSP’s SED, i.e. SSP’s total 

luminosity 
r � void Radius of the gas empty region surrounding 

SSP 
n cloud Cell’s gas number density (modified for 

assumed geometry) 
Z Metallicity of the gas in cell 
z Redshift of the simulation 
r shell Thickness of gas spherical shell, 

( �x/ 2) − r � void 

T g Temperature of the gas (used in certain 
conditions) 

s  

a  

(  

a  

∼  

u  

w  

n  

T  

C  

t  

C  

C  

a
 

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/513/3/3906/6575029 by IN
IST-C

N
R

S IN
EE IN

SB user on 07 April 2023
as on to the BH relative to Eddington (Dubois et al. 2012 ). Dark
atter (DM) particles are also included in the simulation, modelled

s collision particles with a mass of 10 6 M �. 

.2 Light from CLOUDY added to RAMSES ( LCARS ) 

n Grisdale et al. ( 2021 ), henceforth G21, we introduced a post
rocessing pipeline that added photons into RAMSES simulations
uch as NEWHORIZON . This pipeline took the properties of star
articles and gas within the simulation and combined these with a
arge number of radiative transfer simulations using the microphysics
ode CLOUDY (see Ferland et al. 2017 , for full details on CLOUDY ) to
etermine the shape and magnitude of an emission line along each
ine of sight. In this work, we make use of an impro v ed v ersion of
his pipeline. We refer to this pipeline as ‘Light from Cloudy Added
o RAMSES’ or LCARS . 

.2.1 Single ‘Super’ star particle in cell approach 

he previous version of LCARS (see G21) required running a grid of
LOUDY simulations that co v ered all possible combinations of cell
roperties and stellar properties. Each star particle was then matched
o the CLOUDY simulation that best matched it and its host cell. For
ells with multiple particles, each particle was treated as if it was
he only one within its host cell when matching to CLOUDY . The
nal spectrum of such a cell was created from the summation of the
atched CLOUDY outputs of each individual particle within the cell.

n this updated version of LCARS, we assume that all-star particles
ithin a given cell are located at its centre, in one massive ‘super’

tar particle (SSP). A unique SED is calculated for each SSP by
umming the individual SED of each of its constituent particles. We
ssume that the SSP is situated at the centre of cell and has remo v ed
ll gas, via wind and radiation, within the radius, r � void , where 

 � void = 

(
3 M SSP 

4 πρ0 ,� 

)1 / 3 

, (1) 

r � x × 0.45 whichever is smaller. Here, M SSP is the mass of the SSP
hile ρ0 ,� = 1500 M � pc −3 is a constant stellar density. 1 To maintain
ass conservation the gas density of the cell must be adjusted to

ccount for the void region surrounding the SSP. This is achieved
y evenly distributing the gas mass throughout a spherical shell with
 thickness r shell = ( �x/ 2 ) − r � void (see Fig. 1 ). This modified gas
ensity ( n cloud ) is then used as an input parameter for CLOUDY . 

.2.2 Constructing spectra and data cubes 

or each cell with an SSP a unique CLOUDY simulation is run. Each
f these CLOUDY simulations are run assuming spherical shell of gas
urrounding a single primary radiation source (the SSP), as shown
n Fig. 1 . The input parameters for CLOUDY , listed in Table 1 , are
et individually for each cell. In addition to the SSP radiation source
ur CLOUDY simulations also include diffuse light from neighbouring
ells (see Section 2.2.4 ). A background radiation field which mimics
he observed cosmic radio to X-ray background, with contributions
rom the CMB, is also included. This is assumed to be a blackbody
ith a temperature of T CMB = 2.725(1 + z)K. 
RAMSES calculates the gas temperature ( T g ) for each gas cell

ithin the simulation volume at run time. As a result of the
NRAS 513, 3906–3924 (2022) 

 The value ρ0, � is derived by dividing the average mass of a star particle by 
he size of the void region ( r � void = 2 pc ) used in G21. 

a  

e

I

upernovae feedback prescriptions included in NEWHORIZON , there
re cells with T g in excess of 10 4 K , with some reaching a few 10 8 K
we refer the reader to Dubois et al. 2021 for full details on the heating
nd cooling mechanisms within the simulations). We note that only

0 . 003 per cent , by mass, of G1’s gas has T g ≥ 10 8 K . CLOUDY is
naware of when or where supernovae have occurred and therefore
ill never predict temperatures � 2 × 10 4 K . As a result CLOUDY will
ot correctly predict the ionization state of the gas in such hot cells.
o address this we employ a temperature threshold: when running
LOUDY models for cells with T g > 2 × 10 4 K we enforce a constant

emperature equal to T g . For the cells below this threshold we allow
LOUDY to determine the temperature. The temperature calculated by
LOUDY is only used during CLOUDY ’s radiative transfer calculations
nd not for determining line width. 

The strength of each emission line ( I 0 ) and the continuum at r shell ,
s calculated by CLOUDY , are then used to construct a spectrum for
ach cell. First, we assume the emission line is given by 

 ( λ) = I norm 

e 
− ( λ−λc ) 2 

2 σ2 
sim , (2) 

art/stac1124_f1.eps
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here I norm 

is a normalization constant ensuring that I ( λ)d λ = I 0 ,
c is the wavelength of the line in that cell and σ sim 

sets the width of
he line. λc is related to the emission line’s rest wavelength ( λe ) by 

c = λe ( 
v LOS 

c 
+ 1) , (3) 

ere v LOS is the bulk velocity of the gas within the cell along the line
f sight (with respect to the observer). The width of the emission line
s set by a combination of both the thermal motions of the gas and
elocity dispersion of the gas across the cell, i.e. 

sim 

= 

√ 

σ 2 
g , therm 

+ σ 2 
g , disp , (4) 

here 

g , therm 

= λc 

√ 

k B T g 

m a c 2 
, (5) 

nd 

g , disp = 

√ 

( σ 2 
g,x + σ 2 

g,y + σ 2 
g,z ) / 3 . (6) 

 g is the gas temperature in the cell provided by NEWHORIZON , m a 

s the mass of the element emitting the line, c is the speed of light, k B 
s the Boltzmann constant, σg,x , σg,y , and σ g , z are the gas velocity 
ispersions of the gas in cell along the three spatial axes of the
imulation. The full width at half-maximum (FWHM) of the emission 
ine is related to σ sim 

by FWHM = 2 
√ 

2 ln 2 σsim 

. The emission line
s then added to the continuum 

2 calculated by CLOUDY . 
Extinction is then applied to the spectrum through 

 E ( λ) = I ( λ)10 
A V E( λ) 

−2 . 5 , (7) 

here I ( λ) is the spectrum of a cell before extinction, I E ( λ) is the
pectrum after extinction is applied and E ( λ) is the dust extinction
urve found by Fitzpatrick ( 1999 ). A V is unique to each cell and given
y 

 V = 1 . 086 
3 f d � Z Q λ

4 ρd 
√ 

a 1 a 2 
, (8) 

here � Z is the column density of metals, ρd = 3 g cm 

−3 is the
ypical density of a dust particle, Q λ = 1.5 is a constant extinction
oefficient, f d = 0.01 is the fraction of gas-phase metals locked 
p in dust, a 1 = 0 . 005 μm is the smallest size of a dust grain and
 2 = 1 μm is the largest size of a dust grain (see Richardson et al.
020 for full details of the method and discussion on choice of
alues). � Z is unique to each cell as it depends on the mass of metals
long the line of sight between a cell and the observer. 

f d is a free parameter which can be varied to impro v e the accurac y
f this dust extinction model. With f d = 0.01, we find our target galaxy
see Section 3 ) has an A V of 3 . 44 mag when calculated using a single,
alaxy wide spectrum with the methods outlined in Section 4.1.2 . 
alculating an A V map of the galaxy directly from the simulation 
e find that most extinction line of sight through the galaxy to be
 V ∼ 22 mag 3 and is located in the densest part of a spiral arm.

ncreasing f d by a factor of 10 leads to values of 7 . 46 mag and
224 mag , respecti vely. From observ ations, it could be argued that

 value of 0.2 is more reasonable (Peeples et al. 2014 ); ho we ver, we
 Before addition the continuum is Doppler shifted to account for v LOS . 
 When calculating the A V map we take the value of A V straight from 

quation ( 8 ). Calculations of extinction from the LCARS SSC use the spectrum 

f the entire galaxy that results in information about extinction as function of 
epth being lost. 

S
 

w
 

t

nd f d = 0.01 to produce a more realistic A V value for a z = 2 galaxy
see e.g. Kahre et al. 2018 ). 

Extinction due to the gas within the current cell is not included
s this is applied by CLOUDY . As in G21, we note that the abo v e
xtinction model is rather simple and does not account for every
rocess that is able to reduce the strength of an emission line or
pectra. So that the impact of extinction can be explored a second
ube of each line is produces which does not include the extinction. 

To produce a spatial-spectral cube (SSC), we sum the spectra 
rom all cells along sight line. Finally, the wavelengths of the SSC
re redshifted to match the value of z of the simulation at the time of
bservation, and the SSC is divided by 4 πD 

2 
L δa 

2 to account for the
uminosity distance ( D L ) and the size of the cell in arcseconds ( δa ).

he produced SSC has units of erg s −1 cm 

−2 Å
−1 

arcsec −2 . 

.2.3 Constructing spectra for cells without stars 

n Sections 2.2.1 and 2.2.2 , we limited the discussion to cells that
ontains star particles. Ho we v er, in an y sufficiently large volume
xtracted from NEWHORIZON there are cells which do not contain 
ny star particles or diffuse emissions from neighbouring cells (see 
ection 2.2.4 ). For these cells, we run a grid of CLOUDY simulations
arying n cloud and Z (see Table 1 ) to co v er the range of possible
alues found in these cells. Given the lack of photons to provide
eating and that the majority of these cells are found within the hot
ircumgalactic Medium (CGM) or hot (supernova heated) bubbles, 

o ensure the best match between CLOUDY and NEWHORIZON , we
pt to also include T g as a third parameter in the grid of CLOUDY

imulations. These CLOUDY simulations still assume a spherical 
hell geometry but with r � void = 0 and r shell = � x /2. Furthermore,
he incident radiation field used in these simulations is just the
ackground radiation field described in Section 2.2.2 . The spectrum 

n these cells is constructed and added to the SSC in an identical
anner to those containing an SSP. 

.2.4 Diffuse light from neighbouring cells 

e use the radius of the hydrogen Str ̈omgren sphere (Str ̈omgren
939 ), i.e. 

