N

N

On the viability of determining galaxy properties from
observations I: Star formation rates and kinematics
Kearn Grisdale, Laurence Hogan, Dimitra Rigopoulou, Niranjan Thatte,

Miguel Pereira-Santaella, Julien Devriendt, Adrianne Slyz, Ismael

Garcia-Bernete, Yohan Dubois, Sukyoung K. Yi, et al.

» To cite this version:

Kearn Grisdale, Laurence Hogan, Dimitra Rigopoulou, Niranjan Thatte, Miguel Pereira-Santaella,
et al.. On the viability of determining galaxy properties from observations I: Star formation rates
and kinematics. Monthly Notices of the Royal Astronomical Society, 2022, 10.1093/mnras/stac1124 .
insu-03667428

HAL Id: insu-03667428
https://insu.hal.science/insu-03667428
Submitted on 7 Apr 2023

HAL is a multi-disciplinary open access L’archive ouverte pluridisciplinaire HAL, est
archive for the deposit and dissemination of sci- destinée au dépot et a la diffusion de documents
entific research documents, whether they are pub- scientifiques de niveau recherche, publiés ou non,
lished or not. The documents may come from émanant des établissements d’enseignement et de
teaching and research institutions in France or recherche francais ou étrangers, des laboratoires
abroad, or from public or private research centers. publics ou privés.


https://insu.hal.science/insu-03667428
https://hal.archives-ouvertes.fr

Monthly Notices

MNRAS 513, 3906-3924 (2022)
Advance Access publication 2022 April 27

https://doi.org/10.1093/mnras/stac1124

On the viability of determining galaxy properties from observations — 1.
Star formation rates and kinematics

Kearn Grisdale *',!* Laurence Hogan,' Dimitra Rigopoulou,' Niranjan Thatte,'
Miguel Pereira-Santaella,'? Julien Devriendt,' Adrianne Slyz,' Ismael Garcia-Bernete,! Yohan Dubois,?

Sukyoung K. Yi* and Katarina Kraljic *'>

LSub-department of Astrophysics, University of Oxford, Keble Road, Oxford OX1 3RH, UK

2Centro de Astrobiologia (CSIC-INTA), Ctra. de Ajalvir, Km 4, Torrejon de Ardoz, Madrid E-28850, Spain

3 Institut d "Astrophysique de Paris, UMR 7095, CNRS, UPMC Univ. Paris VI, 98 bis boulevard Arago, F-75014 Paris, France
4Department of Astronomy, Yonsei University, 50 Yonsei-ro, Seodaemun-gu, Seoul 03722, Republic of Korea

5Aix Marseille Univ, CNRS, CNES, LAM, Marseille, France

Accepted 2022 April 20. Received 2022 April 14; in original form 2022 February 18

ABSTRACT

We explore how observations 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 o emission line. By carrying out mock observations
and analysis on these data cubes, we ascertain which physical properties of the galaxy will be recoverable 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 recovered in mock observations. Furthermore, we are able to recover 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 always 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.

1 INTRODUCTION

Observations are the primary means by which humanity explores
the Universe. Over the next several years new facilities such as the
(European) Extremely Large Telescope (ELT), with its 39 m diameter
primary mirror, will become operational and present new observa-
tional opportunities. Such telescopes will allow higher resolution
and deeper observations than current facilities (Tamai et al. 2016;
Cirasuolo et al. 2020). This will be pivotal for the study of galaxy
formation and evolution, particularly at high redshifts (z 2 1.5). It
is therefore vitally important to understand how these observations
translate back into the intrinsic properties of galaxies, giant molecular
clouds (GMCs), the interstellar medium (ISM), and star formation.
Through multiwavelength observation researchers have been able
to determine the star formation rate (SFR) of high redshift galaxies.
Such observations have resulted in the measurement of a correlation
between SFRand stellar mass (M,) of a galaxy which has since
become known as the Main Sequence (MS) of star-forming galaxies
(e.g. Daddi et al. 2007; Noeske et al. 2007). Star-forming galaxies
can be placed into one of two populations: normal star forming
or starbursts. Normal star-forming galaxies lie within the scatter of
the MS correlation (~ 0.3 dex), whereas starbursts are defined as
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having a SFR at least four times greater than expected from the MS
correlation (Elbaz et al. 2011; Schreiber et al. 2015). Furthermore,
it has also been determined that the cosmic star formation rate
density (SFRD) evolves with z, having peaked at z ~ 1.9, before
declining by an order of magnitude to the current epoch (Madau &
Dickinson 2014). The normalization of the MS correlation increases
with redshift (Speagle et al. 2014) in line with the increase in the
cosmic SFRD, which means galaxies at high-z have higher SFRs
than those at the current epoch but are not be considered starburst
galaxies. For example, at z ~ 2 galaxies on the MS tend to have a
SFR of ~20 x that of an MS galaxy at z = 0.

A relationship between the gas surface density (X,) and
SFR surface density (X,) of galaxies has also been found, often taking
the form of a so-called Kennicutt—Schmidtt law: 3, o g, withn ~
1.5 (Schmidt 1959; Kennicutt 1998). The scalings of SFR with z and
X, support observations showing that galaxies at high z have more
gas than galaxies in the local Universe.

Measuring the kinematics of a galaxy can provide key insights into
the processes guiding its evolution, such as the source of dynamical
support (Puech et al. 2007; Epinat et al. 2009) or determining if a
galaxy is undergoing a merger. For example, both the K-band Multi
Object Spectrograph (KMOS) Redshift One Spectroscopic Survey
(KROSS) and KMOS3P surveys (see Stott et al. 2016; Wisnioski
et al. 2019, respectively, and references within) used Integral Field
Spectroscopy (IFS) observations of H « emissions line to calculate
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rotational velocities and velocity dispersions for a number of galaxies
at 0.6 < z < 2.7. These studies were able to determine whether or
not a given galaxy in their sample was rotationally dominated. Such
determinations can be made by comparing the rotational velocity
to the velocity dispersion (commonly known as vg/o and first
introduced by Binney 1978). Alternatively, it is possible to use
stability criteria such as the classic Toomre ‘Q’ (Toomre 1964) or the
more recent Romeo dispersion relation (Romeo, Burkert & Agertz
2010).

Recently, Hogan et al. (2021), hence forth H21, performed
observations, using the KMOS on the Very Large Telescope (VLT),
of a sample of luminous Infra-Red (IR) galaxies, at 2 < z < 2.5.
The goal of this work was to establish whether z ~ 2 luminous
IR galaxies are isolated or interacting discs. H21 established that
a significant fraction, ~ 40 per cent, appear to be isolated galaxies
based on their properties, such as vy/o, their position on the MS,
and their levels of dust obscured star formation when compared to
local starburst galaxies. H21 determined that the huge SFR seen in
IR Iuminous galaxies at cosmic noon can be powered by steady-state
mechanisms and do not require stochastic events, such as the gas rich
major mergers that power local ultraluminous infrared galaxies.

All of these observations require some method for converting the
photons received from a galaxy into physical measurements of its
properties, e.g. multiplying the integral of an emission line by a
conversion factor to get an SFR (see Kennicutt, Tamblyn & Congdon
1994). Cosmological simulations can provide useful insight into
observations by running their suites, each with different physical
models, and comparing the results to observations. For example,
Grisdale et al. (2017) compared the power spectrum calculated
from H I observations (see Walter et al. 2008) with the spectrum
calculated from simulations. In this study, it was found stellar
feedback processes were needed to recreate the observed power-law
slopes.

In the last several years, it is becoming increasingly compu-
tationally viable to run cosmological simulations which include
radiative transfer (RT; see e.g. Rosdahl et al. 2013; Kannan et al.
2019). Running such simulations, particularly on larger volumes
takes a significant number of CPU hours. The other drawback to
these simulations is they tend to have a severely limited spectral
resolution, i.e. only having N wavelength bins, where N is normally
between 1 and 10 (e.g. Rosdahl et al. 2018, used 3 bins which
covered wavelengths between 0 and 910 A). Thus, these kinds of
RT-cosmological simulations can provide insight into the number
of photons in a given wavelength range however they are unable
to provide information about the shape and position of emission
features. This makes creating line-of-sight velocity or velocity
dispersion maps more difficult. Additionally, all the parameters of an
RT simulation, such as the assumed shape of the star’s spectral energy
distribution (SED), is set before run time and exploring how the
choice of SED would affect the observation of the simulated galaxy
requires re-running the simulation, adding to the computational cost.
For a more holistic view of RT simulations, we direct the read to
Iliev et al. (2009).

One way to gain higher spectral resolution and be able to test
how changing the parameters affect observability is to employ a
post-processing pipeline to ‘paint’ photons into the simulation after
runtime. In Grisdale et al. (2021), we employed such a pipeline to
explore the likelihood of detecting Population III stars with the ELT.
We were able to show that if such stars have top heavy initial mass
function (IMF) detection would be possible.

The High Angular Resolution Monolithic Optical and Near-
infrared Integral field spectrograph (HARMONI) will be the work-
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horse spectroscopic instrument on ELT, providing spectra from 0.47
to 2.45 pm (Thatte et al. 2014). This relatively large wavelength
range and its high spatial resolution coupled with the large primary
mirror of the ELT, makes it even more important to ensure we are
able to accurately interpret observations and decode the properties
of the emitting object. It is here that processing simulations with
pipelines, such as the one described used in Grisdale et al. (2021),
can be extremely powerful.

The primary goal of this work is to explore how the physical
properties of a galaxy can be accurately recovered from (simulated)
observations of emission lines produced in the galaxy. To that end we
make use of the hydrodynamical simulation post-processing pipeline
LCARS (Light from Cloudy Added to RAMSES) to convert properties,
such as the SFR and gas kinematics, into photons which can then
be ‘observed’ using the HARMONI simulator (HSIM) before being
analysed. In Section 2, we outline LCARS as well as the simulation
suite used in this work. We present our galaxy selection criteria,
chosen galaxy and its intrinsic properties in Section 3, while Section 4
explores the measured properties of this galaxy after being observed.
We discuss implications of spatial resolution, whether photons are a
good tracer for gas properties and the meaning of vy/o in the new
high spatial resolution observation paradigm in Section 5. Section 6
presents a summary of this work and its conclusions.

2 METHOD

2.1 Simulation data set: NEWHORIZON overview

In this work we have selected a simulated galaxy (see Section 3
for details of this galaxy) from the NEWHORIZON simulation.
NEWHORIZON is a hydrodynamical, cosmological simulation run
using the hydro+N-body, Adaptive Mesh Refinement (AMR) code
RAMSES (Teyssier 2002) targeting a linear spatial resolution for the
smallest cell of Ax ~ 35pc. New levels of refinement are unlocked
as the simulation progresses to account for cosmological expansion.
Here, we give a very brief overview of the simulation but direct the
reader to Dubois et al. (2021) for complete details (see also Park
et al. 2019; Grisdale et al. 2021).

