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ABSTRACT

The Rubin Observatory’s 10-year Legacy Survey of Space and Time will observe near to 20 billion galaxies. For each galaxy the
properties can be inferred. Approximately 10° galaxies observed per year will.contain Type Ia supernovae (SNe), allowing SN
host-galaxy properties to be calculated on a large scale. Measuring the properties.of SN host-galaxies serves two main purposes.
The first is that there are known correlations between host-galaxy type and supernova type, which can be used to aid in the
classification of SNe. Secondly, Type Ia SNe exhibit correlations between host-galaxy properties and the peak luminosities of
the SNe, which has implications for their use as standardisable candles in cosmology. We have used simulations to quantify the
improvement in host-galaxy stellar mass (M) measurements’ when supplementing photometry from Rubin with spectroscopy
from the 4-metre Multi-Object Spectroscopic Telescope (4MOST) instrument. We provide results in the form of expected
uncertainties in M, for galaxies with 0.1 < 7 < 0.9 and I8 < rup < 25. We show that for galaxies mag 22 and brighter, combining
Rubin and 4MOST data reduces the uncertainty measurements of galaxy M, by more than a factor of 2 compared with Rubin data
alone. This applies for elliptical and Sc type hosts."\We demonstrate that the reduced uncertainties in M., lead to an improvement
of 7% in the precision of the "mass step" correction. We expect our improved measurements of host-galaxy properties to aid in
the photometric classification of SNe observed by Rubin.

Key words: instrumentation — transients: supernovae — techniques: spectroscopic

1 INTRODUCTION (see sections 1.1 and 1.2). A previous large survey, the Sloan Digital
Sky Survey, collected 1.5 million galaxy spectra (e.g. York et al.
2000; Alam et al. 2015). The next generation surveys will allow the
calculation of galaxy properties on a larger scale than ever before.
Since the early observational evidence that the Friedmannian scale
factor of the Universe is accelerating and definitive evidence via SNe
Ta (Riess et al. 1998; Perlmutter et al. 1999), there have been many
attempts to understand the cause of the acceleration. Dark energy is
often invoked as an explanation and recent work in cosmology has
focused on measuring the dark energy equation of state parameter, w
(e.g., Garnavich et al. 1998; Scolnic et al. 2018; Chen et al. 2022). A

1 . ot . . :
https://www.Isst.org/scientists/keynumbers popular method uses standardised SNe Ia light curves, which allows
2 https://www.4most.eu/cms/science/exgalconsurv/

The 10 year Legacy Survey.of Space and Time (LSST) (LSST Science
Collaboration et al. 2009)'conducted by the Vera Rubin Observatory
will observe 20 billion galaxies over the 10-year survey’. Similarly,
the 4-metre Multi-Object Spectroscopic Telescope (4MOST) will
collect 13 million,spéctra of galaxies 2, Amongst these observed
galaxies/Will beta-large quantity of galaxies which host transients.
Both of these'surveys will be carried out by next generation facilities

© The Author(s) 2023. Published by Oxford University Press on behalf of Royal Astronomical Society. This is an Open Access
article distributed under the terms of the Creative Commons Attribution License (https://creativecommons.org/licenses/by/4.0/),
which permits unrestricted reuse, distribution, and reproduction in any medium, provided the original work is properly cited.
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SNe Ia to be used as distance indicators (e.g., Branch & Tammann
1992; Wood-Vasey et al. 2008; Dhawan et al. 2022). The measured
luminosity distances and redshifts of a sample of SNe Ia can there-
fore be used to constrain the cosmological parameters, including w
(Riess et al. 2004; Riess et al. 2007; Kowalski et al. 2008; Brout et al.
2022).

For each SN observed by the Vera Rubin Observatory, it will be
possible to calculate the properties of the host galaxy using Spectral
Energy Distribution (SED) fitting to multi-colour photometric mea-
surements (e.g., Spinrad 1972; Conroy 2013; Kelsey et al. 2020).
Incorporating spectral information would facilitate a more accu-
rate calculation of host-galaxy properties. Childress et al. (2013)
demonstrated the power of spectra observed by the Nearby Super-
nova Factory (Aldering et al. 2002) combined with UV from Galex
(Morrissey et al. 2007). However, for larger samples this will not be
possible. An alternative to using SED fitting would be to use machine
learning. The Euclid Collaboration et al. (2022) demonstrated that
transfer learning is better at recovering galaxy properties than SED
fitting, when only broadband photometry is used. In our work we
consider spectra observed by 4MOST. 4MOST is ideally suited to
spectroscopy of large samples of SN host-galaxies, due to its high
multiplex (see Section 1.2).

There are several reasons for wanting to obtain more precise host-
galaxy properties. The first is that host-galaxy properties correlate
with the peak magnitude of SNe Ia (e.g., Kelly et al. 2010; Lam-
peitl et al. 2010; Sullivan et al. 2010), this is often called the "mass
step”, and hence corrections need to be made in order to avoid biases
in measurements of cosmological parameters. The second reason for
wanting more precise host-galaxy properties is because there are cor-
relations between SN classes and host-galaxy properties (e.g., Hamuy
et al. 2001; Galbany et al. 2014; Gagliano et al. 2021), which can
be used to aid classification of SNe. Additionally, measuring host-
galaxy properties with more precision will lead to a better constraint
on the V-band extinction of a galaxy (Tonry et al. 2003; Holwerda
2008; Holwerda et al. 2015). Finally, improved measurements of
host-galaxy properties will lead to a more accurate measurement of
demographics of galaxies and the populations of transients within
them. This will lead to a better understanding of the dependence of
transient type on host-galaxy properties.

The mass step is observed when the Hubble residual (the’differ-
ence between the distance modulus to the SN and the predictedyvalue
by a cosmological model at the SN’s redshift (e.g., Jhaet al. 2007;
Gallagher et al. 2008; Kelly et al. 2010) is plotted as\a function of
the host-galaxy stellar mass (M,). Observing the=Hubble residual
as a function of host-galaxy M, shows that”"SNe“la in high mass
galaxies (>1010M@) are brighter than SNe Ia in,low mass galax-
ies (<10]0M@), after correction for stretch ‘and/colour (Childress
et al. 2013). Empirical evidence has shown the mass step appears
at approximately 10'°Mg (Sullivan etial. 2010; Uddin et al. 2017).
Therefore a correction can be applied as a step function, depending
on which side of 10'M¢, tHe host’galaxy’s M, falls.

A SN host-galaxy’s M. is net the only property that can lead to
a correction being applied to a SN. Gallagher et al. (2008) found a
correlation between the Hubble residual and metal abundance. Addi-
tionally, Wolf et al. (2016) and Rigault et al. (2020) found a correla-
tion between Hubble résidual and specific star formation rate. Briday
et al. (2022) and Wiseman et al. (2023) demonstrate stellar popu-
lation age is"the galaxy parameter that drives the step. Metallicity,
star-formation rate and host-galaxy mass are linked, so these results
are to be expected (Speagle et al. 2014; Li et al. 2022). Brout & Scol-
nic (2021) report that the mass step can be explained by introducing
a new SN colour model, by modelling different dust distributions.

Many of these properties can be measured by fitting a combination of
photometric and spectroscopic data of the host galaxies (Jones et al.
2022; Lower et al. 2020).

