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ABSTRACT

Metallicity gradients are important diagnostics of galaxy evolution, because they record the
history of events such as mergers, gas inflow, and star formation. However, the accuracy
with which gradients can be measured is limited by spatial resolution and noise, and hence,
measurements need to be corrected for such effects. We use high-resolution ( 20 pc)
simulation of a face-on Milky Way mass galaxy, coupled with photoionization models, to
produce a suite of synthetic high-resolution integral field spectroscopy (IFS) datacubes. We
then degrade the datacubes, with a range of realistic models for spatial resolution (2—16 beams
per galaxy scale length) and noise, to investigate and quantify how well the input metallicity
gradient can be recovered as a function of resolution and signal-to-noise ratio (SNR) with the
intention to compare with modern IFS surveys like MaNGA and SAMI. Given appropriate
propagation of uncertainties and pruning of low SNR pixels, we show that a resolution of 3—-4
telescope beams per galaxy scale length is sufficient to recover the gradientto  10-20 per cent
uncertainty. The uncertainty escalates to 60 per cent for lower resolution. Inclusion of the
low SNR pixels causes the uncertainty in the inferred gradient to deteriorate. Our results can
potentially inform future IFS surveys regarding the resolution and SNR required to achieve a
desired accuracy in metallicity gradient measurements.

Key words: galaxies: evolution —galaxies: ISM —1SM: abundances —H 11 regions.

1 INTRODUCTION

Metal enrichment of the interstellar medium (ISM) is of funda-
mental importance in understanding the formation and evolution of
galaxies. The gas-phase oxygen abundance (henceforth referred
to as metallicity) distributions of galaxies contain a wealth of
information about their star formation histories (Maiolino & Man-
nucci 2019). For example, if the stars at smaller galactocentric
radii formed earlier than those in the outskirts, as expected in the
inside—out galaxy formation scenario, this would lead to a negative
metallicity gradient in the disc, because the star-formation going on
for a longer time in the central part of the disc would enrich the
ISM more than in the outskirts. Interaction with another galaxy can
cause gas inflow and mixing of metal enriched gas, thus leading to
shallower metallicity gradients than isolated galaxies (e.g. Krabbe
et al. 2008; Bresolin et al. 2009; Kewley et al. 2010; Rupke,
Kewley & Barnes 2010; Rich et al. 2012; Miralles-Caballero et al.
2014; Vogt et al. 2015; Molina et al. 2017; Mufioz-Elgueta et al.
2018). Such flattening due to mergers has also been observed in
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numerical models (Mihos & Hernquist 1994; Torrey et al. 2012; Fu
et al. 2013; Zinchenko et al. 2015; Sillero et al. 2017).

It is well known that most disc galaxies exhibit a radial distribu-
tion of oxygen abundance with a negative gradient (e.g. Garnett &
Shields 1987; Kennicutt & Garnett 1996; Garnett et al. 1997;
Bresolin et al. 2002; Kennicutt, Bresolin & Garnett 2003; Bresolin
2007), and this has been further established by recent studies with
large numbers of samples, for both nearby galaxies (e.g. Moustakas
et al. 2010; Rupke, Kewley & Chien 2010; Cecil, Croom & The
SAMI Galaxy Survey Team 2014; Sanchez et al. 2014; Sanchez-
Menguiano et al. 2016; Molina et al. 2017; Belfiore et al. 2017,
Poetrodjojo et al. 2018; Sanchez-Menguiano et al. 2018) and those
at redshifts z ~ 1-2 (e.g. Molina et al. 2017). The steepness of
the gradient appears to be correlated with a number of galaxy
properties, e.g. the metallicity gradient—effective radius relation of
discs (Diaz 1989), and the correlation between metallicity gradients
and galaxy morphology (e.g. Zaritsky, Kennicutt & Huchra 1994;
Martin & Roy 1994; Sanchez et al. 2014). Ho et al. (2015) provide
a benchmark metallicity gradient of —0.4 dex/R,s* for local field
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star-forming galaxies, suggesting co-evolution of the stellar and
gas disc in local galaxies. Wuyts et al. (2016), on the other hand,
report a lack of significant correlation between metallicity gradients
and other global galaxy properties in a sample of 180 galaxies.
Moreover, it is not well established if the shape of the metallicity
profile in galaxies is universal (e.g. Ho et al. 2015) or depends on
the stellar mass (e.g. Belfiore et al. 2017; Sanchez-Menguiano et al.
2018; Mingozzi et al. 2020). These disagreements, and the strength
of the conclusions that one can potentially draw, show that it is
important to measure metallicity gradients accurately.

However, measured metallicity gradients can be affected by
the limitations of the instruments used and the quality of the
spectroscopic observations, such as spatial resolution and signal-
to-noise ratio (SNR). Resolution, noise, and similar effects are
important because metallicity diagnostics are based on ratios of
emission lines with intensities that have a complex, non-linear
relationship with the true, underlying metallicity. Redistribution of
flux from inner to outer regions of a galaxy due to beam smearing can
introduce systematic biases in the line ratio profiles and therefore the
metallicity gradient. The non-linearity of the metallicity diagnostics
exacerbates this bias and the errors in the inferred metallicity.
For example, recent studies find that metallicity gradients appear
shallower at lower spatial resolution, irrespective of the metallicity
indicator used (e.g. Yuan, Kewley & Rich 2013; Mast et al. 2014;
Poetrodjojo et al. 2019).

