
RASTAI 2, 453–469 (2023) https://doi.org/10.1093/rasti/rzad036 
Advance Access publication 2023 August 16 

Using 4MOST to refine the measurement of galaxy properties: a case study 

of superno v a hosts 

J. Dumayne , 1 ‹ I. M. Hook, 1 S. C. Williams , 2 , 3 G. A. Lowes, 1 , 4 , 5 D. Head, 1 A. Fritz, 6 O. Graur , 7 , 8 

B. Holwerda , 9 A. Humphrey, 10 , 11 A. Milligan, 1 M. Nicholl, 12 B. F. Roukema 

13 , 14 and P. Wiseman 

15 

1 Physics Department, Lancaster University, Bailrigg, Lancaster LA1 4YB, UK 

2 Finnish Centre for Astronomy with ESO (FINCA), Quantum, Univeristy of Turku, Vesilinnantie 5, FI-20014 Turku, Finland 
3 Department of Physics and Astronomy, University of Turku, FI-20014 Turku, Finland 
4 EA Milne Centre for Astrophysics, Department of Physics and Mathematics, University of Hull, Hull, HU6 7RX, UK 

5 Centre of Excellence for Data Science, Artificial Intelligence and Modelling, University of Hull, Hull, HU6 7RX, UK 

6 OmegaLambdaTec GmbH, Lic htenbergstr aße 8, D-85748 Garching, Germany 
7 Institute of Cosmology and Gravitation, University of Portsmouth, Portsmouth PO1 3FX, UK 

8 Department of Astrophysics, American Museum of Natural History, Central Park West and 79th Street, New York, NY 10024, USA 

9 Department of Physics and Astronomy, University of Louisville, 102 Natural Science Building, Louisville, KY 40292, USA 

10 DTx – Digital Transformation CoLab, Building 1, Azur ́em Campus, University of Minho, P-4800-058 Guimar ̃ aes, Portugal 
11 Instituto de Astrof ́ısica e Ci ̂ encias do Espa c ¸o, Universidade do Porto, CAUP, Rua das Estrelas, P-4150-762 Porto, Portugal 
12 Astrophysics Research Centre, School of Mathematics and Physics, Queens University Belfast, Belfast BT7 1NN, UK 

13 Institute of Astronomy, Faculty of Physics, Astronomy and Informatics, Nicolaus Copernicus University, Grudziadzka 5, PL-87-100 Toru ́n, Poland 
14 Univ Lyon, Ens de Lyon, Univ Lyon1, CNRS, Centre de Rec herc he Astrophysique de Lyon UMR5574, F–69007, Lyon, France 
15 School of Physics and Astronomy, University of Southampton, Southampton SO17 1BJ, UK 

Accepted 2023 August 3. Received 2023 July 28; in original form 2023 March 14 

A B S T R A C T 

The Rubin Observatory’s 10-yr Le gac y Surv e y of Space and Time will observe near to 20 billion galaxies. For each galaxy the 
properties can be inferred. Approximately 10 

5 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 SN 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 standardizable 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 < z < 0.9 and 18 < r AB < 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 impro v ement of 
7 per cent 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. 
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 I N T RO D U C T I O N  

he 10-yr Le gac y Surv e y of Space and Time (LSST; LSST Science
ollaboration 2009 ) conducted by the Vera Rubin Observatory will 
bserve 20 billion galaxies over the 10-yr survey. 1 Similarly, the 4-
etre Multi-Object Spectroscopic Telescope (4MOST) will collect 

3 million spectra of galaxies. 2 Amongst these observed galaxies will 
e a large quantity of galaxies which host transients. Both of these
urv e ys will be carried out by next generation facilities. A previous
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arge surv e y, the Sloan Digital Sk y Surv e y, collected 1.5 million
alaxy spectra (e.g. York et al. 2000 ; Alam et al. 2015 ). The next
eneration surv e ys will allow the calculation of galaxy properties on
 larger scale than ever before. 

Since the early observational evidence that the Friedmannian scale 
actor of the Universe is accelerating and definiti ve e vidence via
upernovae Type Ia (SNe Ia, Riess et al. 1998 ; Perlmutter et al.
999 ), there have been many attempts to understand the cause of
he acceleration. Dark energy is often invoked as an explanation 
nd recent work in cosmology has focused on measuring the dark
nergy equation of state parameter, w (e.g. Garnavich et al. 1998 ;
colnic et al. 2018 ; Chen et al. 2022 ). A popular method uses
tandardized SNe Ia light curves, which allows SNe Ia to be used
. This is an Open Access article distributed under the terms of the Creative 
h permits unrestricted reuse, distribution, and reproduction in any medium, 
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3 The specifications for the Simonyi Survey Telescope can be found on the 
Rubin observatory website ( ht tps://www.lsst .org/about ). 
4 ht tps://www.lsst .org/about /t el-sit e/optical design 
5 ht tps://www.lsst .org/scientist s/keynumbers 
6 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 
( ht tps://www.4most.eu/cms/facilit y/overview/). 
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s distance indicators (e.g. Branch & Tammann 1992 ; Wood-Vasey
t al. 2008 ; Dhawan et al. 2023 ). The measured luminosity distances
nd redshifts of a sample of SNe Ia can therefore be used to constrain
he cosmological parameters, including w (Riess et al. 2004 , 2007 ;
owalski et al. 2008 ; Brout et al. 2022 ). 
For each SN observed by the Vera Rubin Observatory, it will

e possible to calculate the properties of the host galaxy using
pectral energy distribution (SED) fitting to multicolour photometric
easurements (e.g. Spinrad 1972 ; Conroy 2013 ; Kelsey et al.

020 ). Incorporating spectral information w ould f acilitate a more
ccurate calculation of host-galaxy properties. Childress et al. ( 2013 )
emonstrated the power of spectra observed by the Nearby Supernova
actory (Aldering et al. 2002 ) combined with ultraviolet (UV) from
ale x (Morrisse y et al. 2007 ). Ho we ver, for larger samples this will
ot be possible. An alternative to using SED fitting would be to use
achine learning. The Euclid Collaboration ( 2023 ) demonstrated

hat transfer learning is better at reco v ering galaxy properties than
ED fitting, when only broad-band photometry is used. In our work,
e consider spectra observed by 4MOST. 4MOST is ideally suited

o spectroscopy of large samples of SN host galaxies, due to its high
ultiplex. 
There are several reasons for wanting to obtain more precise host-

alaxy properties. The first is that host-galaxy properties correlate
ith the peak magnitude of SNe Ia (e.g. Kelly et al. 2010 ; Lampeitl

t al. 2010 ; Sulli v an et al. 2010 ), this is often called the ‘mass step’,
nd hence corrections need to be made in order to a v oid biases in
easurements of cosmological parameters. The second reason for
anting more precise host-galaxy properties is because there are

orrelations between SN classes and host-galaxy properties (e.g.
amuy et al. 2001 ; Galbany et al. 2014 ; Gagliano et al. 2021 ), which

an be used to aid classification of SNe. Additionally, measuring host-
alaxy properties with more precision will lead to a better constraint
n the V -band extinction of a galaxy (Tonry et al. 2003 ; Holwerda
008 ; Holwerda et al. 2015 ). Finally, impro v ed measurements of
ost-galaxy properties will lead to a more accurate measurement of
emographics of galaxies and the populations of transients within
hem. This will lead to a better understanding of the dependence of
ransient type on host-galaxy properties. 