 SS , H = 

(
3 Q H 

4 πn H 

n e αB ,H 

)1 / 3 

, (9) 

s a measure of the fraction of light from a given SSP that has
scaped its host cell. Here, Q H is the number of photons per second
ith sufficient energy to ionize hydrogen, n H is the number density
f hydrogen, αB, H is the hydrogen recombination rate, and n e is 
he number density of electrons. Both n H and n e are taken from the
imulation and not account for r � void . If R SS, H ≤ 0.5 � x , we assume
hat all ionizing photons interact with the gas in the host cell of the
SP. 
In the case of the NEWHORIZON galaxy described in Section 3 ,

e find that ∼ 18 per cent of SSPs have a R SS, H > 0.5 � x , LCARS

herefore needs to be able to account for photons from one cell being
eposited into the neighbouring cells. For each SSP with R SS, H >

.5 � x , this is achieved by 

(i) Identifying and tagging all cells which intersect with the 
tr ̈omgren sphere of the emitting SSP as ‘contaminated’. 
(ii) The fraction ( f SS ) of the Str ̈omgren sphere’s volume contained

ithin each contaminated cell is calculated. 
(iii) The SED of the emitting SSP is multiplied by f SS and added

o the contaminated cell. 
MNRAS 513, 3906–3924 (2022) 
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Figure 2. Surface density maps for G1 and G2, calculated directly from the simulations. The large white circle indicates the primary galaxy (G1), while the 
small white circle shows the position of the merging companion galaxy (G2). These two circles have radii of 6 kpc and 2 kpc , respectiv ely. P anels (i)–(iii) show 

the gas surface density ( � gas ), stellar surface density ( � � ), and the young stellar surface (i.e. stars with ages ≤ 10 Myr ) density ( � � , y ). 
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(iv) The SED added to each contaminated cell is subtracted from
he SED of the emitting SSP. 

(v) Results from (iii) and (iv) are stored, while the original SED
f both the contaminated and emitting cells remain unchanged. 
(vi) Once all SSP’s with R SS, H > 0.5 � x are identified and the

ontamination of all cells is calculated, the SED of each cell is
pdated to account for both contamination and leaked light. 

Steps iv–vi ensure that the total energy of each SED is conserved
uring the diffusion calculation. Any cell that does not contain a SSP
ut is contaminated by a neighbouring cell is flagged and treated as if
t does contain a SSP with the SED set purely by the contamination.

ore simply, the shape of the SED of such a contaminated cell is the
um of all SEDs contaminating that cell. 

This method to account for diffuse light is only a first-order
pproximation, since it does not account for differences in the gas
ensity of a contaminated cell compared to the emitting cell and
he resulting change in the Str ̈omgren sphere. Furthermore, we use
he hydrogen Str ̈omgren sphere as our marker for photons escaping
he host cell, which neglects the fact that different elements will be
onized out to a different radius from the ionizing source, i.e. each
lement will have different-sized Str ̈omgren spheres. In this work, we
re focused solely on hydrogen emissions lines making the hydrogen
tr ̈omgren sphere an excellent proxy. 

.2.5 Choice of SED 

n order for the SED of a SSP to be created, we required SEDs
or each of its constituent star particles. To that end, we employ
TARBURST99 (see Leitherer et al. 1999 for details) to generate a
ange of different SEDs which co v er the metallicity and age of the
tar particles found in NEWHORIZON . 

We create SEDs with STARBURST99 by assuming a stellar popula-
ion with an initial mass of 10 5 M � and the same Chabrier IMF used
y NEWHORIZON at runtime. By allowing the stellar population to
 volve follo wing the Gene v a Standard e volution tracks, for a gi ven
etallicity, STARBURST99 produces SEDs for a given population at

ges between 10 4 and 10 9 . 7 yr . We generate one set of SEDs for each
f the five different discrete metallicities offered by STARBURST99 . 
NRAS 513, 3906–3924 (2022) 
At runtime LCARS matches each star particle to the SED closest
n age and metallically. As star particles formed in NEWHORIZON

ave a variety of birth masses ( M �, birth ), it is necessary to scale the
agnitude of the SED by M �, birth / 10 5 . This produces the same result

s running STARBURST99 with individual values of M �, birth . 

 G A L A X Y  SELECTI ON  A N D  PROPERTIES  

he majority of our analysis is carried out when simulation has
un for ∼ 3 . 4 Gyr (i.e. when the simulation has reached z ∼ 2) by
xtracting a cubic volume, centred on our galaxy of choice. The sides
f this volume all measure 30 kpc across. At z = 2, the simulation
as maximum spatial resolution of �x ∼ 45 pc ; ho we ver, we carry
ut our analysis (unless otherwise stated) at one level below the
aximum refinement (i.e. �x ∼ 90 pc ) to reduce the computation

ost of when running LCARS . At runtime ∼ 89 per cent (by mass)
f the galaxy’s dense gas ( n H ≥ 1 cm 

−3 ) is resolved to at least
his resolution, with ∼ 71 per cent being resolved to the maximum
esolution. We rotate our selected galaxy before analysis so that its
nclination angle ( i ) is 20 ◦. We define the inclination angle so that i
 0 ◦ corresponds to the angular momentum vector of the galaxy is

ointing along the z -axis of the simulation and towards the reader.
or i 	= 0, the rotation occurs about the x -axis of the simulation,
hich is the same as the x -axis used in Fig. 2 . 
From NEWHORIZON , we selected a galaxy who’s properties are

onsistent with those of observed on the MS at z ∼ 2, i.e. has a
tellar mass ( M � ) and SFR consistent with galaxies at this redshift.
e use the observational sample in our companion work H21 to

etermine a suitable range of values in M � and SFR. Our selected
alaxy is presented in Fig. 2 and a summary of its intrinsic properties
s given in Table 2 . From Fig. 2 , it is clear that our selected galaxy
s interacting with a smaller galaxy. We refer to these two galaxies
s G1 and G2, respectively. We note that it was not intentional to
elect a galaxy undergoing a merger. Given the ratio of their mass,

5 per cent (see the third column of Table 2 ), we classify the merger
f G1 and G2 as minor. From a visual inspection, G1 appears to be
piral galaxy with two large arms and several small arms. In contrast
2 is comprised of a dense core with two circular gas filaments that
 xtend abo v e and below the galaxy. We define young stars as those
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Table 2. Summary of galaxy properties. 

Property G1 G2 
G2/G1 (per 

cent) 

log 10 ( M gas [ M �]) 1 10.2 9.3 12 . 6 
log 10 ( M � [ M �]) 2 10.7 9.4 5 . 0 
log 10 ( M B [ M �]) 3 10.9 9.6 5 . 0 
log 10 ( M DM 

[ M �]) 4 10.7 9.3 4 . 0 
log 10 ( M Tot. [ M �]) 5 11.4 9.8 5 . 0 
SFR[ M � yr −1 ] 6 38.3 1.95 5 . 1 
r[ kpc ] 7 6 2 33 . 3 

Notes . Row 1: gas mass, Row 2: stellar mass, Row 3: total baryonic mass, 
Row 4: dark matter mass, Row 5: total mass, Row 6: SFR for the last 10 Myr 
of runtime, Row 7: radius at time of analysis. 

Figure 3. The SFR position of G1 (red triangle) and G2 (green triangle) 
relative to the SFR-stellar mass main sequence as measured directly from the 
simulation. The black-solid line shows the main sequence for 2.0 ≤ z ≤ 2.5 
(as described by equation 2 of Whitaker et al. 2014 ). The grey shaded regions 
sho w v alues within ±0.3 dex of the main sequence. The red shaded region 
shows where galaxies considered to be ‘starburst’ are found. Observational 
SFR calculated from IR luminosity data given in Table 3 of H21 are shown 
by black-circular points. The blue ‘ + ’ and magenta ‘x’ show the measured 
SFR of G1 after being passed through LCARS and then HSIM (see Section 4.2 ), 
respectively. 
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Figure 4. Top: Evolution of the mean SFR per 10 Myr for G1 ( 〈 SFR 〉 ) . 
Bottom: Evolution of the separation between G1 and its two satellite galaxies 
and the virial radius of G1’s stellar component. The two vertical lines running 
through both panels indicate the first and second periapsis, with the latter 
being the time at which we analyse the simulation. 
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ith ages less than or equal to t �, y = 10 Myr . We plot the positions of
ll young stars in panel (iii) of Fig. 2 that shows that the majority of
1’s star formation is occurring along the lengths of its arms, while
2 is predominantly forming stars in two central clusters. Comparing 
anels (ii) and (iii) shows that older stars are more evenly distributed
hroughout both galaxies. 

G1 has an SFR of ∼ 38 . 3 M � yr −1 at z = 2, putting it within
0 . 35 dex of the galaxy star formation MS as defined in Whitaker

t al. ( 2014 , see Fig. 3 ). For direct comparison with observed z = 2
alaxies, we include the values calculated for 14 galaxies by H21. The 
volution of G1’s average SFR per 10 Myr ( 〈 SFR 〉 ) 4 is shown in the 
op panel of Fig. 4 . G1 has a very bursty star formation history. Such a
 The calculation of 〈 SFR 〉 does not account for stars that were formed in 
1 but subsequently ejected or remo v e stars that formed in a satellite of G1 
efore a merger. Therefore, 〈 SFR 〉 provides an estimate and the general trend 
f star formation at a given time rather than the precise value. 

R  

t  

w  

5

v

ursty SFR is expected for the star formation prescription employed 
n NEWHORIZON (see Grisdale 2021 ). At the time of our analysis ( z =
) G1 is undergoing a small burst in 〈 SFR 〉 , we note that despite this
urst the galaxy is not a ‘starburst’ galaxy. From the NEWHORIZON 

erge tree, we are able to determine that at z = 2, G2 has completed
 single complete orbit of G1, and is currently at periapsis of its
econd orbit (see the bottom panel of Fig. 4 ). At G2’s first periapsis
here is a noticeably larger increase in 〈 SFR 〉 than at second periapsis,
hich might suggest a larger impact cross-section during the initial 

pproach. At t = 3750 Myr , the 〈 SFR 〉 jumps to ∼ 180 M � yr −1 ,
rom the merger tree and based on a visual analysis of the simulation
e see that this corresponds to a near head on collision with a third
alaxy (which we refer to as G3). After the initial interaction between
1 and G3, G3 is trapped both within the stellar viral radius and the

tellar disc of the G1. In contrast, it is not until after the second
eriapsis’ that G2 is trapped within the stellar virial radius. In future
ork, we will explore the impact of G3 on G1’s evolution further. 
By determining the mass enclosed ( M ( R )) within a given galac-

ic radius ( R ) for each of the constituent mass components (i.e.
as, stars, DM, and BH) of the galaxy, their circular velocity
v circ . ,i = 

√ 

GM i ( < R) /R 

)
is calculated and presented in Fig. 5 . 

lso calculated is v circ.Tot. , where M Tot. ( < R ) = M star ( < R ) + M gas ( <
 ) + M DM 

( < R ) + M BH ( < R ). Comparing v circ. of the various
omponents reveals that for R < 6 kpc v circ.Tot. is dominated by the
tellar mass component of G1 while at larger R DM is dominant. This
hange in dominant component is in excellent agreement with the 
isually assessed edge of G1’s disc at R = 6 kpc . The gas component
f G1 has little impact on v circ.Tot. . Due to the near negligible effect
hat BH has on v circ.Tot. , v circ., BH is not included in the figure. 