NEWHORIZON is a re-simulation of a spherical region with a
radius of 10 Mpc (comoving) which has been extracted from the
Horizon-AGN simulation (Dubois et al. 2014; Kaviraj et al. 2017).
The simulation includes physical processes such as star formation,
stellar feedback from star particles and active galactic nucleus (AGN)
feedback from black hole (BH) particles. However, it does not include
explicit radiative transfer. Star formation occurs on a cell by cell basis
when a cell’s gas number density is > 10cm™ and temperature
< 2 x 10*K, following a Schmidt law (Schmidt 1959). The star
formation efficiency per free-fall time is determined by the local
gravo-turbulent conditions of the ISM (Kimm et al. 2017). Each star
particle has a mass of M, > 10* M, and is assumed to represent a
population of stars following a Chabrier IMF (Chabrier 2005) with
lower and upper mass cut-offs of 0.1 My and 150 Mg, respectively.
These particles in turn inject momentum (3 x 10* ergMg') back
into the ISM via supernovae explosions occurring 5 Myr after each
particle forms (Kimm & Cen 2014).

The simulation produces BH particles in cells where both gas
and stellar densities are > 10cm ™. These particles are initialized
with a seed mass of 10* M. The mass of the particles can increase
through Bondi—-Hoyle—Lyttleton accretion and through BH coales-
cence (capped at the Eddington limit; Hoyle & Lyttleton 1939; Bondi
& Hoyle 1944). BH particles inject feedback into their environment
via one of two modes, radio or quasar, set by the accretion rate of
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gas on to the BH relative to Eddington (Dubois et al. 2012). Dark
matter (DM) particles are also included in the simulation, modelled
as collision particles with a mass of 10° M.

2.2 Light from CcLOUDY added to RAMSES (LCARS)

In Grisdale et al. (2021), henceforth G21, we introduced a post
processing pipeline that added photons into RAMSES simulations
such as NEWHORIZON. This pipeline took the properties of star
particles and gas within the simulation and combined these with a
large number of radiative transfer simulations using the microphysics
code CLOUDY (see Ferland et al. 2017, for full details on CLOUDY) to
determine the shape and magnitude of an emission line along each
line of sight. In this work, we make use of an improved version of
this pipeline. We refer to this pipeline as ‘Light from Cloudy Added
to RAMSES’ or LCARS.

2.2.1 Single ‘Super’ star particle in cell approach

The previous version of LCARS (see G21) required running a grid of
CLOUDY simulations that covered all possible combinations of cell
properties and stellar properties. Each star particle was then matched
to the CLOUDY simulation that best matched it and its host cell. For
cells with multiple particles, each particle was treated as if it was
the only one within its host cell when matching to CLOUDY. The
final spectrum of such a cell was created from the summation of the
matched CLOUDY outputs of each individual particle within the cell.
In this updated version of LCARS, we assume that all-star particles
within a given cell are located at its centre, in one massive ‘super’
star particle (SSP). A unique SED is calculated for each SSP by
summing the individual SED of each of its constituent particles. We
assume that the SSP is situated at the centre of cell and has removed
all gas, via wind and radiation, within the radius, r,yoiq, Where

3M 1/3
Fxvoid = (ﬁ> s (D
47Tp0,*

or Ax x 0.45 whichever is smaller. Here, Msgp is the mass of the SSP
while pg, = 1500 Mg pc~3 is a constant stellar density.! To maintain
mass conservation the gas density of the cell must be adjusted to
account for the void region surrounding the SSP. This is achieved
by evenly distributing the gas mass throughout a spherical shell with
a thickness rgen = (Ax/2) — revoia (see Fig. 1). This modified gas
density (n¢ouq) 1s then used as an input parameter for CLOUDY.

2.2.2 Constructing spectra and data cubes

For each cell with an SSP a unique CLOUDY simulation is run. Each
of these CLOUDY simulations are run assuming spherical shell of gas
surrounding a single primary radiation source (the SSP), as shown
in Fig. 1. The input parameters for CLOUDY, listed in Table 1, are
set individually for each cell. In addition to the SSP radiation source
our CLOUDY simulations also include diffuse light from neighbouring
cells (see Section 2.2.4). A background radiation field which mimics
the observed cosmic radio to X-ray background, with contributions
from the CMB, is also included. This is assumed to be a blackbody
with a temperature of Tevp = 2.725(1 + z)K.

RAMSES calculates the gas temperature (7,) for each gas cell
within the simulation volume at run time. As a result of the

I The value po_, is derived by dividing the average mass of a star particle by
the size of the void region (r4voia = 2 pc) used in G21.
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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 evacuated 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. CcLOUDY Parameters.

Parameter Definition

SSP’s SED Sum of SEDs for star particles within the SSP

LsED, tot Integral of the SSP’s SED, i.e. SSP’s total
luminosity

T'x void Radius of the gas empty region surrounding
SSP

Neloud Cell’s gas number density (modified for
assumed geometry)

z Metallicity of the gas in cell

b4 Redshift of the simulation

Fshell Thickness of gas spherical shell,
(Ax/2) = Favoid

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

supernovae feedback prescriptions included in NEWHORIZON, there
are cells with T, in excess of 10* K, with some reaching a few 10% K
(we refer the reader to Dubois et al. 2021 for full details on the heating
and cooling mechanisms within the simulations). We note that only
~ 0.003 per cent, by mass, of G1’s gas has 7, > 10% K. CLOUDY is
unaware of when or where supernovae have occurred and therefore
will never predict temperatures > 2 x 10* K. As aresult CLOUDY will
not correctly predict the ionization state of the gas in such hot cells.
To address this we employ a temperature threshold: when running
CLOUDY models for cells with T, > 2 x 10* K we enforce a constant
temperature equal to T,. For the cells below this threshold we allow
CLOUDY to determine the temperature. The temperature calculated by
CLOUDY is only used during CLOUDY s radiative transfer calculations
and not for determining line width.

The strength of each emission line (/) and the continuum at 7y,
as calculated by CLOUDY, are then used to construct a spectrum for
each cell. First, we assume the emission line is given by

_ i)

I()\)z norm€ 205im s (2)

€202 Iudy 20 uo Jasn gSNI 3INI SUNO-LSINI Ad 6205259/906€/€/€ | G/o01ME/SBIUW WO dNO"DlWapede//:sdjY Wwoly papeojumoq


art/stac1124_f1.eps

where /o, 1S a normalization constant ensuring that f I\)da = 1,

A is the wavelength of the line in that cell and o g, sets the width of

the line. X, is related to the emission line’s rest wavelength (A.) by
v

he = Ae(=2 1), 3)

here vy os is the bulk velocity of the gas within the cell along the line
of sight (with respect to the observer). The width of the emission line
is set by a combination of both the thermal motions of the gas and
velocity dispersion of the gas across the cell, i.e.

N 2 2
Osim = 1/ Og therm + Og disps @

where

Og therm = Ac moct (5)
and
Ggaiop = /@2, + 02, +02)/3 6)

T, is the gas temperature in the cell provided by NEWHORIZON, m,
is the mass of the element emitting the line, c is the speed of light, kg
is the Boltzmann constant, o, ., 0, y, and o, . are the gas velocity
dispersions of the gas in cell along the three spatial axes of the
simulation. The full width at half-maximum (FWHM) of the emission
line is related to o g, by FWHM = 24/21n 20y,. The emission line
is then added to the continuum? calculated by CLOUDY.
Extinction is then applied to the spectrum through

Ay EG)

() = I(W)1025 (7

where /(1) is the spectrum of a cell before extinction, Ig()) is the
spectrum after extinction is applied and E(A) is the dust extinction
curve found by Fitzpatrick (1999). Ay is unique to each cell and given
by

3faZz 05
4)Od\/ala2’

where X7 is the column density of metals, pg = 3gcm™ is the
typical density of a dust particle, O, = 1.5 is a constant extinction
coefficient, f3 = 0.01 is the fraction of gas-phase metals locked
up in dust, a; = 0.005 um is the smallest size of a dust grain and
a, = 1 um is the largest size of a dust grain (see Richardson et al.
2020 for full details of the method and discussion on choice of
values). X7 is unique to each cell as it depends on the mass of metals
along the line of sight between a cell and the observer.

fa is a free parameter which can be varied to improve the accuracy
of this dust extinction model. With f; = 0.01, we find our target galaxy
(see Section 3) has an Ay of 3.44 mag when calculated using a single,
galaxy wide spectrum with the methods outlined in Section 4.1.2.
Calculating an Ay map of the galaxy directly from the simulation
we find that most extinction line of sight through the galaxy to be
Ay ~ 22mag?® and is located in the densest part of a spiral arm.
Increasing fy by a factor of 10 leads to values of 7.46 mag and
~ 224 mag, respectively. From observations, it could be argued that
a value of 0.2 is more reasonable (Peeples et al. 2014); however, we

Ay = 1.086 (3)

2Before addition the continuum is Doppler shifted to account for vy os.
3When calculating the Ay map we take the value of Ay straight from
equation (8). Calculations of extinction from the LCARS SSC use the spectrum
of the entire galaxy that results in information about extinction as function of
depth being lost.
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find f3 = 0.01 to produce a more realistic Ay 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
as this is applied by CLOUDY. As in G21, we note that the above
extinction model is rather simple and does not account for every
process that is able to reduce the strength of an emission line or
spectra. So that the impact of extinction can be explored a second
cube of each line is produces which does not include the extinction.

To produce a spatial-spectral cube (SSC), we sum the spectra
from all cells along sight line. Finally, the wavelengths of the SSC
are redshifted to match the value of z of the simulation at the time of
observation, and the SSC is divided by 47tDESa2 to account for the
luminosity distance (Dy) and the size of the cell in arcseconds (da).

—1 2

The produced SSC has units of ergs™' cm™ A arcsec2.

2.2.3 Constructing spectra for cells without stars

In Sections 2.2.1 and 2.2.2, we limited the discussion to cells that
contains star particles. However, in any sufficiently large volume
extracted from NEWHORIZON there are cells which do not contain
any star particles or diffuse emissions from neighbouring cells (see
Section 2.2.4). For these cells, we run a grid of CLOUDY simulations
varying ngoud and Z (see Table 1) to cover the range of possible
values found in these cells. Given the lack of photons to provide
heating and that the majority of these cells are found within the hot
Circumgalactic Medium (CGM) or hot (supernova heated) bubbles,
to ensure the best match between CLOUDY and NEWHORIZON, we
opt to also include 7, as a third parameter in the grid of CLOUDY
simulations. These CLOUDY simulations still assume a spherical
shell geometry but with 7,y = 0 and rgey = Ax/2. Furthermore,
the incident radiation field used in these simulations is just the
background radiation field described in Section 2.2.2. The spectrum
in these cells is constructed and added to the SSC in an identical
manner to those containing an SSP.