The mass step is observed when the Hubble residual [the difference
etween the distance modulus to the SN and the predicted value
y a cosmological model at the SN’s redshift (e.g. Jha, Riess &
irshner 2007 ; Gallagher et al. 2008 ; Kelly et al. 2010 )] is plotted

s a function of the host-galaxy stellar mass ( M ∗). Observing the
ubble residual as a function of host-galaxy M ∗ shows that SNe Ia

n high-mass galaxies ( > 10 10 M �) are brighter than SNe Ia in low-
ass galaxies ( < 10 10 M �), after correction for stretch and colour

Childress et al. 2013 ). Empirical evidence has shown the mass step
ppears at approximately 10 10 M � (Sulli v an et al. 2010 ; Uddin et al.
017 ). Therefore a correction can be applied as a step function,
epending on which side of 10 10 M � the host galaxy’s M ∗ falls. 
A SN host galaxy’s M ∗ is not the only property that can lead to

 correction being applied to a SN. Gallagher et al. ( 2008 ) found
 correlation between the Hubble residual and metal abundance.
dditionally, Wolf et al. ( 2016 ) and Rigault et al. ( 2020 ) found a

orrelation between Hubble residual and specific star-formation rate
SFR). Briday et al. ( 2022 ) and Wiseman et al. ( 2023 ) demonstrate
tellar population age is the galaxy parameter that drives the step.

etallicity, SFR, and host-galaxy mass are linked, so these results are
o be expected (Speagle et al. 2014 ; Li et al. 2022 ). Brout & Scolnic
 2021 ) report that the mass step can be explained by introducing
 new SN colour model, by modelling different dust distributions.
any of these properties can be measured by fitting a combination
ASTAI 2, 453–469 (2023) 
f photometric and spectroscopic data of the host galaxies (Lower
t al. 2020 ; Jones, Stanway & Carnall 2022 ). 

Host-galaxy properties can also be used to aid the classification of
ransients, especially in cases where spectroscopy of the transient is
ot available (F ole y & Mandel 2013 ; P an et al. 2014 ). SNe Ia appear
ore frequently in star-forming galaxies than passive galaxies (e.g.
emler & Tinsley 1979 ; Botticella et al. 2017 ), with 10 times as
any SNe Ia appearing in strongly star-forming galaxies compared
ith passive galaxies (Sullivan et al. 2006 ). The work of Graur et al.

 2017a ) found that SNe Ia rates anticorrelate with the host-galaxy
ass. Their follow up work confirmed that SNe Ia are more common

n low-mass galaxies (Graur et al. 2017b ). Type Ia, Ib/c, and II SNe
re more common in late-stage spiral galaxies than early-stage spiral
alaxies (Mannucci et al. 2005 ). Type Ic SNe have host galaxies
ith high specific SFRs and low metallicities (Modjaz et al. 2020 ).
herefore by measuring the properties of host galaxies such as SFR,
e hope to be able to impro v e the classification of transients from
SST even when there is no transient spectrum available. 
The Vera C. Rubin Observatory is expected to begin collecting

bservations for LSST in 2025. The observatory will surv e y a large
ortion of the southern hemisphere. The main telescope of the Rubin
bservatory is the Simonyi Survey Telescope . The telescope has an
.4-m primary mirror, with the world’s largest CCD camera. 3 The
ubin Observatory will observe a 9.62 square-degree area of sky
t a single pointing, 4 with the entire surv e y co v ering ∼30 000 deg 2 

Ivezi ́c et al. 2019 ). The Wide Fast Deep surv e y, which is the primary
urv e y, will hav e a declination range of −65 to + 5 degrees (Marshall
t al. 2017 ), although it should be noted that the final surv e y design
as not been decided. The Rubin Observatory is expected to observe
bout 10 5 SNe Ia per year for 10 yr (Ivezi ́c & the LSST Science
ollaboration 2013 ), of which a total amount of approximately
12 000 will be suitable for cosmology (The LSST Dark Energy
cience Collaboration 2018 ). In this paper, we are concerned with
easurements of the host galaxies. In order to estimate the quality

f photometry from LSST, we assume the 10-yr, 5 σ surv e y depths
f the Wide Fast Deep survey, namely u = 26.1, g = 27.4, r = 27.5,
 = 26.8, z = 26.1, and y = 24.9 mag. 5 We use AB magnitudes
hroughout this paper. 

4MOST is a new high-multiplex, wide-field spectroscopic survey
acility under development for the 4-m VISTA telescope (de Jong
t al. 2019 ; Guiglion et al. 2019 ). 4MOST is due to begin operations
n 2024. It will be a fibre-fed spectrograph, with 2436 fibres in an
pproximately 4 square degree field-of-view. 6 Each fibre will have a
iameter of 1.45 arcsec. 7 A third of the fibres will be connected to a
igh-resolution spectrograph (HRS), with the remaining two-thirds
f fibres being connected to two low-resolution spectrographs (LRS).
he LRS will observe with a resolution of 5000 at a wavelength range
f 370–950 nm. The HRS will have a resolution of approximately
0 000 and will observe at 392.6–435.5, 516–573, and 610–679
m (de Jong et al. 2016 ). In a 5-yr surv e y 4MOST will be able
o co v er approximately 21,000 square-de grees of sk y, co v ering a
eclination range of −70 < dec < 5 degrees (Guiglion et al. ). This
eclination range has a significant o v erlap with LSST. During this

https://www.lsst.org/about
https://www.lsst.org/about/tel-site/optical_design
https://www.lsst.org/scientists/keynumbers
file:www.eso.org/sci/facilities/develop/instruments/4MOST.html#BasSpec
https://www.4most.eu/cms/facility/overview/
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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. 

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( τ ) [log( τ /yr)] 6.5–11 
log(age) [log(age/yr)] 8.0–9.8 
V-band extinction (A V ) 0.0–3.0 
Metallicity 0.004, 0.008, 0.02, 0.05 
Hubble constant (km s −1 Mpc −1 ) 70.0 
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urv e y approximately 20 million low-resolution and 3 million high- 
esolution spectra will be observed. 8 This assumes an exposure time 
f 2 h. The details of the 4MOST surv e y are still to be decided. 
The Time Domain Extragalactic Surv e y (TiDES) will carry out 

pectroscopic follow up of photometrically observed transients. 
iDES aims to collect 35 000 live transients and 50 000 host galaxy
bservations during the first 5 yr of 4MOST [Swann et al. 2019 ;
rohmaier et al. (in preparation)]. This approach has been used 
uccessfully by the Dark Energy Surv e y (DES). DES supplemented 
eep host-galaxy photometry (Wiseman et al. 2020 ) with fibre-fed 
pectroscopy from the Anglo-Australian Telescope (Lidman et al. 
020 ). 
This research aims to investigate the extent to which the precision 

f measuring a galaxy’s M ∗ can be impro v ed using 4MOST with
hotometry, compared with using photometry alone. This paper is 
rganized as follows. Section 2 presents our method of producing a 
arget spectrum, synthetic photometry, and synthetic 4MOST spectra. 
ection 3 shows the results obtained by this research, and Section 4
nalyses the results. Finally, we conclude in Section 5 . 

 M E T H O D  

s 4MOST and the Vera Rubin Observatory are not operational yet, 
e use simulated data. To assess both instruments’ ability to measure 
alaxy properties, we need to start with a spectrum of a galaxy with
alues of physical properties that we adopt as the ground truth for
his experiment. We use an example output spectrum of the Fitting 
ssessment of Synthetic Templates (FAST) SED fitting code (Kriek 

t al. 2009 ), which has associated M ∗, SFR, and other galaxy property
alues. In order to generate the target galaxy properties with which 
e can compare our results, we ran FAST for an initial pass (we

ater use FAST in a second pass to analyse the simulated 4MOST
utput). For this we gave FAST an input spectrum to fit. We used
he Kinney et al. ( 1996 ) elliptical template which is built into the
MOST Exposure Time Calculator (4MOST ETC). 9 In later stages 
f the work, we carry out the process with a Sc galaxy; ho we ver,
he initial results are obtained for the elliptical galaxy. We only used
n elliptical and an Sc galaxy. As elliptical galaxies have the least
mount of star formation (Kokusho et al. 2017 ), comparing this to
 star-forming spiral galaxy will allow us to test the most extreme
ituations. In the following section, we describe the workflow from 

he Kinney et al. spectrum to the template spectrum with known 
roperties. This also provides an overview of the method which will 
e elaborated in the remainder of Section 2 . 

.1 Producing a template spectrum 

e begin with the Kinney et al. ( 1996 ) elliptical spectrum redshifted
o 0.3, approximately the middle of the expected TiDES redshift 
ange. The Kinney et al. spectrum was used as it had the best
ignal-to-noise ratio and was readily available. The elliptical galaxy 
pectrum was normalized to r = 21 and an observation was simulated
sing the 4MOST ETC code (see Section 2.4 for the parameters as-
umed). The raw output from the 4MOST ETC and the corresponding
oise spectrum were processed to generate realistic-flux-calibrated 
 See footnote 6. 
 We used the internal PYTHON based 4MOST ETC; nonetheless, the public 
eb-based ETC provides the same results ( ht tps://et c.eso.org/observing/et c/ 

ourmost). 