Host-galaxy properties can also be used to aid the classification of
transients, especially in cases where spectroscopy of the transient is
not available (Foley & Mandel 2013; Pan et al. 2014). SNe la appear
more frequently in star-forming galaxies than passive galaxies (e.g.,
Oemler & Tinsley 1979; Botticella et al. 2017), with 10 times as
many SNe la appearing in strongly star-forming galaxies compared
with passive galaxies (Sullivan et al. 2006). The work of Graur et al.
(2017a) found that SNe Ia rates anticorrelate with the host-galaxy
mass. Their follow up work confirmed that SNe Ia are more common
in low-mass galaxies (Graur et al. 2017b). Type Ia, Ib/c and II SNe
are more common in late-stage spiral galaxies than early-stage spiral
galaxies (Mannucci et al. 2005). Type Ic SNe have host-galaxies with
high specific star formation rates and low metallicities (Modjaz et al.
2020). Therefore by measuring the properties of host-galaxies such
as star formation rate, we hope to be able to improve the€lassification
of transients from LSST even when there is no transient spectrum
available.

1.1 The Vera C. Rubin Observatory,

The Vera C. Rubin observatory is‘expected/to begin collecting ob-
servations for LSST in 2025. The observatory will survey a large
portion of the southern hemisphereyThe main telescope of the Rubin
observatory is the Simonyi=Survey Telescope. The telescope has an
8.4 metre primary mirror, with the world’s largest CCD camera 3,
The Rubin Observatory“will observe a 9.62 square-degree area of
sky at a single pointing,* with the entire survey covering ~30,000
deg? (Ivezi€ et al)\2019). The Wide, Fast, Deep survey, which is the
primary survey, will have a declination range of -65 to +5 degrees
(Marshalket al. 2017), although it should be noted that the final sur-
vey.design has not been decided. The Rubin Observatory is expected
to observe/about 10° SNe Ia per year for 10 years (Ivezi¢ & the
LSST Science Collaboration 2013), of which a total amount of ap-
proximately 112,000 will be suitable for cosmology (The LSST Dark
Energy Science Collaboration et al. 2018). In this paper we are con-
cerned with measurements of the host galaxies. In order to estimate
the quality of photometry from LSST, we assume the 10-year, 5-0
survey depths of the Wide Fast Deep survey, namely u=26.1, g=27.4,
r=27.5, i=26.8, z=26.1 and y=24.9 mags.” We use AB magnitudes
throughout this paper.

1.2 4MOST

4MOST is a new high-multiplex, wide-field spectroscopic survey
facility under development for the 4m VISTA Telescope (Guiglion
etal. 2019a; de Jong et al. 2019). 4MOST is due to begin operations
in 2024. It will be a fibre-fed spectrograph, with 2,436 fibres in an
approximately 4 square degree field-of-view.®. Each fibre will have
a diameter of 1.45 arcseconds . A third of the fibres will be con-

3 The specifications for the Simonyi Survey Telescope can be found on the
Rubin observatory website (https://www.Isst.org/about).

4 https://www.lsst.org/about/tel-site/optical_design

5 https://www.lsst.org/scientists/keynumbers

% The specifications for 4MOST can be found on the ESO website
(www.eso.org/sci/facilities/develop/instruments/4MOST.html#BasSpec).

7 Details about 4MOST’s fibres can be found in the 4MOST user manual
https://www.4most.eu/cms/facility/overview/.
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nected to a High-Resolution Spectrograph (HRS), with the remaining
two-thirds of fibres being connected to two Low-Resolution Spectro-
graphs (LRS). The LRS will observe with a resolution of 5,000 at a
wavelength range of 370-950 nm. The HRS will have a resolution of
approximately 20,000 and will observe at 392.6-435.5, 516-573 and
610-679 nanometres (de Jong et al. 2016). In a 5-year survey 4AMOST
will be able to cover approximately 21,000 square-degrees of sky,
covering a declination range of -70 < dec < 5 degrees (Guiglion et al.
2019b). This declination range has a significant overlap with LSST.
During this survey approximately 20 million low-resolution and 3
million high-resolution spectra will be observed.® This assumes an
exposure time of 2 hrs. The details of the 4AMOST survey are still to
be decided.

The Time Domain Extragalactic Survey (TiDES) will carry out
spectroscopic follow up of photometrically observed transients.
TiDES aims to collect 35,000 live transients and 50,000 host galaxy
observations during the first 5 years of 4MOST (Swann et al. 2019;
Frohmaier et al. (in prep)). This approach has been used successfully
by the Dark Energy Survey (DES). DES supplemented deep host-
galaxy photometry (Wiseman et al. 2020) with fibre-fed spectroscopy
from the Anglo-Australian Telescope (Lidman et al. 2020).

1.3 Aims of this work

This research aims to investigate the extent to which the precision
of measuring a galaxy’s M, can be improved using 4MOST with
photometry, compared with using photometry alone. This paper is
organised as follows. Section 2 presents our method of producing a
target spectrum, synthetic photometry and synthetic 4MOST spectra.
Section 3 shows the results obtained by this research, and Section 4
analyses the results. Finally, we conclude in Section 5.

2 METHOD

As 4MOST and the Vera Rubin Observatory are not operational
yet, we use simulated data. To assess both instruments’ ability to
measure galaxy properties, we need to start with a spectrum of .a
galaxy with values of physical properties that we adopt as the ground
truth for this experiment. We use an example output spectrunt of the
Fitting Assessment of Synthetic Templates (FAST) SED fitting code
(Kriek et al. 2009), which has associated M., star formation'rate and
other galaxy property values. In order to generate the.target galaxy
properties with which we can compare our resultsywe.ran FAST for
an initial pass (we later use FAST in a second, pass to analyse the
simulated 4MOST output). For this we gave. FAST an‘input spectrum
to fit. We used the Kinney et al. (1996) elliptical/template which is
built into the 4MOST Exposure Time Calculator (4MOST ETC)’. In
later stages of the work we carry out the process with an Sc galaxy,
however the initial results are obtained for the elliptical galaxy. We
only used an elliptical and an'Sc galaxy. As elliptical galaxies have the
least amount of star formation (Kokusho et al. 2017), comparing this
to a star forming spiral galaxy will allow us to test the most extreme
situations. In the following Section we describe the workflow from
the Kinney et al. spectrum to the template spectrum with known
properties. This also pfovides an overview of the method which will
be elaborated in‘the remainder of Section 2.

8 [See footnote 6.

9 We used the internal pyrHON based 4MOST ETC; nonethe-
less, the public web-based ETC provides the same results
(https://etc.eso.org/observing/etc/fourmost).

Measuring SN host-galaxy properties 3

| Parameter | Option or Range chosen |
Number of simulations 10,000
Confidence interval 68%
Stellar population library Bruzual & Charlot (2003)
Stellar initial mass function Chabrier (2003)
Star formation history Delayed exponential SFH
SFR Average 0 (Instantaneous SFR)
Method to find best-fit Median of Monte Carlo
Dust law Kriek & Conroy (2013)
log(7) [log(7/yr)] 6.5-11
log(age) [log(age/yr)] 8.0-9.8
V-band extinction (Ay,) 0.0-3.0
Metallicity 0.004, 0.008, 0.02, 0.05
Hubble Constant [km/s/Mpc] 70.0
Qnr 0.3
Qnp 0.7

Table 1. The parameters that we chose to use when running FAST to find the
best-fitting galaxy parameters for input photometry and/or spectra.