Fig. 5 also includes the mean rotational ( 〈 v θ 〉 ) and radial ( 〈 v r 〉 )
elocities 5 of the gas in G1 as a function of R . Within G1 (i.e.
 < 6 kpc ) 〈 v r 〉 is consistent with 0 km s −1 (with gas moving both

owards and away from the galactic centre) while 〈 v θ 〉 largely agrees
ith v circ.Tot. . This indicates that G1 is a rotationally supported disc
MNRAS 513, 3906–3924 (2022) 

 Both v θ and v r are polar velocities and should not be compared with spherical 
elocities. 
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Figure 5. Radial mean velocity profiles as a function of R . Top: Dashed lines show the expected circular velocity for each mass component: DM (cyan), stars 
(purple), gas (blue), and combined (red). The solid green and black lines show mean radial ( 〈 v r 〉 ) and rotational ( 〈 v θ 〉 )velocities for the gas. Middle: Gas velocity 
perpendicular to G1’s disc ( v z ). The black line shows the mass weighted average of v z , while the red line shows the mass weighted average of the magnitude of 
v z . By definition v z does not extend beyond edge of G1; therefore, we do not show v z for R > 6 kpc . Bottom: The mean radial profile of the velocity dispersion, 
σ sim 

, see Section 2.2.2 for details. All: The shaded regions show ± one standard deviation from the mean. The vertical dashed line represents the edge of G1, 
while the dot-dashed line shows the edge of G2. 
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s one might expect from a visual inspection of its morphology (see
ig. 2 ). In Section 4.3 we attempt to quantitatively determine to what
xtent G1 is a disc. Outside of the G1, 〈 v θ 〉 shows a substantial
bump’ between R ∼ 9 and R ∼ 12 kpc , this feature corresponds
o G2. For R � 9 kpc we find that 〈 v r 〉 begins to decrease before
tabilizing at ∼ −69 km s −1 which indicates that G1 is accreting gas
rom these larger radii (including G2). 

Completing the triplet of the c ylindrical v elocity components, the
iddle panel of Fig. 5 shows the (mass weighted) mean vertical

elocity of G1. When accounting for the direction of gas movement,
 v z 〉 tends to be between 0 and 20 km s −1 . In a handful of radii
as moving out of the ‘bottom’ of G1’s disc is the more dominant
irection of gas flow. Ignoring the direction of v z and just focusing
n the magnitude, we find that 〈| v z |〉 tends to ∼ 60 km s −1 at all radii.
herefore at any given radii, v θ is the dominant velocity component
f the vast majority of G1’s gas. A visual inspection of G1 reveals the
resence of (small) outflows and fountains which is not surprising,
iven the dispersion on both 〈 v z 〉 and 〈| v z |〉 . 
The mean radial profile of σ sim 

is presented in the lower panel
f Fig. 5 . For G1, we find the (mass weighted) mean σ sim 

of ∼
3 km s −1 . This value excludes the central kiloparsec, which can
ave up to × 5.4 higher σ sim 

. The high values in the galactic centre
re easily explained by the larger number of young stars and the
alaxy’s central massive BH injecting energy in to the surrounding
NRAS 513, 3906–3924 (2022) 

u  
as. At radii outside of G1 the mean of σ sim 

increases to ∼ 64 km s −1 ,
ith some features in the profile around G2. 
Taking all of the abo v e into account and combining it with visual

nspections of the disc, we are able to conclude that the gas of G1
s gravitationally bound, but supported against collapse by galactic
otation. For individual regions within the galaxy, v r , v z or turbulence
 σ sim 

) can dominate o v er v θ which can result in outflows, fountains
nd star formation. 

 RESULTS  

he following sections compare the galaxies intrinsic properties to
hose measured from the SSC created by LCARS , including the SFR
nd rotational velocity of the galaxy. We define ‘intrinsic properties’
o be the values of a given property (e.g. stellar mass) of the galaxy
easured directly from the simulation without adding photons, while

observed properties’ are the value of the same property determined
rom mock observations after photons have been added by LCARS .
or the purposes of this work, the intrinsic properties are analogues to

he physical properties that a galaxy in the physical Universe would
av e, while observ ed properties are those that would be derived from
bservations. 
At z = 2, the wavelength of H α falls edge of the K -band grating

sed by HARMONI. To a v oid a loss of data, we artificially mo v e both

art/stac1124_f5.eps


Determining properties from observations I 3913 

Figure 6. H α zeroth moment maps. The panels show (i) post- LCARS , pre- HSIM , no extinction, (ii) post- LCARS , pre- HSIM , with extinction. (iii) post- LCARS , 
post- HSIM , no extinction, (iv) post- LCARS , post- HSIM , with extinction. Continuum emission has not been subtracted so as to provide a clear indication of how 

such a galaxy is likely to appear before analysis. 
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1 and G2 to z = 2.2. This only changes the observed wavelength
f the H α emission line to 2 . 1 μm and the value of D L . This does
ot affect the results or conclusions drawn in this work. 

.1 Post- LCARS , pre-obser v ation 

e begin our analysis by presenting the results of passing a 30 ×
0 × 30 kpc 3 volume from NEWHORIZON , centred on G1, through 
CARS . As stated in Section 3 , the extracted volume is passed to
CARS with a fixed spatial resolution of �x ∼ 90 pc and results
n LCARS running 624 729 unique CLOUDY simulations. Of these, 
08 259 are for cells containing SSPs while the remaining 216 470
re for cells contaminated by diffuse emission (see Section 2.2.4 ). 

Throughout this section we focus on the ability to reco v er the G1’s
ntrinsic properties from the output of LCARS . We leave a discussion
f the impact of the telescope (i.e. ELT and HARMONI) on the
easured properties until Section 4.2 . 

.1.1 H α morphology 

rom the LCARS SSC, it is possible to calculate the zeroth moment,
.e. L = 

∫ 
I ( λ)d λ, of the H α emission at each spatial pixel location

nd thus produce the maps shown in panels (i) and (ii) of Fig. 6 that
re centred on the H α emission line. The first of these maps shows the
alaxy without any extinction being applied. The post- LCARS maps 
ppear to be an amalgamation of G1’s gas and stellar structures. In
oth maps, the spiral arms are clearly visible and brighter than the
ore diffuse gas of the disc. Comparing either map from Fig. 6 with

he distribution of young stars (i.e. those with ages ≤t � , y ) in the
imulation (see Fig. 2 , panel iii) shows that the H α emission is an
xcellent tracer of young stars, as expected. 

As one might e xpect, e xtinction has significant impact on the
rightness of G1’s spiral arms. As the spiral arms are the primary
ites of star formation (other than the galactic centre, see Fig. 2 ) these
re the regions where the brightest pixels are found in the SSCs. The
et result of reducing the brightness of the arms is that the diffuse
as between G1 and G2, as well as the gas that is extending towards
he right of the maps, appears brighter compared to the arms. Fig. 7
hows integrated emission maps for the H β emission line. Just as
ith H α the strongest emission in H β comes from the spiral arms.
e note that H β map experiences more extinction than H α map, as

xpected. 
.1.2 Measured SFRs 

sing a conversion factor it is possible to calculate the SFR of a
alaxy from its H α line emission (Kennicutt et al. 1994 ). In this
ork, as in H21, we adopt the conversion 

FR H α [ M � yr −1 ] = 5 . 37 × 10 −42 L H α [ erg s −1 ] , (10) 

rom Murphy et al. ( 2011 ). Here, L H α is the integral of the continuum
ubtracted, single aperture, emission line for the entire galaxy. Using 
quation ( 10 ) with the H α emissions measured from the SSC without
xtinction, we calculate SFR H α = 59 . 1 M � yr −1 . This is ∼1.54 ×
he actual SFR of the galaxy. 

To calculate the SFR from the H α SSC with extinction included
e first need to correct for the extinction, using 

 H α, emitted = L H α, observed × 10 0 . 4 A H α , (11) 

here A H α = (3.33 ± 0.8) E ( B − V ) and 

( B − V ) = δk log 10 

(
( L H α/L H β ) observed 

2 . 86 

)
, (12) 

ee Dom ́ınguez et al. ( 2013 ), Osterbrock ( 1989 ), and references
herein. The pre-factor δk is set by the choice of extinction curve
nd for consistency we use the same Fitzpatrick curve employed 
y LCARS (see Section 2.2.2 ) which gives δk = 1.50. Integrating a
ingle aperture spectrum for both H α and H β from their respective
SC (which include extinction), L H α and L H β can be calculated and
assed through equations ( 11 ) and ( 12 ) which gives A H α ∼ 0.75. We
hen calculate SFR H α = 65 . 8 M � yr −1 using equation ( 10 ), which is

1.72 × larger than the intrinsic SFR of the galaxy. The factor of
1.5 −1.7 difference between the intrinsic and measured SFR could 

ome from the choice of H α to SFR conversion factor, choice, and
pplication of the e xtinction curv e, etc. Giv en that the measured
FR values do not mo v e G1 off of the MS (see Fig. 3 ), we argue that

hese differences are acceptable and that we are able to reco v er, at
east to an order of magnitude the correct SFR of G1. We note that in
bo v e calculations only cells that are within a radius of 6 kpc from
he galactic centre are considered. 

.1.3 Kinematics structures 

n panel (i) of Fig. 8 , we show the mass weighted mean value of v LOS 

long the line of sight ( 〈 v LOS 〉 ) map of G1 and G2. Some of the G1’s
MNRAS 513, 3906–3924 (2022) 
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Figure 7. H β zeroth moment maps. The panels show (i) post- LCARS , pre- HSIM , no e xtinction; (ii) post- LCARS , pre- HSIM , with e xtinction; (iii) post- LCARS , 
post- HSIM , no extinction; (iv) post- LCARS , post- HSIM , with e xtinction. Continuum emissions has not been subtracted so as to pro vide a clear indication of how 

such a galaxy is likely to appear before analysis. 