T
s  

s  

1

pectra (see Section 2.4 for details). Synthetic photometry was also 
reated, and the process to do this is explained in Section 2.3 . 

The spectrum and photometry were then fit with F AST . F AST takes
 parameter file which defines the settings to be applied, as shown
n Table 1 . Once defined these are not changed. This initial run
hrough FAST produced a best-fit spectrum that acts as the template
hich later fitted-galaxy-property values are compared with. From 

his calculated value we could extrapolate additional target values 
or redshift = 0.3, by using the proportional relationship of log( M ∗)
nd magnitude. 

.2 FAST 

AST works by fitting stellar population synthesis templates to a 
pectrum and/or broad-band photometry. FAST then returns values 
or the galaxy properties of the best-fitting galaxy. The galaxy 
roperties FAST can calculate are: redshift, metallicity, stellar age, 
 -band extinction (A V ), M ∗, SFR, specific SFR, star-formation time-
cale ( τ ), and the ratio of age to star-formation time-scale. As
entioned previously, FAST takes a parameter file that defines the 

llowed ranges of each parameter o v er which it searches (relating
o FAST’s library of galaxy spectra). The chosen parameters can be
een in Table 1 . The best-fitting galaxy properties are found by taking
he median of the distribution of 10 000 runs of F AST . In each run
AST alters the photometry and/or spectral flux values within the 
orresponding error values. FAST then fits these new photometry 
alues in each run. After 10 000 runs, there is a range of calculated
alaxy property values. FAST then finds the upper and lower limits
hat contain 68 per cent of the data, to find the equi v alent (Gaussian
nterpretation) 1 σ uncertainty range for each galaxy property. FAST 

oes not use a minimum-searching algorithm, instead it fits every 
oint of the parameter space. 10 FAST was used for this project due
o its ability to fit both a spectrum and photometry. 

.3 Synthetic photometry 

he next stage of the simulations takes the noiseless-template 
pectrum (from Section 2.1 ) to produce synthetic photometry and a
pectrum as observed by 4MOST. During the work described in this
RASTAI 2, 453–469 (2023) 
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R

Figure 1. The top panel shows the throughput received, after passing through 
the atmosphere, filters, and detectors. The middle panel shows an example of 
the 4MOST spectra flux produced by the 4MOST 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 4MOST spectrum. The 
photometry uncertainties are also plotted; ho we v er, the y are smaller than the 
photometry symbol and so cannot be 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 
simulating a spectrum from 4MOST. The top plot is the best-fitting spectrum 

produced during the target stage. The middle plot is the target best-fitting 
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 object spectrum after it has been binned and combined into a 
single spectrum. 
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ection and Section 2.4 , we shifted the template to different redshifts
0.1 < z < 0.9) and normalized it to different desired magnitudes
n the range (18 < r < 25). We call these shifted target spectra.
or each case, the PYTHON package PYPHOT (version 1.0) was used

o calculate the flux within the filter bands u , g , r , i , z , and y . The
hroughput received after passing through the atmosphere, the filters
nd the detectors can be seen in Fig. 1 . PYPHOT calculates this by
ntegrating each template through the given filter bands. The Rubin
lters provided on the Vera Rubin Observatory’s website 11 are used
or this process, which we have added into both PYPHOT and F AST .
or each filter band, we calculate the 1 σ sky noise corresponding

o the 10-yr LSST depth, by scaling from the 5 σ depths given in
ection 1 , assuming that sky noise dominates the photometric error.
or each photometry point, we use the sky noise in the corresponding
lter as the photometric uncertainty, unless the sky noise is less than
 per cent of the flux, in which case we set the photometric error to be
 per cent of the flux. This ensures that we do not use unrealistically
mall photometry errors. 

.4 Simulated 4MOST spectra 

he template spectrum is redshifted and magnitude normalized to
ach of the required values, then input into the 4FS ETC. The 4FS
TC is a software tool that estimates what 4MOST would see with
pecific observing conditions given an input spectrum with a specific
agnitude. We use version 2.04. of the 4FS ETC. There is a newer

ersion of the 4FS ETC which was released during the process of
ASTAI 2, 453–469 (2023) 

1 ht tps://www.lsst .org/scientist s/keynumbers 

a  

p  

(  
his work, version 2.2. The newer version produces additional outputs
ompared to version 2.04. (which we do not use). The outputs used
rom version 2.04 were compared to the equi v alent output from
ersion 2.2. and found to be identical. The observing conditions
ere kept constant during this study. The 4FS ETC was set to have

n airmass of 1.2, seeing of 0.8 arcsec, and a dark moon. We use
n exposure time of 2 h. Later in the process, we allow for the fact
hat brighter objects will be remo v ed from the observing queue after
eaching the spectral success criterion (see the final paragraph in this
ection). 

The 4FS ETC v2.04. produces: spectrograph gain (electrons/adu),
arget signal count (electrons), sky background count (electrons),
CD dark current (electrons), CCD readout noise (electrons), noise
ount (electrons), efficiency (electrons/photon), and spectral bin
idth (nanometre). All of these are produced as a spectrum with
avelength units of nanometre, which we convert to the units of

ngstrom. We will call the target-signal-count spectrum ‘object
pectrum’, to prevent confusion with our shifted target spectrum.
he object spectra are produced separately for blue, green, and red
avelength ranges corresponding to the three arms of the 4MOST

pectrograph. The top and middle panel of Fig. 2 show examples of
nput and output of the 4FS ETC. 

To mimic flux calibration we multiplied each object spectrum by
he corresponding gain, and then divided by the instrument response
unction. In the absence of simulated-spectral-standard stars we
etermined the response function using the shifted target spectrum
tself, as shown as follows: 

es ( λi ) = 

obj ( λi ) .g( λi ) 

targ ( λi ) .t exp 
(1) 

here res( λi ) is the response at the wavelength of the i th pixel,
bj( λi ) is the object spectrum, t exp is exposure time, g is gain at
ach wavelength value, and targ( λi ) is the shifted target spectrum
efore it was input into the ETC. This ef fecti vely assumes perfect
ux calibration. In practice, we expect 4MOST to produce relative
ux calibration (which is what is important to this application),
nd absolute calibration will be provided by comparison to LSST
hotometry. The object spectra produced by the ETC are noiseless
ho we ver the ETC also produces noise values for each wavelength
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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. 
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alue). A calibrated noise spectrum is calculated for each of the three
avelength ranges by dividing the noise values for each wavelength 
y its corresponding response value. 
To calculate the galaxy’s properties using F AST , the three sec-

ions of each object spectrum and calibrated noise spectrum must 
e combined into a continuous spectrum. Since the three arms of
MOST have different wavelength binning, a binning function is 
sed to place all three sections on a re gular wav elength step of 3
. This binning process is also applied to the weight spectra. The
eight spectrum, w( λj ), is defined as follows: 

( λj ) = 

(
n ( λj ) 

res ( λj ) 

)−2 

(2) 

here n ( λj ) is the noise spectrum and all spectra are defined on
he new wavelength spacing, λj . The weighting function ensures the 
xtreme start and end values of a spectrum are given less weighting,
here the throughput of the instrument is small. The weighting 

unction was then applied to combine the spectra in the regions, 
here the spectra o v erlap through a weighted average, i.e. 

 ( λj ) = 

w 1 ( λj ) . obj 1 ( λj ) .g 1 ( λj ) + w 2 ( λj ) . obj 2 ( λj ) .g 2 ( λj ) 

w 1 ( λj ) + w 2 ( λj ) 
(3) 

here f ( λj ) is the final combined flux, obj 1 and obj 2 are the two
pectra to be joined, w 1 and w 2 are their corresponding weight 
pectra, and g 1 and g 2 are their corresponding gain spectra. The error
alues in the o v erlap section are summed in quadrature to produce a
ingle continuous error spectrum. An example of the final combined 
pectrum is shown in the bottom panel of Fig. 2 . 