2.1 Producing a template spectrum

We begin with the Kinney et al. (1996)€lliptical spectrum redshifted
to 0.3, approximately the middle of ‘the expected TiDES redshift
range. The Kinney et al. spectrumrwas used.as it had the best signal-to-
noise ratio and was readily available. The elliptical galaxy spectrum
was normalised to r = 21 and an observation was simulated using
the 4AMOST ETC code (see:Section 2.4 for the parameters assumed).
The raw output from'the 4AMOST ETC and the corresponding noise
spectrum were processed to’generate realistic-flux-calibrated spectra
(see Section 2.4 foridetails). Synthetic photometry was also created,
and the processito do'this is explained in Section 2.3.

The spectrum_and photometry were then fit with FAST. FAST
takes’a parameter file which defines the settings to be applied, as
shewniin table 1. Once defined these are not changed. This initial run
through FAST produced a best-fit spectrum that acts as the template
which/later fitted-galaxy-property values are compared with. From
this'calculated value we could extrapolate additional target values for
redshift = 0.3, by using the proportional relationship of log(M.) and
magnitude.

2.2 FAST

FAST works by fitting stellar population synthesis templates to a
spectrum and/or broadband photometry. FAST then returns values
for the galaxy properties of the best-fit galaxy. The galaxy properties
FAST can calculate are: redshift, metallicity, stellar age, V-band ex-
tinction (Ay), M., star formation rate, specific star formation rate,
star formation timescale (7) and the ratio of age to star formation
timescale. As mentioned previously, FAST takes a parameter file that
defines the allowed ranges of each parameter over which it searches
(relating to FAST’s library of galaxy spectra). The chosen parameters
can be seen in Table 1. The best-fitting galaxy properties are found by
taking the median of the distribution of 10,000 runs of FAST. In each
run FAST alters the photometry and/or spectral flux values within
the corresponding error values. FAST then fits these new photometry
values in each run. After 10,000 runs, there is a range of calculated
galaxy property values. FAST then finds the upper and lower limits
that contain 68% of the data, to find the equivalent (Gaussian in-
terpretation) 1-o- uncertainty range for each galaxy property. FAST
does not use a minimum-searching algorithm, instead it fits every
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point of the parameter space.10 FAST was used for this project due
to its ability to fit both a spectrum and photometry.

2.3 Synthetic photometry

The next stage of the simulations takes the noiseless-template spec-
trum (from Section 2.1) to produce synthetic photometry and a spec-
trum as observed by 4MOST. During the work described in this
Section and 2.4, we shifted the template to different redshifts (0.1
< 7 < 0.9) and normalised it to different desired magnitudes in the
range (18 < r < 25). We call these shifted target spectra. For each case
the PyTHON package PypHoT (version 1.0) was used to calculate the
flux within the filter bands u, g, r, i, z and y. The throughput received
after passing through the atmosphere, the filters and the detectors
can be seen in Figure 1. PypHoT calculates this by integrating each
template through the given filter bands. The Rubin filters provided
on the Vera Rubin Observatory’s website ' are used for this process,
which we have added into both Pypnot and FAST. For each filter
band we calculate the 1-0 sky noise corresponding to the 10-year
LSST depth, by scaling from the 5-0 depths given in Section 1.1,
assuming that sky noise dominates the photometric error. For each
photometry point, we use the sky noise in the corresponding filter as
the photometric uncertainty, unless the sky noise is less than 1% of
the flux, in which case we set the photometric error to be 1% of the
flux. This ensures that we do not use unrealistically small photometry
erTors.

2.4 Simulated 4MOST spectra

The template spectrum is redshifted and magnitude normalised to
each of the required values, then input into the 4FS ETC. The 4FS
ETC is a software tool that estimates what 4AMOST would see with
specific observing conditions given an input spectrum with a specific
magnitude. We use version 2.04. of the 4FS ETC. There is a newer
version of the 4FS ETC which was released during the process of
this work, version 2.2. The newer version produces additional outputs
compared to version 2.04. (which we do not use). The outputs used
from version 2.04 were compared to the equivalent output from ver-
sion 2.2. and found to be identical. The observing conditions*were
kept constant during this study. The 4FS ETC was set to‘have an
airmass of 1.2, seeing of 0.8 arcseconds and a dark meon, We,use
an exposure time of 2 hrs. Later in the process we allow for the fact
that brighter objects will be removed from the observing queue after
reaching the spectral success criterion (see the final paragraph in this
Section).

The 4FS ETC v2.04. produces: spectrograph gain [electrons/adu],
target signal count [electrons], sky background count [electrons],
CCD dark current [electrons], CCD readout noise [electrons], noise
count [electrons], efficiency [electrons/photon] and spectral bin
width [nm]. All of these are produced as a spectrum with wavelength
units of nanometres, which we convert to the units of angstrom. We
will call the target-signal-count spectrum ’object spectrum’, to pre-
vent confusion with our shifted target spectrum. The object spectra
are produced separately for blue, green and red wavelength ranges
corresponding te the three arms of the 4MOST spectrograph. The
top and middleypanel of Figure 2 show examples of input and output
of the 4ES ETC.

To'mimic flux calibration we multiplied each object spectrum by

10 hitps://github.com/jamesaird/FAST
T https://www.lsst.org/scientists/keynumbers
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Figure 1. The top panel shows the throughput receieved, after passing through
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the 4MOST spectra flux produced by, the 4AMOST ETC and combined into a
single spectrum for magnitude 21,'z = 0:3. The photometry for magnitude 21
can also be seen as the circles plotted on top of the 4AMOST spectrum. The
photometry uncertainties are also plotted, however they are smaller than the
photometry symbol and'Se.cannotbe seen. Finally, the lower plot is the error
values that correspond to'the spectrum.
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Figure 2. The spectrum at different stages throughout the process of simulat-
ing a spectrum from 4MOST. The top plot is the best-fit spectrum produced
during the target stage. The middle plot is the target best-fit spectrum after it
has been put through the 4FS ETC to produce a noiseless spectrum. Finally,
the bottom plot is the flux-calibrated spectrum. This is the flux-calibrated ob-
ject spectrum after it has been binned and combined into a single spectrum.

the corresponding gain, and then divided by the instrument response
function. In the absence of simulated-spectral-standard stars we de-
termined the response function using the shifted target spectrum
itself, as shown as follows

obj(4;).g(4;)

s(4) =
res(4:) targ(A;).texp

(€3]

where res(4;) is the response at the wavelength of the ith pixel,
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Figure 3. The steps carried out to calculate galaxy properties for magnitudes
18 < r < 25 and redshifts 0.1 < z < 0.7.

obj(4;) is the object spectrum, exp is exposure time, g is gain at each
wavelength value, targ(4;) is the shifted target spectrum before it was
input into the ETC. This effectively assumes perfect flux calibration.
In practice we expect 4MOST to produce relative flux calibration
(which is what is important to this appliction), and absolute calibra-
tion will be provided by comparison to LSST photometry. The object
spectra produced by the ETC are noiseless (however the ETC also
produces noise values for each wavelength value). A calibrated noise
spectrum is calculated for each of the three wavelength ranges by
dividing the noise values for each wavelength by its corresponding
response value.