Previous attempts to quantify this effect have employed either
smearing of high spatial resolution observations with coarser point
spread functions (PSFs; Yuan et al. 2013) or application of PSF
convolution to model discs (Carton et al. 2017). The former method
is ideal, in that one starts from real data and then degrades it.
However, it is severely limited by data availability: in order to
carry out a systematic study of the likely errors as a function of
intrinsic metallicity gradient, resolution, and SNR, one would need
to start from a catalogue of measurements with both very high
spatial resolution and very high SNR, covering a range of intrinsic
metallicity gradients. At present no such catalogue is available.
The latter approach has only been employed in ‘toy-models’ of
disc galaxies so far, which assume a smooth radial variation of
the star formation rate (SFR) surface density and consequently of
the nebular emission line profiles. Neither approach allows one to
consider effects like beam-smearing between neighbouring regions
of very different SFR densities or mean stellar population ages, or
mixing together light from H 11 regions with very different densities
or ionization parameters. A complete study of these effects using
physically realistic disc models along with metallicity diagnostics
commonly used in observations is still lacking. The aim of this
paper is to provide quantitative results from such a study.

We produce synthetic integral field spectroscopy (IFS) observa-
tions from high-resolution simulations of disc galaxies that resolve
the phase structure of the ISM and include realistic stellar feedback.
We then perform spectral line fitting and metallicity measurements
in order to understand how well we can reproduce the intrinsic
metallicity gradient. Simulations have the unique advantage that
we have complete control over the input physics and hence know
the ‘true’ values of the physical properties. Converting these
simulations to mock observations and treating the synthetic data
cubes similar to an observed data cube allows us to directly compare
theory with observations, and to explore the effects of observational
limitations such as finite SNR and resolution. Such comparisons,
by treating simulations and observations equally, are essential to
understand the effect of instrument properties and observational
parameters on metallicity gradients.
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This paper is organized as follows. In Section 2, we briefly
describe the simulations and the steps involved in translating them
to synthetic IFU data cubes, including the sub-grid modelling of
H 1 regions. Section 3 details the analysis pipeline we use to
derive metallicities from the synthetic data. We present results
in Section 4, followed by discussion of their implications in
Section 5. Finally, we summarize our work and draw conclusions in
Section 6.

We use a solar oxygen abundance 12 + log (O/H) = 8.77 based on
the local galactic concordance scale (Dopita et al. 2016) throughout
the paper unless otherwise stated. We assume a standard flat  cold
dark matter cosmology with Hy = 70 km s™* Mpc™! and matter
density u = 0.27 wherever required for our calculations.

2 METHODS FOR PRODUCTION OF
SYNTHETIC OBSERVATIONS

Fig. 1 summarizes the procedure we use to produce our synthetic
data cubes and then extract metallicity information from them. We
explain the data generation method in this section and the analysis
method in the following section. To produce our synthetic data, we
start with the simulations (Section 2.1) and then model H 11 regions
around each young star particle (Section 2.2). We then construct a
MAPPINGS photoionization H 11 region model grid (Section 2.4)
and use it to assign nebular line luminosities to each pixel of our
simulated galaxy. To produce the full position-position-velocity
(PPV) cube, we add the nebular fluxes to the stellar continuum
derived from Starburst99 (Section 2.5). Thereafter, we convolve the
datacube with a smoothing kernel to simulate finite observational
resolution (Section 2.6) and spectrally bin the datacube, followed by
addition of noise (Section 2.7) to simulate sky emission combined
with instrumental effects.

2.1 Galaxy simulations

We use the isolated Milky Way (MW)-type disc galaxy simulations
of Goldbaum, Krumholz & Forbes (2016, G16 hereafter), which
are publicly available, in order to generate synthetic observables.
The halo mass of 102M and stellar mass of 10'°M have been
chosen to loosely resemble that of the MW. The bulge-to-disc ratio
is 0.1 (hoon Kim et al. 2013), slightly less bulge-dominated than
the MW ( 0.3 Bland-Hawthorn & Gerhard 2016), but not very
different. The simulations include hydrodynamics, self-gravity, star
formation, photoionization, and supernova feedback, a live stellar
disc (i.e. rather than using a fixed stellar potential as is common in
some galaxy simulations, in G16 the stellar potential is generated by
stars that move self-consistently and thus are free to develop spiral
structure, scatter off structures in the gas, etc.), and stellar plus dark
matter halo. Their high spatial resolution (20 pc) means that even
if we are unable to resolve individual H 11 regions, we have only
few (' 10) H 1 regions within each cell. The simulations include
photoionization heating using a Stromgren volume approximation,
but do not include full ionizing radiative transfer. Consequently, we
need to further use photoionization models to appropriately model
the expansion of the H 11 regions (see Section 2.2) and the emission-
line fluxes from them. G16 carry out simulations with three different
gas fractions fy (defined as ratio of gas to total baryonic mass within
the disc): low gas fraction (LGF; f; = 0.1), fiducial (f; = 0.2) and
high gas fraction (HGF; f; = 0.4). For each case, we use the final
time slice from the simulations. We show a comparison between the
projected gas densities of the simulations with different gas fractions
in Fig. 2 to demonstrate the higher gas content in the fiducial gas
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Figure 1. Flowchart for the methodology followed in this paper. The red blocks denote inputs and assumptions, blue blocks show the key steps involved, and

the intermediate outputs are in the green blocks.
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Figure 2. Comparison of the projected gas density of the LGF (f; = 0.1; left) and fiducial gas fraction (fy = 0.2; right) G16 simulations at the final times in

the simulations.

fraction simulation (right) than the LGF scenario (left). The current
MW gas fraction (15 percent) is between the LGF and fiducial
cases of the simulated galaxy. We compare results obtained from the
fiducial and LGF versions of the G16 simulations in Appendix A;
in the main text, we will focus on the fiducial case as that has an
SFR( 2M yr™1) comparable to that of the MW. Our tests show
that the results for the LGF case are qualitatively identical.

The G16 simulations and their successors using similar methodol-
ogy (Fujimoto, Krumholz & Tachibana 2018; Fujimoto et al. 2019)
are particularly well-suited for this experiment, because they have
been subjected to extensive observational comparisons and show
very good agreement with all diagnostics on 100 pc and larger
scales. In particular, the simulations show excellent agreement
with the observed mass spectrum and structural properties of

MNRAS 495, 3819-3838 (2020)
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Figure 3. Distribution functions for star cluster masses (left) and outer radii (right) of H 11 regions for the fiducial gas fraction (fy = 0.2) G16 simulations.

giant molecular clouds, and with the spatially resolved Kennicutt—
Schmidt relation (see Fujimoto et al. 2019 for details); thus, the
spatial distribution of star formation within them provides a good
approximation to the MW.