Once the photometry and 4MOST spectrum have been produced, 
long with their corresponding values, they are input into FAST for
he main comparison between photometry only (referred to from here 
n as ‘phot’) and photometry with 4MOST spectra (referred to from
ere on as ‘phot + 4MOST’). An example of the input is shown in
ig. 1 . One version of results was produced from inputting the phot in

o FAST and another version of results was produced by inputting the
hot + 4MOST. A flowchart of the process can be seen in Fig. 3 . The
hotometry and spectrum input into F AST , compared with the best-fit
roduced by FAST can be seen in Fig. 4 . To account for bright objects
eing remo v ed from the queue we assumed an uncertainty floor. An
ncertainty cannot be smaller than what has been observed when a
alaxy reaches a signal-to-noise of 3. When an object reaches this
alue it is remo v ed from 4MOST’s observing queue. The magnitude
or each galaxy type to reach the signal-to-noise criteria, for each
edshift, was measured. For each galaxy property calculated from 

pectra, the recorded uncertainty at this magnitude was applied to all
righter objects of the same redshift. 

 RESULTS  

e are interested in the values FAST calculated for galaxy M ∗, as this
roperty has been found to correlate with SN properties. The results
or galaxy M ∗ can be seen in Fig. 5 and Table A1 in the Appendix.
he results for the template spectrum, simulated photometry and 
imulated spectroscopy at magnitude 21 and redshift 0.3, agree 
ithin the 68 percentile confidence ranges reported by F AST . This
ives us confidence in the fitting process. The results show that for
alaxies with r = 22 mag and brighter, combining Rubin photometry
nd 4MOST spectroscopy reduces the uncertainty around the best- 
tting measurement of a galaxy’s M ∗ by 49–95 per cent than when
sing phot. There is also an impro v ement at magnitudes 23–25;
o we ver, the improvement is not as significant. 
At fixed redshift the best-fitting log ( M ∗) drops linearly as the

pparent magnitude of the fitted galaxy increases, as shown in 
ig. 5 . This is expected as FAST models the brightness of a
alaxy as being proportional to the M ∗ of the galaxy for a given
tellar population. The best-fitting galaxy parameters are calculated 
ased on a multidimensional search with each of FAST’s galaxy 
arameters. We find that at brighter magnitudes ( r ≤ 22) some of
he mass uncertainties reported by FAST are exactly zero, which is
nrealistic. We believe that this is because the space between models
RASTAI 2, 453–469 (2023) 
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Figure 5. Derived log( M ∗) as a function of magnitude for LSST phot (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 systematic uncertainty 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 impro v ed for 
phot + 4MOST, compared with using phot. 
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n galaxy parameter space contained within FAST is not fine enough
or FAST to find another model, within the 68-per cent confidence
f the best-fitting mass, with the small uncertainties provided by
MOST. 
The results for the Sc galaxy can be seen in Fig. 6 and Table A2 (in

he Appendix). The results are comparable with the elliptical galaxy.
hot + 4MOST reduces the uncertainty for magnitudes ≤ 22 by
9–95 per cent, whilst at magnitudes fainter than 22 the uncertainty
s reduced by 8–68 per cent. The slope of the M ∗ for each redshift is
ifferent for a Sc galaxy than the slope for the elliptical galaxy. This
s due to other parameters within FAST finding dif ferent v alues for
ach galaxy, thus changing the mass slopes by a small amount. 

A recent publication by Pacifici et al. ( 2023 ) reported on a
ystematic uncertainty when using SED fitting to measure galaxy
roperties. They reported on a systematic uncertainty which accounts
or differences in SED fitting, as well as differences in model
arameter assumptions. The y e xplored a wide range of SED fitting
odes, but did not analyse F AST . We used their median systematic
alues o v er all SED codes for mass (0.12 de x), SFR (0.27 de x),
nd V -band extinction (0.27 dex). These systematic values were
ASTAI 2, 453–469 (2023) 
dded in quadrature to our uncertainties calculated from F AST .
e have presented these results alongside our own. If a systematic

ncertainty specifically for FAST is found in future studies then we
an implement it. 

Figs 7 and 8 show the uncertainty measurements on log ( M ∗) for
ach of the simulated magnitudes and redshift for the elliptical and
c, respectively. At all simulated redshifts and magnitudes there is an

mpro v ement to the precision of the measured host-galaxy M ∗. We
ompare the uncertainties with and without the inclusion of spec-
roscopy. We see an impro v ement when spectroscopy is included at
ll simulated magnitudes and redshifts. A dashed black line across the
lot represents the locus of points where log ( mass / M �) = 10. This
as found using Fig. 5 and reading off the magnitude and redshift of a
0 10 M � galaxy on each subplot. Note that the photometry values are
alculated using the 10-yr LSST depth. 4MOST spectroscopy will
roduce considerably better results than the intermediate photometry,
ntil LSST reaches the 10th year of the surv e y. 
In addition to the impro v ement to the precision of host-galaxy
ass, all other galaxy parameters saw an impro v ement for phot
 4MOST compared with phot. The results for an elliptical host-
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Figure 6. The same as Fig. 5 but for a Sc galaxy. It can be seen that at all simulated redshifts and magnitudes the precision of the calculated galaxy mass is 
significantly impro v ed for phot + 4MOST, compared with using phot. 
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alaxy SFR can be seen in Fig. 9 . There is a clear impro v ement for
ll magnitudes brighter than 23, and for redshifts 0.3, 0.5, and 0.7.
o we ver, at fainter magnitudes the uncertainty for phot + 4MOST

s a similar size to the phot results. This is also true for redshift
.1. A value for the impro v ement to star-formation-rate uncertainties 
s difficult to calculate because for phot the lower value often hits
AST’s lower limit of −99. At redshift 0.1 the uncertainty for phot
 4MOST is unconstrained due to a lack of models matching our

alaxy in this parameter space. For the Sc galaxy we found that FAST
ad difficulties measuring the SFR from emission lines. 

Uncertainties in age see impro v ements at all simulated redshifts
nd magnitudes. The results for this can be seen in Fig. 10 . For
hot + 4MOST, the uncertainty on the measurement of age was 
educed by 56–86 per cent for magnitudes ≤ 22, while at magnitudes 
ainter than 22 the uncertainty was reduced by 6–77 per cent. The
mpro v ements to age could pro v e to be a crucial detail that 4MOST
pectra will be able to provide when calculating galaxy properties. 
tellar absorption features are an indication of age, most notably the 
ydrogen Balmer lines (Serra & Trager 2007 ), which photometry is
ot able to capture (Salim et al. 2007 ). 
SFR and host-galaxy mass are the most commonly used parame- 

ers when making corrections in SNe cosmology. Ho we ver, all of the
alaxy properties studied here may be of interest in the future because
t is still unknown which galaxy parameters drive the correlations 
ith SN properties. The work of Gupta et al. ( 2011 ) found that after
ight-curv e corrections o v erluminous SNe Ia tend to occur in older
tellar populations. The work of Rose et al. ( 2021 ) found including
ge as a parameter impro v ed the ability to standardize SNe Ia. The
esults of the study of the remaining galaxy properties calculated 
y FAST can be seen in the Appendix. The impro v ed precision of
alaxy property measurements could pro v e to be useful in the future
t breaking degeneracies for SNe host-galaxy properties, such as 
ge and metallicity (Worthey 1994 ; Walcher et al. 2011 ). The key
ddition that 4MOST will provide is a large quantity of spectra with
his level of quality. One limitation of our results is that FAST does
ot capture all of the information that a spectrum contains, such as
mission lines. TiDES will be able to make direct measurements of
mission lines, without fitting templates. F or e xample, the H-alpha
ine will provide a further indication of SFR. 

 DI SCUSSI ON  

ur work has shown that SNe host-galaxy M ∗ can be measured more
recisely when 4MOST and the Vera Rubin Observatory are used 
ogether, compared with the Rubin Observatory alone. We expect 
o be able to impro v e the mass step correction by reducing the
ncertainty as to which side of the 10 10 -M � line a SN host galaxy
elongs. 
RASTAI 2, 453–469 (2023) 
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Figure 7. A comparison of the uncertainty on log(mass/M �) for 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 phot 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 10 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. 