To calculate the galaxy’s properties using FAST, the three sections
of each object spectrum and calibrated noise spectrum must be com-
bined into a continuous spectrum. Since the three arms of 4MOST
have different wavelength binning, a binning function is used to place
all three sections on a regular wavelength step of 3 A. This bifining
process is also applied to the weight spectra. The weight spectrum,
w(4j), is defined as follows

-2

&) )
)

where n(4;) is the noise spectrum and all spectra ‘are defined on
the new wavelength spacing, A ;. The weighting.function ensures the
extreme start and end values of a spectrum are given less weighting,
where the throughput of the instrumentis small. The weighting func-
tion was then applied to combine the spectra in the regions, where
the spectra overlap through“a.weighted average, i.e.

w1 (4;).0bj (A;)°87(A;) + wa(d;).0bjr(2).82(4;)
w1 (d;) +wa(d;)

where f(4;),is the final‘combined flux, obj; and obj, are the two
spectra to beyjoineds w; and w, are their corresponding weight
spectraand g and'g; are their corresponding gain spectra. The error
values. in the overlap section are summed in quadrature to produce a
single continuous error spectrum. An example of the final combined
spectrum is shown in the bottom panel of Figure 2.

Once the photometry and 4MOST spectrum have been produced,
along with their corresponding values, they are input into FAST for

3

f;) =
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'MM:’ e Photometry
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le-19

Phot best fit
Phot + 4MOST fit
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Wavelength [A]

Figure 4. The top panel shows the best-fit,found by FAST for photometry
alone (purple line), with the photometry points plotted (orange circles). Full
profiles of the Rubin filters are shown in"Figure 1. The middle panel shows
the best-fit found for photometry with>a 4MOST spectrum (gold line). The
photometry is plotted on,top (orange circle) with the 4MOST spectrum (blue
line). The bottom panel showsya comparison of the two best-fits. As can be
seen the two best-fits, diverge below 6000 angstroms. All of the plots are for
an elliptical galaxy at magnitude 21 and redshift 0.3.

the main comparison between photometry only (referred to from here
on'as “phot”’) and photometry with 4MOST spectra (referred to from
here on as “phot + 4MOST”). An example of the input is shown in
Figure 1. One version of results was produced from inputting the
photometry in to FAST alone and another version of results was pro-
duced by inputting the photometry and 4MOST spectrum together.
A flowchart of the process can be seen in Figure 3. The photometry
and spectrum input into FAST, compared with the best-fit produced
by FAST can be seen in Figure 4. To account for bright objects being
removed from the queue we assumed an uncertainty floor. An uncer-
tainty cannot be smaller than what has been observed when a galaxy
reaches a signal-to-noise of 3. When an object reaches this value it is
removed from 4MOST’s observing queue. The magnitude for each
galaxy type to reach the signal-to-noise criteria, for each redshift,
was measured. For each galaxy property calculated from spectra, the
recorded uncertainty at this magnitude was applied to all brighter
objects of the same redshift.

3 RESULTS

We are interested in the values FAST calculated for galaxy M., as
this property has been found to correlate with SN properties. The
results for galaxy M, can be seen in Figure 5 and and Table 3 in the
appendix. The results for the template spectrum, simulated photom-
etry and simulated spectroscopy at magnitude 21 and redshift 0.3,
agree within the 68 percentile confidence ranges reported by FAST.
This gives us confidence in the fitting process. The results show that
for galaxies with r = 22 mag and brighter, combining Rubin photom-

4000 5000 6000 7000 8000 9000 10000 11000 12000

4000 5000 6000 7000 8000 9000 10000 11000 12000
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Figure 5. Derived log(M.) as a function of magnitude for LSST photometry only (orange circles) and for LSST phot + 4MOST spectroscopy combined (blue
squares) for an elliptical galaxy at z=0.3. The template spectrum’s M, is also shown (filled green diamond). The template mass at other magnitudes were
extrapolated (empty green diamonds) from the original template spectrum (filled green.diamond). There is an uncertainty associated with the template spectrum,
which is the uncertainty that FAST calculates from the input real galaxy spectrum, although the uncertainty is too small to see in this Figure. The extended
uncertainties (black line) show the total error bar when an estimate of systematicuncertainty is added in quadrature. The log (M) of the galaxies are shown as
a function of magnitude and redshift. It can be seen that at all simulated redshifts/and magnitudes the precision of the calculated galaxy mass is significantly

improved for phot + 4MOST, compared with using photometry alone’

etry and 4MOST spectroscopy reduces the uncertainty around the
best-fit measurement of a galaxy’s M, by 49 — 95% than'when using
photometry alone. There is also an improvement atimagnitudes 23 to
25, however the improvement is not as significant

At fixed redshift the best-fit log (M) drops linearly as the ap-
parent magnitude of the fitted galaxy increases, as shown in Figure
5. This is expected as FAST models‘the brightness of a galaxy as
being proportional to the M, of'the galaxy for a given stellar pop-
ulation. The best-fit galaxy( paramieters are calculated based on a
multi-dimensional search with,each of FAST’s galaxy parameters.
We find that at brighter magnitudes (r < 22) some of the mass un-
certanties reportedsby FAST are exactly zero, which is unrealistic.
We believe that/this istbecause the space between models in galaxy
parameter space contained within FAST is not fine enough for FAST
to find anether model, within the 68% confidence of the best-fit mass,
with the'small.uncertainties provided by 4MOST.

The tesults for the Sc galaxy can be seen in Figure 6 and Table
5\(in the appendix). The results are comparable with the elliptical
galaxy~Phot + 4MOST reduces the uncertainty for magnitudes < 22
by 79 — 95%, whilst at magnitudes fainter than 22 the uncertainty is

reduced by 8 — 68%. The slope of the M, for each redshift is different
for a Sc galaxy than the slope for the elliptical galaxy. This is due
to other parameters within FAST finding different values for each
galaxy, thus changing the mass slopes by a small amount.

A recent publication by Pacifici et al. (2022) reported on a system-
atic uncertainty when using SED fitting to measure galaxy properties.
They reported on a systematic uncertainty which accounts for dif-
ferences in SED fitting, as well as differences in model parameter
assumptions. They explored a wide range of SED fitting codes, but
did not analyse FAST. We used their median systematic values over
all SED codes for mass (0.12 dex), star formation rate (0.27 dex) and
V-band extinction (0.27 dex). These systematic values were added in
quadrature to our uncertainties calculated from FAST. We have pre-
sented these results alongside our own. If a systematic uncertainty
specifically for FAST is found in future studies then we can imple-
ment it.

Figures 7 and 8 shows the uncertainty measurements on log (M)
for each of the simulated magnitudes and redshift for the elliptical
and Sc respectively. At all simulated redshifts and magnitudes there
is an improvement to the precision of the measured host-galaxy M.
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Figure 6. The same as figure 5 but for a Sc galaxy. It can be seen that at all simulated.fedshifts and magnitudes the precision of the calculated galaxy mass is

significantly improved for phot + 4MOST, compared with using photometry alone.

We compare the uncertainties with and without the inclusion of spec-
troscopy. We see an improvement when spectroscopy is included at
all simulated magnitudes and redshifts. A dashed black lin€ across
the plot represents the locus of points where log(mass/Mg) = 10.
This was found using Figure 5 and reading off the magnitude ‘and
redshift of a 1010 M, galaxy on each subplot. Note that the'photom-
etry values are calculated using the 10-year LSST"depth. 4AMOST
spectroscopy will produce considerably better results than the inter-
mediate photometry, until LSST reaches the,10th year of the survey.