Figure 8. Comparison of intrinsic and observational velocity Maps of G1 and 
G2. Panels (i) and (iii) show the intrinsic line-of-sight velocity and velocity 
dispersion [ 〈 v LOS 〉 and 〈 σ sim 

〉 M 

, respectiv ely]. P anels (ii) and (iv) show the 
first and second moment maps ( v LOS , obs and σ obs , respectively) for the SSC 

produced by LCARS . Continuum is subtracted before v LOS , obs and σ obs are 
calculated. To aid in comparisons, panels on the same row use the same colour 
scale which is shown on the right of row. See Section 4.1.3 for definitions 
of quantities. The dashed horizontal lines show the edges of the slit used for 
v θ , slit calculations. 
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piral structure can be seen in the 〈 v LOS 〉 maps, though less clearly.
rom this map, we find that in general, |〈 v LOS 〉| is almost al w ays
 500 km s −1 and that the lower density gas found at R > 6 kpc

ppears to be the most energetic. We also see that the top of G2 is
oving way from the observer, while the bottom is moving towards

hem: i.e. G2 appears to be rotating in the y −z plane. 
In order to determine v LOS post- LCARS , we employ the observa-

ional method of taking the first moment of the continuum subtract
pectrum in each cell, i.e. 

 LOS , obs = 

∫ 
v λI ( v λ)d v λ∫ 
I ( v λ)d v λ

, (13) 
NRAS 513, 3906–3924 (2022) 
here v λ is related to wavelength via equation ( 3 ) and I ( v λ) is the
ntensity in the corresponding velocity (wavelength) channel. The
rst moment map is shown in panel (ii) of Fig. 8 . Within G1 ( R �
 kpc ) the first moment map agrees with v LOS map calculated directly
rom the simulation, in particular large scale structures match e.g. the
as on the bottom-right side of the galaxy in both maps is moving
owards the observer. On smaller scales, within G1, the velocity
tructures are similar but with some differences in the fine structure
i.e. on scales of < 0 . 5 kpc ). Perhaps one of the most important
ifference being that | v LOS , obs | ∼ 500 km s −1 is found within the
isc of G1 but not in 〈 v LOS 〉 . We discuss the source of these high
 elocity re gions in the first moment map in Section 5.2 . Due to a
ack of young, bright, H α-emitting stars, the spectrum for a given
ixel at R � 6 kpc is continuum dominated which results in the noisy
easurements of v LOS , obs shown in Fig. 8 
The spiral structure of the G1 is more easily seen in panel (iii) of

ig. 8 , which shows the mass weighted mean value of σ sim 

(as
efined in equation 4 ) along the line-of-sight ( 〈 σ sim 

〉 M 

) map. This
ap reco v ers a lot of the detailed g as structure seen in the g as surface

ensity maps of the galaxy (see Fig. 2 ). The second moment, 

obs = 

√ ∫ 
I ( v λ)( v λ − v LOS , obs ) 2 d v ∫ 

I d v λ
, (14) 

rovides the observational equivalent of 〈 σ sim 

〉 M 

, though as with
 LOS , obs this is photon weighted. In panel (iv) of Fig. 8 , we show
 map of σ obs . Despite being noisier than the 〈 σ sim 

〉 M 

map the two
aps show broadly the same structure. For example, both maps show

hat the spiral arms are regions of fairly uniform motion. Some of the
etails in σ obs is lost due to noise, i.e. spaxel’s with strong continuum
elative to the emission. 

As the galaxy is inclined at i = 20 ◦, v LOS contains contributions
rom both v θ and v r as well as v z . As the position of the emission line
or each cell is set by v LOS (see Section 2.2.2 ) 〈 v LOS 〉 also contains
ontributions from the v θ of each of the cells combined along the line
f sight. We apply a slit across the v LOS , obs map (shown as dashed
ines in Fig. 8 ). The slit is positioned to run through the centre of
1 and along the inclination axis. For each pixels within this slit, we

pproximate v θ from v LOS , obs as 

 θ, slit = 

v LOS , obs 

sin ( i) 
. (15) 
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Figure 9. v θ profiles calculated from pixels extracted from the slit shown 
in Fig. 8 . The intrinsic rotation curve (solid black line) is included to aid 
in comparison. The coloured data points represent the weighted mean value 
of v θ calculated from the slit every 0 . 5 kpc , while their error bars show the 
associated weighted 1 σ value. Blue, magenta, and red data points show values 
calculated from the 〈 v LOS 〉 map, the v LOS , obs map neglecting extinction, and 
the v LOS , obs map, respectively. The dashed lines represent an arctan fit to 
data points with matching colour. The dash–dotted line shows an arctan fit to 
the v LOS , obs map, where position of x θ is not known. Note that x = 0 kpc is 
centre of the map not the kinematic centre of the galaxy. 
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y taking the weighted mean and standard deviation (1 σ ) values of
 θ , slit every 0 . 5 kpc along the x -axis we are able to produce estimates
f the rotation curve. We apply the same slit method to the 〈 v LOS 〉
ap to provide a comparison. In the former case pixels are weighted

y their integrated line emission, while the latter is weighted by the
as mass of a pixel. The resulting rotation curves are presented in
ig. 9 . 
We check the validity of calculating the rotations curves from a slit

y comparing the slit-calculated curve from 〈 v LOS 〉 to the intrinsic
 θ curve, 6 and we denote those two rotation curves as v θ, sim slit 

nd v θ, intrinsic , respectively. An exact match between the two is not
 xpected giv en that v θ, intrinsic is calculated for a significantly larger
ata set, i.e. the entire galaxy, rather than just a narrow slice through
he centre. 7 This means that a small, (abnormally) high/low-velocity 
egion which crosses the slit will have a more substantial impact 
n v θ, sim slit than it would have if all cells within that galaxy at
hat particle radius were included in the calculation. With that said, 
xcept for a handful of data points, when | x| ≤ 6 kpc we find that
 θ, sim slit is within 1 σ of the intrinsic value and therefore consistent 
ith v θ, intrinsic . The data points that deviate can easily be explained
y small-scale structure seen in panel (i) of Fig. 8 . We conclude that
he slit calculated curves provide a reasonable estimate of the G1 
otational velocity. 

We now turn our attention to the rotation curve calculated from
he v LOS , obs map, v θ, LCARS slit . It could be argued that all data point,
xcept the one at x = 2 kpc , are consistent with v θ, intrinsic (when
 σ are considered). Ho we ver, this is in part due to the large v alues
f 1 σ found for v θ, LCARS slit . The v LOS , obs map in Fig. 8 shows a
arger range of values within G1 than seen in the 〈 v LOS 〉 map. For
 To aid with the comparison we mirror and flip the intrinsic curve to produce 
n arctan -like curve which covers the width of the entire slit. Additionally, the 
urve is shifted horizontally so that v θ, intrinsic = 0 . 0 at the kinematic centre 
f the galaxy which is found at x = 0 . 475 kpc . 
 19 243 854 individual cells are used when calculating the v θ, intrinsic curve 
ompared to the 2497 pixels used in the slit-calculated method. 

r  
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u  
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/

xample at ( − 2.9, −0.25) we see a small (blue) region moving in the
pposite direction to its surroundings, which provides an explanation 
or 1 σ ∼ 488 km s −1 on v θ, LCARS slit at x = −3 . 5 kpc . Furthermore,
or R > 6 kpc the large amount of noise in v LOS , obs leads to large
ncertainty on v θ, LCARS slit at these radii. 
By fitting an arctan profile to both v θ, sim slit and v θ, LCARS slit , we

re able to quantitatively compare how processing G1 with LCARS 

as impacted the reco v ered rotation curve. When fitting we provide
he x-position of the centre of rotation, x θ = 0 . 475 kpc , which is
alculated directly from the simulation. We find the asymptotes of 
he arctan fit to be at 354 ± 5 and 355 ± 22 km s −1 , respectively.
oth values are a reasonable match to v θ, intrinsic at its flattest part

0 . 5 � R � 3 . 0 kpc ), which we find to be ∼ 340 km s −1 . The fitted
rctan profile also captures the sharp increase in v θ, intrinsic found 
round the galactic centre. 

Assuming that v θ, LCARS slit = v circ . Tot. (at R = 6 kpc ), we are able
o estimate the total mass (i.e. sum of stellar , gas, dark matter , BHs

ass) enclosed within G1’s disc as 1 . 76 × 10 11 M � from the LCARS

 α SSC. This is ∼1.39 × larger than the actual total mass of G1 (see
able 2 ). Thus to within a factor of a few we are able to reco v er the

otal mass of the G1. The steady decrease in the rotation curve seen
t R � 3 kpc , which is not modelled by an arctan profile, provides
he explanation for the difference between the intrinsic and measured 
nclosed mass at R < 6 kpc . 

If x θ is instead left as a free parameter, the fitted arctan profile does
ot accurately capture the galactic centre and leads to a larger value of
 θ for the asymptote, i.e. 416 . 3 ± 27 . 2 km s −1 . Estimating the mass
f the galaxy from this fit gives an enclosed mass of 2 . 42 × 10 11 M �
t R < 6 kpc (i.e. 1.92 × the true v alue). Therefore, e ven if the
alactic centre is not known a reasonable, but higher, values of both
 θ and the enclosed mass can still be estimated. 

In summary, the analysis shows that creating SSCs using LCARS 

ncodes rotational velocity information about galaxy into the emis- 
ion lines as intended. With prior knowledge of the galaxy (such
s inclination or galaxy centre) and an absence of observational 
ffects (e.g. noise and sky lines) the above slit method can be used to
xtract the rotational curve from a galaxy with reasonable accuracy. 
herefore, we argue that this method is useful for testing if v θ has
een encoded in the outputs of LCARS but caution its use for actual
bservational data. In Section 4.2.2 , we explore an alternative method 
hich can be applied to observational data. 

.2 Post- LCARS , post-obser v ation 

he analysis in the previous section was all carried out without
ccounting for a telescope or spectrograph. In the following sec- 
ion, we pass the SSCs from LCARS through HSIM to produce
ock ELT observations of G1. This simulator models all known 

nstrumental effects introduced by the HARMONI (we direct the 
eader to Zieleniewski et al. 2015 for an o v erview of HSIM ). In this
 ork, we emplo y HSIM v3.03. 8 We summarize our default HSIM

observation’ settings in Table 3 . These settings are adopted for
ll ‘observations’ unless stated otherwise. As the primary goal of 
his work is to explore which physical values of a galaxy can be
eco v ered from observations with HARMONI on the ELT (and
y extension other 30 m -class telescopes) the observation settings 
sed have been selected to provide the best possible data from
n observation with ideal observational conditions (e.g. no moon). 
MNRAS 513, 3906–3924 (2022) 

 Details of this version can be found at https://github.com/HARMONI-ELT 

HSIM . 

art/stac1124_f9.eps
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Table 3. hsim Settings. 

Parameter Settings 

Exposure time (s) 900 
Number of exposures (without extinction) 20 
Number of exposures (with extinction) 40 
Total exposures time (without extinction) 5 h 
Total exposures time (with extinction) 10 h 
Spatial pixel scale (mas) 20x20 
Adaptive optics mode LTAO 

Zenith seeing (arcsec) 0.57 
Air mass 1.1 
Moon illumination 0.0 
Telescope Jitter sigma (mas) 3.0 
Telescope temperature (K) 280 
Atmospheric differential refraction True 
Noise seed 10 
Grating (H α) K 

Grating (H β) H 
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e leav e e xploring ho w dif ferent telescope settings will impact the
ccuracy of observations to future work. 