Figure 8. The same as Fig. 7 but for a Sc galaxy. 
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To quantify the extent of the improvement we have used the
uperno va Le gac y Surv e y (SNLS) third year data set (Balland et al.
009 ), used by Sulli v an et al. ( 2010 ), and the DES third year data
Smith et al. 2020 ) to create a mass redshift distribution. While
ewer data sets could also have been used, these two data sets
ASTAI 2, 453–469 (2023) 
ontain host-galaxy magnitudes and are sufficient to demonstrate
ur impro v ements in estimates of the host-galaxy mass. The SNLS
nd DES third year data was readily accessible and large enough to
emonstrate the effect of our results. Balland et al. report magnitudes
f each of their SNe host galaxies in i band. Since our uncertainties
orrespond to r -band magnitudes, a conversion was required. To
alculate the conversion, we used the inte grated flux es of our shifted
arget spectra through the r and i pass band (see Section 2.3 ) to
etermine the colour as a function of redshift. We did this for the
lliptical galaxy template, used in the analysis presented up to this
oint, and also a Sc galaxy template. For each SNe in Balland et al.
e assigned a host-galaxy type at random, weighted by the rates at
hich SNe Ia appear in elliptical and Sc galaxies, as provided by
akobyan et al. ( 2012 ). The i -band magnitudes for the Balland et al.
Ne host galaxy are converted to r band using the colours calculated
or the assigned galaxy type. The r -band magnitude of each galaxy
as then rounded to the nearest integer value. The DES data provided
 -band magnitudes so did not need any additional work. Each host
alaxy was assigned mass uncertainties corresponding to its redshift
nd r -band magnitude bins, as previously shown in Figs 5 and 6 .
ass uncertainties were assigned for phot and phot + 4MOST, to

nable a comparison. Host galaxies with redshift of 0.8 or greater
ere remo v ed and an y galaxies with r -band magnitudes greater than
5.5 were also remo v ed. Host galaxies at higher redshifts and fainter
agnitudes could not be used as the uncertainties start to increase

apidly for both LSST and 4MOST. A separate study of deep fields
ould be needed to determine the performance of our techniques for

he faintest host galaxies. 
After the cuts, we were left with a sample of 310 host galaxies.

he results can be seen in Fig. 11 , where the top panel shows the host
alaxies with the uncertainty produced from the phot. The bottom
anel shows the host galaxies with the uncertainty produced by phot
 4MOST. The black dashed line on both plots is 10 10 (mass/M �),

he divide for the mass step. With the photometry uncertainty values,
5 of the host galaxies cross the mass step line, making it unclear
hich correction term would need to be applied. With the uncertainty
alues from phot + 4MOST, 13 host galaxies cross the mass step
ine. This results in a 7-per cent impro v ement of SNe having the
rue correction applied. This shows that the uncertainty produced
y phot + 4MOST would lead to a more accurate correction being
pplied than if only the photometry is used. It should be noted that we
ave assumed all host galaxies have spectra observed by 4MOST.
he TiDES-Hosts sub-surv e y aims to capture spectra of SNe host
alaxies, for which live observations were not captured Swann et al.
 2019 ). This will result in a significant number of SN host galaxies
aving spectra, which we will be able to select for when using results
rom 4MOST. 

We find on average our photometry mass uncertainty ranges are
arger than those observed by Sulli v an et al. ( 2010 ). This is to be
xpected as Sulli v an et al. incorporates near-infrared (NIR) filters
 J , H , and K s ) with photometry to measure a galaxy’s mass. At
agnitude 20, the SNLS data have an average mass uncertainty size

f 0.12 dex, whilst our photometry uncertainty has a size of 0.19 dex.
he phot + 4MOST uncertainty for magnitude 20 has a size of 0.08
ex. This further shows the impro v ement that 4MOST will enable. A
imilar trend occurs for magnitudes 21 and 22, with phot + 4MOST
aving a smaller uncertainty range than SNLS and phot only having
 larger range. Ho we v er, at magnitude 23 and be yond, the 4MOST
ncertainties become larger than the SNLS values (SNLS: 0.1 dex,
hot: 0.68 dex, and phot + 4MOST: 0.34 dex). Once again this is
xpected, as magnitude 23 is when the signal-to-noise for 4MOST
ecomes larger. 
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Figure 9. The simulated log SFR of an elliptical galaxy as a function of magnitude and redshift. The symbols and colours are the same as used in Fig. 5 . There 
is a clear impro v ement when phot + 4MOST is used, compared with when phot is used. This is true for all magnitudes brighter than 23, and redshifts 0.3, 0.5, 
and 0.7. Ho we ver, at fainter magnitudes the uncertainty for phot + 4MOST is a similar size to the phot results. This is also true for redshift 0.1. A value for the 
impro v ement to star-formation-rate uncertainties is difficult to calculate as with phot the lower value often hits FAST’s lower limit of −99. 
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A recent study by Galbany et al. ( 2022 ) discussed aperture
orrections to counteract effects caused by fixed-aperture fibre 
pectroscopy on host-galaxy correlations, such as the mass step. 
n this work, we have ef fecti vely assumed that the magnitude of
ur host galaxies corresponds to the light which entered a 4MOST
bre. Using the galaxy catalogue published by Karachentsev et al. 
 2004 ), we randomly selected several galaxies to calculate their size.

e calculated a range of sizes between 2.48 and 53.10 arcsec. We
reviously stated that each 4MOST fibre will have a diameter of 1.45
rcsec. As we selected objects randomly, there may be smaller and 
arger galaxies within the catalogue. This catalogue of galaxies only 
ontained objects at redshift < 0.02. When we have access to real
mages from LSST we will be able to calculate the amount of light
oing down each fibre, and therefore apply aperture corrections. 

.1 Analysing the effect of our work to cosmology 

e now estimate the impact of our results on measurements of cos-
ological parameters. We investigated this by exploring the impact 

ur results would have on the measurement of w . Measurements of
 are sensitive to small changes in distance modulus; a 2-per cent
hange in w corresponds to a change in distance modulus of only
.6 millimagnitudes at z = 0.3 (assuming a flat Lambda cold dark
atter cosmology and all other parameters remain constant). We 
im to determine how much our changes of mass uncertainties can
mpro v e scatter around the best-fit of the distance–redshift relation.

e parametrize this using the root mean squared (RMS) scatter of
he data points around the Hubble residual = 0 line. 

We calculated the Hubble residual of the corresponding SN for 
ach of our host galaxies in Fig. 11 which appear in the Pantheon
ompilation (Scolnic et al. 2022 ), leaving us with 286 objects. The
ubble residual was calculated using a modified version of the Tripp

ormula (Tripp 1998 ), presented by Brout et al. ( 2019 ), as shown as
ollows: 

ubble Residual = m B , fix − distance modulus ( z) (4) 

here m B , fix = ( m B + αx 1 − βc) − M B, SNIa (5) 

here m B is the peak apparent magnitude in the rest frame B band.
 B , SNIa is the mean absolute magnitude. This value was not provided

n the Pantheon + paper so we calculated it from the weighted
verage of the m b corr column (from Pantheon) minus the distance
odulus, weighted with the MU SHOES ERR DIAG column (from 

antheon). α and β are correlation coefficients of x 1 and c . The
alues for m B , x 1 , and c were taken from the Pantheon data set.
he values for α and β were set as 0.1533 and 3.44, respectively
RASTAI 2, 453–469 (2023) 
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Figure 10. Simulated log age of an elliptical galaxy as a function of magnitude and redshift. The precision increases drastically when phot + 4MOST is 
used, compared with phot. 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]). 
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taken from Brout et al. 2022 ). The distance modulus was calculated
sing the distmod function in the PYTHON module ASTROPY . We
hen calculated the probability of an object appearing either side of
he 10 10 (mass/M �) line using Gaussian uncertainties, assuming our
 σ values from F AST , centred on our best-fitting M ∗ values. This
as repeated using our photometry uncertainties, and again for the
hot + 4MOST uncertainties. We used the distance of each galaxy
rom the 10 10 (mass/M �) line and a Gaussian probability distribution
o assign a probability of each host galaxy crossing the line. Each
alaxy was then randomly assigned a right/wrong classification term,
eighted by the probabilities, for a galaxy to be given the right or
rong correction term. The host galaxies with M ∗ < 10 10 M � were

ssigned a correction of −0.0265 mag (taken from Brout et al.)
hilst galaxies with M ∗ > = 10 10 M � were assigned a correction
f 0.0265 mag. This occurred for galaxies which were assigned the
right’ correction term, else the y were giv en the opposite correction
alue. Note that for simplicity we assumed a step function, whereas
rout et al. assumed an exponential, as described in Brout & Scolnic
 2021 ), which is almost identical. 