In addition to the improvement to the preeision of host-galaxy
mass, all other galaxy parameters.saw an improvement for phot +
4MOST compared with photometry alone! The results for an ellip-
tical host-galaxy star formation tate"can be seen in Figure 9. There
is a clear improvement for“all magnitudes brighter than 23, and for
redshifts 0.3, 0.5 and O7=Hewever, at fainter magnitudes the uncer-
tainty for phot + 4MOST is a similar size to the phot results. This is
also true for redshift 0.1:A. value for the improvement to star forma-
tion rate uncertainties 1§ difficult to calculate because for photometry
alone the lower value’often hits FAST’s lower limit of -99. At red-
shift 0.1/the uncertainty for phot + 4MOST is unconstrained due to
a lack of'models matching our galaxy in this parameter space. For
the Sc galaxy we found that FAST had difficulties measuring the star
formation rate from emission lines.

Uncertainties in age see improvements at all simulated redshifts

and magnitudes. The results for this can be seen in Figure 10. For
phot + 4MOST, the uncertainty on the measurement of age was re-
duced by 56 — 86% for magnitudes < 22, while at magnitudes fainter
than 22 the uncertainty was reduced by 6 — 77%. The improvements
to age could prove to be a crucial detail that 4MOST spectra will
be able to provide when calculating galaxy properties. Stellar ab-
sorption features are an indication of age, most notably the hydrogen
Balmer lines (Serra & Trager 2007), which photometry is not able to
capture (Salim et al. 2007).

Star formation rate and host-galaxy mass are the most commonly
used parameters when making corrections in SNe cosmology. How-
ever all of the galaxy properties studied here may be of interest in
the future because it is still unknown which galaxy parameters drive
the correlations with SN properties. The work of Gupta et al. (2011)
found that after light curve corrections overluminous SNe Ia tend to
occur in older stellar populations. The work of Rose et al. (2021)
found including age as a parameter improved the ability to standard-
ise Type Ia SNe. The results of the study of the remaining galaxy
properties calculated by FAST can be seen in the Appendix. The
improved precision of galaxy property measurements could prove to
be useful in the future at breaking degeneracies for SNe host-galaxy
properties, such as age and metallicity (Worthey 1994; Walcher et al.
2011). The key addition that 4AMOST will provide is a large quantity
of spectra with this level of quality. One limitation of our results is
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Figure 7. A comparison of the uncertainty on log(mass/M) for a an elliptical
galaxy for a collection of redshifts and magnitudes when phot + 4MOST are
used together can be seen in light blue. The additional uncertainty measured
when using photometry only can be seen in orange. The size of the line is
proportional to the size of the uncertainty. The dashed black line shows where
the M, of the galaxy is 10'0 M. Finally, the systematic uncertainty from
using SED fitting is added in quadrature to be compared with the uncertainty
values. The phot + 4MOST with systematic uncertainties is shown in green.
The additional uncertainty for phot with systematic uncertainties is shown in
purple.

that FAST does not capture all of the information that a spectrum
contains, such as emission lines. TiDES will be able to make di-
rect measurements of emission lines, without fitting templates. For
example, the H-alpha line will provide a further indication ofstar
formation rate.

4 DISCUSSION

Our work has shown that SNe host-galaxy M. ‘can be.measured more
precisely when 4MOST and the Vera Rubin Observatory are used to-
gether, compared with the Rubin observatory alene. We expect to be
able to improve the mass step correetion by reducing the uncertainty
as to which side of the 1019 Mg line a SN Host galaxy belongs.

To quantify the extent of the improvement we have used the Super-
nova Legacy Survey third year data set (Balland et al. 2009), used by
Sullivan et al. (2010), andsthe.DES 3 year data (Smith et al. 2020) to
create a mass redshiftidistribution. While newer data sets could also
have been used, these two data sets contain host-galaxy magnitudes
and are sufficient to demonstrate our improvements in estimates of
the host-galaxy mass” The Supernova Legacy Survey and DES 3
year data was readily accessible and large enough to demonstrate
the effectof our results. Balland et al. report magnitudes of each of
their SNe host-galaxies in i-band. Since our uncertainties correspond
toz-band magnitudes, a conversion was required. To calculate the
conversion, we used the integrated fluxes of our shifted target spectra
through the r and i pass band (see Section 2.3) to determine the
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Figure 8. The same as‘Figure 7\but for a Sc galaxy.

colour as a function ofwedshift. We did this for the elliptical galaxy
template, used in the analysis presented up to this point, and also
a Sc galaxy template. For each SNe in Balland et al. we assigned
a host-galaxy_type at random, weighted by the rates at which SNe
Ia appear in elliptical and Sc galaxies, as provided by Hakobyan
et al#/(2012). The i-band magnitude for the Balland et al. SNe host
galaxysare converted to r-band using the colours calculated for the
assigned galaxy type. The r-band magnitude of each galaxy was
then rounded to the nearest integer value. The DES data provided
r-band magnitudes so did not need any additional work. Each host
galaxy was assigned mass uncertainties corresponding to its redshift
and r-band magnitude bins, as previously shown in Figures 5 and
6. Mass uncertainties were assigned for phot and phot + 4MOST, to
enable a comparison. Host galaxies with redshift of 0.8 or greater
were removed and any galaxies with 7 band magnitudes greater than
25.5 were also removed. Host galaxies at higher redshifts and fainter
magnitudes could not be used as the uncertainties start to increase
rapidly for both LSST and 4MOST. A separate study of deep fields
would be needed to determine the performance of our techniques for
the faintest host galaxies.

After the cuts, we were left with a sample of 310 host galaxies.
The results can be seen in Figure 11, where the top panel shows
the host galaxies with the uncertainty produced from the photome-
try. The bottom panel shows the host-galaxies with the uncertainty
produced by phot + 4MOST. The black dashed line on both plots is
1019 (mass/Mo), the divide for the mass step. With the photometry
uncertainty values, 35 of the host-galaxies cross the mass step line,
making it unclear which correction term would need to be applied.
With the uncertainty values from phot + 4MOST, 13 host-galaxies
cross the mass step line. This results in a 7% improvement of SNe
having the true correction applied. This shows that the uncertainty
produced by phot + 4MOST would lead to a more accurate correc-
tion being applied than if only the photometry is used. It should be
noted that we have assumed all host galaxies have spectra observed
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Figure 9. The simulated log Star Formation Rate (SFR) of an elliptical galaxy as a function of magnitude and redshift. The symbols and colours are the same
as used in Figure 5. There is a clear improvement when 4MOST is used, compared with when photometry is used alone. This is true for all magnitudes brighter
than 23, and redshifts 0.3, 0.5 and 0.7. However, at fainter magnitudes the uncertainty for 4MOST with photometry is a similar size to the photometry alone
results. This is also true for redshift 0.1. A value for the improvement to starformationrate uncertainties is difficult to calculate as with photometry alone the

lower value often hits FAST’s lower limit of -99.

by 4MOST. The TiDES-Hosts sub-survey aims to capture spectra
of SNe host galaxies, for which live observations were‘not captured
Swann et al. (2019). This will result in a significant number/0f SN
host galaxies having spectra, which we will be abletto:select for when
using results from 4MOST.

We find on average our photometry mass uncertainty ranges are
larger than those observed by Sullivan et al:(2010). This is to be
expected as Sullivan et al. incorporates near-infrared filters (J, H,
K) with photometry to measure a galaxy’s mass. At magnitude 20
the SNLS data has an average mass uncertainty size of 0.12 dex,
whilst our photometry uncertainty has a size of 0.19 dex. The phot
+ 4MOST uncertainty for.maghitude 20 has a size of 0.08 dex. This
further shows the improvement that 4MOST will enable. A similar
trend occurs for magnitudes 21 and 22, with phot + 4MOST having
a smaller uncertainty-fange than SNLS and phot only having a larger
range. However, at magnitude 23 and beyond the 4AMOST uncertain-
ties become larger-than the SNLS values (SNLS: 0.1 dex, phot: 0.68
dex, photi+ 4MOST: 0.34 dex). Once again this is expected, as mag-
nittde 23 is)when the signal-to-noise for 4MOST becomes larger.