2.2 Modelling H 11 regions

The first step in producing the synthetic observations is to identify
the young (<5 Myr) star particles in the simulations. We only
include the young star particles in our calculations because the
ionizing luminosities of stellar populations drop rapidly at ages
above 5 Myr; for the stellar population models, we adopt in this
work (see below), > 97 per cent of the total ionizing flux is emitted
in the first 5 Myr.

Star particles that are in close proximity can potentially lead to
merging of H 1 regions resulting in a superbubble being jointly
driven by the host stellar associations. In order to treat the overlap-
ping H 11 regions, we merge star particles in every 40 pc2? cell by
summing their luminosities and masses. We assign the luminosity-
weighted mean of position, velocity, and age of the individual star
particles to the merged particle. Henceforth, any reference to the
star particles denotes the merged star particle in every cell.

To verify that our procedure results in a reasonable distribution of
cluster sizes, in Fig. 3 we show the resulting cluster mass function
(CMF), where a ‘cluster’ here refers to one of our merged particles.
The CMF is close to a power-law distribution dN/dlogM ~ M™!
from 300 M (the mass of individual star particles in the G16
simulation) to =10° M . This is in good agreement with the
CMFs frequently observed in spiral galaxies — see the review by
Krumholz, McKee & Bland-Hawthorn (2019) for a summary of
recent measurements. However, to ensure that our results are not
overly dependent on the merging procedure, in Appendix B we
demonstrate that an alternative approach — not merging stars at all
(sothat each clusteris=300 M ) - produces nearly identical results
for the inferred metallicity gradient compared to when the stars are
merged. For this reason, in the remainder of the main text we will
focus only on the case of merging within 40 pc?® cells, yielding
the CMF shown in Fig. 3. Given our list of merged clusters, we

2Although the resolution of the G16 simulations is 20 pc at the highest
refinement level, we chose 40 pc as the base spatial resolution for this study
for computational ease.
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follow the method of Verdolini et al. (2013) to compute for each
star particle a series of quantities as follows.

2.2.1 Bolometric and ionizing luminosity

We run fixed mass (M = 10° M ) Starburst99 (Leitherer et al.
1999) models with a Kroupa (2001) initial mass function (IMF) to
obtain the bolometric and ionizing luminosity for star clusters aged
0-5 Myr, with a uniform linear spacing of 0.1 Myr. The IMF uses
exponents 1.3 and 2.3 for mass ranges 0.1M =M <05M and
0.5M =M <120M , respectively. We then assign a luminosity
to each star particle in the simulation by linearly interpolating the
Starburst99 outputs to the star particle age, and scaling linearly to
the star particle mass. We note that this effect implicitly neglects
stochastic sampling of the IMF, which can be significant in clusters
with masses 10%°® M (e.g. da Silva, Fumagalli & Krumholz
2012). However, given our CMF (Fig. 3), such clusters contribute
somewhat less than half of the total ionizing photon budget.
Consequently, neglecting stochastic sampling has relatively modest
effects as long as a typical observational beam contains enough
total young stars that we expect it to contain a significant number of
clusters with masses 103 M . This is the case for the resolution
of all surveys to date with the exception of MUSE/PHANGS, and
thus we will not worry about this complication further here (Arora
et al. in preparation).

2.2.2 Stall radius

We define rg) as the maximum radius up to which an H 1 region
(assumed spherical, isotropic, and constant density) can expand,
until its internal pressure (sum of gas pressure Pg,s and radiation
pressure P4) reaches a state of equilibrium with the ambient
pressure Pymp , taken to be the pressure in the computational cell
that contains the star particle. The stall radius is defined implicitly
by the set of equations (Krumholz & Matzner 2009; Verdolini et al.
2013):

Pamb = Pgas + Prag, 1)
S of
Prag = Loztrap, (2)
4T[rstallc
Pgas = HuNumucy, (3)

120z Iudy 9| uo Jesn G| Big AT 14IHO Ateuqi Aq 1.59G28S/61 8€/7/G61/9101ME/SEIUW/WOD dNO"djWapede//:sdRY WOl papeojumod



where Y = L/S ¢ is the ratio of the star cluster’s total bolometric
luminosity to ionizing power, S is the total number of ionizing
photons injected per unit time, and o = 13.6 eV. fy is the factor
by which radiation force is enhanced by trapping the energy within
the expanding shell. The mean mass per H nucleus i is given by 1
+ Y/X + Z/X = 1.4, for Solar composition (X =0.73,Y=0.25,Z =
0.02), where X, Y, and Z are the mass fractions of hydrogen, helium,
and all other elements, respectively. The mass of a hydrogen atom,
the sound speed in the H 11 region, and the speed of light are denoted
by my, ¢y, and c, respectively. To fully specify the system, we also
need to know the number density of H nuclei n; in the H 11 region,
which we derive by assuming ionization balance:

4
(pS = gnrganagn”ne, (4)
Y
Ne = 1"'& N, (5)
S
ny = (p— (6)

4 3 Y
3t OB 1+ X

where @ is the fraction of ionizing radiation not being absorbed
by the dust, and ag = 2.59 % 10712 cm™3s™ is the recombination
coefficient (assuming electron temperature of 10* K). Substituting
the above expressions into equation (1) gives

a b
Pamp = —— + ) (7)

2
Istall

|'s%all \/
where a = 0.65mpci @S and b = @S ofrap/4TIC are constants.
We solve equation (7) using a 1D Newton’s method (initial guess
provided by the analytically obtained solution to Pany, = Pgas) to
get the values of rg, for each H 11 region in the simulation. We take
g =3.2,9 = 0.73, and fyap = 2, following Verdolini et al. (2013).