2.2.4 Diffuse light from neighbouring cells

We use the radius of the hydrogen Stromgren sphere (Stromgren
1939), i.e.

1/3
Resan = (&> , ©)

ATtngneay g

as a measure of the fraction of light from a given SSP that has
escaped its host cell. Here, Qy is the number of photons per second
with sufficient energy to ionize hydrogen, ny is the number density
of hydrogen, ap y is the hydrogen recombination rate, and n. is
the number density of electrons. Both ny and #n. are taken from the
simulation and not account for 7, 4. If Rss p < 0.5Ax, we assume
that all ionizing photons interact with the gas in the host cell of the
SSP.

In the case of the NEWHORIZON galaxy described in Section 3,
we find that ~ 18 per cent of SSPs have a Rgs iy > 0.5Ax, LCARS
therefore needs to be able to account for photons from one cell being
deposited into the neighbouring cells. For each SSP with Rgs >
0.5Ax, this is achieved by

(i) Identifying and tagging all cells which intersect with the
Stromgren sphere of the emitting SSP as ‘contaminated’.

(ii) The fraction (fss) of the Stromgren sphere’s volume contained
within each contaminated cell is calculated.

(iii) The SED of the emitting SSP is multiplied by fss and added
to 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, respectively. Panels (i)—(iii) show
the gas surface density (2 g,s), stellar surface density (2), and the young stellar surface (i.e. stars with ages < 10 Myr) density (X, y).

(iv) The SED added to each contaminated cell is subtracted from
the SED of the emitting SSP.

(v) Results from (iii) and (iv) are stored, while the original SED
of both the contaminated and emitting cells remain unchanged.

(vi) Once all SSP’s with Rss. y > 0.5Ax are identified and the
contamination of all cells is calculated, the SED of each cell is
updated to account for both contamination and leaked light.

Steps iv—vi ensure that the total energy of each SED is conserved
during the diffusion calculation. Any cell that does not contain a SSP
but is contaminated by a neighbouring cell is flagged and treated as if
it does contain a SSP with the SED set purely by the contamination.
More simply, the shape of the SED of such a contaminated cell is the
sum of all SEDs contaminating that cell.

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

2.2.5 Choice of SED

In order for the SED of a SSP to be created, we required SEDs
for each of its constituent star particles. To that end, we employ
STARBURST99 (see Leitherer et al. 1999 for details) to generate a
range of different SEDs which cover the metallicity and age of the
star particles found in NEWHORIZON.

We create SEDs with STARBURST99 by assuming a stellar popula-
tion with an initial mass of 10° Mg, and the same Chabrier IMF used
by NEWHORIZON at runtime. By allowing the stellar population to
evolve following the Geneva Standard evolution tracks, for a given
metallicity, STARBURSTY9 produces SEDs for a given population at
ages between 10* and 10°7 yr. We generate one set of SEDs for each
of the five different discrete metallicities offered by STARBURST99.

MNRAS 513, 3906-3924 (2022)

At runtime LCARS matches each star particle to the SED closest
in age and metallically. As star particles formed in NEWHORIZON
have a variety of birth masses (M, virm), it is necessary to scale the
magnitude of the SED by M, pir,/10°. This produces the same result
as running STARBURST99 with individual values of M, pjmn.

3 GALAXY SELECTION AND PROPERTIES

The majority of our analysis is carried out when simulation has
run for ~ 3.4 Gyr (i.e. when the simulation has reached z ~ 2) by
extracting a cubic volume, centred on our galaxy of choice. The sides
of this volume all measure 30kpc across. At z = 2, the simulation
has maximum spatial resolution of Ax ~ 45 pc; however, we carry
out our analysis (unless otherwise stated) at one level below the
maximum refinement (i.e. Ax ~ 90pc) to reduce the computation
cost of when running LCARS. At runtime ~ 89 per cent (by mass)
of the galaxy’s dense gas (ny > lcm™) is resolved to at least
this resolution, with ~ 71 per cent being resolved to the maximum
resolution. We rotate our selected galaxy before analysis so that its
inclination angle (i) is 20°. We define the inclination angle so that i
= 0° corresponds to the angular momentum vector of the galaxy is
pointing along the z-axis of the simulation and towards the reader.
For i # 0, the rotation occurs about the x-axis of the simulation,
which is the same as the x-axis used in Fig. 2.

From NEWHORIZON, we selected a galaxy who’s properties are
consistent with those of observed on the MS at z ~ 2, i.e. has a
stellar mass (M, ) and SFR consistent with galaxies at this redshift.
We use the observational sample in our companion work H21 to
determine a suitable range of values in M, and SFR. Our selected
galaxy is presented in Fig. 2 and a summary of its intrinsic properties
is given in Table 2. From Fig. 2, it is clear that our selected galaxy
is interacting with a smaller galaxy. We refer to these two galaxies
as G1 and G2, respectively. We note that it was not intentional to
select 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
of G1 and G2 as minor. From a visual inspection, G1 appears to be
spiral galaxy with two large arms and several small arms. In contrast
G2 is comprised of a dense core with two circular gas filaments that
extend above and below the galaxy. We define young stars as those
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Table 2. Summary of galaxy properties.

G2/G1 (per
Property Gl G2 cent)
log o (Mgas [MoD! 102 9.3 12.6
log,o(M. [Mg])? 10.7 9.4 5.0
log,o(Mg [Mg))? 10.9 9.6 5.0
logo(Mpm [Me])* 10.7 9.3 4.0
logy(Mror. [Mo])® 114 9.8 5.0
SFR[ Mg yr~'16 38.3 1.95 5.1
r[kpe]’ 6 2 333

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.

10° , .

_10°
.
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=
fact
= ! —— Whitaker, etal., (2014)
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Y G2(sim)
-+ G1(LCARS)
v > G1(HSIM)
. i H21
100 L n
107 10'° 10" 10"
M, [Mg)

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
show values 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.

with ages less than or equal to £,y = 10 Myr. We plot the positions of
all young stars in panel (iii) of Fig. 2 that shows that the majority of
G1’s star formation is occurring along the lengths of its arms, while
G2 is predominantly forming stars in two central clusters. Comparing
panels (ii) and (iii) shows that older stars are more evenly distributed
throughout both galaxies.

G1 has an SFR of ~ 38.3Mgyr~! at z = 2, putting it within
~ 0.35dex of the galaxy star formation MS as defined in Whitaker
et al. (2014, see Fig. 3). For direct comparison with observed z = 2
galaxies, we include the values calculated for 14 galaxies by H21. The
evolution of G1’s average SFR per 10 Myr ((SFR))* is shown in the
top panel of Fig. 4. G1 has a very bursty star formation history. Such a

4The calculation of (SFR) does not account for stars that were formed in
G1 but subsequently ejected or remove stars that formed in a satellite of G1
before a merger. Therefore, (SFR) provides an estimate and the general trend
of star formation at a given time rather than the precise value.
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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.

bursty SFR is expected for the star formation prescription employed
in NEWHORIZON (see Grisdale 2021). At the time of our analysis (z =
2) G1 is undergoing a small burst in (SFR), we note that despite this
burst the galaxy is not a ‘starburst’ galaxy. From the NEWHORIZON
merge tree, we are able to determine that at z = 2, G2 has completed
a single complete orbit of G1, and is currently at periapsis of its
second orbit (see the bottom panel of Fig. 4). At G2’s first periapsis
there is a noticeably larger increase in (SFR) than at second periapsis,
which might suggest a larger impact cross-section during the initial
approach. At ¢t = 3750 Myr, the (SFR) jumps to ~ 180 Mg yr—',
from the merger tree and based on a visual analysis of the simulation
we see that this corresponds to a near head on collision with a third
galaxy (which we refer to as G3). After the initial interaction between
G1 and G3, G3 is trapped both within the stellar viral radius and the
stellar disc of the G1. In contrast, it is not until after the second
periapsis’ that G2 is trapped within the stellar virial radius. In future
work, we will explore the impact of G3 on G1’s evolution further.

By determining the mass enclosed (M(R)) within a given galac-
tic radius (R) for each of the constituent mass components (i.e.
gas, stars, DM, and BH) of the galaxy, their circular velocity
(Ucirc.,i =JGM;(< R)/R) is calculated and presented in Fig. 5.
Also calculated is veire 1or.» Where My (< R) = Miiar(< R) + Mgas(<
R) + Mpum(< R) + Mpu(< R). Comparing v of the various
components reveals that for R < 6 kKpc vgire 1or. 1S dominated by the
stellar mass component of G1 while at larger R DM is dominant. This
change in dominant component is in excellent agreement with the
visually assessed edge of G1’s disc at R = 6 kpc. The gas component
of G1 has little impact on v 1o, - Due to the near negligible effect
that BH has on vgirc Tot.» Veire., r is not included in the figure.

Fig. 5 also includes the mean rotational ({vg)) and radial ((v,))
velocities® of the gas in G1 as a function of R. Within GI (i.e.
R < 6kpc) (v,) is consistent with 0kms~! (with gas moving both
towards and away from the galactic centre) while (vy) largely agrees
with veireor, - This indicates that G1 is a rotationally supported disc

SBoth vg and v, are polar velocities and should not be compared with spherical
velocities.

MNRAS 513, 3906-3924 (2022)
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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,)) and rotational ({vg))velocities for the gas. Middle: Gas velocity

perpendicular to G1’s disc (v;). The black line shows the mass weighted average of v, while the red line shows the mass weighted average of the magnitude of

v.. By definition v, does not extend beyond edge of G1; therefore, we do not show v, for R > 6 kpc. Bottom: The mean radial profile of the velocity dispersion,
Osim» 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.

as one might expect from a visual inspection of its morphology (see
Fig. 2). In Section 4.3 we attempt to quantitatively determine to what
extent G1 is a disc. Outside of the G1, (vy) shows a substantial
‘bump’ between R ~ 9 and R ~ 12kpc, this feature corresponds
to G2. For R 2 9kpc we find that (v,) begins to decrease before
stabilizing at ~ —69 km s~! which indicates that G1 is accreting gas
from these larger radii (including G2).