This is illustrated in Fig. 12 . As expected only those host galaxies
losest to the 10 10 -M � line are affected. When the phot uncertainty
s used to assign the mass correction, more points are assigned the
rong correction than when the phot + 4MOST uncertainties are
sed. In the figure, when the two corrections disagree the orange
ASTAI 2, 453–469 (2023) 
ircles can be seen. When the corrections agree, the orange circles
re obscured by the blue squares. 

To quantify the effect of the different corrections we calculated the
MS around the Hubble residual = 0 line. With no mass correction
pplied an RMS of 0.1752 mag was measured. When the mass
orrection calculated from the phot uncertainties were applied an
MS of 0.1720 mag was calculated. Finally, when the phot +
MOST uncertainties were used to apply the mass correction, an
MS of 0.1715 mag was calculated. This is only a small impro v ement
ut represents the minimum impro v ement that 4MOST will be able
o achieve to the mass correction. The SNe in our sample were
aken from DES and SNLS, which observed each SN host galaxy
ith photometry. Hence, there could be ingrained uncertainty as to
hich side of the 10 10 -M � mass line the host galaxy should be. To

ccount for this we altered the way the mass correction is applied.
s before, we assigned a right/wrong binary classification to decide

f a galaxy should be given the right or wrong correction. We again
sed the Gaussian errors from phot and phot + 4MOST to assign
he right/wrong classification. We then applied a correction based
n the sign of the Hubble residual. All galaxies with a Hubble
esidual > 0 were given a correction of −0.0265 mag and all
alaxies with a Hubble residual < 0 were assigned a correction
f 0.0265 mag. The same as the mass-based correction, galaxies
ssigned with the ‘right’ correction term were given these corrections,
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Figure 11. The mass-redshift distribution graph is created with our uncer- 
tainties. The SNe were taken from the SNLS third year data set and the DES 
third 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 10 (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. 
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Figure 12. A diagram to illustrate the effect of the impro v ed precision 
of galaxy stellar mass on Hubble residual. For each object in our selected 
sample 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 phot and phot + 4MOST are the same. 
The orange circles are visible when different corrections have been applied, 
otherwise the blue squares obscure them. As expected, near the 10 10 -M �
line it is more common to have disagreements between the correction terms 
applied. See Section 4.1 for more detail. 

Table 2. The calculated RMS scatter values from three cor- 
rections: 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 10 10 -M � mass 
line a SN’s host galaxy appears. These values are the minimum 

impro v ement 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 = 0 line is again measured. 
The second column also represents the maximum possible 
impro v ement. From these values, we estimate the impro v ement 
to the RMS is between 0.0005 and 0.001 mag. 

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 
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lse they were given the opposite correction value. The RMS was 
alculated again and found to be 0.1577 mag when the correction 
as applied using photometry uncertainties. The RMS was found to 
e 0.1566 mag when phot + 4MOST uncertainties were used. This
epresents the best impro v ement 4MOST will be able to accomplish.
ll of the RMS results are summarized in Table 2 . We estimate

he impro v ement to the RMS is between 0.0005–0.001 mag, which
n the best case scenario would result in a 2-per cent impro v ement
o the measurement uncertainty of w . We recognize that this is not
ignificant to zeroth order, when calculating the mass step correction 
n this way. Ho we ver, it is possible that such effects might be
mportant when considering changes in w with redshift (for example 
n w 0 − w a models), due to evolution of the host-galaxy population 
ith redshift. We have not studied this effect. 
The results from our research will also be used to understand 

hether impro v ed galaxy properties can aid classification of SNe Ia.
o do this, further research will be undertaken using the machine 

earning algorithm SuperNNova (M ̈oller & de Boissi ̀e re 2019 ) and
 simulated catalogue of SNe light curves, with host-galaxy M ∗,
eveloped by Vincenzi et al. ( 2019 ). In addition, the results from
ur research can be impro v ed with the addition of data from future
nstruments. ESA’s Euclid satellite (Laureijs et al. 2011 ) will provide
IR photometry for billions of galaxies o v er a wide area of the sky,

nd is due to launch in 2023. The ULTRASAT satellite will provide
he first wide-field ultraviolet time-domain sky survey and is due to
aunch in 2026 (Ben-Ami et al. 2022 ). We expect using Euclid NIR
hotometry and ULTRASAT UV images, together with 4MOST and 
SST data, will significantly impro v e the estimation of stellar mass
nd other galaxy properties. 
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 C O N C L U S I O N S  

e have shown that 4MOST can work in conjunction with imaging
elescopes, such as the Vera Rubin Observatory, to calculate galaxy
roperties more precisely than those derived from phot. This was
n expected result which we have now quantified. Our results are
ummarized as follows: 

(i) For elliptical galaxies with brighter magnitudes ( r ≤ 22) the
ncertainty for a galaxy’s log ( M ∗) is 49- to 95-per cent smaller when
hot + 4MOST is used, compared with that derived from phot. The
ange of impro v ements depends on the magnitude and redshift. 

(ii) At fainter magnitudes ( r ≥ 23) the M ∗ uncertainty is 24- to
1-per cent smaller for phot + 4MOST, compared with phot. The
ange depends on magnitude and redshift, with more impro v ements
een for brighter galaxies. 

(iii) We see similar impro v ements to the precision of Sc host-
alaxy masses, when adding 4MOST spectroscopy. 

(iv) We applied our uncertainties derived from FAST to real SNe
ost-galaxy masses. The smaller uncertainties produced when adding
MOST spectroscop y mak e it easier to distinguish which side of the
0 10 (M �) line a host galaxy falls. This has implications for applying
he correct mass step corrections in cosmological analysis. 

(v) Other galaxy properties see a significant impro v ement in
ncertainties, including: SFR, age, V -band extinction, metallicity,
pecific SFR, and star-formation time-scale. 

(vi) Whilst there is not as significant an impro v ement to the
recision of a galaxy’s metallicity, there is still an impro v ement
t most simulated magnitudes and redshifts. 

The correlations between SNe Ia peak brightness and host-galaxy
roperties are one of the main systematic effects in SNe Ia cosmology.
he impro v ed galaxy property measurements from 4MOST and
ubin have the potential to impro v e the corrections used in SN
osmology. We have chosen to focus on the host-galaxy mass and
he implications to the mass step, but a deeper investigation could be
arried out with all of the galaxy properties. The galaxy-property
recision impro v ements come from the fact that spectra contain
ignificantly more information than photometry, which leads to the
reaking of degeneracies. We expect that information in the host-
alaxy spectrum will also aid photometric classification of transients.
ith 4MOST beginning operations in late 2024 and the Vera Rubin
bservatory beginning operations in 2025, we are about to enter an

xciting period of SNe study. 
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PPENDI X  A  

dditional galaxy parameters were investigated to observe the effect 
ur method could have on the measured uncertainty. Uncertainties 
n V -band extinction see improvements at all simulated redshifts and

agnitudes. The results for this can be seen in Fig. A1 . The uncertain-
ies measured on the V -band extinction value were reduced by 51–
5 per cent for magnitudes ≤ 22 when using phot + 4MOST, whilst
t fainter magnitudes there is a reduction to the uncertainties of 18–
7 per cent. The star-formation time-scale ( τ ) sees an impro v ement to
ts uncertainty at all simulated magnitudes and redshifts. For phot +
MOST, the uncertainty on the measurement of star-formation time- 
cale was reduced by 11–77 per cent for magnitudes ≤ 22. Whilst
t magnitudes fainter than 22 the uncertainty was reduced by 3–
9 per cent. We found that at magnitudes 24 and 25 the uncertainty
ange is constricted by the lower limit possible within F AST . The
esults for SFR time-scale can be seen in Fig. A2 . We found that
he τ parameter uncertainty range can hit the lower limit of τ values
vailable within FAST’s libraries. We found the τ uncertainty would 
it the lower limit for magnitude 25 for all simulated redshifts. It
lso occurred with magnitude 24 for z = 0.1, 0.3, and 0.5. The lower
imit restriction could prevent the fit from reaching the true value
f other galaxy parameters. Ho we ver, as this only happens at the
aintest magnitudes it is not a major concern to this study and could
e investigated further in a study of deep fields. 
The measurement of specific SFR sees an impro v ement at brighter
agnitudes, aside from redshift 0.1, but this is expected as it is a