2.2.3 Instantaneous radius and density

To compute the instantaneous radius r of our H 11 regions, we use the
analytic approximation provided by Krumholz & Matzner (2009),
which interpolates between the similarity solutions describing the
expansion of gas pressure driven (rgas) or radiation pressure driven
(rrag) H 1l regions:

T—Kp)/2 7—kp)/2 2/ (71=Kp)
r =r¢e r(ad ) Xg(]as %) ) (8)
4—x 1/(4—kp)
Xrad = 2 £12 ) 9)
7 2k V2 2/(7-2Kp)
Xgas = urz , (10)
4(9 — 2Kp)
where T = =, K, is the index of the power-law density distribution

of the gas mto which the H i region is expanding (for which we
adopt kK, = 0 in this work), and re, and te, are the characteristic
spatial and time scales as described by equations (4) and (9) of
Krumholz & Matzner (2009), given by (for the case Kk, = 0)

[of:} 0 2 qJZS
foh = ——— -_—, 11
ch 12T[(p K Ty trap c? ( )
4 poCc
tth= ———r15. 12
ch 3 ftrapL ch ( )

Here, po is the ambient density of the material into which the H
region is expanding and rg, is the characteristic radius where the
radiation pressure and gas pressure are equal, with the gas pressure
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being dominant at r > r¢, and radiation pressure dominating the r
< ¢y regime, and ten = ren/cyy, Where ¢, is the ionized gas sound
speed. The lesser of r and rgy is assigned as the outer radius roy
of the H 11 region. We provide the distribution of radii (o) for all
the H 11 regions in the simulation in Fig. 3. We show in Section 2.3
that the relationship between pressure and size for our simulated
H 11 regions agrees within the uncertainties with that observed by
Galactic H 11 regions by Tremblin et al. (2014). Once the radius is
known, we can immediately compute the H 11 region density from
ionization balance, following equation (6) with g,y replaced by
Fout: Ny = 30S/4mrd o (L + Y/4X) . At this stage, we have
the age, density, and outer radius of every young H 11 region in the
simulation.

It should be noted that our calculation of the radius and density
(and, below, the volume-averaged ionization parameter) implicitly
assumes that H 11 regions have constant internal density. We em-
phasize that we make this approximation only for the purposes of
computing the dynamics and that our calculation of line emission
uses the more common isobaric approximation. The primary effect
of assuming constant density is to somewhat lower the total
recombination rate compared to that which would occur in regions
with internal density variations, which in turn leads to a slight
overestimate of the expansion rate. However, this is only a tens
of per cent level effect (Bisbas et al. 2015).

2.3 Comparison of size distribution of H 11 regions with
literature

It is difficult to make a direct comparison of our model H 11 region
sizes with that of observed H 1l regions, particularly for extra-
galactic studies, due to spatial resolution limitations of the obser-
vations. Numerous extra-galactic studies report a H 11 region size
distribution peaking between 50 and 100 pc, which is generally
the resolution limitat such distances. Tremblin etal. (2014) however
study Galactic H 11 regions through radio recombination lines, which
enables them to probe smaller length scales. Completeness remains
an issue, since they have finite sensitivity, but we can minimize the
problem by not comparing the absolute size distributions (which are
sensitive to completeness) of our simulated H 11 regions to the data,
but instead compare the pressure—radius relation. This should be less
sensitive to completeness, but none the less captures the physics of
H 11 region expansion. We make this comparison in Fig. 4, which
shows that a majority of our models lie reasonably well within
the parameter space spanned by the observations. However, we
emphasize that a direct comparison of size distribution between the
two is difficult to carry out without accounting for sensitivity and
completeness issues in detail — which is beyond the scope of this

paper.

2.4 Constructing the 4D MAPPINGS grid

Once we have the physical size and density for each H 11 region in
the simulation, we need to compute a grid of H 11 region models in
order to be able to read off the nebular emission-line fluxes. The
strength of emission lines originating from a H 11 region depends on
the shape of its driving radiation field, density structure, ionization
structure, and chemical composition. The driving radiation field,
in turn, depends on the age and mass distribution of the stars in
the stellar association that produces the H1 region. Hence, we
need to compute a 4D grid of age, metallicity Z, volume-averaged
ionization parameter U , and density n;;. We know the age of the
star cluster from the simulation and the density from our modelling

MNRAS 495, 3819-3838 (2020)
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Figure 4. Pressure—radius parameter space of our model H 11 regions (grey
circles) compared with observed Galactic H 11 regions from Tremblin et al.
(2014) (green stars). The models shown here are based on a radially varying

, which, as demonstrated in Section 1.1 of the SOM, does not produce any
qualitative difference from our fiducial = 0.5 models.

(Section 2.2). Next, we need to determine the ionization parameter
and metallicity of each H 11 region.

2.4.1 lonization parameter

The ionization parameter U is defined as ratio of photon to hydrogen
number density. In order to determine the volume-averaged ioniza-
tion parameter U , we introduce a parameter  (following Yeh &
Matzner 2012) as a measure of the relative volume occupied by the
stellar wind cavity to the ionized bubble:

r3

— 1

B rc:fut - ri3 , w
where r; is the inner radius of the ionized shell. A high value of

corresponds to an H 11 region that is wind-dominated and low
implies domination by either radiation or gas pressure. Throughout
the main text of the paper, we assume a fiducial value of = 0.5,
as suggested by Yeh & Matzner (2012) for radiation-confined dust-
limited H 11 region shells (their fig. 1). Yeh & Matzner (2012) also
point out that H 11 regions within the central 500 pc of M83, NGC
3256, NGC 253 typically have 0.5 (their figs 8 and 9). We
discuss the implications of this choice in Section 5.1.3. Assuming
the gas density ny; to be constant throughout, the total number of
ionizing photons per unit time passing through a shell at a distance

r is given by (Draine 2011b)
3 3
r I
QAN=Q 1- — + * | (14)

S rS

where Qq is the rate of emission of ionizing photons from the driving
star cluster and r is the Stromgen radius given by

1/3
3Qo
4mogn? '

rs = (15)
The local ionization parameter U at a distance r from the stellar
source is

_ Q)
U= amr2eny,’ (16)

MNRAS 495, 3819-3838 (2020)

which, when volume-averaged over the entire H 11 region, relates to
M, Qo,and  as

_ 8logmiQo v 43 4 13
U= e @+ 3" - D
Relaxing the assumption of constant density would lead to a slightly
lower mean ionization parameter, since it would cause greater
recombination losses, but given that density variations in H 11 regions
are only at the tens of percent level (Bisbas et al. 2015), this is a
minor effect.