A recent study by Galbany et al. (2022) discussed aperture correc-
tions to counteract effects caused by fixed-aperture fibre spectroscopy
on host-galaxy correlations, such as the mass step. In this work we

have effectively assumed that the magnitude of our host galaxies
corresponds to the light which entered a 4MOST fibre. Using the
galaxy catalogue published by Karachentsev et al. (2004) we ran-
domly selected several galaxies to calculate their size. We calculated
a range of sizes between 2.48 arcseconds and 53.10 arcseconds. We
previously stated that each 4MOST fibre will have a diameter of 1.45
arcseconds. As we selected objects randomly, there may be smaller
and larger galaxies within the catalogue. This catalogue of galaxies
only contained objects at redshift < 0.02. When we have access to
real images from LSST we will be able to calculate the amount of
light going down each fibre, and therefore apply aperture corrections.

4.1 Analysing the effect of our work to cosmology

We now estimate the impact of our results on measurements of cos-
mological parameters. We investigated this by exploring the impact
our results would have on the measurement of w. Measurements of
w are sensitive to small changes in distance modulus; a 2% change
in w corresponds to a change in distance modulus of only 2.6 mil-
limagnitudes at z = 0.3 (assuming a flat ACDM cosmology and all
other parameters remain constant). We aim to determine how much
our changes of mass uncertainties can improve scatter around the
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Figure 10. Simulated log age of of an elliptical galaxy as a function of magnitude anddedshift. The precision increases drastically when 4MOST spectrum is
used with photometry, compared with photometry alone. The limits that the age value can be found between by FAST are shown by the grey shaded region. The

limits are set at 8 and 9.8 (log[age/yr]).

best-fit of the distance-redshift relation. We parameterise this using
the root mean squared (RMS) scatter of the data points around the
Hubble residual = 0 line.

We calculated the Hubble residual of the corresponding SN for
each of our host galaxies in Figure 11 which appear inithe Pantheon
compilation (Scolnic et al. 2022), leaving us with*286-0bjects. The
Hubble residual was calculated using a modified.version of the Tripp
formula (Tripp 1998), presented by Brout€t al. (2019), as shown as
follows:

Hubble Residual = mp_gg.— distance modulus(z) 4)
Where mp fix = (mp<+ ax{ —/fc) — Mp sSNia (5)

where mp is the peak=apparent magnitude in the rest frame B-
band. Mg s, is the mean absolute magnitude. This value was
not provided in the Pantheon+ paper so we calculated it from the
weighted average of ‘the m_b_corr column (from Pantheon) minus
the distance’ modulus; weighted with the MU_SHOES_ERR_DIAG
column«(from Pantheon). a and S are correlation coeflicients of x;
and c. The values for mp, x1 and ¢ were taken from the Pantheon
dataset. The values for @ and S were set as 0.1533 and 3.44, re-
spectively (taken from Brout et al. (2022)). The distance modulus
was calculated using the distmod function in the PyTHON module
AstropYy. We then calculated the probability of an object appearing

either side of the 1010 (mass/M) line using Gaussian uncertainties,
assuming our 1o values from FAST, centered on our best-fit M.. val-
ues. This was repeated using our photometry uncertainties, and again
for the phot + 4MOST uncertainties. We used the distance of each
galaxy from the 1019 (mass/M¢) line and a Gaussian probability dis-
tribution to assign a probability of each host galaxy crossing the line.
Each galaxy was then randomly assigned a right/wrong classification
term, weighted by the probabilities, for a galaxy to be given the right
or wrong correction term. The host galaxies with M. < 10'0Mg
were assigned a correction of —0.0265 mag (taken from Brout et al.)
whilst galaxies with M, >= 1019M¢ were assigned a correction of
0.0265 mag. This occurred for galaxies which were assigned the
"right" correction term, else they were given the opposite correction
value. Note that for simplicity we assumed a step function, whereas
Brout et al. assumed an exponential, as described in Brout & Scolnic
(2021), which is almost identical.

This is illustrated in Figure 12. As expected only those host galax-
ies closest to the 1019 M, line are effected. When the phot uncertainty
is used to assign the mass correction, more points are assigned the
wrong correction than when the phot + 4MOST uncertainties are
used. In the figure, when the two corrections disagree the orange
circles can be seen. When the corrections agree, the orange circles
are obscured by the blue squares.

To quantify the effect of the different corrections we calculated
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Figure 11. The mass-redshift distribution graph is created with our uncer-
tainties. The SNe were taken from the Supernova Legacy Survey third year
data set and the DES 3 year data. Each SN was assigned an uncertainty
calculated from phot (in the top panel) and an uncertainty calculated from
phot + 4MOST (in the bottom panel). Both plots have a black dashed.line
representing 10'0 (M). There are 310 SNe plotted. The uncertainty values
from the photometry lead to 35 SNe crossing the dashed line./Whilst, the
uncertainty values from phot + 4MOST lead to 13 SNe crossing the dashed
line.

the RMS around the Hubble residual = 0"line. With no mass cor-
rection applied an RMS of 0.1752 mag was‘méasured. When the
mass correction calculated from the‘phot uncertainties were applied
an RMS of 0.1720 mag was calculated. Finally, when the phot +
4MOST uncertainties were used towapply the mass correction, an
RMS of 0.1715 mag was calculated. This is only a small improve-
ment but represents thesminimum improvement that 4MOST will be
able to achieve to thé mass,correction. The SNe in our sample were
taken from DES/and SNLS, which observed each SN host galaxy
with photometry. Hence, there could be ingrained uncertainty as to
which side ofithes102° Mg mass line the host galaxy should be. To
account/for) this ‘we altered the way the mass correction is applied.
As before; we assigned a right/wrong binary classification to decide
if /a galaxy should be given the right or wrong correction. We again
used the Gaussian errors from phot and phot + 4MOST to assign the
right/wrong classification. We then applied a correction based on the
sign of the Hubble residual. All galaxies with a Hubble residual >
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Figure 12. A diagram to illustrate the effect of the improved preeision of
galaxy stellar mass on Hubble residual. For each object in our selected sam-
ple three corrections are plotted, based on the stellar mass of the SN host
galaxy. The purple crosses indicate no correction, the orange circles represent
corrections assigned from photometric mass-estimates,/and the blue squares
show corrections assigned from photometric #4MOST mass estimates. In
most cases, the corrections based on photiand phot + 4MOST are the same.
The orange circles are visible when'different corrections have been applied,
otherwise the blue squares obscure.them, A§ expected, near the 1010 M, line
it is more common to have disagreements between the correction terms ap-
plied. See Section 4.1 for more detail.