atio of host-galaxy mass and SFR. The specific SFR results can be
een in Fig. A3 . Metallicity sees an impro v ement at most simulated
agnitudes and redshifts when 4MOST spectroscopy is used. At 
agnitudes ≤ 22 there is a reduction in uncertainty of 9–37 per cent.
o we ver, at magnitudes 24 and 25 the uncertainties are the same

ize or even larger than when only photometry is used. Our template
s a bright galaxy which has been magnitude normalized to fainter

agnitudes. As we are calculating many parameters at the same time,
t is possible that FAST does not co v er the parameter space for this
rtificial combination of properties. The results for metallicity can 
e seen in Fig. A4 . 
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Figure A1. 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 gre y-shaded re gion. The limits 
are set at 0 magnitude and 3 magnitude. 

Figure A2. The simulated log (star-formation time-scale) results of an elliptical galaxy as a function of magnitude and redshift. The precision of the value is 
drastically impro v ed at all simulated magnitudes and redshifts when 4MOST is used with photometry. Ho we ver, at fainter magnitudes the τ v alue appears to be 
restricted by the lower limit. The limits of log τ co v ered in FAST’s libraries are shown by the grey-shaded region. The limits are set at 6.5 and 11 (log[ τ /yr]). 
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Figure A3. The simulated log Specific SFR of an elliptical galaxy as a function of magnitude and redshift. The specific SFR sees an impro v ement at brighter 
magnitudes, for redshifts 0.3, 0.5 and 0.7. This is expected as it matches the host-galaxy mass and SFR results, which SSFR is a ratio of. 

Figure A4. Simulated metallicity of an elliptical galaxy as a function of magnitude and redshift. In the fit, metallicity was constrained to be one of four values, 
represented by the 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, and 0.05. 
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Table A1. The best-fitting 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 σ upper limit on M ∗ determined by F AST . Likewise, the log( M ∗) minimum is the 1 σ lower limit. The 
ranges reported are the 68th percentile ranges from F AST . 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 shows 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. ( 2023 ). 

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 . 19 10 . 28 
10 . 11 10 . 25 10 . 27 