2.4.2 Metallicity

The G16 simulations do not have an intrinsic metallicity (Z) gradient
because they do not track the chemical evolution of the gas. None
of the current simulations that build up a metallicity gradient self-
consistently over cosmological time-scales have high enough spatial
resolution for this study. We choose G16 simulations because their
structure is realistic on scales smaller than the beam of any survey
we intend to imitate. Since the purpose of this paper is to study the
effect of spatial resolution on metallicity gradients, we therefore
‘paint’ a metallicity gradient on the G16 galaxy. Having control
of the metallicity gradient gives us the advantage of being able to
vary it so that we can study the effect of resolution on a broad
range of gradients. We assume smooth radial exponential profiles
for Z and choose a value of the gradient logZ and the central
metallicity Z,. Thus, for every H 11 region at a given radius r we can
compute its metallicity. In the light of recent works having reported
azimuthal variations in metallicity gradients (Ho etal. 2018; Kreckel
et al. 2019), we note that a smooth radial gradient may not be the
most realistic representation. However, we choose this profile for
simplicity and to quantify the effects of spatial resolution and noise
with fewer free parameters.

Having defined the parameter space that describes our Hli
regions, we next use the MAPPINGS v5.1 code (Sutherland et al.
2013) to run a series of photoionization models to sample it. The
parameter space sampled is as follows. The models are computed
at metallicity values of 0.05, 0.1, 0.2, 0.3, 0.5, 1.0, 2.0, 3.0, and
5.0 in units of solar metallicity Z 2 and six uniformly spaced
ages, ranging from 0 to 5 Myr (both boundaries included). We
use four log ( U ) values ranging from —4 to —1 and six log (ny)
values uniformly spaced in the range —1 to 6 (in units of cm™3).
The MAPPINGS code requires as input the metallicity Z and total
rate of ionizing photons emission rate Qo, together with a series
of quantities at the H 11 region inner edge: the ionization parameter
U;, pressure P, and temperature T. We determine these quantities
from the parameters making up the 4D grid — Z, U, n;; and age
— as follows. Substituting the , U , and ny; values into equations
(17), (15), and (14) we solve forQo, and r;. We then derive the
ionization parameter at the inner edge of the H region (U;) by
substituting r; in equation (16). The pressure in the photoionized
gas log (P/k) is derived from ny; using log (P/k) = log (ny;) + log T,
where T is the electron temperature inside the H 11 region, which
for the purposes of computing the input pressure we assume to

3We have verified that this grid is sufficiently well sampled that interpolation
errors do not dominate our error budget by running the pipeline we describe
below on a case with no spatial smoothing or noise. When we do so we
find that we are able to recover metallicities to within a few per cent, which
is the accuracy of our metallicity diagnostics, so that interpolation is not
contributing significantly to the error budget.
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be constant at 10* K.* The quantities Z, U;, log(P/k), T, and
Qo are provided to MAPPINGS to generate each Hu region
model. For each MAPPINGS model, we record the line flux for
the [N 1] A6584, H a, [Su] A6717, and [S1] A6730 lines. We
then assign line luminosities to each simulation Hu region by
linearly interpolating the line flux on our grid of Z, U, ny, age
values.

2.5 Constructing the synthetic IFS cube

The next step in our synthetic data construction procedure is to
produce a synthetic integral field spectrograph (IFS) data cube by
adding the nebular line fluxes output from MAPPINGS on top of
an underlying stellar continuum provided by Starburst99 (Leitherer
etal. 1999). The Starburst99 model parameters are described in Sec-
tion 2.2. We ensure that both MAPPINGS and Starburst99 models
are based on the same stellar parameters. First, we run Starburst99
models for a range of ages from 0 to 5 Myr. Then, we compute
the driving stellar continuum radiation field for each H 11 region in
the simulation by interpolating the spectra output by Starburst99
linearly in age and rescaling to the cluster mass. The interpolation
in age is performed at a finely sampled resolution of 0.1 Myr.
We sample the continuum at a resolution of 10km s~ within a
+ 500 km s~ window around the central wavelengths of emission
lines, and at 20 km s™* outside that window. The above wavelength
sampling for the continuum is sufficient because the Starburst99
continuum itself has poor spectral resolution.

Next, we add the emission line fluxes for each Hil region,
computed in Section 2.4, as Gaussians with a velocity dispersion
o, = 15 kms™tcentred on the rest wavelength of each line,
Doppler shifted by the velocity of the cell in which the H 11 region
is located; for the purposes of computing the Doppler shift, we
assume that the galaxy is being viewed face-on. We assume g,
= 15 kms™!as a reasonable estimate of thermal and turbulent
broadening (Krumholz & Burkhart 2016), although this depends
on local turbulent properties of the individual galaxy observed
(Federrath et al. 2017; Zhou et al. 2017). Our synthetic data cubes
have a rest-frame wavelength range of 6400-6783 A. This range is
motivated by the fact that we only need the emission linesH a, [N 11]
A6584, [S 1] A6717, and [S n] A6730 for the metallicity diagnostic
(Section 3.2) we employ, all of which lie within the said range.