Completing the triplet of the cylindrical velocity components, the
middle panel of Fig. 5 shows the (mass weighted) mean vertical
velocity of G1. When accounting for the direction of gas movement,
(v,) tends to be between 0 and 20kms~!. In a handful of radii
gas moving out of the ‘bottom’ of G1’s disc is the more dominant
direction of gas flow. Ignoring the direction of v, and just focusing
on the magnitude, we find that (|v.|) tends to ~ 60 km s~! at all radii.
Therefore at any given radii, vy is the dominant velocity component
of the vast majority of G1’s gas. A visual inspection of G1 reveals the
presence of (small) outflows and fountains which is not surprising,
given the dispersion on both (v;) and (|v,|).

The mean radial profile of oy, is presented in the lower panel
of Fig. 5. For GI1, we find the (mass weighted) mean o, of ~
23kms~'. This value excludes the central kiloparsec, which can
have up to x 5.4 higher o y,. The high values in the galactic centre
are easily explained by the larger number of young stars and the
galaxy’s central massive BH injecting energy in to the surrounding

MNRAS 513, 3906-3924 (2022)

gas. Atradii outside of G1 the mean of o, increases to ~ 64 kms™!,
with some features in the profile around G2.

Taking all of the above into account and combining it with visual
inspections of the disc, we are able to conclude that the gas of G1
is gravitationally bound, but supported against collapse by galactic
rotation. For individual regions within the galaxy, v,, v, or turbulence
(0sim) can dominate over vy which can result in outflows, fountains
and star formation.

4 RESULTS

The following sections compare the galaxies intrinsic properties to
those measured from the SSC created by LCARS, including the SFR
and rotational velocity of the galaxy. We define ‘intrinsic properties’
to be the values of a given property (e.g. stellar mass) of the galaxy
measured directly from the simulation without adding photons, while
‘observed properties’ are the value of the same property determined
from mock observations after photons have been added by LCARS.
For the purposes of this work, the intrinsic properties are analogues to
the physical properties that a galaxy in the physical Universe would
have, while observed properties are those that would be derived from
observations.

At z = 2, the wavelength of H « falls edge of the K-band grating
used by HARMONI. To avoid aloss of data, we artificially move both
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Figure 6. H « 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.

G1 and G2 to z = 2.2. This only changes the observed wavelength
of the H @ emission line to 2.1 um and the value of Dy. This does
not affect the results or conclusions drawn in this work.

4.1 Post-LCARS, pre-observation

We begin our analysis by presenting the results of passing a 30 x
30 x 30 kpc3 volume from NEWHORIZON, centred on G1, through
LCARS. As stated in Section 3, the extracted volume is passed to
LCARS with a fixed spatial resolution of Ax ~ 90pc and results
in LCARS running 624 729 unique CLOUDY simulations. Of these,
408 259 are for cells containing SSPs while the remaining 216 470
are for cells contaminated by diffuse emission (see Section 2.2.4).

Throughout this section we focus on the ability to recover the G1°s
intrinsic properties from the output of LCARS. We leave a discussion
of the impact of the telescope (i.e. ELT and HARMONI) on the
measured properties until Section 4.2.

4.1.1 H o morphology

From the LCARS SSC, it is possible to calculate the zeroth moment,
ie. L= f[(k)dk, of the H « emission at each spatial pixel location
and thus produce the maps shown in panels (i) and (ii) of Fig. 6 that
are centred on the H o emission line. The first of these maps shows the
galaxy without any extinction being applied. The post-LCARS maps
appear to be an amalgamation of G1’s gas and stellar structures. In
both maps, the spiral arms are clearly visible and brighter than the
more diffuse gas of the disc. Comparing either map from Fig. 6 with
the distribution of young stars (i.e. those with ages <, y) in the
simulation (see Fig. 2, panel iii) shows that the H « emission is an
excellent tracer of young stars, as expected.

As one might expect, extinction has significant impact on the
brightness of G1’s spiral arms. As the spiral arms are the primary
sites of star formation (other than the galactic centre, see Fig. 2) these
are the regions where the brightest pixels are found in the SSCs. The
net result of reducing the brightness of the arms is that the diffuse
gas between G1 and G2, as well as the gas that is extending towards
the right of the maps, appears brighter compared to the arms. Fig. 7
shows integrated emission maps for the H 8 emission line. Just as
with H o the strongest emission in H 8 comes from the spiral arms.
We note that H 8 map experiences more extinction than H « map, as
expected.

4.1.2 Measured SFRs

Using a conversion factor it is possible to calculate the SFR of a
galaxy from its H « line emission (Kennicutt et al. 1994). In this
work, as in H21, we adopt the conversion

SFRy [Mg yr 1 =537 x 107* Ly, [ergs™'], (10)

from Murphy et al. (2011). Here, Ly ,, is the integral of the continuum
subtracted, single aperture, emission line for the entire galaxy. Using
equation (10) with the H o emissions measured from the SSC without
extinction, we calculate SFRy, = 59.1 Mg yr~!. This is ~1.54 x
the actual SFR of the galaxy.

To calculate the SFR from the H o« SSC with extinction included
we first need to correct for the extinction, using

LH(x.emitted = Ler.observed X 100‘4AHus (] 1)
where Ay, = (3.33 £ 0.8)E(B — V) and
(LHa/LHﬁ)observed
E(B—V)=24dkl _— |, 12
( ) 081 < 286 (12)

see Dominguez et al. (2013), Osterbrock (1989), and references
therein. The pre-factor 8k is set by the choice of extinction curve
and for consistency we use the same Fitzpatrick curve employed
by LCARS (see Section 2.2.2) which gives 6k = 1.50. Integrating a
single aperture spectrum for both H « and H g from their respective
SSC (which include extinction), Ly and Ly g can be calculated and
passed through equations (11) and (12) which gives Ay, ~ 0.75. We
then calculate SFRy, = 65.8 My, yr~! using equation (10), which is
~1.72 x larger than the intrinsic SFR of the galaxy. The factor of
~1.5—1.7 difference between the intrinsic and measured SFR could
come from the choice of Ha to SFR conversion factor, choice, and
application of the extinction curve, etc. Given that the measured
SER values do not move G1 off of the MS (see Fig. 3), we argue that
these differences are acceptable and that we are able to recover, at
least to an order of magnitude the correct SFR of G1. We note that in
above calculations only cells that are within a radius of 6 kpc from
the galactic centre are considered.

4.1.3 Kinematics structures

In panel (i) of Fig. 8, we show the mass weighted mean value of vy g
along the line of sight ((vLos)) map of G1 and G2. Some of the G1’s

MNRAS 513, 3906-3924 (2022)

€20z Iudy 20 uo Josn gSNI IINI SUNO-LSINI Ad 6205259/906€/€/€ | G/aI01HE/SBIU/WOD dNO"DlWSpedk//:sd)y W4 papeojumoq


art/stac1124_f6.eps

3914 K. Grisdale et al.

1077 163“[ )

10 10 10 11

er%‘o ‘971

o

5 10 15 —-10 =5

" kpd] z[kpd]

o1
oo LSl

5 10

Lfergs™] o Llsres

10% 10" 10"

Figure 7. H B 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 emissions has not been subtracted so as to provide a clear indication of how

such a galaxy is likely to appear before analysis.

15 T T T T T

- e
(1) Intrinsic «(i1) Post —
0k GQO 100
5t .T’_‘
o | b z
s — g
§ 0 Gl{ ; J .Gl K
= 8
5 5
—10
15
10
5 —
g 2
0 e
= =
o

if!
—-10 -5 0 5 10 15 -10 -5 0 5 10 15

x [kpc] x [kpc]

Figure8. 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 [(vios) and (ogim)m, respectively]. Panels (ii) and (iv) show the
first and second moment maps (v1.0s, obs and o ops, respectively) for the SSC
produced by LCARS. Continuum is subtracted before vios, obs and o ops 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
vg, slit calculations.

spiral structure can be seen in the (v ps) maps, though less clearly.
From this map, we find that in general, |(vios)| is almost always
< 500kms~! and that the lower density gas found at R > 6kpc
appears to be the most energetic. We also see that the top of G2 is
moving way from the observer, while the bottom is moving towards
them: i.e. G2 appears to be rotating in the y—z plane.

In order to determine v s post-LCARS, we employ the observa-
tional method of taking the first moment of the continuum subtract
spectrum in each cell, i.e.

f 1))LI(1))L)(1U)L

J 1(v)dv, ()

ULOS, obs =

MNRAS 513, 3906-3924 (2022)

where v; is related to wavelength via equation (3) and I(v;) is the
intensity in the corresponding velocity (wavelength) channel. The
first moment map is shown in panel (ii) of Fig. 8. Within G1 (R <
6 kpc) the first moment map agrees with vy os map calculated directly
from the simulation, in particular large scale structures match e.g. the
gas on the bottom-right side of the galaxy in both maps is moving
towards the observer. On smaller scales, within GI, the velocity
structures are similar but with some differences in the fine structure
(i.e. on scales of < 0.5kpc). Perhaps one of the most important
difference being that |vios, obs| ~ 500 km s~! is found within the
disc of G1 but not in (v ps). We discuss the source of these high
velocity regions in the first moment map in Section 5.2. Due to a
lack of young, bright, H o-emitting stars, the spectrum for a given
pixel at R 2 6 kpc is continuum dominated which results in the noisy
measurements of vy os, obs Shown in Fig. 8

The spiral structure of the G1 is more easily seen in panel (iii) of
Fig. 8, which shows the mass weighted mean value of o, (as
defined in equation 4) along the line-of-sight ({0 sim)a) map. This
map recovers a lot of the detailed gas structure seen in the gas surface
density maps of the galaxy (see Fig. 2). The second moment,

[ Ty = vios, obs)*dv
Oobs = \/ f Idl})\ ’ (14)

provides the observational equivalent of (o m)a, though as with
VLS, obs this is photon weighted. In panel (iv) of Fig. 8, we show
a map of o,ps. Despite being noisier than the (o gm)y map the two
maps show broadly the same structure. For example, both maps show
that the spiral arms are regions of fairly uniform motion. Some of the
details in o o 1 lost due to noise, i.e. spaxel’s with strong continuum
relative to the emission.

As the galaxy is inclined at i = 20°, vy s contains contributions
from both vy and v, as well as v,. As the position of the emission line
for each cell is set by v os (see Section 2.2.2) (v;os) also contains
contributions from the vy of each of the cells combined along the line
of sight. We apply a slit across the vLos, obs map (shown as dashed
lines in Fig. 8). The slit is positioned to run through the centre of
G1 and along the inclination axis. For each pixels within this slit, we
approximate vy from vios, obs @S

VLOS, obs
sin(i)

5)

Vg slit =
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Figure 9. v, 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 vg calculated from the slit every 0.5 kpc, while their error bars show the
associated weighted 1o value. Blue, magenta, and red data points show values
calculated from the (vos) map, the v os, obs map neglecting extinction, and
the vLos, 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 vos, obs Map, where position of xg is not known. Note that x = Okpc is
centre of the map not the kinematic centre of the galaxy.