10 . 22 10 . 19 10 . 30 
10 . 09 10 . 25 10 . 31 

10 . 18 

19 0.1 – 9 . 79 9 . 88 
9 . 71 9 . 85 9 . 87 

9 . 82 9 . 79 9 . 90 
9 . 69 9 . 85 9 . 91 

9 . 78 

20 0.1 – 9 . 40 9 . 49 
9 . 32 9 . 45 9 . 47 

9 . 42 9 . 40 9 . 51 
9 . 32 9 . 45 9 . 51 

9 . 38 

21 0.1 – 9 . 02 9 . 14 
8 . 92 9 . 05 9 . 07 

9 . 02 9 . 02 9 . 15 
8 . 90 9 . 05 9 . 11 

8 . 98 

22 0.1 – 8 . 64 8 . 79 
8 . 53 8 . 65 8 . 67 

8 . 62 8 . 64 8 . 80 
8 . 51 8 . 65 8 . 71 

8 . 58 

23 0.1 – 8 . 25 8 . 42 
8 . 09 8 . 27 8 . 43 

8 . 21 8 . 25 8 . 43 
8 . 08 8 . 27 8 . 44 

8 . 19 

24 0.1 – 7 . 81 8 . 05 
7 . 52 7 . 91 8 . 04 

7 . 77 7 . 81 8 . 06 
7 . 51 7 . 91 8 . 05 

7 . 76 

25 0.1 – 7 . 32 7 . 86 
6 . 89 7 . 46 7 . 68 

7 . 18 7 . 32 7 . 86 
6 . 89 7 . 46 7 . 69 

7 . 17 

18 0.3 11.46 11 . 43 11 . 55 
11 . 37 11 . 45 11 . 51 

11 . 42 11 . 43 11 . 56 
11 . 35 11 . 45 11 . 53 

11 . 38 

19 0.3 11.05 11 . 04 11 . 15 
10 . 96 11 . 05 11 . 11 

11 . 02 11 . 04 11 . 16 
10 . 94 11 . 05 11 . 13 

10 . 98 

20 0.3 10.65 10 . 65 10 . 76 
10 . 56 10 . 65 10 . 71 

10 . 62 10 . 65 10 . 78 
10 . 54 10 . 65 10 . 72 

10 . 58 

21 0.3 � 10 . 25 10 . 26 
10 . 24 � 10 . 26 10 . 37 

10 . 15 10 . 25 10 . 31 
10 . 22 10 . 26 10 . 39 

10 . 13 10 . 25 10 . 33 
10 . 18 

22 0.3 9.85 9 . 88 10 . 00 
9 . 75 9 . 85 9 . 91 

9 . 82 9 . 88 10 . 01 
9 . 74 9 . 85 9 . 93 

9 . 78 

23 0.3 9.44 9 . 52 9 . 66 
9 . 35 9 . 48 9 . 63 

9 . 40 9 . 52 9 . 67 
9 . 34 9 . 48 9 . 64 

9 . 38 

24 0.3 9.04 9 . 13 9 . 36 
8 . 86 9 . 14 9 . 28 

8 . 98 9 . 13 9 . 37 
8 . 85 9 . 14 9 . 29 

8 . 97 

25 0.3 8.64 8 . 68 9 . 26 
8 . 16 8 . 76 8 . 99 

8 . 52 8 . 68 9 . 26 
8 . 16 8 . 76 9 . 00 

8 . 51 

18 0.5 – 12 . 13 12 . 38 
12 . 05 12 . 20 12 . 26 

12 . 18 12 . 13 12 . 39 
12 . 03 12 . 20 12 . 28 

12 . 14 

19 0.5 – 11 . 75 11 . 96 
11 . 65 11 . 80 11 . 86 

11 . 78 11 . 75 11 . 97 
11 . 63 11 . 80 11 . 88 

11 . 74 

20 0.5 – 11 . 37 11 . 57 
11 . 26 11 . 40 11 . 46 

11 . 38 11 . 37 11 . 58 
11 . 24 11 . 40 11 . 48 

11 . 34 

21 0.5 – 10 . 99 11 . 19 
10 . 86 11 . 00 11 . 06 

10 . 98 10 . 99 11 . 20 
10 . 85 11 . 00 11 . 08 

10 . 94 

22 0.5 – 10 . 62 10 . 81 
10 . 47 10 . 60 10 . 66 

10 . 58 10 . 62 10 . 82 
10 . 46 10 . 60 10 . 68 

10 . 54 

23 0.5 – 10 . 28 10 . 48 
10 . 09 10 . 22 10 . 37 

10 . 16 10 . 28 10 . 49 
10 . 08 10 . 22 10 . 38 

10 . 14 

24 0.5 – 9 . 97 10 . 25 
9 . 70 9 . 88 10 . 04 

9 . 73 9 . 97 10 . 26 
9 . 69 9 . 88 10 . 05 

9 . 72 

25 0.5 – 9 . 59 10 . 10 
9 . 13 9 . 55 9 . 79 

9 . 33 9 . 59 10 . 10 
9 . 13 9 . 55 9 . 80 

9 . 32 

18 0.7 – 12 . 98 13 . 06 
12 . 70 12 . 88 12 . 88 

12 . 86 12 . 98 13 . 08 
12 . 69 12 . 88 12 . 94 

12 . 82 

19 0.7 – 12 . 58 12 . 67 
12 . 32 12 . 48 12 . 48 

12 . 46 12 . 58 12 . 69 
12 . 31 12 . 48 12 . 54 

12 . 42 

20 0.7 – 12 . 18 12 . 30 
11 . 96 12 . 08 12 . 08 

12 . 06 12 . 18 12 . 31 
11 . 95 12 . 08 12 . 14 

12 . 02 

21 0.7 – 11 . 79 11 . 92 
11 . 59 11 . 68 11 . 68 

11 . 66 11 . 79 11 . 93 
11 . 58 11 . 68 11 . 74 

11 . 62 

22 0.7 – 11 . 43 11 . 58 
11 . 23 11 . 28 11 . 28 

11 . 26 11 . 43 11 . 59 
11 . 22 11 . 28 11 . 34 

11 . 22 

23 0.7 – 11 . 05 11 . 24 
10 . 86 10 . 88 11 . 03 

10 . 85 11 . 05 11 . 25 
10 . 85 10 . 88 11 . 04 

10 . 81 

24 0.7 – 10 . 70 10 . 96 
10 . 45 10 . 54 10 . 71 

10 . 43 10 . 70 10 . 97 
10 . 44 10 . 54 10 . 72 

10 . 41 

25 0.7 – 10 . 36 10 . 85 
9 . 91 10 . 22 10 . 45 

10 . 01 10 . 36 10 . 85 
9 . 91 10 . 22 10 . 46 

10 . 00 
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Table A2. The same as Table A1 but for an Sc galaxy. 

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 . 12 10 . 26 
9 . 82 10 . 26 10 . 26 

10 . 22 10 . 12 10 . 27 
9 . 81 10 . 26 10 . 32 

10 . 19 

19 0.1 – 9 . 72 9 . 86 
9 . 42 9 . 86 9 . 86 

9 . 82 9 . 72 9 . 87 
9 . 41 9 . 86 9 . 92 

9 . 79 

20 0.1 – 9 . 32 9 . 46 
9 . 02 9 . 46 9 . 46 

9 . 42 9 . 32 9 . 47 
9 . 01 9 . 46 9 . 52 

9 . 39 

21 0.1 – 8 . 90 9 . 05 
8 . 61 9 . 06 9 . 06 

9 . 02 8 . 90 9 . 06 
8 . 60 9 . 06 9 . 12 

8 . 99 

22 0.1 – 8 . 47 8 . 65 
8 . 20 8 . 66 8 . 66 

8 . 62 8 . 47 8 . 66 
8 . 19 8 . 66 8 . 72 

8 . 59 

23 0.1 – 8 . 03 8 . 23 
7 . 76 8 . 24 8 . 30 

8 . 15 8 . 03 8 . 24 
7 . 75 8 . 24 8 . 32 

8 . 13 

24 0.1 – 7 . 54 7 . 82 
7 . 29 7 . 77 7 . 89 

7 . 58 7 . 54 7 . 83 
7 . 28 7 . 77 7 . 90 

7 . 57 

25 0.1 – 7 . 10 7 . 60 
6 . 69 7 . 23 7 . 48 

6 . 93 7 . 10 7 . 60 
6 . 67 7 . 23 7 . 49 

6 . 93 

18 0.3 11.46 11 . 38 11 . 46 
11 . 26 11 . 41 11 . 41 

11 . 37 11 . 38 11 . 48 
11 . 25 11 . 41 11 . 47 

11 . 34 

19 0.3 10.95 10 . 98 11 . 06 
10 . 86 11 . 01 11 . 01 

10 . 97 10 . 98 11 . 08 
10 . 85 11 . 01 11 . 07 

10 . 94 

20 0.3 10.55 10 . 58 10 . 66 
10 . 45 10 . 61 10 . 61 

10 . 57 10 . 58 10 . 68 
10 . 44 10 . 61 10 . 67 

10 . 54 

21 0.3 � 10 . 18 10 . 19 
10 . 13 � 10 . 17 10 . 26 

10 . 02 10 . 21 10 . 21 
10 . 17 10 . 17 10 . 28 

10 . 01 10 . 21 10 . 27 
10 . 14 

22 0.3 9.75 9 . 73 9 . 86 
9 . 49 9 . 81 9 . 81 

9 . 77 9 . 73 9 . 87 
9 . 48 9 . 81 9 . 87 

9 . 74 

23 0.3 9.34 9 . 22 9 . 42 
9 . 00 9 . 41 9 . 46 

9 . 30 9 . 22 9 . 43 
8 . 99 9 . 41 9 . 49 

9 . 28 

24 0.3 8.93 8 . 73 9 . 00 
8 . 47 8 . 93 9 . 07 

8 . 72 8 . 73 9 . 01 
8 . 46 8 . 93 9 . 08 

8 . 71 

25 0.3 8.54 8 . 27 8 . 81 
7 . 80 8 . 39 8 . 63 

8 . 11 8 . 27 8 . 81 
7 . 80 8 . 39 8 . 64 

8 . 10 

18 0.5 – 12 . 07 12 . 15 
11 . 95 12 . 07 12 . 07 

12 . 04 12 . 07 12 . 17 
11 . 94 12 . 07 12 . 13 

12 . 00 

19 0.5 – 11 . 67 11 . 75 
11 . 55 11 . 67 11 . 67 

11 . 64 11 . 67 11 . 77 
11 . 54 11 . 67 11 . 73 

11 . 60 

20 0.5 – 11 . 27 11 . 35 
11 . 15 11 . 27 11 . 27 

11 . 24 11 . 27 11 . 37 
11 . 14 11 . 27 11 . 33 

11 . 20 

21 0.5 – 10 . 86 10 . 95 
10 . 74 10 . 87 10 . 87 

10 . 84 10 . 86 10 . 97 
10 . 73 10 . 87 10 . 93 

10 . 80 

22 0.5 – 10 . 44 10 . 56 
10 . 26 10 . 47 10 . 47 

10 . 44 10 . 44 10 . 57 
10 . 25 10 . 47 10 . 53 

10 . 40 

23 0.5 – 9 . 95 10 . 13 
9 . 71 10 . 07 10 . 13 

9 . 98 9 . 95 10 . 14 
9 . 70 10 . 07 10 . 15 

9 . 96 

24 0.5 – 9 . 44 9 . 69 
9 . 17 9 . 62 9 . 76 

9 . 43 9 . 44 9 . 70 
9 . 16 9 . 62 9 . 77 

9 . 43 

25 0.5 – 8 . 97 9 . 44 
8 . 44 9 . 08 9 . 31 

8 . 81 8 . 97 9 . 44 
8 . 44 9 . 08 9 . 32 

8 . 80 

18 0.7 – 12 . 60 12 . 66 
12 . 45 12 . 62 12 . 62 

12 . 61 12 . 60 12 . 68 
12 . 44 12 . 62 12 . 68 

12 . 56 

19 0.7 – 12 . 20 12 . 26 
12 . 05 12 . 22 12 . 22 

12 . 21 12 . 20 12 . 28 
12 . 03 12 . 22 12 . 28 

12 . 16 

20 0.7 – 11 . 80 11 . 86 
11 . 65 11 . 82 11 . 82 

11 . 81 11 . 80 11 . 88 
11 . 64 11 . 82 11 . 88 

11 . 76 

21 0.7 – 11 . 40 11 . 46 
11 . 25 11 . 42 11 . 42 

11 . 41 11 . 40 11 . 48 
11 . 24 11 . 42 11 . 48 

11 . 36 

22 0.7 – 11 . 00 11 . 08 
10 . 84 11 . 02 11 . 02 

11 . 01 11 . 00 11 . 10 
10 . 83 11 . 02 11 . 08 

10 . 96 

23 0.7 – 10 . 58 11 . 70 
10 . 36 10 . 61 10 . 62 

10 . 52 10 . 58 10 . 71 
10 . 35 10 . 61 10 . 67 

10 . 50 

24 0.7 – 10 . 10 10 . 31 
9 . 69 10 . 21 10 . 29 

10 . 05 10 . 10 10 . 32 
9 . 69 10 . 21 10 . 31 

10 . 03 

25 0.7 – 9 . 54 9 . 94 
8 . 90 9 . 70 9 . 89 

9 . 42 9 . 54 9 . 94 
8 . 90 9 . 70 9 . 90 

9 . 41 
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