In this work, we use the ‘ reduced ’ HSIM output cubes, which
ontain the simulated observations (with noise) after sky observations
ave been subtracted. Additionally, we use the accompanying signal-
o-noise ratio (SNR) cube ‘ reduced SNR ’ as a means of filtering
ut spaxel’s dominated by noise rather than signal from G1. 

.2.1 Morphology and SFRs 

anels (iii) and (iv) of Fig. 6 show the zeroth moment map of the
 α emission line after G1 has been observed with HSIM . 9 While

he centre of the galaxy and the two largest spiral arms are still
learly visible, the majority of the structural detail seen in (ii) has
ow been lost. Even when extinction is neglected, i.e. panel (iii),
hese details are not reco v ered. Post- HSIM G1 also appears smaller,
ith an apparent radius of ∼ 4 kpc . G2 is still discernible ho we ver

t is greatly reduced in size. H β observations (see Fig. 7 ) show
imilar change but to a larger degree; i.e. G1’s apparent size is further
educed and G2 is ef fecti vely lost in noise. We stress that compared to
urrent observations the level of structure recovered by observations
ith HSIM , and thus should be reco v ered with HARMONI, are still

ignificantly better than what is achie v able with current telescopes
see the discussion in Section 5.1.2 ). 

We apply an SNR mask to the HSIM outputs to reduce the impact
f noise on our measurements of SFR H α , i.e. all spaxels with a
NR < 3 are masked. As in Section 4.1.2 , only spaxels that are
ithin 6 kpc of galactic centre (i.e. only spaxels belonging to G1)

re included in SFR H α calculations. Fig. 10 shows the line emission
aps after the two masks have been applied. Again taking a single

perture spectrum, carrying out continuum subtraction and applying
quation ( 10 ) we reco v er a SFR H α = 50 . 9 ± 0 . 0009 M � yr −1 from
he extinction free H α SSC. This value is below the value we measure
rom the H α SSC before observation with HSIM ( ∼ 59 . 1 M � yr −1 ). 

Comparing panels (i) and (ii) of Fig. 10 provides an explanation
or this discrepancy: the more extended, inter-arm emissions of G1,
s below the SNR cut. Little to no star formation is occurring in
he inter-arm spaces (see panel (iii) of Fig. 2 ); ho we ver, due the
NRAS 513, 3906–3924 (2022) 

 We have not employed an SNR filter to Fig. 6 so as to provide the reader with 
 clear expectation of the expected noise when observing a G1-like galaxy 
ith the physical HARMONI on the ELT. 

w  
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p  
iffusion module of LCARS (see Section 2.2.4 ), these regions contain
hotons emitted by star-forming regions and thus have integrated
 α luminosities between ∼10 38 and ∼ 10 39 erg s −1 which is two or
ore magnitudes lower than the star-forming arms. 
We now turn to the SFR for the SSCs that include extinction. As in

ection 4.1.2 the H α flux needs to be corrected and again we use the
 β emission line to estimate the correction. After applying the same
NR and radial masks as abo v e, followed by equations ( 11 ) and ( 12 ),
e compute a single aperture spectrum from which we calculate an
 H α ∼ 1.036 ± 0.0001 and thus a SFR H α = 69 . 3 ± 0 . 0003 M � yr −1 .
his measured SFR is ∼1.81 × the intrinsic SFR. This value is within
 per cent of the value obtained directly from the LCARS SSC. We
re therefore able to conclude that ELT and HARMONI systematics
hould not significantly impact the measurement of SFR and that
he method used to convert H α emissions to SFR will be the most
mportant source of any errors in observations. 

The uncertainties we report for the observed A H α and SFR H α

re calculated by propagating the variance cube (i.e. the inverse of
he ‘ reduced SNR ’ data cube) through equations ( 10 )–( 12 ). As

entioned previously, we chose to employ the optimal observing
onditions for kinematic analysis when carrying out our mock
bservations. Vox els abo v e the SNR cut which contain signal from an
mission line are typically several orders of magnitude stronger than
ny noise or variance. Consequently, we find very small uncertainties
n for both A H α and SFR H α . In typical observations, the conditions
re likely to be less optimal and therefore higher uncertainties should
e expected. 
The choice of SNR cut can have an impact on the value of A H α

hich in turn impacts measured SFR. For example, reducing the SNR
imit to 2.0 results in a larger L H β while L H α remains approximately
onstant, this produces a smaller A H α( ∼ 0.72) and thus SFR H α =
5 . 89 ± 0 . 0006 M � yr −1 . Ho we ver, the choice of SNR cut is not
s important as how extinction is accounted for and how H α is
onverted to SFR. In summary, it is possible to reco v er the SFR of
1 after observations in within a factor of ∼2. 

.2.2 Kinematic structures 

e present the kinematic structure of G1 post- HSIM observation in
ig. 11 . We again apply a SNR mask to remo v e contributions from
paxels with SNR < 3 before applying equations ( 13 ) and ( 14 ). From
he first moment maps [panels (i) and (ii)], we see that generally
he v LOS structure of G1 is preserved after observation with HSIM .
o we ver, there is a further reduction in detailed structure compared
ith the post- LCARS v LOS maps. The second moment maps are also

airly uniform, though there is a peak in σ obs at the galactic centre.
i ven ho w bright (see Fig. 6 ) and chaotic the galactic centre is (see

he lower panel Fig. 5 ), seeing a high σ obs in this region is expected.
Passing the LCARS SSCs through HSIM introduces noise and

nstrumental effects. As a result a slit along the major axis of
he galaxy cannot be used reliably to reco v er the intrinsic v θ . By
dopting a simple kinematic model, it is possible to estimate the
otational velocity of G1 from HSIM observations. In this case, we
dopt equation ( 1 ) of Arribas et al. ( 2008 ) in the form 

 LOS , mod ( R, θ ) = �( R) cos ( θ − θ0 ) × sin i + v sys , (16) 

ere R is the distance from galactic centre, θ is the angle from the
ajor axis, v LOS, mod ( R , θ ) is the line-of-sight velocity predicted by

he model at ( R , θ ), v sys is the systematic velocity of the galaxy along
he line of sight, i is the inclination angle of the galaxy, θ0 is the
osition angle and �( R ) is a function describing the rotation curve
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Figure 10. Zeroth moment maps after the application of an SNR and radius mask have been applied. Panels (ii)–(i v) sho w maps created from HSIM output data 
cubes of: H α (without extinction), H α (with extinction), and H β (with extinction), respectively. For these panels only spaxels with SNR ≥ 3 are included in the 
maps. Panel (i) is the same as panel (ii) in Fig. 6 but zoomed in. The red ring in each panel represents edge of G1 and the radius of the radial mask. Continuum 

emission has been subtracted from all four panels. 

Figure 11. First and second moment maps ( v LOS , obs and σ obs , respectively) 
after our H α SSC have been observed with HSIM . Panels (i) and (ii) show 

v LOS , obs for SSC without and with e xtinction, respectiv ely, while panels 
(iii) and (iv) show their respective σ obs . Continuum is subtracted and an 
SNR mask is applied before v LOS , obs and σ obs are calculated. To aid in 
comparisons, panels on the same row use the same colour scale which is 
shown on the right of row. See Section 4.1.3 for definitions of quantities. 
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Figure 12. Left: v LOS, mod map (see equation 16 ) with model parameters 
of 20 ◦, 0 ◦, 15 . 6 km s −1 , 365 . 4 km s −1 , and 7.005 for i, θ0 , v sys , arctan 
asymptote, and arctan gradient, respectively. Right: Map of residuals between 
the model and the v LOS , obs map [panel (ii) of Fig. 11 ], i.e. the former 
subtracted from the latter. 
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we again adopt an arctan profile). Fitting the abo v e model to the
 LOS , obs map shown in panel (ii) of Fig. 11 , setting i = 20 ◦, θ0 =
 

◦ and letting v sys , the asymptote value as well as the gradient of
he arctan profile be unknowns, we find the model presented in 
ig. 12 . In a general sense, the model is able to produce a crude
pproximation of v LOS , obs , but with the bubbles of large | v LOS , obs |
issing (as expected). From the simulation, it is known that the 

egion with v LOS , obs � 200 km s −1 centred around ( − 1, −1) of panel
ii) of Fig. 11 is the result of a large number of young stars creating a
ow density , high velocity , high temperature bubble on the trailer side
f the nearest spiral arm. The model presented in equation ( 16 ) has no
ay to include, account for, or recreate stellar feedback driven gas in

he model and thus is unable to produce a recreation of the turbulent
elocity structure of the galaxy. This leads to the large residuals seen
n the right-hand panel of Fig. 12 . 

This model estimates the asymptote of the arctan function, i.e. v θ ,
o be 365 . 4 ± 5 . 5 km s −1 , which is slightly larger than the true value
f ∼ 340 km s −1 , but is consistent with the values found from the
ost- LCARS SSCs (when errors are considered). Given the inability 
o model the finer structure of a galaxy, we argue that such a model
s not ideal for our all of our analysis, e.g. v θ / σ calculations see
ection 4.3 . 
We therefore opt to use a more sophisticated model that allows for

lumps of gas at given R to have high dispersion and v LOS , obs . In this
ase, we use the analysis tool 3D B AROLO (see Teodoro & Fraternali
015 for details) to extract a rotation curve from the map of v LOS , obs .
e provide 3D B AROLO the ‘ reduced ’ and ‘ reduced SNR ’ data

ubes and allow the programme to make its own SNR cuts to the
ata. In this case, it finds every pixel SNR > 5 as well as all the
NR > 3 pixels that are located around the first set of pixels. These
egions are joined together if they are side by side. 3D B AROLO has a
lethora of settings and variables that can be left to be determined
r fixed. In this work, we focus on 10 of these variables. We start
y determining the best settings using our prior knowledge of the
MNRAS 513, 3906–3924 (2022) 
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Figure 13. Top: Rotational velocity radial profile [ v θ ( R )]. The solid black 
line shows the intrinsic curve for G1. The purple and red points show the 
values found by 3D B AROLO , using the fiducial fitting parameters for G1 (no 
extinction and with extinction, respectively) after being ‘observed’ HSIM . The 
red dashed line shows an arctan fit to the red ( 3D B AROLO ) data points, while 
the blue dashed line shows the arctan fit found by the simple kinematic model 
(i.e. equation 16 ). The shaded region represents 1 σ from the intrinsic curve. 
Bottom: Velocity dispersion radial profile ( σ ( R )) for the same data sets as the 
top panel. 
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Figure 14. Single aperture, continuum subtracted, spectrum of G1 after 
being observed with HSIM (black line). Dashed lines show a single Gaussian 
(blue) and double Gaussian (red) fit to the H α emission line. 
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imulation and use this analysis run as our fiducial results from
D B AROLO . To calculate errors on this fit we run 3D B AROLO seven
dditional times, for each of these runs we allow one or more
ariables to be determined by 3D B AROLO . The variables allowed
o be fitted are position angle, inclination angle, x -position of the
alactic centre, y -position of the galactic centre, systematic velocity,
adial velocity, and position angle & inclination angle simultanously.
D B AROLO is able to weight the receding or approaching side of the
alaxy preferentially or equally. In the fiducial settings we weight
hem equally. 10 By changing this, we are able to carry out three
dditional 3D B AROLO analysis runs: receding side preferentially
eighted, approaching side preferentially weighted and position

ngle & inclination angle with the approaching side preferentially
eighted. To calculate an error on 3D B AROLO ’s fit, we calculate the

tandard deviation of the 10 non-fiducial runs from the fiducial run.
he resulting rotation curve, with error is presented in Fig. 13 . The
ducial 3D B AROLO model is in good agreement with the intrinsic
urve. 