By taking the weighted mean and standard deviation (1o') values of
vy, qiie every 0.5 kpc along the x-axis we are able to produce estimates
of the rotation curve. We apply the same slit method to the (vios)
map to provide a comparison. In the former case pixels are weighted
by their integrated line emission, while the latter is weighted by the
gas mass of a pixel. The resulting rotation curves are presented in
Fig. 9.

We check the validity of calculating the rotations curves from a slit
by comparing the slit-calculated curve from (vios) to the intrinsic
vy curve,’ and we denote those two rotation curves as Vg, sim_slit
and vy, intrinsic, respectively. An exact match between the two is not
expected given that vy, inwinsic 1S calculated for a significantly larger
data set, i.e. the entire galaxy, rather than just a narrow slice through
the centre.” This means that a small, (abnormally) high/low-velocity
region which crosses the slit will have a more substantial impact
on vy smsie than it would have if all cells within that galaxy at
that particle radius were included in the calculation. With that said,
except for a handful of data points, when |x| < 6kpc we find that
Vg, sim_stit 1S Within 1o of the intrinsic value and therefore consistent
with vy, inuinsic- The data points that deviate can easily be explained
by small-scale structure seen in panel (i) of Fig. 8. We conclude that
the slit calculated curves provide a reasonable estimate of the G1
rotational velocity.

We now turn our attention to the rotation curve calculated from
the vLos, obs MAP, Vg, Lcars.siit- 1t could be argued that all data point,
except the one at x = 2kpc, are consistent with vy, inginsic (When
1o are considered). However, this is in part due to the large values
of 1o found for vy rcarssic- The vLos, obs Mmap in Fig. 8 shows a
larger range of values within G1 than seen in the (v os) map. For

6To aid with the comparison we mirror and flip the intrinsic curve to produce
an arctan-like curve which covers the width of the entire slit. Additionally, the
curve is shifted horizontally so that vy, inginsic = 0.0 at the kinematic centre
of the galaxy which is found at x = 0.475 kpc.

719 243 854 individual cells are used when calculating the vg_ intrinsic curve
compared to the 2497 pixels used in the slit-calculated method.
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example at (— 2.9, —0.25) we see a small (blue) region moving in the
opposite direction to its surroundings, which provides an explanation
for lo ~ 488kms~! on Vg Lcars.siic at x = —3.5 kpc. Furthermore,
for R > 6kpc the large amount of noise in vy ps, obs leads to large
uncertainty on vy, rcars_git at these radii.

By fitting an arctan profile to both vy, sim_sit and Vg, Lcars_slits We
are able to quantitatively compare how processing G1 with LCARS
has impacted the recovered rotation curve. When fitting we provide
the x-position of the centre of rotation, xg = 0.475kpc, which is
calculated directly from the simulation. We find the asymptotes of
the arctan fit to be at 354 4+ 5 and 355 £ 22kms~!, respectively.
Both values are a reasonable match to vg ininsic at its flattest part
(0.5 < R < 3.0kpc), which we find to be ~ 340kms~". The fitted
arctan profile also captures the sharp increase in vy inginsic found
around the galactic centre.

Assuming that vy, 1 cars_siit = VeireTor. (at R = 6kpc), we are able
to estimate the total mass (i.e. sum of stellar, gas, dark matter, BHs
mass) enclosed within G1’s disc as 1.76 x 10" M, from the LCARS
H o SSC. This is ~1.39 x larger than the actual total mass of G1 (see
Table 2). Thus to within a factor of a few we are able to recover the
total mass of the G1. The steady decrease in the rotation curve seen
at R 2 3kpc, which is not modelled by an arctan profile, provides
the explanation for the difference between the intrinsic and measured
enclosed mass at R < 6 kpc.

If x4 is instead left as a free parameter, the fitted arctan profile does
not accurately capture the galactic centre and leads to a larger value of
vy for the asymptote, i.e. 416.3 £ 27.2kms~!. Estimating the mass
of the galaxy from this fit gives an enclosed mass of 2.42 x 10'' Mg
at R < 6kpe (i.e. 1.92 x the true value). Therefore, even if the
galactic centre is not known a reasonable, but higher, values of both
vy and the enclosed mass can still be estimated.

In summary, the analysis shows that creating SSCs using LCARS
encodes rotational velocity information about galaxy into the emis-
sion lines as intended. With prior knowledge of the galaxy (such
as inclination or galaxy centre) and an absence of observational
effects (e.g. noise and sky lines) the above slit method can be used to
extract the rotational curve from a galaxy with reasonable accuracy.
Therefore, we argue that this method is useful for testing if vy has
been encoded in the outputs of LCARS but caution its use for actual
observational data. In Section 4.2.2, we explore an alternative method
which can be applied to observational data.

4.2 Post-LCARS, post-observation

The analysis in the previous section was all carried out without
accounting for a telescope or spectrograph. In the following sec-
tion, we pass the SSCs from LCARS through HSIM to produce
mock ELT observations of G1. This simulator models all known
instrumental effects introduced by the HARMONI (we direct the
reader to Zieleniewski et al. 2015 for an overview of HSIM). In this
work, we employ HSIM v3.03.8 We summarize our default HSIM
‘observation’ settings in Table 3. These settings are adopted for
all ‘observations’ unless stated otherwise. As the primary goal of
this work is to explore which physical values of a galaxy can be
recovered from observations with HARMONI on the ELT (and
by extension other 30 m-class telescopes) the observation settings
used have been selected to provide the best possible data from
an observation with ideal observational conditions (e.g. no moon).

8Details of this version can be found at https://github.com/HARMONI-ELT
/HSIM.
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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) 5h
Total exposures time (with extinction) 10h
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 o) K
Grating (H ) H

We leave exploring how different telescope settings will impact the
accuracy of observations to future work.

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

4.2.1 Morphology and SFRs

Panels (iii) and (iv) of Fig. 6 show the zeroth moment map of the
H « emission line after G1 has been observed with HSIM.? While
the centre of the galaxy and the two largest spiral arms are still
clearly visible, the majority of the structural detail seen in (ii) has
now been lost. Even when extinction is neglected, i.e. panel (iii),
these details are not recovered. Post-HSIM G1 also appears smaller,
with an apparent radius of ~ 4 kpc. G2 is still discernible however
it is greatly reduced in size. H B observations (see Fig. 7) show
similar change but to a larger degree; i.e. G1’s apparent size is further
reduced and G2 is effectively lost in noise. We stress that compared to
current observations the level of structure recovered by observations
with HSIM, and thus should be recovered with HARMONI, are still
significantly better than what is achievable with current telescopes
(see the discussion in Section 5.1.2).

We apply an SNR mask to the HSIM outputs to reduce the impact
of noise on our measurements of SFRy,, i.e. all spaxels with a
SNR<3 are masked. As in Section 4.1.2, only spaxels that are
within 6 kpc of galactic centre (i.e. only spaxels belonging to G1)
are included in SFRy,, calculations. Fig. 10 shows the line emission
maps after the two masks have been applied. Again taking a single
aperture spectrum, carrying out continuum subtraction and applying
equation (10) we recover a SFRy, = 50.9 £ 0.0009 My, yr~! from
the extinction free H o SSC. This value is below the value we measure
from the H o SSC before observation with HSIM (~ 59.1 Mg yr™1).

Comparing panels (i) and (ii) of Fig. 10 provides an explanation
for this discrepancy: the more extended, inter-arm emissions of G1,
is below the SNR cut. Little to no star formation is occurring in
the inter-arm spaces (see panel (iii) of Fig. 2); however, due the

9We have not employed an SNR filter to Fig. 6 so as to provide the reader with
a clear expectation of the expected noise when observing a G1-like galaxy
with the physical HARMONI on the ELT.
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diffusion module of LCARS (see Section 2.2.4), these regions contain
photons emitted by star-forming regions and thus have integrated
H « luminosities between ~10%® and ~ 10*° erg s~! which is two or
more magnitudes lower than the star-forming arms.

We now turn to the SFR for the SSCs that include extinction. As in
Section 4.1.2 the H « flux needs to be corrected and again we use the
H B emission line to estimate the correction. After applying the same
SNR and radial masks as above, followed by equations (11) and (12),
we compute a single aperture spectrum from which we calculate an
Ap o ~ 1.036 4 0.0001 and thus a SFRy;, = 69.3 4 0.0003 Mg yr~'.
This measured SFR is ~1.81 x the intrinsic SFR. This value is within
6 per cent of the value obtained directly from the LCARS SSC. We
are therefore able to conclude that ELT and HARMONI systematics
should not significantly impact the measurement of SFRand that
the method used to convert H « emissions to SFR will be the most
important source of any errors in observations.

The uncertainties we report for the observed Ay, and SFRy,
are calculated by propagating the variance cube (i.e. the inverse of
the ‘reduced_SNR’ data cube) through equations (10)—(12). As
mentioned previously, we chose to employ the optimal observing
conditions for kinematic analysis when carrying out our mock
observations. Voxels above the SNR cut which contain signal from an
emission line are typically several orders of magnitude stronger than
any noise or variance. Consequently, we find very small uncertainties
on for both Ay, and SFRy,. In typical observations, the conditions
are likely to be less optimal and therefore higher uncertainties should
be expected.

The choice of SNR cut can have an impact on the value of Ay,
which in turn impacts measured SFR. For example, reducing the SNR
limit to 2.0 results in a larger Ly; g while Ly , remains approximately
constant, this produces a smaller Ay ,(~ 0.72) and thus SFRy, =
55.89 4 0.0006 M, yr~!. However, the choice of SNR cut is not
as important as how extinction is accounted for and how H « is
converted to SFR. In summary, it is possible to recover the SFR of
G1 after observations in within a factor of ~2.

4.2.2 Kinematic structures

We present the kinematic structure of G1 post-HSIM observation in
Fig. 11. We again apply a SNR mask to remove contributions from
spaxels with SNR < 3 before applying equations (13) and (14). From
the first moment maps [panels (i)and (ii)], we see that generally
the vips structure of G1 is preserved after observation with HSIM.
However, there is a further reduction in detailed structure compared
with the post-LCARS v os maps. The second moment maps are also
fairly uniform, though there is a peak in o4 at the galactic centre.
Given how bright (see Fig. 6) and chaotic the galactic centre is (see
the lower panel Fig. 5), seeing a high o s in this region is expected.