0 were given ascorrection of —0.0265 mag and all galaxies with a
Hubble residual.< 0 were assigned a correction of 0.0265 mag. The
same‘as the mass-based correction, galaxies assigned with the "right"
correction term were given these corrections, else they were given the
oppositecorrection value. The RMS was calculated again and found
to be 0.1577 mag when the correction was applied using photometry
uncertainties. The RMS was found to be 0.1566 mag when phot +
4MOST uncertainties were used. This represents the best improve-
ment 4MOST will be able to accomplish. All of the RMS results are
summarised in Table 2. We estimate the improvement to the RMS is
between 0.0005 - 0.001 mag, which in the best case scenario would
result in a 2% improvement to the measurement uncertainty of w.
We recognise that this is not significant to zeroth order, when calcu-
lating the mass step correction in this way. However, it is possible
that such effects might be important when considering changes in w
with redshift (for example in wg — w, models), due to evolution of
the host-galaxy population with redshift. We have not studied this
effect.

The results from our research will also be used to understand
whether improved galaxy properties can aid classification of SNe Ia.
To do this, further research will be undertaken using the machine
learning algorithm SuperNNova (Moller & de Boissie re 2019) and
a simulated catalogue of SNe light curves, with host-galaxy M., de-
veloped by Vincenzi et al. (2019). In addition, the results from our
research can be improved with the addition of data from future in-
struments. ESA’s Euclid satellite (Laureijs et al. 2011) will provide
near-infrared photometry for billions of galaxies over a wide area of
the sky, and is due to launch in 2023. The ULTRASAT satellite will
provide the first wide-field ultraviolet time-domain sky survey and
is due to launch in 2026 (Ben-Ami et al. 2022). We expect using
Euclid NIR photometry and ULTRASAT UV images, together with
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Correction RMS Hubble RMS stellar
residual (mag) mass (mag)
None 0.1752 0.1752
Phot 0.1720 0.1577
Phot + 4MOST 0.1715 0.1566

Table 2. The calculated RMS scatter values from 3 corrections: no correction,
using the phot uncertainty and using phot + 4MOST uncertainty. The first
column was calculated by measuring the scatter around the Hubble residual =
0 line, when a correction is applied based on which side of the 1010 Mg mass
line a SN’s host galaxy appears. These values are the minimum improvement
which can be achieved. The second column is similar, but has a correction
applied based on the sign of the Hubble residual, which is an attempt to
account for ingrained uncertainty in the DES and SNLS host measurements.
The scatter around the Hubble residual = 0O line is again measured. The
second column also represents the maximum possible improvement. From
these values, we estimate the improvement to the RMS is between 0.0005 -
0.001 mag.

4MOST and LSST data, will significantly improve the estimation of
stellar mass and other galaxy properties.

5 CONCLUSIONS

We have shown that 4AMOST can work in conjunction with imaging
telescopes, such as the Vera Rubin observatory, to calculate galaxy
properties more precisely than those derived from photometry alone.
This was an expected result which we have now quantified. Our
results are summarised as follows:

o For elliptical galaxies with brighter magnitudes (r < 22) the
uncertainty for a galaxy’s log (M) is 49 — 95% smaller when spec-
troscopy is used with photometry, compared with that derived from
photometry alone. The range of improvements depends on the mag-
nitude and redshift.

o At fainter magnitudes (r > 23) the M, uncertainty is 24 — 71%
smaller for phot + 4MOST, compared to photometry alone. The range
depends on magnitude and redshift, with more improvements seen
for brighter galaxies.

e We see similar improvements to the precision of Sc hostgalaxy
masses, when adding 4MOST spectroscopy.

e We applied our uncertainties derived from FAST to‘real SNe
host-galaxy masses. The smaller uncertainties produced when adding
4MOST spectroscopy make it easier to distinguishiwhich side of the
1019 (M) line a host galaxy falls. This has implications for applying
the correct mass step corrections in cosmological analysis.

e Other galaxy properties see a significant improvement in un-
certainties, including: star formationirate,)age, V-band extinction,
metallicity, specific star formation,rate and star formation timescale.

e Whilst there is not as significant’an improvement to the preci-
sion of a galaxy’s metallicity,\thete is still an improvement at most
simulated magnitudes and redshifts.

The correlations between SNe Ia peak brightness and host-galaxy
properties are one of the main systematic effects in SNe Ia cos-
mology. The improved galaxy property measurements from 4MOST
and Rubin have the potential to improve the corrections used in
SN cosmelogy."We have chosen to focus on the host-galaxy mass
and the implications to the mass-step, but a deeper investigation
could be/carried out with all of the galaxy properties. The galaxy-
property precision improvements come from the fact that spectra
contain significantly more information than photometry, which leads

to the breaking of degeneracies. We expect that information in the
host-galaxy spectrum will also aid photometric classification of tran-
sients. With 4MOST beginning operations in late 2024 and the Vera
Rubin Observatory beginning operations in 2025, we are about to
enter an exciting period of SNe study.
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APPENDIX

Additional galaxy parameters were investigated to observe the effect
our method could have on the measured uncertainty. Uncertainties
in V-band extinction see improvements at all simulated redshifts and
magnitudes. The results for this can be seen in Figure 13. The uncer-
tainties measured on the V-band extinction value were reduced by
51 — 95% for magnitudes < 22 when using phot + 4MOST, whilst
at fainter magnitudes there is a reduction to the uncertainties of 18
— 87%. The star formation timescale (7) sees an improvement to
its uncertainty at all simulated magnitudes and redshifts. For phot
+ 4MOST, the uncertainty on the measurement of star formation
timescale was reduced by 11 — 77% for magnitudes < 22. Whilst
at magnitudes fainter than 22 the uncertainty was reduced by 3 —
59%. We found that at magnitudes 24 and 25 the uncertainty range
is constricted by the lower limit possible within FAST. The results
for star formation rate timescale can be seen in Figure 14. We found
that the T parameter uncertainty range can hit the lower limit of 7
values available within FAST’s libraries. We found the 7 uncertainty
would hit the lower limit for magnitude 25 for all simulated redshifts.
It also occurred with magnitude 24 for z=0.1, 0.3 and 0.5. The lower
limit restriction could prevent the fit from reaching the true value
of other galaxy parameters. However, as this only happens at the
faintest magnitudes it is not a major concern to this study and could
be investigated further in a study of deep fields.

The measurement of specific star formation rate sees an improve-
ment at brighter magnitudes, aside from redshift 0.1, but this is
expected as it is a ratio of host-galaxy mass and star formation rate.
The specific star formation rate results can be seen in Figure 15.
Metallicity sees an improvement at most simulated magnitudes and
redshifts when 4MOST spectroscopy is used. At magnitudes < 22
there is a reduction in uncertainty of 9 — 37%. However, at magni-
tudes 24 and 25 the uncertainties are the same size or even larger
than when only photometry is used. Our template is a bright galaxy
which has been magnitude normalised to fainter magnitudes. As we
are calculating many parameters at the same time, it is possible that
FAST does not cover the parameter space for this artificial combina-
tion of properties. The results for metallicity can be seen in Figure
16.
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Figure 13. Simulated V-band extinction of an elliptical galaxy as a function of magnitude and redshift. The precision,for this galaxy parameter also increases
when 4MOST is used with photometry. The limits that V-band extinction value can be found between by FAST“are'shown by the grey shaded region. The limits

are set at 0 magnitude and 3 magnitude.
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Figure 14. The simulated log (star formation timescale) results of an elliptical galaxy as a function of magnitude and redshift. The precision of the value is
drastically;improved at all simulated magnitudes and redshifts when 4MOST is used with photometry. However, at fainter magnitudes the T value appears to be
resttictedby the lower limit. The limits of log 7 covered in FAST’s libraries is shown by the grey shaded region. The limits are set at 6.5 and 11 (log[7/yr]).
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Figure 15. The simulated log Specific Star Formation Rate of an elliptical galaxy as a function of magnitude and redshift. Fhe specific star formation rate sees
an improvement at brighter magnitudes, for redshifts 0.3, 0.5 and 0.7. This is expected as it matches the host-galaxy:mass,and star formation rate results, which

SSFR is a ratio of.
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Figure 16:Simulated metallicity of of an elliptical galaxy as a function of magnitude and redshift. In the fit, metallicity was constrained to be one of four values,
represented bysthe‘dashed lines. The precision slightly increases for most redshifts and magnitudes, but some of the fainter magnitudes have larger uncertainty
ranges. The possible values were 0.004, 0.008, 0.02, 0.05.