As before we fit an arctan curve to the 3D B AROLO data points
o determine the asymptote of the rotation curve and find a
alue of 366 . 9 ± 17 . 3 km s −1 . By repeating our mass estimate, i.e.
 θ, BAROLO = v circ . Tot. = 366 . 9 km s −1 , we estimate the total mass
nclosed at R = 3.25 to be 1 . 017 × 10 11 ± 10 9 . 982 M � or ∼0.81

the total mass of G1. Ho we ver, at R = 3.25 the total mass enclosed
NRAS 513, 3906–3924 (2022) 

0 When fitting the ‘ reduced ’ cube produced from the SSC without 
xtinction, we preferentially fit to the approaching side of the galaxy as 
his provides the best match to the intrinsic rotation curve. This choice is 
iscussed more in Section 5.2 . 
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n the simulation is 7 . 9 × 10 10 M � meaning that value calculated
rom observations is in fact an o v erestimate by factor of ∼1.28. As the
stimated value is within ∼ ±50 per cent of the actual value we argue
hat this is an excellent match and therefore that the total dynamical

ass of a G1-like galaxy can be reco v erable from observations
ith HSIM when combined with 3D B AROLO (or a similar ) during

nalysis. 
It is worth noting that both values of v θ calculated from the two
ethods used we have employed on the post- HSIM data cubes only

iffer by ∼ 1 . 5 km s −1 , which is an order of magnitude smaller than
he error on the measured value of v θ . This would seem to indicate
hat either method will be reasonably reliable for actual HARMONI
bservations. 

.3 v θ / σ

he dynamical ratio ( v θ / σ ) has been used to characterize the
ynamical state of observed galaxies for o v er 40 yr (Binney 1978 ).
alaxies that are isolated and rotationally supported against gravity
ave larger values of v θ / σ (i.e. > 1, Johnson et al. 2018 ), while those
ith smaller values are assumed to be unstable. Pereira–Santaella

t al. ( 2019 , henceforth PS19) adds further granularity by assuming
hose with v θ / σ < 3.2 are undergoing mergers. 

.3.1 Measurements on galaxy scales 

raditionally this calculation is carried out by calculating a value of
for the entire galaxy (normally from FWHM of an emission line of

he galaxies integrated spectrum), while v θ is taken from the flattest
egion of the rotation curve. By taking mass weighted mean of the
alaxies intrinsic σ values, we are able to calculate v θ / σ for G1 as
40 km s −1 / 150 km s −1 ∼ 2 . 3. Likewise using our arctan fit to the
D B AROLO model and the fitting a Gaussian profile to the observed
 α emission line we find a value of 366 . 9 km s −1 / 114 . 2 km s −1 ∼
 . 2 post- HSIM . The emission line for G1 is actually better fit by a
ouble Gaussian than a simple Gaussian profile (see Fig. 14 ). This
ouble Gaussian profile arises as a result of the receding side of the
alaxy being distinguishable from the approaching side due to the
patial resolution of HARMONI. Calculating v θ / σ for the broader
aussian given 366 . 9 km s −1 / 68 . 8 km s −1 ∼ 5 . 3, while the slimmer
ives 366 . 9 km s −1 / 61 . 9 km s −1 ∼ 5 . 9. All four of these v θ / σ suggest
 gravitationally stable galaxy. If we adopt the PS19 criteria the first
wo calculated values would suggest that the galaxy is undergoing a
erger while the last two suggest the opposite. 

art/stac1124_f13.eps
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Figure 15. Radial profile of v θ / σ . The black line shows the intrinsic profile, with the coloured points showing values calculated using 3D B AROLO after G1 is 
observed by HSIM . Red points sho w observ ations of SSCs that include extinction, while purple show those without extinction. The four data points with no error 
bars show the value of v θ / σ calculated on galaxy-wide scales (see Section 4.3.1 for details). Those points do not depend on R and are placed at R = 3 kpc by 
choice. The dotted green line shows v θ / σ = 3.2, i.e. the criteria for a merger. The gre y-shaded re gion shows the 1 σ error on the intrinsic values. The blue shaded 
region indicates the G1’s galactic centre, while shaded red region shows values of R where the SNR is too low for 3D B AROLO to fit observations. 
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Galaxies at high- z are expected to be more turbulent due to a
igher molecular gas fraction (Tacconi, Genzel & Sternberg 2020 ). 
he v θ / σ ratio for such galaxies would thus be lower and might be

nterpreted as a galaxy undergoing a merger when in fact it is still
nding its equilibrium. To filter this effect, a redshift dependent, 

hreshold velocity dispersion ( σ 0 ) can be applied (see PS19 and 
¨ bler et al. 2019 for a more complete discussion). PS19 advocates 
hat to classify a galaxy as isolated and stable requires σ < σ 0 and
 θ / σ > 3.2. Different previous works have defined value of σ 0 in
ifferent ways. In this work, we use equation 2 of Übler et al. ( 2019 )
as present in equation 5 of H21) to calculate the ‘typical’ value of

at z = 2.2 as our threshold. Thus, we calculate σ 0 = 42.9 ± 6.0 at
 = 2.2. Combining the σ 0 and v θ / σ criteria to the observed value
nd it is not clear whether G1 would be classed as undergoing a
erger if measured on a galaxy wide scale due to both a high v θ / σ

nd σ > σ 0 . If the double Gaussian is resolved and used, either side
ould suggest a stable/isolated galaxy. These results demonstrate 

hat measuring v θ / σ on galaxy wide scales does not provide a clear
ut indicator of a settled disc or merger galaxy as normally thought.
e discuss the interpretation of v θ / σ further in Section 5.3 . 

.3.2 Measurements on sub-kiloparsec scales 

s outlined abo v e (see Section 2.2.2 ), it is possible to calculate
sim 

for each cell in the simulation which in turn allows for maps and
adial profiles of σ sim 

to be calculated (see Figs 8 and 5 , respectively).
e use the intrinsic radial profiles of v θ and σ sim 

to calculate the
ntrinsic radial profile of v θ / σ , which is presented in Fig. 15 . From
isual inspections of G1, we know that the galaxy is a disc with spiral
rms (see Fig. 2 ) and therefore would expect v θ / σ > 1, which we
nd at all radii. With the exception of R < 0 . 5 kpc , we find v θ / σ > 5
or G1. As noted previously (see Section 3 ), the centre of the galaxy
ends to have high values of σ sim 

and hence a reduced v θ / σ . At larger
adii, particularly those capturing the connective gas between G1 and 
2, v θ / σ decreases ho we ver e ven here the lo west v θ / σ reaches is 3.4,
hich according to the classifications in PS19 would be interpreted 

s an isolated galaxy. It is worth noting that v θ / σ increases within G2,
ndicating that the orbiting velocity of G2 about G1 dominates over
he signal of any internal σ or v θ of G2. Taking the mean of all v θ / σ
alues within G1 gives 〈 v θ / σ 〉 = 12.3 ± 9.1, again confirming the
lassification of rotationally supported disc. It is worth noting that 
 v θ / σ 〉 does not match the value of v θ / σ calculated in Section 4.3.1 ,
he implications of this discrepancy are discussed in Section 5.3 . 

Unlike our simple kinematic model (see Section 4.2.2 ), 3D B AROLO

alculates a σ value for each ring that it calculates v θ for. The σ radial
rofile determined by 3D B AROLO is a good match to intrinsic profile,
ith high σ near the galactic centre and smaller values at larger radii

see lower panel of Fig. 13 ). Using the analysis from 

3D B AROLO

e are able to calculate the observed radial profile of v θ / σ (red
ata points on Fig. 15 ). While there are differences between the
ntrinsic and observed radial profile of v θ / σ in general they are in
ood agreement. For example, within the central kiloparsec v θ / σ
o v ers around 5 while for 1 < R < 3 . 5 kpc v θ / σ sits between 5
nd 10. As before, due to the SNR cut and lo w SNR v alues at R
 3.5 3D B AROLO is unable to provide any information of v θ / σ at

arge radii. For 1 < R < 4 kpc , we find 〈 v θ / σ 〉 = 7.6 ± 1.4 ( 〈 v θ / σ 〉
 9.3 ± 2.8 when extinction is neglected). As with the intrinsic
easurement this value of 〈 v θ / σ 〉 would normally be interpreted as
1 being a rotationally supported disc galaxy. For G1 the intrinsic
elocity dispersion is less than σ 0 with the exception of R < 1 kpc
i.e. galactic centre) and R > 8 kpc (i.e. outside of G1), where we
nd values as large as ∼ 123 km s −1 (see the lower panel of Fig. 13 ).
imilarly, we find that the values of σ determined by 3D B AROLO are
ery close to σ 0 for R > 1.5. From both of the above two quantitative
etrics G1 would be classified as an isolated, rotationally supported, 

table galaxy. Yet G1 is known to be at the second periapsis of a
erger with G2 (see Fig. 4 ) at the time of our analysis. The lack

f a merger signature in v θ / σ and σ could simply be a result G2
eing significantly smaller (only 12 . 5 per cent of the gas mass) than
1 or the impact parameter of the merger. Ho we ver, the simplest

xplanation is that G2 is still too f ar aw ay from G1 at the time of
nalysis. σ and hence v θ / σ may only show merger signatures once
he G2 crosses through the gas or stellar discs. In Grisdale et al.
in preparation), we explore this signature and impact of mergers 
n G1. 
MNRAS 513, 3906–3924 (2022) 
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M

Figure 16. Impact of resolution on intensity maps. Top row: Maps of G1 with a spatial resolution of �x = 722 pc . Panel (i) shows the gas surface density map. 
The white circles are identical to the circles in Fig. 2 . Panels (ii), (iii), and (iv) show the corresponding H α zeroth, first, and second moment maps once G1 is 
processed by LCARS . Bottom ro w: Mock KMOS observ ations of the fiducial LCARS data cube (see the text for details). Panels (v), (vi), and (vii) show the H α

zeroth, first, and second moment maps, respectively. The contour shown on (v) represents the pixels likely to be detected after applying a SNR cut. 
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11 This is very simple model for a mock observation and should only be used 
as guide on how observations with HARMONI will differ to those on KMOS. 
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 DISCUSSION  

.1 Impact of resolution 

.1.1 Resolution of LCARS 

ll the results in the previous sections have been calculated using a
xed spatial resolution of �x ∼ 90 pc for data cube passed to LCARS

nd then HSIM . To test the impact of the choice of spatial resolution,
e rerun LCARS on G1 with a spatial resolution 8 times lower, i.e.
x = 722 pc . In Fig. 16 , we present the pre- LCARS surface density
ap, as well as the H α zeroth, first, and second moment maps

ost- LCARS . At z = 2.2, this corresponds to an angular pixel size
f ∼ 86 mas which is larger than the biggest pixel size available
n HSIM (60 mas ), for this reason we do not pass these data cubes
hrough HSIM , instead we carry out our analysis on the LCARS SSC.
t this lower resolution the G1 and G2 are still distinguishable in
oth the surface density map and the post- LCARS H α map. Ho we ver,
n both cases G2 has lost the definition of its internal structure. Some
nternal structure is visible in G1 ho we ver without prior knowledge of
t would be next to impossible to determine what form that structure
akes. 