Passing the LCARS SSCs through HSIM introduces noise and
instrumental effects. As a result a slit along the major axis of
the galaxy cannot be used reliably to recover the intrinsic vy. By
adopting a simple kinematic model, it is possible to estimate the
rotational velocity of G1 from HSIM observations. In this case, we
adopt equation (1) of Arribas et al. (2008) in the form

VLos,mod (R, 0) = S2(R) cos (0 — Op) X sini + vy, (16)

were R is the distance from galactic centre, 0 is the angle from the
major axis, vLos, med(R, ) is the line-of-sight velocity predicted by
the model at (R, ), vy, is the systematic velocity of the galaxy along
the line of sight, i is the inclination angle of the galaxy, 0 is the
position angle and 2(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)—(iv) show maps created from HSIM output data
cubes of: H o (without extinction), H  (with extinction), and H g (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.
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Figure 11. First and second moment maps (VL,0s, obs and o obs, respectively)
after our H @ SSC have been observed with HSIM. Panels (i) and (ii) show
vLos, obs for SSC without and with extinction, respectively, while panels
(iii) and (iv) show their respective o ops. Continuum is subtracted and an
SNR mask is applied before vros, obs and ogps 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.

(we again adopt an arctan profile). Fitting the above model to the
VLOSs. obs Map shown in panel (ii) of Fig. 11, setting i = 20°, 6y =
0° and letting vy, the asymptote value as well as the gradient of
the arctan profile be unknowns, we find the model presented in
Fig. 12. In a general sense, the model is able to produce a crude
approximation of vLos obs, but with the bubbles of large |vios, obs|
missing (as expected). From the simulation, it is known that the
region with vy s, obs = 200 km s~! centred around (— 1, —1) of panel
(ii) of Fig. 11 is the result of a large number of young stars creating a
low density, high velocity, high temperature bubble on the trailer side
of the nearest spiral arm. The model presented in equation (16) has no
way to include, account for, or recreate stellar feedback driven gas in
the model and thus is unable to produce a recreation of the turbulent

~1 ' -
VLOS, mod KM S residual [km s 11

—400-300-2002100" 0" 100 200' 300 400 —150—100 50 0" 50 100 150

EET T T
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Figure 12. Left: v os moda map (see equation 16) with model parameters
of 20°, 0°, 15.6kms~!, 365.4kms~!, and 7.005 for i, 6, vsys, arctan
asymptote, and arctan gradient, respectively. Right: Map of residuals between
the model and the vios, obs map [panel (ii)of Fig. 11], i.e. the former
subtracted from the latter.

velocity structure of the galaxy. This leads to the large residuals seen
in the right-hand panel of Fig. 12.

This model estimates the asymptote of the arctan function, i.e. vy,
to be 365.4 & 5.5kms™!, which is slightly larger than the true value
of ~ 340kms~', but is consistent with the values found from the
post-LCARS SSCs (when errors are considered). Given the inability
to model the finer structure of a galaxy, we argue that such a model
is not ideal for our all of our analysis, e.g. vy/o calculations see
Section 4.3.

We therefore opt to use a more sophisticated model that allows for
clumps of gas at given R to have high dispersion and vy s, obs- In this
case, we use the analysis tool *?BAROLO (see Teodoro & Fraternali
2015 for details) to extract a rotation curve from the map of vLos, obs-
We provide *?BAROLO the ‘reduced’ and ‘reduced_SNR’ data
cubes and allow the programme to make its own SNR cuts to the
data. In this case, it finds every pixel SNR > 5 as well as all the
SNR > 3 pixels that are located around the first set of pixels. These
regions are joined together if they are side by side. *’BAROLO has a
plethora of settings and variables that can be left to be determined
or fixed. In this work, we focus on 10 of these variables. We start
by determining the best settings using our prior knowledge of the
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Figure 13. Top: Rotational velocity radial profile [vg(R)]. The solid black
line shows the intrinsic curve for G1. The purple and red points show the
values found by *PBAROLO, 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 (*°? BAROLO) 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 1o from the intrinsic curve.
Bottom: Velocity dispersion radial profile (o (R)) for the same data sets as the
top panel.

simulation and use this analysis run as our fiducial results from
3DBAROLO. To calculate errors on this fit we run *°PBAROLO seven
additional times, for each of these runs we allow one or more
variables to be determined by *’BAROLO. The variables allowed
to be fitted are position angle, inclination angle, x-position of the
galactic centre, y-position of the galactic centre, systematic velocity,
radial velocity, and position angle & inclination angle simultanously.
SDBAROLO is able to weight the receding or approaching side of the
galaxy preferentially or equally. In the fiducial settings we weight
them equally.'® By changing this, we are able to carry out three
additional *PBAROLO analysis runs: receding side preferentially
weighted, approaching side preferentially weighted and position
angle & inclination angle with the approaching side preferentially
weighted. To calculate an error on *?BAROLO’s fit, we calculate the
standard deviation of the 10 non-fiducial runs from the fiducial run.
The resulting rotation curve, with error is presented in Fig. 13. The
fiducial *PBAROLO model is in good agreement with the intrinsic
curve.

As before we fit an arctan curve to the 3°’BAROLO data points
to determine the asymptote of the rotation curve and find a
value of 366.9 & 17.3kms~!. By repeating our mass estimate, i.e.
Vg, BAROLO = Ucire.Totr, = 306.9kms™!, we estimate the total mass
enclosed at R = 3.25 to be 1.017 x 10" £ 102 My, or ~0.81
X the total mass of G1. However, at R = 3.25 the total mass enclosed

10When fitting the ‘reduced’ cube produced from the SSC without
extinction, we preferentially fit to the approaching side of the galaxy as
this provides the best match to the intrinsic rotation curve. This choice is
discussed more in Section 5.2.
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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 o emission line.

in the simulation is 7.9 x 10'° Mg meaning that value calculated
from observations is in fact an overestimate by factor of ~1.28. As the
estimated value is within ~ £50 per cent of the actual value we argue
that this is an excellent match and therefore that the total dynamical
mass of a Gl-like galaxy can be recoverable from observations
with HSIM when combined with S°PBAROLO (or a similar) during
analysis.

It is worth noting that both values of v, calculated from the two
methods used we have employed on the post-HSIM data cubes only
differ by ~ 1.5kms™!, which is an order of magnitude smaller than
the error on the measured value of vy. This would seem to indicate
that either method will be reasonably reliable for actual HARMONI
observations.

4.3 volo

The dynamical ratio (vg/o) has been used to characterize the
dynamical state of observed galaxies for over 40 yr (Binney 1978).
Galaxies that are isolated and rotationally supported against gravity
have larger values of vy/o (i.e. >1, Johnson et al. 2018), while those
with smaller values are assumed to be unstable. Pereira—Santaella
et al. (2019, henceforth PS19) adds further granularity by assuming
those with vy/o < 3.2 are undergoing mergers.

4.3.1 Measurements on galaxy scales

Traditionally this calculation is carried out by calculating a value of
o for the entire galaxy (normally from FWHM of an emission line of
the galaxies integrated spectrum), while vy is taken from the flattest
region of the rotation curve. By taking mass weighted mean of the
galaxies intrinsic o values, we are able to calculate vg/o for G1 as
340kms~!'/150kms~! ~ 2.3. Likewise using our arctan fit to the
SDBAROLO model and the fitting a Gaussian profile to the observed
H o emission line we find a value of 366.9kms™'/114.2kms™" ~
3.2 post-HSIM. The emission line for G1 is actually better fit by a
double Gaussian than a simple Gaussian profile (see Fig. 14). This
double Gaussian profile arises as a result of the receding side of the
galaxy being distinguishable from the approaching side due to the
spatial resolution of HARMONI. Calculating vy/c for the broader
Gaussian given 366.9 kms~!/68.8 kms™' ~ 5.3, while the slimmer
gives 366.9kms™!'/61.9kms™! ~ 5.9. All four of these vy/o suggest
a gravitationally stable galaxy. If we adopt the PS19 criteria the first
two calculated values would suggest that the galaxy is undergoing a
merger while the last two suggest the opposite.
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Figure 15. Radial profile of vg/o. The black line shows the intrinsic profile, with the coloured points showing values calculated using *®BAROLO after G1 is
observed by HSIM. Red points show observations of SSCs that include extinction, while purple show those without extinction. The four data points with no error
bars show the value of vg/o 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 vg/o = 3.2, i.e. the criteria for a merger. The grey-shaded region shows the 1o 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 3? BAROLO to fit observations.

Galaxies at high-z are expected to be more turbulent due to a
higher molecular gas fraction (Tacconi, Genzel & Sternberg 2020).
The vy/o ratio for such galaxies would thus be lower and might be
interpreted as a galaxy undergoing a merger when in fact it is still
finding its equilibrium. To filter this effect, a redshift dependent,
threshold velocity dispersion (o) can be applied (see PS19 and
Ubler et al. 2019 for a more complete discussion). PS19 advocates
that to classify a galaxy as isolated and stable requires o < o and
vg/o > 3.2. Different previous works have defined value of o in
different ways. In this work, we use equation 2 of Ubler et al. (2019)
(as present in equation 5 of H21) to calculate the ‘typical’ value of
o at z = 2.2 as our threshold. Thus, we calculate oy = 42.9 £ 6.0 at
z = 2.2. Combining the o and vy/o criteria to the observed value
and it is not clear whether G1 would be classed as undergoing a
merger if measured on a galaxy wide scale due to both a high vy/o
and o0 > 0. If the double Gaussian is resolved and used, either side
would suggest a stable/isolated galaxy. These results demonstrate
that measuring vy/o on galaxy wide scales does not provide a clear
cut indicator of a settled disc or merger galaxy as normally thought.
We discuss the interpretation of vy/o further in Section 5.3.

4.3.2 Measurements on sub-kiloparsec scales

As outlined above (see Section 2.2.2), it is possible to calculate
0 sim for each cell in the simulation which in turn allows for maps and
radial profiles of o gy, to be calculated (see Figs 8 and 5, respectively).
We use the intrinsic radial profiles of vy and o, to calculate the
intrinsic radial profile of vy/o, which is presented in Fig. 15. From
visual inspections of G1, we know that the galaxy is a disc with spiral
arms (see Fig. 2) and therefore would expect vy/o > 1, which we
find at all radii. With the exception of R < 0.5 kpc, we find vg/o > 5
for G1. As noted previously (see Section 3), the centre of the galaxy
tends to have high values of o, and hence a reduced vy/o. At larger
radii, particularly those capturing the connective gas between G1 and
G2, vy/o decreases however even here the lowest vy/o reaches is 3.4,
which according to the classifications in PS19 would be interpreted
as an isolated galaxy. It is worth noting that vy/o increases within G2,

indicating that the orbiting velocity of G2 about G1 dominates over
the signal of any internal o or vy of G2. Taking the mean of all vy/o
values within G1 gives (vg/o) = 12.3 £ 9.1, again confirming the
classification of rotationally supported disc. It is worth noting that
(vg/o) does not match the value of vy/o calculated in Section 4.3.1,
the implications of this discrepancy are discussed in Section 5.3.