A sufficiently high spectral resolution continuum, such as those
in observed data, is marked with stellar absorption features —
particularly the Balmer trough near the H a line. Observers adopt
sophisticated methods to fit that trough in order to measure the H a
emission-line flux. However, for our work a simplistic continuum
fitting routine is sufficient because the low-resolution continuum
we use does not include the aforementioned trough. In reality, a
more complicated fitting algorithm may be able to measure the H a
line with greater accuracy, which our method is currently incapable
of doing. However, because we consider only young (<5 Myr)
stellar populations, the equivalent width (W) of the H a absorption
is expected to be W 2-3 A (Groves, Brinchmann & Walcher
2012), whereas that of the H a emission in the bright pixels of our
simulation is W 40 A. Thus, the Balmer absorption is a small
fraction of the emission-line strength and failing to account for it
would only affect the flux at a few per cent level, which is smaller

4The actual temperature profile is computed self-consistently by MAP-
PINGS; we only adopt a temperature here for the purposes of turning our
mean density into a starting pressure.
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than the uncertainties introduced by other steps, and hence can be
ignored.

To produce the ideal IFS cube, we construct a grid spanning
30kpc x 30kpc x 380 A with each spaxel being 40 pc < 40pc
x 10kms™, and sum the nebular and stellar light from all the
H 11 regions in each spatial pixel. Note that the G16 simulations
have a spatial resolution of 20 pc at the maximum refinement level.
However, we assume a base cell size of 40pc in the interest of
minimizing computation cost. The choice for the base resolution
does not affect our results, as long as it is considerably smaller than
our smallest PSF size ( 200 pc). The end result of this step is an
ideal (10 km s~ spectral resolution, 40 pc spatial resolution, noise
free) 3D IFS datacube.

The next set of steps is aimed at incorporating instrument effects
into the ideal cube. First, we rebin the spectral dimension of this cube
down to a resolution of 30 km s, comparable to the resolutions
of modern IFS systems. We then proceed to coarsen the spatial
resolution of the cube, a process we describe in the next section.

2.6 Simulating finite spatial resolution

We place our simulated galaxy at a redshift z = 0.04, which
is typical of the SAMI survey (Green et al. 2018).5 Based on
this distance, we convert the instrument PSF to a physical spatial
resolution element, defined as the full width at half-maximum
(FWHM) of the beam in the source plane of the galaxy. We then
spatially convolve each wavelength slice with a normalized 2D
Moffat kernel (Moffat 1969). The Moffat profile is defined by a
width o and power index 3, which are related as follows:

5= "WHM (18)

2 26—1

where FWHM is the full width at half-maximum for the kernel.
Trujillo et al. (2001) report that the above analytical form provides
the best fit to the PSF predicted from atmospheric turbulence theory
for B = 4.7, and we use this value of 3 throughout this paper.
To reduce computational cost, we truncate the Moffat kernel at
50, which incorporates 99.99 per cent of the total power. After the
convolution, we resample each slice to 2 spaxels per beam, i.e. we
choose our pixel scale to be half of the FWHM, in order to mimic
typical IFS datacubes. We ensure that both the convolution and
resampling procedures conserve flux to machine precision. Fig. 5
shows a comparison between H a maps when smoothed with a
0.15 arcsec (left) and 1 arcsec (right) wide PSF. No noise has been
included in these cases in order to highlight the effect of spatial
smoothing.

2.7 Simulating noise

Sky noise (including contribution from OH airglow and continuum)
has a non-negligible impact on the otherwise surface-brightness
limited ground-based IFS observations, and thus it is important that
our noise model capture this properly. Read-noise is often not the
dominant source of noise in IFS data but Poisson noise, however, is
important because it depends on the signal. In order to account for all
these different noise sources, we use realistic wavelength-dependent
noise, with the wavelength dependence taken from an observed sky

5The choice of the distance is immaterial because we discuss our results in
the reference frame of the galaxy, i.e. our models span a wide range of PSFs
expressed as number of beams per scale length of the galaxy

MNRAS 495, 3819-3838 (2020)
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Figure 5. H a maps produced by using a small PSF (left; FWHM = 0.3 arcsec = 0.25 kpc, on source frame of galaxy) and large PSF (right; FWHM
= 1.5 arcsec = 1.25 kpc, on source frame) in order to highlight the effect of convolution with a Moffat profile. The thin black circle in each map marks the
scale radius of the disc, which in this case is 4 kpc. Both these cases are free of noise in order to isolate the effect of spatial smoothing.
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Figure 6. SAMI noise spectra for blue (top) and red (bottom) wavelengths.
This includes noise contribution from the sky background as well as
instrumental read-noise. We use this wavelength-dependent noise template
to implement our noise model (Section 2.7).

frame of SAMI observations (Croom et al. 2012; Allen et al. 2015;
Green et al. 2018; Scott et al. 2018). Fig. 6 shows the SAMI noise
spectra we used for both the blue (top) and red (bottom) channel.
The blue channel noise spectra is relevant only for the additional
analyses we conducted that is discussed in Appendix A. Being a
representative variance array from the outer regions of a SAMI
observation, this noise spectrum captures a sky-noise limited data

MNRAS 495, 3819-3838 (2020)

set with some contribution from the detector read-noise (we include
Poisson noise next). We apply this noise spectrum at every position
in the synthetic IFS cube, with a normalization level chosen as
follows. For every wavelength slice of the IFS cube, we define

lsiy(N)
Nsky

foy) = (19)

as the sky noise contribution at that wavelength, where Igy ()
is the sky intensity as a function of wavelength, and Ng. is the
sky intensity at the wavelength of the [N 1] A6584 line, i.e. fgy
is normalized to have unit intensity at the centre of the [N]
A6584 line. We then take the noiseless [N 11] A6584 emission-line
map (Section 3.1) and compute Sy — the mean intensity in an
annulus between 90 percent and 110 per cent of the scale length
rsale = 4 kpc of the galaxy. The effective (half-light) radius r,
for the galaxy is 3 kpc i.e. re = 0.75rgce. Sga is used as the
normalization value for the noise across the whole field of view
(FoV). In order to produce an observation with a specified SNR,
we take the zero noise spectrum at every spatial pixel for every
wavelength slice and add a random number drawn from a Poisson
distribution with standard deviation:

Sgal

N = Fyy(A) < (20)

This allows for a signal-dependent Poisson component in our
noise, which is otherwise absent in the SAMI noise spectrum
we used. Thus, by definition, the mean SNR within an (0.9-
1.1) X rgcare @annulus of the [N 11] A6584 emission-line map should
be equal to the input SNR. The SNR measured in the datacubes
is generally a bit smaller (80 percent of the input SNR) due to
the additional uncertainty introduced by the continuum subtraction
process (Section 3.1), but this effect is not large. Throughout the
paper, we quote SNR values as SNR per spaxel. Fig. 7 shows a
comparison between H a maps without noise (left) and with noise
added (right, SNR = 5).
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Figure 7. Same as Fig. 5, but this time comparing between noisy (SNR = 5; right) and without noise (left) case. Both images use a 1 arcsec PSF. The signal
on the outskirts of the noisy image is relatively more affected than the core region. This is expected because the outer regions of the galaxy have fewer H i

regions and hence poorer signal.

3 EXTRACTING OBSERVABLES

3.1 Emission-line fitting

Most established IFS data reduction pipelines, e.g. LZIFU for SAMI
survey (Ho et al. 2016) and Pipe3D for CALIFA survey (Sanchez
etal. 2016), are able to perform emission-line fitting but are custom-
designed for the particular IFU survey. Moreover, the degree of
sophistication that these pipelines operate at for certain steps such
as the continuum fitting is not necessary for our simulation. The
focus of our work is to investigate the relative change in emission-
line ratios with PSF sizes. As such, we perform our own line fitting
procedure without resorting to any conventional pipeline, which
might require modifying a complex software that was designed for
a specific kind of data.

In order to measure the emission-line fluxes, we first fit the
continuum and subtract it out. The continuum fitting routine masks
out a =150 kms™ region around all expected spectral features.
Then a rolling average is applied on the masked flux, followed by
a smooth cubic spline interpolation to derive the stellar continuum.
We estimate the continuum uncertainty as the root mean square
(rms) deviation of the fitted continuum from the masked flux.
As such, the continuum uncertainty along each spatial pixel is
wavelength independent.

Next, we simultaneously fit all neighbouring spectral lines with
one Gaussian profile per line using a non-linear least-squares
method. A neighbour is defined as any line within £5 spectral
resolution elements of its adjacent line. For the spectral resolution
of 30 km s~ used throughout this paper, the [N 11] A6584 and H o
lines are well resolved and hence fit individually. We constrain the fit
to the centroid to awavelength range Ag = 3 + 6z/(1 + z), where Aq is
the line centre wavelength and 8z = 10~*. We similarly constrain the
line width to lie within upper and lower bounds of 300 kms™ and
one spectral resolution element, respectively. The amplitudes of
the Gaussian fits were allowed to vary freely. We propagate the
continuum uncertainty and the noise in the spectra through to the
fitting routine. Throughout this paper, we have assumed a spectral
resolution of 30 kms™, implying that all the emission lines are

at least marginally resolved. Unlike some observational studies,
we do not force the different emission lines to have a common
width because we wish to isolate the effect of spatial resolution by
reproducing the metallicity gradient with least possible constraints
(i.e. maximum freedom) in the spectral fitting step. In principle,
invoking contraints from atomic physics and forcing lines to have
a common width may allow the use of low SNR spaxels, thereby
maximally utilizing all the data. However, such assumptions do
not recognize the fact that there could be multiple Hl regions
along each line of sight. For each spatial pixel, we measure the
fluxes for the H a, [N 11] A6584, and [S11] AA6717,30 lines from
the fitted Gaussian parameters, along with the corresponding flux
uncertainties. Thus, we obtain 2D (spatial) maps for each of these
emission lines. Fig. 8 shows example maps for a PSF of 1 arcsec
and an SNR of 8.

In order to verify that our simulated maps provide a reasonable
approximation of real galaxies, we can compare to an observed map
from the SAMI galaxy survey (Green et al. 2018; Scott et al. 2018)
selected to have a stellar mass (M~ 10'*'M )andSFR(M 1M
yr~1) comparable to the G16 simulation (which is modelled on the
MW). The bottom panel of Fig. 8 shows the emission line maps used
in our work — [N 1] A6584, Ha and [S11] AA6717,30 — for SAMI
galaxy N209807 (SAMI DR2: Scott et al. 2018). A comparison of
the two upper and lower sets of panels demonstrates that we are
able to reproduce the emission line flux values reasonably well. The
limited spatial resolution of SAMI washes out the clumpy structure
of the ISM and spiral arms in the massive galaxies. We present a
similar low-resolution version of our emission-line maps from the
simulations in Fig. 8. We thus demonstrate that our simulation is a
reasonable model to test the effects of SNR and spatial resolution
on metallicity gradients.

3.2 Metallicity diagnostic

In the main text, we use the Dopita et al. (2016, hereafter D16)
diagnostic to derive the metallicity at each pixel; we present
results for the alternative Kewley & Dopita (2002, hereafter KD02)

MNRAS 495, 3819-3838 (2020)
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Figure 8. Top: Emission-line maps of H a (top left), [N ] A6584 (top right), [S11] A6717 (bottom left), and [S 1] A6730 (bottom right) derived by Gaussian
fitting (Section 3.1) for a spatial resolution of 2 arcsec PSF (corresponding to SAMI; Green et al. 2018; Scott et al. 2018) and a mean SNR/spaxel of 8 at the
scale length of the [N 1] A6584 map, indicated by the thin black circle. Bottom: Corresponding emission-line maps of an observed SAMI galaxy N209807 for
comparison. The simulated maps in the top panel have been tailored to the SAMI footprint for ease of comparison.

diagnostic in Appendix A, and show that they are qualitatively
similar. We analytically propagate the uncertainties in the line fluxes
to obtain the corresponding uncertainty in metallicity. The D16
calibration uses the Ha, [N 11] A6584, [S 1] A6717 and [S 1] A6730
nebular emission lines and the relation

log (O/H) + 12 = 8.77 +y + 0.45(y + 0.3)° (21)
where
N1 N1
=log — +0.264log —. 22
y °9 Su °g Ha (22)

The main advantage of the D16 diagnostic is that reddening
corrections are not important because the lines are closely spaced
in wavelength. In reality, unresolved H 1 regions with different
brightness and extinction are a concern for observational studies.
This argues for using reddening-insensitive metallicity diagnostics,
which is the approach we have followed here. We note, however,
that simply using reddening-insensitive line ratios is insufficient
to account for the differential extinction across H 11 regions. Accu-
rately, quantifying the effect of differential extinction would require
simultaneously capturing the structure of H 11 regions and the dusty
shells around them which is beyond the scope of this paper. We
therefore acknowledge the absence of dust as a potential limitation.