By comparing the single aperture spectrum of the �x = 722 pc
un to fiducial run, we see that the dual Gaussian profile remains (see
he top panel of Fig. 17 ) though the receding peak is reduced and
he approaching peak is enhanced. Changing the resolution of LCARS

oes not change the number of star particles in the simulation but
oes reduce the number of SSPs and increases the number of stars
hat contribute to each SSP. Therefore, the same number of photons
re concentrated into a smaller number of cells, particularly closer to
he galactic centre. This results in the more concentrated luminosity
een in Fig. 17 . 

Turning to the kinematics, there is again a significant reduction
n structures of both the first an second moment maps. With that
NRAS 513, 3906–3924 (2022) 
eing said, comparing panels (iii) and (iv) of Fig. 16 with panels
ii) and (iv) of Fig. 8 shows a general agreement with the kinematic
aps created at the fiducial resolution. By applying the same slit-

ased approach (see Section 4.1.3 ) to the first moment map of the
x = 722 pc run, we are able to produce a rotation curve for this

CARS run (see the lower panel of Fig. 17 ). From which we estimate
 θ ∼ 467 km s −1 , which would equate to a total mass of 10 11 . 48 M �
r ∼2.4 × the actual total mass of G1. Allowing x θ to be a fitted
arameter we see that reducing the resolution mo v es x θ to ∼ −310 pc
hich is ∼ 785 pc from the true value. When x θ is fitted for in the
ducial resolution run we found x θ ∼ −22 pc . In either case, the
ifference is of the order of a single cell and reasonably close to the
ctual galactic centre. 

.1.2 Resolution of observations: KMOS versus HARMONI 

n reality, it will be the distance to a galaxy, as well as the sensitivity
nd resolution power of the instrumentation used to observe it that
ill determine the resolution of a data cube used for analysis. Testing

his can be achieved by taking the output SSCs from LCARS , reducing
he spatial resolution and spectral resolution as well as applying a
oint spread function (PSF). For comparisons with H21, we opt to
educe the spatial and spectral resolutions to 0.19 arcsec (1 . 62 kpc )
nd 2 . 8 Å, respectively . Additionally , we apply a Gaussian PSF with
 FWHM of 0.6 arcsec to mimic values of H21’s observations with
he KMOS on the VLT. 11 As one might expect, this mock KMOS
bservation, presented in panel (v) of Fig. 16 , shows a significantly
egraded H α zeroth moment map. The sites of star formation can no
onger be seen and all traces of spiral arms have been lost. Calculating

art/stac1124_f16.eps
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Figure 17. Top: Comparison of the impact that different resolutions have on the single aperture (continuum subtracted) spectrum of G1. The red, purple, and 
blue lines show the fiducial resolution, LCARS run at to �x = 722 pc , and a mock KMOS observation of the fiducial LCARS outputs, respectively. Bottom: 
Comparison of the rotational velocities when calculated from a slit for the three different resolutions. Dashed lines show arctan fits to the corresponding data 
points. 
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 single spectrum from the mock KMOS observations produces a 
imilar, double Gaussian H α emission line (see the top panel of
ig. 17 ). Due to the much broader PSF of the mock observation,
ome photons from the emission line have become indistinguishable 
rom the continuum, which results in the luminosity of the emission
eing reduced to ∼0.3 of full resolution LCARS H α emission line. 
his effect is normally accounted for using a point source with a
nown luminosity to calibrate the observations. 
Panels (vi) and (vii) of Fig. 16 shows the first and second moment
aps for these mock observations. At the resolution of these mock 

bservations, the kinematic structure of the galaxy is, again, severely 
egraded. We again apply a slit across the first moment map and
alculate a rotation curved (shown in the lower panel of Fig. 17 ).
his calculation estimates v θ = 533 km s −1 and x θ = −513 pc . This
laces the calculated centre of rotation almost a kiloparsec from the 
ntrinsic centre of rotation, and o v erestimates the G1’s rotation speed
y a factor of ∼1.6 × faster that its true v alue. Gi v en the v ery low
patial resolution and the wide PSF, this significant o v erestimate is
nderstandable and highlights the importance of being able to resolve 
 galaxy sufficiently that kinematic measurements are representative 
f the observed galaxy. 
Until this point, we have assumed that mock KMOS observations 

ave an SNR > 3 for all spaxels. Realistically, this is not the case and
ow SNR spaxels should be accounted for in our mock observations. 
o this end, we assume that the highest signal-to-noise ratio found 

s 20 and that this is found in the most luminous pixel of the zeroth
oment map. We mask all pixels that fall below one twentieth of
he luminosity of that pixel [pixel above this cut are shown via the
ontour in panel (v) of Fig. 16 ]. With this SNR cut in place G1
oses further structural definition and G2 is reduced to a single pixel.
he measured SFR of the galaxy is negligibly affected by the SNR
ut. There is an insufficient number of pixels remaining in the first
oment map to calculate a trustable v θ value and for this reason we

o not attempt to. In short, once the prospect of noise is accounted
or it is no longer possible to reco v er, let alone realistic, kinematics
rom our mock KMOS observations. 

We assert that a physical comparison between panel (iii) of Fig. 10
nd panel (v) of Fig. 16 presents a strong argument for the need
or high spatial and spectral resolution offered by the 30 m-class
elescope. Furthermore, without relying on a proxy, such as v θ / σ ,
etection of minor mergers is extremely difficult, as is the detection
f inflows and outflows. As discussed in Section 5.3 , even v θ / σ has
ssues associated with it when calculated on large scales, and so
hould be used with caution. Simply put observations on the ELT
n general and with HARMONI specifically have the potential to be
ame changing in the exploration of galaxies at high redshifts ( z �
). 
It is worth noting that the ELT will allow galaxies at a range

f redshifts to be probed on scales of ∼ 100 pc . If these new
bservations of high-redshift galaxies have clumpy structures, similar 
o simulated galaxy in this work, new analysis tools will likely be
equired. We will be exploring this in upcoming work. 
MNRAS 513, 3906–3924 (2022) 
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.2 Are H α photons a good tracers for gas kinematic 
roperties? 

his work focuses on exploring whether the intrinsic properties of
 galaxy can be reco v ered from observations, such as those taken
ith HARMONI on the ELT. Our results show that in general this is

he case; ho we ver, there are noticeable dif ferences between intrinsic
nd observed properties. For example, as noted in Section 4.1.3 and
een in Fig. 8 , the map v LOS , obs has several pockets of gas moving at
peeds on the order of 500 km s −1 which are not present in the map
f 〈 v LOS 〉 . To properly understand how the observations link back to
ntrinsic properties of a galaxy, it is necessary to understand where
hese high velocity regions come from. 

The answer to this question is weighting. In the case of the intrinsic
ap each pixel in the map is a mass weighted average of all cells

long the line of sight, while in the v LOS , obs map each pixel is the
esult from the photons summed along the line of sight. When mass
eighting, the spiral arms dominate the rotation signature at a given
 . Ho we ver, in the latter case photons are remo v ed due to e xtinction

n the arms. Photons that have to travel through dense gas, such as
he spiral arms, have their contribution to v LOS , obs reduced. Areas of
he galaxy with low-density gas (e.g. inter-arm gas) are affected to a
esser degree and so their contributions are ef fecti vely boosted. 

We see an example of this is the region found at ( −3.0, 0.5)
n panel (i) of Fig. 2 that corresponds to the v LOS , obs ∼ 500 km s −1 

egion found at the same location in panel (ii) of Fig. 8 . This region
s located behind a spiral arm and ahead of two large gas clouds as
 result has very little extinction meaning that the brightest cells in
his region will dominate the measurement of v LOS , obs . From panels
ii) and (iii) of Fig. 2 , we know there are only ‘old’ stars in this region,
.e. all with ages greater than 10 Myr . Such stars are unlikely to
rovide a sufficient injection of energy to drive gas to such velocities.
nstead, we have to look to the surrounding gas, which does have
oung stars. Panel (iii) of Fig. 8 shows this region to have mass
eighted σ in excess of 30 km s −1 , while panel (i v) sho ws v alues
f > 200 km s −1 . Combining all the available information we are
ble to determine the source of such high-velocity regions seen only
n the photon ‘weighted’ maps. The galactic disc contains regions
f low-density, inter-arm gas. This is being heated by young stars
n the surrounding arms and gas clumps, which accelerate the gas
o speeds of several hundred kilometres a second. The old stars plus
iffuse photons from the neighbouring young stars (see Section 2.2.4 )
lluminate the region sufficiently for the high v LOS , obs to be seen in
anel (ii) of Fig. 8 . Ho we ver, when mass weighting to create the
 v LOS 〉 map the gas ‘abo v e’ and ‘below’ the galaxy contribute to
 v LOS 〉 and bring the mean value down. By taking a slice through
1 at the correct depth, it is possible to created v LOS map that will

how the high-velocity region seen at ( − 3.0, 0.5). By creating slices
t multiple depths, it would be possible map all the high-velocity
ocket within G1. 
This effect is still present after the SSC has been passed through

SIM and is at least partially responsible for the larger value of v θ
ound at R = 2 . 25 kpc . Indeed, by looking at (ii) of Fig. 11 there
re small regions or ‘bubbles’ of high v LOS , obs on the approaching
ide of the galaxy. Weighting one side of the galaxy preferentially
 v er the other when carrying out analysis can reduce v θ in several
laces, by ignoring such regions. It’s also worth noting that we found
hat stellar feedback-driven outflows and corresponding inflows (as
as falls back on to the galaxy) could impact the values of v θ and

determined by 3D B AROLO . Again these are low-density, high-
elocity structures and thus have low mass but strong-photon weight-
ng. This result highlights how a small-scale structures within the
NRAS 513, 3906–3924 (2022) 

i  
alaxy can impact the measured physical properties reco v ered from
bservations. 
Despite the discussion abo v e, it is clear that the spiral arms and

alactic centre still provide the majority of the H α emissions in
ur HSIM observations (see Figs 6 and 10 ). Furthermore, as we
howed throughout Section 4 , it is possible to reco v er reasonable
easurements of G1’s SFR, rotation curve, and dynamical ratio

rofile. In summary, there is limited fungibility between mass and
hoton weighting when determining the properties of a galaxy
o we ver it is possible to use the latter to get good estimates of a
alaxies intrinsic properties. In the case of all real galaxies in the
hysical Universe, it is highly unlikely we will be able to directly
easure their properties as we can in simulations, therefore it is

ighly important to know the limits of how observations can be
ranslated back to the galaxy’s physical properties. 