Unlike our simple kinematic model (see Section 4.2.2), > BAROLO
calculates a o value for each ring that it calculates vy for. The o radial
profile determined by *?BAROLO is a good match to intrinsic profile,
with high o near the galactic centre and smaller values at larger radii
(see lower panel of Fig. 13). Using the analysis from 3?BAROLO
we are able to calculate the observed radial profile of vy/o (red
data points on Fig. 15). While there are differences between the
intrinsic and observed radial profile of vy/o in general they are in
good agreement. For example, within the central kiloparsec vy/o
hovers around 5 while for 1 < R < 3.5kpc vy/o sits between 5
and 10. As before, due to the SNR cut and low SNR values at R
> 3.5 ’PBAROLO is unable to provide any information of vy/o at
large radii. For | < R < 4kpc, we find (vg/o) = 7.6 = 1.4 ((velo)
= 9.3 £ 2.8 when extinction is neglected). As with the intrinsic
measurement this value of (vg/o’) would normally be interpreted as
G1 being a rotationally supported disc galaxy. For G1 the intrinsic
velocity dispersion is less than o with the exception of R < 1kpc
(i.e. galactic centre) and R > 8kpc (i.e. outside of G1), where we
find values as large as ~ 123 kms~! (see the lower panel of Fig. 13).
Similarly, we find that the values of o determined by ?BAROLO are
very close to o for R > 1.5. From both of the above two quantitative
metrics G1 would be classified as an isolated, rotationally supported,
stable galaxy. Yet G1 is known to be at the second periapsis of a
merger with G2 (see Fig. 4) at the time of our analysis. The lack
of a merger signature in vy/c and o could simply be a result G2
being significantly smaller (only 12.5 per cent of the gas mass) than
Gl or the impact parameter of the merger. However, the simplest
explanation is that G2 is still too far away from G1 at the time of
analysis. o and hence vy/c may only show merger signatures once
the G2 crosses through the gas or stellar discs. In Grisdale et al.
(in preparation), we explore this signature and impact of mergers
on GI.
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Figure 16. Impact of resolution on intensity maps. Top row: Maps of G1 with a spatial resolution of Ax = 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 Ha zeroth, first, and second moment maps once G1 is
processed by LCARS. Bottom row: Mock KMOS observations of the fiducial LCARS data cube (see the text for details). Panels (v), (vi), and (vii) show the H «
zeroth, first, and second moment maps, respectively. The contour shown on (v) represents the pixels likely to be detected after applying a SNR cut.

5 DISCUSSION

5.1 Impact of resolution

5.1.1 Resolution of LcARs

All the results in the previous sections have been calculated using a
fixed spatial resolution of Ax ~ 90 pc for data cube passed to LCARS
and then HSIM. To test the impact of the choice of spatial resolution,
we rerun LCARS on G1 with a spatial resolution 8 times lower, i.e.
Ax = 722 pc. In Fig. 16, we present the pre-LCARS surface density
map, as well as the H « zeroth, first, and second moment maps
POSt-LCARS. At z = 2.2, this corresponds to an angular pixel size
of ~ 86 mas which is larger than the biggest pixel size available
in HSIM (60 mas), for this reason we do not pass these data cubes
through HSIM, instead we carry out our analysis on the LCARS SSC.
At this lower resolution the G1 and G2 are still distinguishable in
both the surface density map and the post-LCARS H o map. However,
in both cases G2 has lost the definition of its internal structure. Some
internal structure is visible in G1 however without prior knowledge of
it would be next to impossible to determine what form that structure
takes.

By comparing the single aperture spectrum of the Ax = 722 pc
run to fiducial run, we see that the dual Gaussian profile remains (see
the top panel of Fig. 17) though the receding peak is reduced and
the approaching peak is enhanced. Changing the resolution of LCARS
does not change the number of star particles in the simulation but
does reduce the number of SSPs and increases the number of stars
that contribute to each SSP. Therefore, the same number of photons
are concentrated into a smaller number of cells, particularly closer to
the galactic centre. This results in the more concentrated luminosity
seen in Fig. 17.

Turning to the kinematics, there is again a significant reduction
in structures of both the first an second moment maps. With that

MNRAS 513, 3906-3924 (2022)

being said, comparing panels (iii) and (iv) of Fig. 16 with panels
(ii) and (iv) of Fig. 8 shows a general agreement with the kinematic
maps created at the fiducial resolution. By applying the same slit-
based approach (see Section 4.1.3) to the first moment map of the
Ax = 722 pc run, we are able to produce a rotation curve for this
LCARS run (see the lower panel of Fig. 17). From which we estimate
vy ~ 467kms~!, which would equate to a total mass of 10148 M
or ~2.4 x the actual total mass of G1. Allowing x4 to be a fitted
parameter we see that reducing the resolution moves xy to ~ —310 pc
which is ~ 785 pc from the true value. When xy is fitted for in the
fiducial resolution run we found x4 ~ —22pc. In either case, the
difference is of the order of a single cell and reasonably close to the
actual galactic centre.

5.1.2 Resolution of observations: KMOS versus HARMONI

In reality, it will be the distance to a galaxy, as well as the sensitivity
and resolution power of the instrumentation used to observe it that
will determine the resolution of a data cube used for analysis. Testing
this can be achieved by taking the output SSCs from LCARS, reducing
the spatial resolution and spectral resolution as well as applying a
point spread function (PSF). For comparisons with H21, we opt to
reduce the spatial and spectral resolutions to 0.19 arcsec (1.62kpc)
and 2.8 A, respectively. Additionally, we apply a Gaussian PSF with
a FWHM of 0.6 arcsec to mimic values of H21’s observations with
the KMOS on the VLT.!' As one might expect, this mock KMOS
observation, presented in panel (v) of Fig. 16, shows a significantly
degraded H « zeroth moment map. The sites of star formation can no
longer be seen and all traces of spiral arms have been lost. Calculating

"'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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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 Ax = 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.

a single spectrum from the mock KMOS observations produces a
similar, double Gaussian H « emission line (see the top panel of
Fig. 17). Due to the much broader PSF of the mock observation,
some photons from the emission line have become indistinguishable
from the continuum, which results in the luminosity of the emission
being reduced to ~0.3 of full resolution LCARS H « emission line.
This effect is normally accounted for using a point source with a
known luminosity to calibrate the observations.

Panels (vi) and (vii) of Fig. 16 shows the first and second moment
maps for these mock observations. At the resolution of these mock
observations, the kinematic structure of the galaxy is, again, severely
degraded. We again apply a slit across the first moment map and
calculate a rotation curved (shown in the lower panel of Fig. 17).
This calculation estimates vg = 533kms~! and x4 = —513 pc. This
places the calculated centre of rotation almost a kiloparsec from the
intrinsic centre of rotation, and overestimates the G1’s rotation speed
by a factor of ~1.6 x faster that its true value. Given the very low
spatial resolution and the wide PSF, this significant overestimate is
understandable and highlights the importance of being able to resolve
a galaxy sufficiently that kinematic measurements are representative
of the observed galaxy.

Until this point, we have assumed that mock KMOS observations
have an SNR > 3 for all spaxels. Realistically, this is not the case and
low SNR spaxels should be accounted for in our mock observations.
To this end, we assume that the highest signal-to-noise ratio found
is 20 and that this is found in the most luminous pixel of the zeroth

moment map. We mask all pixels that fall below one twentieth of
the luminosity of that pixel [pixel above this cut are shown via the
contour in panel (v)of Fig. 16]. With this SNR cut in place Gl
loses further structural definition and G2 is reduced to a single pixel.
The measured SFR of the galaxy is negligibly affected by the SNR
cut. There is an insufficient number of pixels remaining in the first
moment map to calculate a trustable vy value and for this reason we
do not attempt to. In short, once the prospect of noise is accounted
for it is no longer possible to recover, let alone realistic, kinematics
from our mock KMOS observations.

We assert that a physical comparison between panel (iii) of Fig. 10
and panel (v)of Fig. 16 presents a strong argument for the need
for high spatial and spectral resolution offered by the 30 m-class
telescope. Furthermore, without relying on a proxy, such as vy/o,
detection of minor mergers is extremely difficult, as is the detection
of inflows and outflows. As discussed in Section 5.3, even vg/o has
issues associated with it when calculated on large scales, and so
should be used with caution. Simply put observations on the ELT
in general and with HARMONI specifically have the potential to be
game changing in the exploration of galaxies at high redshifts (z 2
2).

It is worth noting that the ELT will allow galaxies at a range
of redshifts to be probed on scales of ~ 100pc. If these new
observations of high-redshift galaxies have clumpy structures, similar
to simulated galaxy in this work, new analysis tools will likely be
required. We will be exploring this in upcoming work.

MNRAS 513, 3906-3924 (2022)
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5.2 Are H o photons a good tracers for gas kinematic
properties?

This work focuses on exploring whether the intrinsic properties of
a galaxy can be recovered from observations, such as those taken
with HARMONI on the ELT. Our results show that in general this is
the case; however, there are noticeable differences between intrinsic
and observed properties. For example, as noted in Section 4.1.3 and
seen in Fig. 8, the map v os, obs has several pockets of gas moving at
speeds on the order of 500 kms~! which are not present in the map
of (vLos). To properly understand how the observations link back to
intrinsic properties of a galaxy, it is necessary to understand where
these high velocity regions come from.

The answer to this question is weighting. In the case of the intrinsic
map each pixel in the map is a mass weighted average of all cells
along the line of sight, while in the vi s, obs map each pixel is the
result from the photons summed along the line of sight. When mass
weighting, the spiral arms dominate the rotation signature at a given
R. However, in the latter case photons are removed due to extinction
in the arms. Photons that have to travel through dense gas, such as
the spiral arms, have their contribution to v ps, ops reduced. Areas of
the galaxy with low-density gas (e.g. inter-arm gas) are affected to a
lesser degree and so their contributions are effectively boosted.