Measuring SN host-galaxy properties

r-band redshift | Template log(mass)  Phot log(mass)  Phot and spectroscopy Phot with Phot and spectroscopy
magnitude (log[mass/M]) log(mass) Systematic error ~ With systematic error
18 0.1 - 10.1910-28 10.2510-27 10.1910-30 10.251031
19 ol - 0.755 3% 985911 07958 985931
20 0.1 - 9.405%) 9.450-47 9.4053) 9.455-34
21 0.1 - 9.025-4% 9.055-07 9.029-5 9.053- 34
22 0.1 - 8.64572 8.655-C 8.645-%0 8.6551%
» o - 825343 82755 825553 82754
24 0.1 - 7.818-0 7.918:94 7.818-2 7.918:93
25 0.1 - 7.32]-8¢ 7.461-68 7.32]-8¢ 7.461-9)
18 0.3 11.46 11.43}1-33 11.451-3) 11431136 11.45}1-33
19 0.3 11.05 11.04}}:5 11.05{{-3 11.04{}:8$ 11.051)-43
20 03 10.65 10.65]0-76 10.65]0-71 10.65]0-78 10.65]0-12
21 03 *10.25]0-28 % 10.26{0-37 10.25{0:3) 10.2610-3 10.2510-33
22 0.3 9.85 9.885%%0 9.8550) 9.88)0,01 9.85523
23 0.3 9.44 9.529%¢ 9.485-%3 9.520% 9.489-5¢
24 0.3 9.04 9.1393¢ 9.149-28 9.1333] 9.143:2
25 0.3 8.64 8.685-28 8.76%2 8.685:29 8.765'%0
18 0.5 - 12.13}2-38 12.20{2-2¢ 12.1313-3 12.202-28
19 0.5 - 11.75]1-% 11.80}1-8¢ 11751197 11.80}1-88
0 0s - 1371 1140114 13713 R
21 0.5 - 10.99{4-49 11.00{4:08 10.99{1-20 11.0013:08
22 0.5 - 10.6210-81 10.6010-66 107621082 10.6010-68
23 0.5 - 10.28]0-48 10.2210-37 10281042 10.22]0-3%
24 0.5 - 9.9750,25 9.88,0:04 9.9745:2¢ 9.885%9
25 0.5 - 9.595%1° 9.55073 9.595%1° 9.555%9
s 07 : 1298135 1288238 12981303 128833
19 0.7 - 12.5812-67 12.4812-48 12.58/2-9 12.4812-34
20 0.7 - 12.18]2-30 12.082-%8 12.1812-31 12.0812-14
21 0.7 - 11.791-2 11.68, 108 11.791-% 11.68]1-73
22 0.7 - 11.4311-38 11:28]1-28 11.4311-3 11.2811-3
23 0.7 - 11.05}):2¢ 10.881)-03 11.05{}-23 10.8813-94
24 0.7 - 10.7010-96 10.5410-71 10.7040-97 10.5410-72
25 0.7 - 10°360%85 10.2210-43 10.360533 10.2210-3¢
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Table 3. The best-fit log(M. ) determined by FAST for an elliptical galaxy using photometry and 4MOST with photometry at various magnitudes and redshifts.
The log M, maximum is the 1-o upper limit on M, determined by FAST. Likewise, the log (M,) minimum is the 1-o lower limit. The ranges reported are
the 68th percentile ranges from FAST. A maximum.uncertainty was introduced for 4MOST objects with a signal-to-noise that does not reach 3, to prevent the
values from being unrealistically small. The first column shews our template values. The value at magnitude 21, z=0.3 (highlighted with stars) was calculated
as described in section 2.1. The remaining values'do not have an uncertainty as the values were extrapolated from the calculated value at magnitude 21. The last
two columns of the table show our results with a systematic error added in quadrature, based on the estimates reported by Pacifici et al. (2022).
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r-band redshift | Template log(mass)  Phot log(mass)  Phot and spectroscopy Phot with Phot and spectroscopy
magnitude (log[mass/M]) log(mass) Systematic error ~ With systematic error
18 0.1 - 10124926 10.2610-2¢ 10.120%.27 10.261032
19 ol - 972538 98658 0.7 9.86)%
0ol - 932318 9.463.2 9.3254] 9.463%
21 0.1 - 8.909-% 9.069°9 8.905-99 9.069 55
22 0.1 - 8.478:83 8.665-59 8.478:68 8.665 %
» o - 803822 8240 803324 82452
24 0.1 - 7.541-82 7.777% 7.541-83 7.775°%8
25 0.1 - 7.107-% 7.237-38 7.107-%9 7.231-8
18 0.3 11.46 11.38]-46 114144 11.38{]-38 11414137
19 0.3 10.95 10.981}-06 11.01}}:3} 10.981}-08 101139
20 0.3 10.55 10.580-98 10.6110-51 10.5810-68 10.61}0-¢7
21 0.3 *10.18]0-19 x 10.17]9-2 10.21}9-21 10.17}0-28 10.21}9-27
22 0.3 9.75 973988 9.8198 9.739% 9.81957
23 03 9.34 9.225-2 9.413:3¢ 9.229-33 9.415:39
24 0.3 8.93 8.733:99 8.93397 8.733:91 8.935.%%
25 0.3 8.54 8.275-8 8.398-43 8.275-8 8.398-%
18 0.5 - 12.07}2-33 12.0712-07 12.0712:17 12.0712-13
19 0.5 - 116713 11.67{1-61 11.67{1-7 11671173
20 0.5 - 11.27]133 11.27}1-27 11.2711-37 11.271133
21 05 - 10.8613%; 1087047 108610 10871033
22 0.5 - 10.4410-56 10.47}047 10744101 10.47;0-33
23 0.5 - 9.95)0:13 10.07,5%43 9.95)%44 10.073543
24 0.5 - 9.449-%9 9.62915 9.447-19 9.62073
25 0.5 - 8.975-4 9.089-3! 8.97044 9.085-32
18 0.7 - 12.60{2-6 12.62{2-62 12.60{2-68 12.6212-68
19 0.7 - 12.20}2-28 12.2212-7% 12.2012-28 12.22)2-28
007 - 11801158 .l 11801188 NEHE
21 0.7 - 11.40{]-45 142102 11.40{;-38 11.42{]-38
22 0.7 - 11.001}:%8 11:02}1-02 11.001}-49 11.02})-08
23 0.7 - 10.581)-70 10.61;0-82 10.58{0-71 10.6110-57
24 0.7 - 10.104%3! 10.21{0-2 10.10%:32 10.2115-31
25 0.7 - 9’54254 9.705-% 9.543:0¢ 9.705:%

Table 4. The same as Table 3 but for an Sc galaxy.
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