.3 Importance of v θ / σ

ection 4.3 showed various ways of calculating the dynamical ratio,
 θ / σ , with each method resulting in different calculated values. All
f the methods used to calculate v θ / σ in this work have found G1
o be a rotationally supported disc; ho we ver, the method used can
hange the measured value by as much as a factor of ∼6. If this ratio
s to be used as a measure of a galaxies gravitational stability, or an
ndicator of a merger, this presents a problem: which method should
e considered, which is valid and when is it valid? We discuss those
ifficulties here. 
The first method looked at the global properties of a galaxy

e.g. width of single aperture spectrum and the flattest part of the
otation curve, see Section 4.3.1 ), in this work v θ / σ was calculated
n scales of 12 kpc (i.e. the diameter of G1). This kind of approach
akes sense when the internal structure of a galaxy cannot be

esolved, such as when current generation of 10 m -class telescope
arry out observations of galaxies at z ∼ 2, e.g. see our mock KMOS
bservations abo v e or Fig. 2 of H21. Due to the ∼4.75 × larger
ncrease in the primary mirror diameter combined with the adaptive
ptics of ELT, we see a ∼9.8 × increase in spatial resolution at z

2.2 with the ELT o v er the VLT. This allows for structures such
s spiral arms to be resolved within the galaxy as well as being able
o resolve the velocity dispersion on sub-kiloparsec scales and thus
adial profiles of v θ , σ & v θ / σ to be calculated. 

In Section 5.2 , we discussed the impact of using photon weighting
ather than using mass weighting when calculating properties of
alaxies. Here, we see another example of the impact the type of
eighting has. When taking the single aperture spectrum of a galaxy

he brightest regions will dominate the spectrum, furthermore bright
egions with low σ will contribute more to the shape of the emission
ine than equally bright (i.e. the integral of the emission line is the
ame), high σ regions as the latter can become lost in the continuum.
hese complications need to be considered when using a single
perture spectrum to determine σ and v θ / σ . 

We have already seen that the expected spatial resolution of
bservations with HARMONI should allow for σ to be resolved
n sub-kiloparsec scales and thus for a determination of how v θ / σ
hanges within a galaxy (e.g. see Fig. 15 ) becomes possible. As a
esult we need to (re)e v aluate what v θ / σ on such scales mean. The
ntrinsic v θ / σ profile is mass weighted as a result will be dominated
y the velocity structures of arms (see Section 5.2 ). Therefore,
he v θ / σ profile provides a measure of whether internal velocity
tructures of clouds and spiral arms at a given radius are more
mportant than galactic rotation. For example, if at some radius v θ / σ
s found to be much greater than 1, it would be a strong indicator that
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MCs or spiral arms have relatively little internal turbulence and are 
imply clumps of gas moving around within the galaxy. Ho we ver if
 θ / σ is ≤1 for a given R , this would suggest that the GMCs are highly
urbulent, to such a degree that their internal motions are comparable 
o the speed at which the cloud is orbiting the galaxy . Finally , if v θ / σ
 < 1 is found at a given R , this would be a strong indicator that gas

tructures are either rapidly collapsing due to gravity or being blow 

part (most likely by stellar feedback). 
Such interpretations are complicated when inferred from observa- 

ions, where brightest regions may not be tracing mass. That being 
aid, given our discussion in Section 5.2 it is clear that the H α

mission lines in our mock observations at least partially trace the 
as mass. In which case the abo v e interpretation of a galaxies radial
 θ / σ profile should hold. 

Calculating the mean dynamical ratio for the galaxy from the 
adial profiles ( 〈 v θ / σ 〉 ) also pro v ed to be different to galaxy-scale
alculation. The brightest part of G1 is the galaxy’s centre (see 
ig. 10 ), as a result this region has a significant impact on the shape
f the H α emission line for galaxy. Especially given that the highest
alues of σ are found at R < 1, i.e. the galactic centre. Furthermore,
hile v θ tends to be higher in this region, it is only by a factor of ∼1.2,

ompared with σ increasing by a factor of � 2.5 and thus v θ / σ in the
alactic centre is lower. In essence the traditional observer’s method 
f measuring a single value of σ and v θ for the galaxy is biased
owards the galaxies centre where σ is higher, while 〈 v θ / σ 〉 gives a
easurement that accounts for the entire galaxy. With the abo v e in
ind, we would not expect to see signature of a minor merger in

ingle spectrum calculated v θ / σ until either 1) the two galaxies are
lose enough to disrupt the galactic centre of the primary galaxy or
) there is sufficient star formation occurring, in the gas connecting 
he two galaxies, that the galactic centre no longer dominates the 
ingle-aperture spectrum. 

Finally, we highlight that all of our calculations of v θ / σ are carried
ut at specific scales, e.g. galaxy wide, 500 pc rings, etc. As shown
n Agertz, Romeo & Grisdale ( 2015 ), the scale used when measuring
ny stability criteria will impact the apparent stability of a galaxy. We
herefore remind the reader that with any criteria used to determine 
tability, even a simple one such as v θ / σ it is important to consider
hich scales the calculation is carried out on. 

 C O N C L U S I O N  

n this work, we explored whether it is possible to accurately recover
he intrinsic properties of a galaxy at a redshift of z ∼ 2.2 with the
LT and the HARMONI spectrograph. To achieve this, we passed 
 galaxy, from the cosmological simulations NEWHORIZON , through 
he post-processing pipeline LCARS (v2.0) to add photons to the 
imulations. The resulting H α SSC was then observed using the 
ARMONI simulator ( HSIM ) and analysed. The galaxy used in this
ork, which we label G1, is the primary galaxy in a merging pair. At

he time of this analysis, the secondary galaxy, G2, is at the periapsis
f its second orbit of G1. Our key results are as follows: 

(i) After being processed with LCARS and observed with HSIM the 
orphology of the G1 remains visible: spiral arms are clearly seen, 

s is a bright galactic centre and the more defuse gaseous disc. Post-
SIM the morphology more closely resembles a map of the young 
ages < 10 Myr ) stars within the galaxy. 

(ii) Measuring the SFR before and after observation reco v ers val- 
es that are larger than the intrinsic SFR of the galaxy (38 . 3 M � yr −1 ).
n the case of the former, we reco v er a value of 65 . 8 M � yr −1 

hen correcting for extinction and 59 . 1 M � yr −1 if extinction is not
dded by LCARS . For the latter, we find SFR = 69 . 3 M � yr −1 when
orrecting for extinction. Both sets of values are within a factor of 2
f the intrinsic value. 
(iii) First moments maps of G1 show that the line-of-sight velocity 

tructure of G1 is largely reco v erable from the H α emission line.
fter observation, there is a reduction in the detail of the first
oments map; ho we v er, the ke y features remain. The second moment
ap of G1’s SSC shows larger regions of high velocity dispersion

 σ ) than the intrinsic map. These high σ are reduced in the observed
econd moment map due to originating in the inter-arm, low-density, 
on-star-forming gas, i.e. regions with low SNR. 
(iv) Applying a slit to the first moments map, perpendicular to 

he axis of inclination, allow for G1’s rotation curve to be recovered
ith good accuracy from the SSCs. After being observed too much

nternal structure is lost for a slit to be ef fecti ve. An analysis tool,
uch as 3D B AROLO , is able to produce a rotation curve that reasonably
atches the intrinsic curve of the galaxy. From these curves, an

stimate of the G1’s mass is reco v erable and found to be within
40 per cent of the intrinsic total mass. 
(v) We calculate the dynamical ratio ( v θ / σ ) in several ways. In

ll cases finding G1 to be considered rotationally support against 
ravity (i.e. v θ / σ > 1). Calculating v θ / σ on a galaxy wide scale
using the peak of the rotational curve and width of a single aperture
pectrum) finds a value of 2.3 intrinsically and 3.2 after observation.
o we ver, both of these values are dominated by the galaxies centre

nd are not representative of the entire galaxy. Calculating v θ / σ as
 function of radius using the galaxies rotation curve and radial σ
rofile shows that the majority of the galaxy has v θ / σ > 10 ( > 5
rom HSIM observations). Furthermore, averaging the v θ / σ profile 
rovides a very different global picture of the galaxy the compared
ith v θ / σ calculated on a galaxy wide scale, e.g. 7.6 versus 3.2, as

he former uses data from throughout the galaxy while the latter is
ominated to the galactic centre. We also note that the galactic-scale
alculation can be influenced by the interpretation of the emission 
ine, e.g. is it a single or double Gaussian profile and thus what is its
idth. 

While we have shown that the physical/intrinsic properties of a 
alaxy can be reco v ered to a reasonable degree from photons emitted
y that galaxy, we have also shown that emissions can be impacted
y low density gas and thus do not provide an accurate representation
f the properties of the majority of the gas along a line of sight. In
hort, measuring properties via emission lines is not a replacement 
or being able to measure the gas properties directly. Ho we ver, gi ven
hat the latter is likely impossible the former will have to be sufficient.

In conclusion, by using a HARMONI on the ELT it will be possible
o calculate the physical properties of a galaxy at z ∼ 2.2, including its
FR, kinematic structure, rotation curve, total mass, and v θ / σ profile.
o we ver, we advise careful consideration of methods as how low
NR regions are handled can impact the SFR measurement, while 
hoice of scale can lead to drastically different interpretations of 
ow much a galaxy is rotationally supported. Finally, we emphasize 
hat the primary goal of this work is to determine if the galaxy’s
ntrinsic properties are reco v erable. To that end the settings used
or the HSIM observations and analysis are tuned to provide the best
ossible result. 
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