We see an example of this is the region found at (—3.0, 0.5)
on panel (i) of Fig. 2 that corresponds to the vy os, obs ~ 500 km s
region found at the same location in panel (ii) of Fig. 8. This region
is located behind a spiral arm and ahead of two large gas clouds as
a result has very little extinction meaning that the brightest cells in
this region will dominate the measurement of v os obs. From panels
(i1) and (iii) of Fig. 2, we know there are only ‘old’ stars in this region,
i.e. all with ages greater than 10 Myr. Such stars are unlikely to
provide a sufficient injection of energy to drive gas to such velocities.
Instead, we have to look to the surrounding gas, which does have
young stars. Panel (iii) of Fig. 8 shows this region to have mass
weighted o in excess of 30kms™!, while panel (iv) shows values
of > 200kms~!. Combining all the available information we are
able to determine the source of such high-velocity regions seen only
in the photon ‘weighted’ maps. The galactic disc contains regions
of low-density, inter-arm gas. This is being heated by young stars
in the surrounding arms and gas clumps, which accelerate the gas
to speeds of several hundred kilometres a second. The old stars plus
diffuse photons from the neighbouring young stars (see Section 2.2.4)
illuminate the region sufficiently for the high vy s, obs to be seen in
panel (ii) of Fig. 8. However, when mass weighting to create the
(vLos) map the gas ‘above’ and ‘below’ the galaxy contribute to
(vLos) and bring the mean value down. By taking a slice through
G1 at the correct depth, it is possible to created vy os map that will
show the high-velocity region seen at (— 3.0, 0.5). By creating slices
at multiple depths, it would be possible map all the high-velocity
pocket within G1.

This effect is still present after the SSC has been passed through
HSIM and is at least partially responsible for the larger value of vy
found at R = 2.25kpc. Indeed, by looking at (ii) of Fig. 11 there
are small regions or ‘bubbles’ of high vi s obs On the approaching
side of the galaxy. Weighting one side of the galaxy preferentially
over the other when carrying out analysis can reduce vy in several
places, by ignoring such regions. It’s also worth noting that we found
that stellar feedback-driven outflows and corresponding inflows (as
gas falls back on to the galaxy) could impact the values of vy and
o determined by PBAROLO. Again these are low-density, high-
velocity structures and thus have low mass but strong-photon weight-
ing. This result highlights how a small-scale structures within the
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galaxy can impact the measured physical properties recovered from
observations.

Despite the discussion above, it is clear that the spiral arms and
galactic centre still provide the majority of the H o emissions in
our HSIM observations (see Figs 6 and 10). Furthermore, as we
showed throughout Section 4, it is possible to recover reasonable
measurements of G1’s SFR, rotation curve, and dynamical ratio
profile. In summary, there is limited fungibility between mass and
photon weighting when determining the properties of a galaxy
however it is possible to use the latter to get good estimates of a
galaxies intrinsic properties. In the case of all real galaxies in the
physical Universe, it is highly unlikely we will be able to directly
measure their properties as we can in simulations, therefore it is
highly important to know the limits of how observations can be
translated back to the galaxy’s physical properties.

5.3 Importance of vy/o

Section 4.3 showed various ways of calculating the dynamical ratio,
vp/o, with each method resulting in different calculated values. All
of the methods used to calculate vy/o in this work have found Gl
to be a rotationally supported disc; however, the method used can
change the measured value by as much as a factor of ~6. If this ratio
is to be used as a measure of a galaxies gravitational stability, or an
indicator of a merger, this presents a problem: which method should
be considered, which is valid and when is it valid? We discuss those
difficulties 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
rotation curve, see Section 4.3.1), in this work vy/o was calculated
on scales of 12kpc (i.e. the diameter of G1). This kind of approach
makes sense when the internal structure of a galaxy cannot be
resolved, such as when current generation of 10 m-class telescope
carry out observations of galaxies at z ~ 2, e.g. see our mock KMOS
observations above or Fig. 2 of H21. Due to the ~4.75 x larger
increase in the primary mirror diameter combined with the adaptive
optics of ELT, we see a ~9.8 x increase in spatial resolution at z
~ 2.2 with the ELT over the VLT. This allows for structures such
as spiral arms to be resolved within the galaxy as well as being able
to resolve the velocity dispersion on sub-kiloparsec scales and thus
radial profiles of vy, 0 & vy/o to be calculated.

In Section 5.2, we discussed the impact of using photon weighting
rather than using mass weighting when calculating properties of
galaxies. Here, we see another example of the impact the type of
weighting has. When taking the single aperture spectrum of a galaxy
the brightest regions will dominate the spectrum, furthermore bright
regions with low o will contribute more to the shape of the emission
line than equally bright (i.e. the integral of the emission line is the
same), high o regions as the latter can become lost in the continuum.
These complications need to be considered when using a single
aperture spectrum to determine o and vy/o.

We have already seen that the expected spatial resolution of
observations with HARMONI should allow for o to be resolved
on sub-kiloparsec scales and thus for a determination of how vy/o
changes within a galaxy (e.g. see Fig. 15) becomes possible. As a
result we need to (re)evaluate what vy/o on such scales mean. The
intrinsic vy/o profile is mass weighted as a result will be dominated
by the velocity structures of arms (see Section 5.2). Therefore,
the vy/o profile provides a measure of whether internal velocity
structures of clouds and spiral arms at a given radius are more
important than galactic rotation. For example, if at some radius vy/o
is found to be much greater than 1, it would be a strong indicator that
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GMCs or spiral arms have relatively little internal turbulence and are
simply clumps of gas moving around within the galaxy. However if
vg/o is <1 for a given R, this would suggest that the GMCs are highly
turbulent, to such a degree that their internal motions are comparable
to the speed at which the cloud is orbiting the galaxy. Finally, if vy/o
< <1 is found at a given R, this would be a strong indicator that gas
structures are either rapidly collapsing due to gravity or being blow
apart (most likely by stellar feedback).

Such interpretations are complicated when inferred from observa-
tions, where brightest regions may not be tracing mass. That being
said, given our discussion in Section 5.2 it is clear that the Ho
emission lines in our mock observations at least partially trace the
gas mass. In which case the above interpretation of a galaxies radial
vg/o profile should hold.

Calculating the mean dynamical ratio for the galaxy from the
radial profiles ({(vy/o)) also proved to be different to galaxy-scale
calculation. The brightest part of G1 is the galaxy’s centre (see
Fig. 10), as a result this region has a significant impact on the shape
of the H « emission line for galaxy. Especially given that the highest
values of o are found at R < 1, i.e. the galactic centre. Furthermore,
while vy tends to be higher in this region, it is only by a factor of ~1.2,
compared with o increasing by a factor of 2 2.5 and thus vy/o in the
galactic centre is lower. In essence the traditional observer’s method
of measuring a single value of o and vy for the galaxy is biased
towards the galaxies centre where o is higher, while (vy/o) gives a
measurement that accounts for the entire galaxy. With the above in
mind, we would not expect to see signature of a minor merger in
single spectrum calculated vy/o until either 1) the two galaxies are
close enough to disrupt the galactic centre of the primary galaxy or
2) there is sufficient star formation occurring, in the gas connecting
the two galaxies, that the galactic centre no longer dominates the
single-aperture spectrum.

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

6 CONCLUSION

In this work, we explored whether it is possible to accurately recover
the intrinsic properties of a galaxy at a redshift of z ~ 2.2 with the
ELT and the HARMONI spectrograph. To achieve this, we passed
a galaxy, from the cosmological simulations NEWHORIZON, through
the post-processing pipeline LCARS (v2.0) to add photons to the
simulations. The resulting H o« SSC was then observed using the
HARMONI simulator (HSIM) and analysed. The galaxy used in this
work, which we label G1, is the primary galaxy in a merging pair. At
the time of this analysis, the secondary galaxy, G2, is at the periapsis
of its second orbit of G1. Our key results are as follows:

(i) After being processed with LCARS and observed with HSIM the
morphology of the G1 remains visible: spiral arms are clearly seen,
as is a bright galactic centre and the more defuse gaseous disc. Post-
HSIM the morphology more closely resembles a map of the young
(ages < 10 Myr) stars within the galaxy.

(i) Measuring the SFR before and after observation recovers val-
ues that are larger than the intrinsic SFR of the galaxy (38.3 Mg yr™").
In the case of the former, we recover a value of 65.8 Mg yr~!
when correcting for extinction and 59.1 Mg yr~! if extinction is not
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added by LCARS. For the latter, we find SFR = 69.3 My, yr~! when
correcting for extinction. Both sets of values are within a factor of 2
of the intrinsic value.

(iii) First moments maps of G1 show that the line-of-sight velocity
structure of G1 is largely recoverable from the H o emission line.
After observation, there is a reduction in the detail of the first
moments map; however, the key features remain. The second moment
map of G1’s SSC shows larger regions of high velocity dispersion
(o) than the intrinsic map. These high o are reduced in the observed
second moment map due to originating in the inter-arm, low-density,
non-star-forming gas, i.e. regions with low SNR.

(iv) Applying a slit to the first moments map, perpendicular to
the axis of inclination, allow for G1’s rotation curve to be recovered
with good accuracy from the SSCs. After being observed too much
internal structure is lost for a slit to be effective. An analysis tool,
such as 3 BAROLO, is able to produce a rotation curve that reasonably
matches the intrinsic curve of the galaxy. From these curves, an
estimate of the G1’s mass is recoverable and found to be within
440 per cent of the intrinsic total mass.

(v) We calculate the dynamical ratio (vg/o) in several ways. In
all cases finding G1 to be considered rotationally support against
gravity (i.e. vg/oc > 1). Calculating vg/o on a galaxy wide scale
(using the peak of the rotational curve and width of a single aperture
spectrum) finds a value of 2.3 intrinsically and 3.2 after observation.
However, both of these values are dominated by the galaxies centre
and are not representative of the entire galaxy. Calculating vy/o as
a function of radius using the galaxies rotation curve and radial o
profile shows that the majority of the galaxy has vy/o > 10 (>5
from HSIM observations). Furthermore, averaging the vy/o profile
provides a very different global picture of the galaxy the compared
with vy/o calculated on a galaxy wide scale, e.g. 7.6 versus 3.2, as
the former uses data from throughout the galaxy while the latter is
dominated to the galactic centre. We also note that the galactic-scale
calculation can be influenced by the interpretation of the emission
line, e.g. is it a single or double Gaussian profile and thus what is its
width.

While we have shown that the physical/intrinsic properties of a
galaxy can be recovered to a reasonable degree from photons emitted
by that galaxy, we have also shown that emissions can be impacted
by low density gas and thus do not provide an accurate representation
of the properties of the majority of the gas along a line of sight. In
short, measuring properties via emission lines is not a replacement
for being able to measure the gas properties directly. However, given
that 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
to calculate the physical properties of a galaxy at z ~ 2.2, including its
SFR, kinematic structure, rotation curve, total mass, and vy/o profile.
However, we advise careful consideration of methods as how low
SNR regions are handled can impact the SFR measurement, while
choice of scale can lead to drastically different interpretations of
how much a galaxy is rotationally supported. Finally, we emphasize
that the primary goal of this work is to determine if the galaxy’s
intrinsic properties are recoverable. To that end the settings used
for the HSIM observations and analysis are tuned to provide the best
possible result.
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