4 RESULTS

In this section, we present our results for the fiducial gas fraction
(fy = 0.2) simulation using the D16 metallicity diagnostic, assuming
wind parameter = 0.5. In Appendix A, we present our detailed
parameter study to demonstrate that our main result is robust to
different values of fy and , and different choices of metallicity
diagnostic. These choices impact the overall accuracy of the inferred
metallicity gradient, but the variation with spatial resolution and
SNR remains qualitatively unaffected. The full tables and figures

MNRAS 495, 3819-3838 (2020)

associated with Appendix A are provided as Supplementary Online
material (SOM).

4.1 Model grid

We compute a grid of synthetic IFU datacubes, covering a range
of four true metallicity gradients (—0.1, —0.025, —0.05, —0.01
dex kpc™1), 14 PSF sizes [PSF = (0.05, 0.15, 0.3,0.5, 0.7, 0.8, 1.0,
1.2,1.3,15,1.7,2.0, 2.3, 2.5 arcsec), approximately corresponding
to (96.4,32.1,16.1,9.6,6.9,6.0,4.8,4.0,3.7,3.2,2.8,2.4,2.1,1.9)
beams per scale length and (0.04, 0.1, 0.2, 0.4, 0.6, 0.7, 0.8, 1.0,
1.1,1.2,1.4,1.7,1.9, 2.1) kpc, respectively, sampled at 2 pixels per
beam] and seven values of intrinsic SNR of the datacube defined at
the scale radius [SNR = (1, 3, 5, 8, 10, 30, 300)]. The range of SNR
values comfortably covers the observed parameter space for nearby
galaxy surveys, e.g. MaNGA (Mingozzi et al. 2020) and SAMI. We
run our models up to large PSF sizes in order to sample the coarse
end of the resolution satisfactorily. For each grid point, i.e. for each
combination of the above parameters, we compute ten datacubes, the
noise being drawn from a different random realization in each case.
Throughout the paper, we report only the mean metallicity gradient
measurement of the 10 realizations (and the standard deviations
as the uncertainties) because the formal uncertainties of the fitted
gradient are generally smaller than the variation between different
realizations.

Fig. 9 illustrates the next step for a combination of two different
PSF sizes (top and bottom) and SNR values (left and right). For
each datacube, once we have the metallicity map (Section 3.2),
we fit the pixels (grey points) with a simple linear [in log (Z/Z )]
radial metallicity profile (blue line). All pixels are used for the
fitting unless an SNR cut-off is imposed (see below). \We propagate
the uncertainties in the emission-line fluxes through the metallicity
diagnostic in order to obtain uncertainties on the metallicity values.
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Figure 9. Sample results for four different combinations of resolution and SNR. In each panel, the grey points denote the metallicity of each spatial pixel as a
function of the galactocentric radius; we compute error bars on each of these points, but in the plot we have suppressed them for clarity. In each panel, we have
discarded pixels with SNR < 3, for each emission-line map involved in the metallicity diagnostic. The blue points with error bars are uncertainty-weighted
mean metallicities in radial bins of 1 kpc. The red line denotes the true metallicity as a function of radius, while the blue line is the uncertainty-weighted best
linear fit to the grey points. The slopes of the red and blue lines are quoted in each panel as the input and inferred metallicity gradients, in units of dex kpc™?.
The corresponding 2D metallicity map is shown in the insets. The spatial span of the 2D map is the same as shown in Fig. 2. The colour coding is based
on metallicity and ranges from 0 to —1.2 in log (Z/Z ) space. From top to bottom, the size of the PSF increases from 0.15 to 1 arcsec. From left to right:
the SNR/spaxel deteriorates from 300 to 5. Therefore, the top left panel represents a close-to-ideal case, whereas the bottom right panel is the most realistic

scenario.

The metallicity uncertainty in each pixel is then used to assign pixels
relative weights for the radial fit.

Propagation of uncertainty is important even in the limiting case
of very high SNR, because although the absolute uncertainties in the
metallicity of each pixel would be small for very high intrinsic SNR
of the data cube, it is the relative uncertainties of the outer-to-inner
pixels that affect the fit.

4.2 Summary of results

Fig. 10 shows our main results, and Tables 1 and 2 quote the values
for the full parameter space of our study. Our main finding is
that coarser spatial resolution leads to an increasingly shallower
metallicity gradient inferred in observations. We return to the

question of why lower spatial resolution always has a flattening
effect on the inferred metallicity gradient in Section 5.4.

Fig. 10 also shows that for a given spatial resolution, the accuracy
of the inferred gradient saturates above a certain SNR, i.e. for the
limiting case of infinite SNR, there is a best possible metallicity
gradient that can be recovered at a given spatial resolution. However,
this best possible value is achieved at an SNR 30 for all practical
scenarios. As described before in Section 2.7, we define SNR of
a datacube as the mean SNR in the (0.9-1.1) X rgqe annulus of
the [N 1] A6584 emission-line map. The value of best possible
accuracy depends on the true metallicity gradient and the metallicity
diagnostic employed (see Appendix A for a discussion) because
different diagnostics have varying sensitivities in the metallicity
regime of interest.
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